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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 organization 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 orientation 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 micromechanical properties of bone on the ﬁbril orientation was found with a high degree of anisotropy for both the
elastic modulus (Ea /Et = 3.80) and the yield stress (σay / σty = 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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The structural complexity of bone contributes signiﬁcantly
to its mechanical properties across length scales. The bone
lamella acts as the elementary building block, made up of
aligned mineralized collagen ﬁbrils embedded in an extraﬁbrillar matrix. This study aimed at establishing a method for
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strate that quantitative information can also be obtained in 3D,
which we independently verify by SAXS, and then correlate with
mechanical properties.
Mechanical properties of bone are strongly affected by the
bone composition and structural anisotropy [20]. As an example,
changes in the collagen network may lead to signiﬁcant variations
in the bone bending strength, elastic modulus, and work to fracture [21–23]. Recent studies show how bone elastic and post-yield
mechanical properties are furthermore affected by variations in
water content [24,25]. Bone mineral density (BMD) has been long
employed in clinics for the indirect assessment of the mechanical
behavior of bone and individual patient fracture risk estimations
[26,27], however, it does not take into account the spatial distribution of bone material, structural anisotropy, or tissue properties.
The hierarchical structure of bone leads to anisotropy of its mechanical properties. Bone fracture is a multiscale process and needs
to be studied at all relevant scales. The dependence of macroscale
mechanical properties of cortical bone on the loading direction has
been investigated for half a century and is mainly related to the osteonal orientation [28]. Later, the anisotropic mechanical properties
of single osteons were identiﬁed [29,30], demonstrating the importance of lamellar organization in governing the osteonal mechanical response. Over the past four decades, the directional dependence of mechanical properties has been studied more extensively
at the length scale of a bone lamella [31–34], which is signiﬁcantly affected by the underlying MCF orientation. Although lamellae may be considered as the main building block of bone, to the
best of our knowledge, no reports have been published describing
the inﬂuence of mineralized collagen ﬁbril orientation in a continuous range between 0°- 90° on their elastic, yield, and postyield mechanical properties. Filling this knowledge gap would allow determining the structure-property relationships of bone at
the lamellar length scale, which is a prerequisite for the development and validation of reliable multiscale models predicting bone
failure.
Micromechanical testing on bone is an attractive technique
to study bone mechanical properties, as it allows to limit the inﬂuence of local structural and compositional inhomogeneities on
the overall mechanical response. The ﬁeld of micromechanical testing of bone is rapidly progressing: starting from the pioneering
works on bone nanoindentation [35,36] and going towards the
state-of-the-art microscale tensile [34,37], compression [32,38–40]
and bending [9] experiments on the lamellar or even the mineralized collagen ﬁbril level [15,41]. One of the most common
micromechanical testing techniques for bone is indentation [42],
however its interpretation in terms of post-yield behavior is complex [43]. Micropillar compression is a novel experimental method
[44], where cylindrical samples with dimensions in the micrometer range are prepared by focused ion beam and subsequently
compressed using a ﬂat punch indenter. Unlike in classical indentation, the loading in the specimen is mostly uniaxial, which simpliﬁes the interpretation of the output load-displacement curves
in terms of stress-strain behavior. In this study, we performed micropillar compression experiments of cortical bone lamella under
humid conditions, with a known collagen ﬁbril orientation.
The aims of this study were to (i) establish a quantitative
method for MCF spatial orientation estimation based on PRS and
(ii) investigate the effect of MCF orientation on the yield stress
and elastic modulus of cortical bone lamellae. For the ﬁrst part,
polarized Raman measurements were carried out on mineralized
turkey leg tendon, a model material with known ﬁbril spatial orientation [45], and then validated on bovine cortical bone osteonal
lamellae. For the mechanical study, micropillar compression experiments were performed on isolated bovine cortical bone lamellae
with MCF orientations ranging from 0° to 82° with respect to the
loading direction.

quantitative estimation of local ﬁbril orientation and investigating its effect on the compressive micromechanical properties 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 established composite models. The combination of methods described in this work can be used in future to assess bone
quality by identifying tissue-scale structure-mechanical property relationships.

1. Introduction
Bone possesses outstanding mechanical properties as a result
of its well-organized hierarchical structure and composition. However, metabolic bone diseases, like osteoporosis, drastically affect
the bone structure and mechanical properties, leading to an increase in bone fragility. As the life expectancy of the population
increases, so will the incidence of osteoporosis and fragility fractures [1,2]. Beyond quantity, bone fracture is predetermined by
the bone quality, i.e. the combination of various parameters contributing to fracture resistance. At the moment, research groups
all over the world are investigating various bone quality parameters that may lead to better bone fracture prediction [3,4]. Recently, attempts were made to correlate both bone composition
and mechanical properties at different length scales with patient
age, gender and bone metabolism state [5]. As there are numerous
interdependent factors contributing to the bone quality, a promising approach for quantifying bone quality lies in the identiﬁcation
of tissue-scale structure-property relationships.
Hierarchical structure of bone. Bone is a composite biomaterial, made of mineral crystals (hydroxyapatite, 50-60 wt.%), proteins (mainly collagen type I, 30-40 wt.%) and water (bound and
unbound, 10-20 wt.%) [6–8]. Each of these components contribute
to the overall bone mechanical properties. Aligned mineralized
collagen ﬁbrils (MCF, ~30-300 nm in diameter) with intra- and
extra-ﬁbrillar hydroxyapatite crystals form sub-lamellar sheets (~1
μm thickness), a stack of which is called a lamella (~3-7 μm
thickness). Further up the scale, lamellae form trabecular packets in cancellous bone, whereas in cortical bone concentric cylindrical layers of lamellae arranged around a central blood vessel form osteons (~200 μm in diameter). Lamellae may be considered as the main building blocks of bone and their mechanical properties are critical in deﬁning overall bone mechanics
[9].
Quantitative analysis of bone ﬁbril orientation. Thanks to the
recent progress in biomedical imaging, various modalities have
been used for visualizing the spatial arrangement of MCF [10].
Some of the most frequently used techniques are polarized light
microscopy [11], second harmonic generation microscopy [12,13],
transmission electron microscopy [14] and small angle X-ray scattering (SAXS) [13,15]. However, those methods require complex
sample preparation and do not provide additional information
on the local chemical composition. Polarized Raman spectroscopy
(PRS) is a powerful non-destructive imaging technique that has
been long applied in compositional analysis in bone research. Raman spectroscopy allows to detect the frequency shifts of inelastically scattered light coming from the specimen exposed to a
monochromatic light source, usually a laser. The resulting Raman
bands are assigned to vibrations of characteristic chemical bonds,
where for bone the bands of interest can be found in the range
from 40 0-180 0 cm−1 . Until now, polarized Raman spectroscopy has
provided mostly qualitative information about spatial orientation
of collagen ﬁbrils in cortical bone [16–19]. In this work, we demon-
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2. Materials and methods

thin Au ﬁlm (11 nm thickness) on the measured mechanical properties can be neglected. In total, 26 primary osteons with different orientations from 0° to 90° were chosen from 5 bovine cortical
bone samples for the PRS measurements, 13 of which were then
used for micropillar compression measurements.

2.1. Samples
As a model material for polarized Raman calibration, mineralized turkey leg tendon (MTLT) was used. The main advantage
of MTLT tissue is its simpliﬁed ﬁber arrangement compared to
mammalian cortical bone structure. MTLT is composed of densely
packed collagen ﬁbrils, strongly aligned with the tendon axis [45–
47], which means that global and local ﬁbril orientation are highly
correlated.
MTLT samples were prepared from a turkey leg, obtained from
a local abattoir. Highly mineralized parts were dissected from the
tendon bundles, mechanically cleaned and further cut with a diamond band saw under constant water irrigation (Exakt, Norderstedt, Reichert-Jung, Germany). The resulting tendon pieces of about
1.5 mm in diameter and 4.0 mm in length were dried under ambient conditions for 24 h. For the PRS calibration, MTLT pieces
were ﬁxed on specially designed aluminum SEM stubs with a 2component epoxy resin adhesive (Schnellfest, UHU, Germany) and
cut at a speciﬁc angle to the main tendon axis using a highprecision diamond band saw (Leica EM TXP, Germany). Finally, the
exposed specimen surfaces were polished with progressive grades
of silicon carbide paper and ﬁnished manually on a soft cloth with
a 1 μm diamond suspension followed by 0.04 μm SiO2 suspension
resulting in a polished sample surface virtually parallel to the stub
surface. A total of ﬁve specimens were prepared, each containing
a tendon section cut at 0°, 22.5°, 45°, 67.5° or 90° to the main
tendon axis (Figure S1, Supplementary information A). The samples cut at 0° and 90° are referred to as axial and transverse samples, respectively. For precise MCF angle determination, small angle X-ray scattering measurements were performed on each sample (Section 2.3).
Combined PRS and micropillar compression measurements
were performed on bovine cortical bone, which represents an intermediate model material between the MTLT and human cortical bone. Bovine cortical bone, in comparison to human, exhibits
higher mineralization, yielding a higher strength [48], however,
zones with a similar microstructural organization with distinguishable osteonal and interstitial zones can be found in both tissues
[49]. It should be noted that the lamellar arrangement in bovine
cortical bone primary osteons has a more uniaxial orientation (as
demonstrated in Supplementary information B.3) in comparison to
more complex MCF orientation patterns observed in human osteonal lamellae [50]. This makes bovine cortical bone an attractive animal model for basic research, prior to translation to human
bones.
A bovine tibia was obtained from a local abattoir. Three medial slices of cortical bone from the diaphysis were cut radially
into smaller sections. Posterior quadrant sections with higher osteonal bone content were used for further processing steps (Figure S2, Supplementary information A). The bone samples (~5 mm
cubes) were glued to specially designed SEM stubs and cut at ﬁve
angles between 0° and 90° with respect to the longitudinal bone
axis, following the same protocol as the MTLT specimens. In order to obtain plane surface for compression experiments, samples
were additionally ultra-milled (Polycut E, Reichert-Jung, Germany)
and consequently polished with 10 0 0 grid silicon carbide and paper cloth with 0.3 μm Al2 O3 lubricant. For micropillar fabrication
after PRS measurements, the bovine cortical bone samples were
additionally sputtered with 11 nm thick Au ﬁlm (Leica EM ACE600,
Germany) and a thin ﬁlm of silver paste (Plano GmbH, Germany)
was applied at the sample sides down to the aluminium holder
to minimize the drift caused by electrostatic charging under the
electron or ion beams. Considering the dimensions of the mechanically tested bone volumes (5 μm in diameter), the effect of the

2.2. Raman spectroscopy and data processing
In the present work, we used polarized Raman spectroscopy for
quantitative orientation estimation of MCF in mineralized tissues.
For this, the polarized Raman spectral response of MCF was theoretically and experimentally correlated with the ﬁbril orientations.
Raman spectra were acquired using a WITec Alpha 300 R
confocal Raman microscope in backscattering geometry. A diodepumped linearly polarized continuous 785 nm laser was used in
combination with a 50 × objective (0.80 numerical aperture). The
linear polarization of the exciting laser was adjusted with a motorized λ/2 plate. No analyzer plate was included in the light path
after the sample. The Rayleigh scattered light was blocked by an
edge ﬁlter. The backscattered light was coupled to a 400 mm lensbased spectrometer with a grating of 300 g/mm equipped with a
cooled deep-depletion CCD. The laser power was set to 30 mW,
the estimated full width at half maximum (FWHM) of the focal
spot was ~0.4 μm in lateral and ~1.7 μm in axial direction, as calculated from the confocal Rayleigh criteria [51]. At each region of
interest (ROI), Raman spectra were collected at different excitation
polarizations from 0° to 180° with a 10° polarization angle step
and 30 s integration time. As a result, a set of 19 polarized Raman
spectra was collected for a single ROI. For each MTLT sample, PRS
measurements were carried on 5 to 8 ROI, whereas for bovine cortical bone sample a single ROI was measured per osteon. In total,
33 ROI were measured for the MTLT samples, corresponding to 5
different out-of-plane orientation, and 26 ROI for bovine samples,
corresponding to 26 osteons with different out-of-plane orientation. Spectral analysis was done in a batch mode using Python v3.6
[52] and consisted of background removal, location of the peaks of
interest (amide I, amide III, v1 PO4 , v2 PO4, CH bending) with consequent double or triple Lorentzian peak ﬁt using a least square
scheme (scipy.optimize.leastsq). The detailed PRS analysis procedure is described in Supplementary information B.1, output spectra
for different laser polarization angles are presented in Figure 1.
The intensity of the Raman scattering depends on the molecular bond orientation relative to the laser polarization vector, as
well as the excited vibration mode. As shown previously [16–19],
by collecting Raman spectra at different orientations of the incident polarized laser light, the anisotropic spectral response of the
amide I band (mainly C=O stretching) can be used to derive information about the orientation of the collagen molecules [17,53–55].
At the same time, the amide III band is considered as polarizationinsensitive, as this vibration mode mainly involves N-H bending
and C-N stretching that are equally distributed across the collagen
amino acid sequence, which results in homogeneous Raman scattering [53,56–58]. In this study, the MCF spatial orientation was
estimated from the integrated area ratio of the amide I over the
amide III band collected at different laser polarizations.
The theoretical calculations of amide I over amide III ratios at
different laser polarization are in good agreement with the experimental data for 0° and 90° out of plane ﬁbril angle as shown in
Figure 1 and Supplementary information B.1. For the quantitative
measurement of polarization anisotropy of a given set of polarized
experiments in a single ROI, we used the simpliﬁed description
proposed by Bao et al. [59]:

f (α ,

ϕ ) = Acos2 (α + ϕ ) + Bsin2 (α + ϕ ).

(1)

Where α is the polarization angle of the laser, the introduced
parameter of anisotropy ( AB → 1 for isotropic sample), and ϕ the
A
B

392

T. Kochetkova, C. Peruzzi, O. Braun et al.

Acta Biomaterialia 119 (2021) 390–404

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.

micro-focused X-ray Cu source (wavelength Cu Kα = 1.5406 Å)
and a 2D MikroGap technology-based detector (VÅNTEC-20 0 0 with
2048 × 2048 pixels and 68 × 68 μm each pixel size) along with a
custom built semi-transparent beam stop. The beam size at sample
position was about 400 μm in diameter. The instrument provided
a resolvable scattering vector modulus q in a range between 0.06 2.1 nm−1 for a 107 cm sample to detector distance. The scattering
frames were recorded for 1800 s at room temperature in moderate vacuum condition of about 10−2 mbar to reduce air scattering.
Prior to the experiments, the sample to detector distance was calibrated with standard silver behenate powder samples.
The misorientation width and true orientation of MCF with respect to the sample and holder surface in the MTLT samples was
estimated from the streak-like diffuse scattering in 2D SAXS proﬁles. This streak is produced by extended scattering objects (i.e.
collagen ﬁbrils) along the ﬁber axis of the ﬁbrous materials [66,67].
The true orientation of collagen ﬁbrils was determined by averaging the center values obtained from ﬁtting the extracted azimuthal scans (q-range of 0.356 - 0.783 nm−1 with step size of
0.036 nm−1 ) with a Lorentzian function (see Supplementary information D.1). The collagen ﬁbrils misorientation width was calculated using the Ruland streak method [68,69]. In this method, the
azimuthal broadening of intensities along the streak axis is evaluated and linked to the ﬁbril misorientation (Supplementary information D.2).
Micro-computed tomography (micro-CT) scans of the bovine
bone specimens (μCT 100, SCANCO Medical AG, Switzerland) were
collected on each of the bovine bone samples to access osteon orientation after sample preparation. Samples were scanned at a spatial resolution of 4.9 μm with 45 kVp energy, 200 μA tube current
and 2 × 400 ms integration time. The spatial orientation of the osteons was estimated using ImageJ 1.52v [70] and BoneJ 1.4.3 [71] as

in-plane rotation angle for ﬁbrils with respect to the laser polarization. The parameter of anisotropy A/B depends on the out-ofplane ﬁbril orientation, the exact relationship was determined by
calibration on the MTLT samples. The Raman spectra with highlighted amide peaks and output polar plots with theoretical predictions and ﬁt to the experimental data (1) for axial (parallel to
the incident laser beam) and transverse (orthogonal to the incident
laser beam) collagen ﬁbrils orientation are shown in Figure 1.
To assess the variation in bone mineralization, the ratio of the
secondary phosphate (v2 PO4 , 370-500 cm−1 ) over the amide III integrated intensity was analyzed. Following the study of Roschger
et al. [60], the mineral to matrix ratios (v2 PO4 /amide III), can be
correlated to the Ca content. For each ROI, the mineral to matrix ratio was averaged over 19 spectra. The mineral crystallinity
[53,61–63] was assessed from 1/FWHM of the primary phosphate
(v1 PO4 , 920-10 0 0 cm−1 ) and averaged over all laser polarizations
for each ROI. To assess the variation of the non-collagenous proteins (NCP) content, the C-H bending at 1360-1500 cm−1 was analyzed, to which both collagen and NCPs contribute [64]. Since
amide III is polarization-independent and almost exclusively representative of the collagen phase, following the reasoning of Katsamenis et al. [65], the Raman integrated intensity ratio of amide
III / CH bending was used to quantify the relative concentrations
of collagen versus NCPs.
2.3. Independent veriﬁcation of MCF orientation
Small Angle X-ray Scattering (SAXS) experiments were performed on MTLT samples to validate ﬁbril alignment after sample fabrication. SAXS experiments were performed with a Bruker
Nanostar instrument (Bruker AXS GmbH, Karlsruhe, Germany). The
instrument was equipped with a pinhole collimation system, a
393
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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 σ y , deﬁned as stress at 0.2% inelastic deformation; ultimate stress σ ult is the maximum stress value; plateau stress σ pl
is the stress value at 0.08 strain.

a screening step to choose osteons for later qPRS analysis. Firstly,
the global sample tilt of each sample scan was corrected using the
Untilt Stack plugin. Secondly, the osteons of interest were located
and isolated by combining optical microscopy with micro-CT images. Output stacks were binarized using Otsu’s threshold clustering algorithm. Prior to calculations, Haversian canals were checked
for irregularities: only the top segments without branching or sudden changes in orientation were used. Using the Moment of Inertia plugin, three orthogonal principal axes were automatically determined for each Haversian canal and the rotation matrix in reference to the stacks main axis was constructed. The out-of-plane
orientation of each osteon was taken as the angle between the
principal axis along the Haversian canal and the z axis of stacks.
The angle was extracted from the rotation matrix and correlated
later with the polarized Raman measurements. For more details
see Supplementary information E.

punch indenter tip with a diameter of 20 μm. The micropillar compression was performed in displacement control up to a maximum
depth of 1 μm (10 nm/s loading rate) corresponding to a strain rate
of 10−3 s−1 with an intermittent unloading segment in the elastic
region, which was used for the calculation of the elastic moduli
(Figure 2 D).
As micropillar compression features uniaxial loading, the stressstrain data was assessed from the load-displacement curves after
frame compliance and pillar sink-in corrections [72]. The elastic
modulus values were extracted from the loading/unloading cycle
in the elastic region and the yield stress was computed as the
stress that is needed for a plastic deformation of 0.2%. These properties were determined for every pillar using a custom Matlab code
(R2018a, MathWorks Inc., Natick, MA, USA). After compression, the
micropillars were imaged with a HRSEM.
2.5. Mechanical modeling

2.4. Mechanical testing and analysis

Apparent elastic modulus Eapp was modeled as a function of
collagen ﬁbril orientation (Supplementary information F.1):

Bone micropillars were fabricated using a focused ion beam
workstation (Tescan Lyra, Czech Republic) with a well-established
three step protocol described elsewhere [32,38]. Within each
bovine bone sample, 5 osteons were selected for compression tests.
Depending on the osteonal morphology, 2 to 3 pillars were fabricated. Each pillar had a diameter of approximately 5 μm and
an aspect ratio of 2, as determined from HRSEM imaging (Hitachi
S-4800, Japan). Examples of fabricated micropillars are shown in
Figure 2 C.
A self-developed ex situ indenter setup was used in this study.
The system is based on commercial hardware for actuation, sensing, and electronics (Alemnis AG, Switzerland). The experiments
were conducted in displacement control to keep the strain rate
constant even after the yield point. The system included an optical microscope to visualize the sample surface and to locate micropillars for compression tests and a custom environmental chamber. The relative humidity was controlled using a continuous gas
stream from a humidity generator (WETSYS, Setaram, France) and
feedback from a relative humidity sensor inside the chamber. The
overview of the indenter setup and the schematic of the experiment are shown in Figure 2.
Compression experiments were performed at ambient temperature and pressure, the relative humidity was set to 93 % for at
least 4 h prior to the compression experiments, ensuring hydration equilibrium of the sample. Pillars were compressed with a ﬂat


Eapp =

Cos4 (θ )
Sin4 (θ )
+
+
Ea
Et

−1
1
νa  2
2
−2
Cos (θ )Sin (θ )
.
μa
Ea
(2)

Elastic moduli were extracted from micropillar compression
tests and ﬁbril orientation from PRS measurements, where Ea and
Et are the axial and transverse elastic modulus values accordingly,
νa and νt the Poisson ratios and μa the shear modulus.
Yield stress was modeled as a function of collagen ﬁbril orientation using the Tsai-Hill composite failure criterion (Supplementary information F.1) [73]. For unidirectional ﬁber-reinforced composite materials subjected to in-plane stress, the failure criterion is
given by:



σx =


cos2 (θ )
X

2


−

sin(θ )cos(θ )
+
S

sin(θ )cos(θ )
X

2 
+

sin2 (θ )
Y

2

2 −1/2
,

(3)

where σx is the stress applied along the loading axis; X, Y and
S 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 R2 are 0.98 and 0.82, respectively.

the composite. Here, bovine cortical bone yield strength was expressed as a function of MCF angle by ﬁtting Eq. (3) with individual strengths obtained from micropillar compression tests and
ﬁbril orientation assessed from PRS.

ing intensities along the streak axis, the mean MCF out-of-plane
angles θ were found to be close to the initial sample cutting
angles: 2.88°±0.06°, 19.06°±0.05°, 47.28°±0.08°, 63.43°±0.06° and
88.76°±0.04°. Following the Ruland streak method, the misorientation width of MCF was found to be higher for the higher outof-plane angles θ , ranging from 15° to 27° (for more details see
Supplementary information D.2).
Theoretical calculations were used to determine the functional
dependence of the anisotropy parameter A/B on the MCF out-ofplane orientation, see supplementary information B.2 for further
details. We found that a function of the form (4) is well suited to
reproduce the theoretical prediction and retains the 180° periodicity (R2 =0.99, Supplementary information B.2).

2.6. Statistical data analysis
All data manipulations were performed using Python v3.6
[52] and MATLAB R2019b [74]. Measurements are reported as
mean ± standard deviation. All non-linear curve ﬁttings reported in this study were done using least squares regression (scipy.optimize, Python v3.6). The goodness of the nonlinear ﬁt was estimated from the coeﬃcient of determination R2
(sklearn.metrics) at p < 0.05, R2 = 1 being the best possible score.
Multiple linear regression analysis was performed using Python
(sklearn.linear_model, statsmodels), the criterion for signiﬁcance
was p < 0.05.

f (θ ) = C0 + C2 sin2 (θ ) + C4 sin4 (θ ),

(4)

The average anisotropy parameter A/B from the PRS measurements on each of the MTLT specimens was ﬁtted with Eq. (4) versus the ﬁbril out-of-plane angle (coeﬃcient of determination
R2 =0.98). The out-of-plane angular error in Figure 3 A represents
the ﬁbril misorientation width, as determined from the SAXS measurements. From the MTLT ﬁt, the following parameters of the
calibration function (4) were found: C0 = 1.04, C2 = −0.02 and
C4 = 0.59. The qPRS out-of-plane angles were compared to the
SAXS out-of-plane MCF angles and the standard error of the estimate (SEE) was taken as the angular uncertainty resulting in an
error estimate of θ err = 9.7◦ (Supplementary information B.5).
Next, polarized Raman spectra were collected on 26 bovine cortical bone osteons with different orientations from 0° to 90°, as
measured by micro-CT. Figure 3 B shows a correlation between the
anisotropy parameter A/B for bovine cortical bone and the out-ofplane angles of the osteons. The data was compared to Eq. (4) with
the parameters determined from the MTLT calibration and the osteon angles taken for θ (coeﬃcient of determination R2 =0.82).
The out-of-plane MCF angles θ are extracted numerically from
function (4). By extracting both the out-of-plane angle θ (Eq. (4))
and the in-plane angle ϕ (Eq. (1)) from the PRS spectra, a quantitative 3D orientation estimation of the MCF is possible. For further
mechanical parameter analysis, we focused on the out-of-plane
MCF angles θ .

3. Results
3.1. qPRS calibration on MTLT and validation study on bovine cortical
bone lamella
Polarized Raman spectra were collected from the MTLT samples with known out-of-plane MCF angles θ measured by SAXS.
For each MCF orientation 19 PRS measurements were taken on 5
to 8 ROI. The anisotropy parameter A/B, describing the maximum
variation of the amide I/ amide III integral area as a function of incident laser polarization, was calculated for each of the samples by
ﬁtting equation (1). The anisotropy parameter A/B was then correlated with the ﬁbril out-of-plane angle θ , taken from the SAXS
measurements (Figure 3A).
SAXS measurements were used for structural analysis of MCF
in tendon samples cut at ﬁve angles between 0° and 90°. To correlate the average MCF orientation in the sample measured by
SAXS with the local MCF orientation measured by PRS, the SAXS
measurements report the mean MCF out-of-plane angles θ together with the misorientation width of MCF determined by the
Ruland method. From the azimuthal broadening of SAXS scatter395
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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.

Table 1
Output parameters from the apparent modulus (Eq. (2)) and yield stress (Eq. (3))
ﬁt.

3.2. Micropillar compression of bovine cortical bone lamella with
known ﬁbril orientation

Compliance tensor

Microscale compression tests were performed on FIB manufactured micropillars with known collagen ﬁbril orientation measured
by qPRS. A total of 44 micropillars were fabricated in 13 osteons on
the bovine cortical bone samples, from which two had irregularities in geometry and were therefore excluded from the study, three
were lost due to operator errors and three were excluded from
the batch analysis due to excessive noise in the force-displacement
data. The remaining micropillars (N=36) were used for the actual
testing and analysis. As a result, 2 to 3 micropillars were tested
for each collagen ﬁbril orientation (N=13). Representative stressstrain curves as a function of the ﬁbril angle, determined by qPRS,
and the images of corresponding micropillars after compression
are shown in Figure 4.
The collected stress-strain curves for different MCF orientations
(Figure 4 A) demonstrate a clear dependency of the mechanical
response on the ﬁbril angle. This dependence is even more pronounced in Figure 5, where elastic moduli and yield stress, extracted from the stress-strain curve, are plotted versus the out-ofplane MCF angles, known from previously performed qPRS measurements. The elastic modulus of lamellae with collagen ﬁbrils
parallel to the loading direction is more than 3.8 times higher than
the modulus of lamellae with ﬁbrils orthogonal to the loading direction. Similar behavior was observed for the yield stress, where
axially aligned samples show a yield stress almost 2.5 higher than
transverse samples. For further ﬁtting, the mean values of the elastic moduli for each of the ﬁbril orientation were used. The apparent elastic moduli were ﬁtted as a function of MCF angles with the
analytical expression for the apparent modulus in axial direction
of a transversely isotropic compliance tensor rotated around one
axis from the transverse plane (Eq. (2)). For the analysis, the axial
elastic modulus Ea was taken as the maximum value found from
the micropillar compression tests and the transverse elastic modulus Et was calculated as the average measured modulus of compression experiments of micropillars with a ﬁbril angle > 60°. The
remaining free parameters νt , μa were determined using a leastsquares ﬁt of the ﬁbril angle dependent data. The mean values of
the yield stress for each of the ﬁbril orientation were ﬁtted with

Tsai-Hill

∗

Axial elastic modulus (Ea )
Transverse elastic modulus (Et )
Out-of-plane Poisson ratio (νa )
In-plane Poisson ratio (νt )
Shear modulus (μa )
Strength along axial direction (X)
Strength along transverse
direction (Y)
Shear strength (S)

27.65 GPa
7.28 GPa
0.7
0.3∗
8.22
318 MPa
111 MPa
206 MPa

– from [75]

the Tsai-Hill composite failure model (Eq. (3)). The resulting optimal parameters determined from the ﬁtting procedures are collected in Table 1.
3.3. Other parameters affecting microscale mechanical properties of
bone
Besides MCF orientation, other factors like the degree of mineralization and overall variation in biochemistry may affect the mechanical properties of bone lamellae.
For all tested bovine osteons, a relative standard deviation of
about 7 % was observed for the mineral to matrix ratio, which
was not suﬃcient to detect a signiﬁcant correlation with the mechanical parameters (p = 0.6 for both elastic modulus and yield
stress). The relative standard deviation of mineral crystallinity did
not exceed 1% and no signiﬁcant correlation with the elastic modulus (p = 0.3) nor with the yield stress (p = 0.2) was observed.
Although the Raman intensity ratio of amide I/ CH bending has
been reported to quantify the relative concentrations of collagen
versus NCPs [65], it was found to be strongly dependent on the
sample orientation (R2 = 0.68, p < 0.01). We therefore used the
Raman intensity ratio of amide III/ CH bending instead to quantify
the relative concentrations of collagen versus NCPs, as it showed
a trend but no signiﬁcant dependence on the collagen orientation
(p = 0.1). Around 4 % of relative standard deviation of the collagen versus NCPs relative concentrations (amide III/ CH) was observed 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 R2 are 0.50 and 0.61, respectively.

of ~0.3 μm3 . We then performed a large number of uniaxial compression experiments in hydrated conditions (N=36) on micropillars with known ﬁbril orientation. Elastic modulus and yield stress
were extracted and ﬁtted using analytical models. Based on HRSEM
images, the failure modes were identiﬁed as a function of ﬁbril orientation. Finally, the post-yield behavior was extracted and related
to the local ﬁbril angle and observed failure mode. The different
aspects of the study will be discussed in detail in the following
paragraphs.

was found between the Raman intensity amide III/ CH ratio and
the measured mechanical properties (R2 = 0.5, p = 0.01 for both
elastic modulus and yield stress). For further details, see Supplementary information C.
3.4. Post-yield behavior and failure modes
The stress-strain curves from the micropillar compression show
softening for small MCF angles and hardening with the MCF orientations close to the transverse direction. To quantitatively analyze
the softening/hardening behavior, the relative change of stress after the yielding point R was evaluated with the following ratio:



R=

σ pl − σ y
,
σy

4.1. Quantitative Polarized Raman spectroscopy (qPRS)
qPRS is a non-invasive method for tissue composition and MCF
orientation investigations with a high spatial resolution. In the
past, it has been employed for quantitative analysis of MCF inplane orientations [19]. Moreover, PRS was applied recently to resolve 3D orientation of MCF in rat tail tendons [17] and human
cortical bone [16]. However, the reported studies on spatial MCF
organization using PRS were mainly qualitative. To our knowledge,
we are the ﬁrst to report a method that allows applying PRS for
quantitative estimation of bone MCF orientation in 3D. For this
we performed PRS calibration on mineralized turkey leg tendon,
a model material with highly aligned mineralized collagen ﬁbrils,
and validated it on bovine cortical bone.
Our calibration study followed the general methodology of
Spiesz et al. [11], where a calibration function for quantifying MCF
out-of-plane orientation was determined based on measurements
performed on MTLT samples with a known uniaxial ﬁber orientation. Polarized light microscopy is a relatively fast and well-known
technique, however it requires thin sample cuts at a ﬁxed thickness over which the signal is integrated. This can pose signiﬁcant
problems if osteons are not oriented parallel to the light beam. In
the present study, the application of PRS gives us signiﬁcant advantage in the spatial resolution, since we use a confocal system and
collect the signal from a ~0.3 μm3 volume. In case of bovine cortical bone osteons with lamellar thickness of several microns, the
Raman focal volume is small enough to collect information from
locally aligned MCF. Even in the case of human cortical bone osteons, where each lamella (thickness ~7 μm) is composed of several sub-lamellae (thickness ~1 μm) [50], the resolution should be
suﬃcient to supply information on the local MCF orientation, even

(5)

where σ pl signiﬁes the stress value at the plateau region taken at
8% strain and σ y is the yield stress (Figure 2 D). Negative values of
the ratio correspond to strain softening and positive to hardening
behavior, respectively. The transition between softening and hardening post-yield behavior was found for the MCF orientations at
θ = 48◦ − 54◦ , as marked in Figure 6. Relative change of stress after the yield point R (5) was then ﬁtted with a hyperbolic tangent
function (6), as it reﬂects well the behavior of the data.

R(θ ) = 0.21 tanh (9.79(θ − 49◦ ) ) − 0.10

(6)

From the HRSEM images, different failure modes were encountered during compression tests: axial cracking (Figure 6 A),
mushrooming (Figure 6 B), shear localization (Figure 6 C), homogeneous deformation (Figure 6 D) and a combination of above.
As demonstrated in Figure 6, the majority of micropillars, which
demonstrated softening behavior, failed in a localized shear crack,
whereas those micropillars showing a hardening behavior deformed in a more homogeneous manner.
4. Discussion
The goal of this study was to assess the orientation dependent
mechanical properties and deformation mechanisms of the basic
building block of bone, the lamella. To this end, we developed and
calibrated a procedure allowing to measure quantitatively the outof-plane angle of MCF using qPRS with a high spatial resolution
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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 R2 =0.72, scale bar 1 μm.

Prior to the validation study on bovine cortical bone, polarized
Raman line maps were collected on three bovine bone osteons to
quantify the variation of ﬁbril orientation within each osteon (Supplementary information B.3). The out-of-plane MCF angle θ , averaged across the osteon, was different from the micro-CT measurements: 11±9° for the 6° osteon and 8±7° for the 4° osteon,
resulting in an average disagreement of 4-5° between the different methods. This is well below the angular uncertainty of both
methods and therefore may be neglected. On average, a standard
deviation of ±7◦ was found for the MCF alignment within each osteon. Again, as this standard deviation is below the experimental
uncertainty of the proposed qPRS procedure for ﬁbril out-of-plane
angle estimation, it may be neglected. Therefore, we collected only
one set of 19 polarized Raman spectra per osteon.
Micro-CT scans were used for osteonal orientation determination. With ~5 μm resolution, this technique is suitable to locate
the Haversian canals together with osteonal and interstitial zones
of cortical bone, but does not have suﬃcient contrast and resolution to distinguish between individual bone lamellae. Osteonal angle, as determined from micro-CT, was used to screen the osteons
on each sample to reach a homogeneous distribution of ﬁbril orientations and to cross validate with qPRS.
Previously reported PRS studies on bone employed another experimental design using an additional analyzer plate in the path of
the scattered light. There, the theoretical dependence of the Raman
scattering on light polarization was calculated from four experimental conﬁgurations of polarizer/analyzer parallel and orthogonal
alignments [19,76]. In more recent works [16–18], the collection of

though some averaging effects are likely to occur when the sample
is misaligned with the laser beam [16].
In comparison with other available methods of MCF spatial orientation analysis, such as SAXS/WAXS and nanoCT, qPRS does not
expose the sample to a high energy X-ray beam. With the qPRS
parameters used throughout this work, no structural modiﬁcations
of the sample were observed (Supplementary information B.4).
Moreover, qPRS does not require additional time-consuming sample preparation, as in the case of e.g. TEM imaging [14]. The spatial
resolution of qPRS is deﬁned by the Raman setup, for example the
objective numerical aperture or the incident laser wavelength. In
this study, the focal spot size was estimated to be ~0.4 μm in diameter, which is suitable for the lamellar scale investigations.
PRS measurements on MTLT were in good agreement with
the theoretical prediction (Figure 1 and Supplementary information B.1). The function from the theoretical prediction (equation
S8, Supplementary information B.2) was found to be not suitable for the MCF angle θ extraction due to the interdependency
of the output parameters. We therefore used a simpliﬁed ﬁtting
function (1) following the methodology proposed by Bao et al.
[59] to extract the output Raman parameters, including the parameter of anisotropy A/B. The simpliﬁed ﬁt precision was comparable to the theoretical prediction (for both, R2 > 0.99). The angular uncertainty of the qPRS method θ err = 9.7◦ (Supplementary
information B.5). While this error is not negligible, the application to bovine bone showed that the method is precise enough to
extract meaningful data for studying microscale structure-property
relationships.
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the scattered light for a range of incoming laser polarization angles was proposed. In the present study, we established a method
for quantitative estimation of MCF spatial orientation by determining a calibration function between polarization anisotropy and MCF
out-of-plane angle on mineralized turkey leg tendon, a model material with a very similar composition and ultrastructure to bone
featuring highly aligned collagen ﬁbrils. The approach proposed in
this study requires a higher number of measurements than the former, however, it increases the robustness and accuracy, as the collected scattered light has higher intensities due to the absence of
an analyzer leading to an increased signal to noise ratio (SNR). Furthermore, the inﬂuence of data scatter due to natural variability
and experimental artefacts is reduced due to the employed ﬁtting
procedure, which analyzes the best ﬁt of many experiments rather
than relying on the direct determination of the Raman tensor from
a limited number of measurements, which is more sensitive to experimental artefacts.
In this work, the newly proposed qPRS method is used to evaluate the orientation of collagen ﬁbers based on polarization dependence of amide Raman bands. However, alternative polarization
dependent Raman bands may be used. We speciﬁcally acknowledge the possibility to use the amide I/ v2 PO4 for MCF orientation estimation, following the same spectra acquisition and data
processing protocols. Detailed analysis is presented in the Supplementary information B.6. We demonstrate an excellent correlation between the two Raman band integrated intensity ratios for
MTLT samples (R2 =0.98, p = 0.01). Moreover, we calibrated the
anisotropy parameter A/B, extracted from amide I/ v2 PO4 polarization dependence, with the ﬁbril out-of-plane angle θ , taken from
the SAXS measurements (R2 = 0.99). Consequently, the parameters of the calibration function for amide I/ v2 PO4 (Eq. (4)) are:
C0 =1.09, C2 =-0.05 and C4 =0.76. These parameters can be used as
an alternative for estimating the out-of-plane MCF angle based on
local measurement of amide I/ v2 PO4 Raman band integrated intensity ratios. In the present work, all of the collected spectra had
a high background ﬂuorescence, overlapping with the v2 PO4 band
intensity, as can be seen, for example, from the raw spectra presented in the Supplementary information B.1. We therefore chose
to use the amide I and amide III bands for the qPRS method, as
they both were not affected by the sample ﬂuorescence.
Besides MCF orientation, we also investigated the effects of
mineral to matrix ratio, mineral crystallinity, and relative NCP content of the bovine cortical bone osteons. All of these parameters
have a low relative standard deviation, which indicates the homogeneity of the tested tissue.
A clear limitation of the proposed method is related to the
isotropy of the polarization response of both axially aligned and
randomly oriented ﬁbrils. As no polarization dependence exists for
the integral area ratio of the collagen peaks of interest, special
care needs to be taken to distinguish between these two types
of ﬁbril orientations. We have not encountered such a situation
during this study, as we used model bone materials with a simpliﬁed, mostly uniaxially aligned microstructure. For future measurements, we propose, as a possible remedy, to collect additional
spectra while tilting the sample by a known angle or to include
amide I intensity into the analysis.

entation (Figure 5). The found non-linear behavior as a function
of MCF angle on the single lamella level of bone is comparable to
what has been observed in other short ﬁber reinforced polymer
composites [77]. In the majority of previously reported studies,
the microscale mechanical properties of bone were investigated
for two assumed MCF orientations: axial (θ = 0°) and transverse
(θ = 90°). However, no means of quantiﬁcation of the true ﬁbril angles existed. Here, the mechanical compression experiments
were performed on bone lamellae with 13 known MCF orientations in the range from 0° to 82° (Figure 5). This provides a unique
dataset for identifying the structure-property relationships of bone
on the lamellar scale through a combination of micropillar compression and MCF orientation determination using non-invasive
qPRS.
Fibril misalignment is a common phenomenon for natural materials, such as bone, and it signiﬁcantly affects the accuracy of
measured mechanical parameters. When it comes to clinical investigations of bone strength as a function of age, gender, disease,
or treatment, it becomes especially important to separate the respective contributions of macroscopic bone geometry and density,
which are clinically assessed today [78], from the intrinsic tissue
properties that depend on microstructural factors, like local degree of mineralization or ﬁbril orientation distribution [79]. Multiscale structural organization and mechanical property analysis of
bone biopsies may be used in the future for studying the changes
in tissue organization and mechanical properties related to bone
metabolic diseases like osteoporosis [5,10,80]. In preclinical osteoporosis and bone research, different large and small animal models
are used as a model for human bone [81,82]. For different species
(e.g. human, canine, mice) the collagen ﬁbrils in osteonal lamellae
have been reported to feature an offset angle with respect to the
bone’s long axis in a range of 20-30° [11,19,50,83]. In this study,
a variation of the MCF out-of-plane orientation of up to 16° was
observed within the osteonal regions of the bovine cortical bone
sample. This variation in ﬁbril orientation is an intrinsic property
of bone in different species that leads to considerable data scatter in mechanical experiments and warrants further investigation.
Especially when analyzing micromechanical experiments, it is of
high interest to employ methods for quantifying the local MCF orientation and degree of mineralization in the region of interest to
reduce apparent data scatter and identify structure-property relationships with high ﬁdelity.
As expected from the micropillar compression experiments, the
highest value of elastic modulus was found for the axial MCF orientation (Ea = 27.65 GPa, θ = 0◦ ) and the lowest for transverse
orientations (Et = 7.28 GPa, θ > 60◦ ). This tendency is in good
agreement with previously reported data on the mechanical experiments on bone, collected in Table 2. The axial elastic modulus value is greater than the majority of values reported in literature for both micro- (21 − 23 GPa, [84–86]) and macro-scale
compression experiments (∼ 20 GPa, [87,88]). The ﬁrst may be
due to the natural variations in MCF orientation in cortical bone
specimen that has been shown to be present in different species
[11,19,50,83]. As previous studies on microscale cortical bone mechanical properties did not verify the MCF orientation, the reported
data is likely averaged over a MCF misorientation range of up to
30°, which can explain the reported lower average elastic modulus values. At the macroscale, the mechanical response is averaged
over large regions with different degrees of mineralization and ﬁbril orientation and includes the effect of Haversian porosity, therefore also from these experiments a lower apparent modulus can be
expected [89].
The measured transverse elastic modulus is lower than the previously reported values from both macro- and micro-scale mechanical tests on bovine bone [87,88,90,91]. This leads to higher elastic
anisotropy values (Ea / Et ), compared to previously reported data

4.2. Mechanical testing
Here, we performed for the ﬁrst time microscale compression
experiments on the length scale of single bone lamellae in hydrated state for a broad spectrum of known local ﬁbril orientations. The elastic modulus and strength nonlinearly decreased with
the increasing MCF angle. The theory of linear elasticity for transversely isotropic materials and Tsai–Hill criterion were found to
describe well the variation of these properties with the ﬁber ori399
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Table 2
Reported mechanical anisotropy values and experimental details.
Elastic anisotropy
values

Plastic anisotropy
values

Characteristic
specimen size

27.7
= 3.8
7.3

0.33
= 2.54
0.13

19.1(±2.8 )
= 1.6
11.6(±2.4 )
20.5(±2.3 )
= 1.6
13.0(±2.3 )

Conditions

Method

Sample

Ref.

5 μm

Hydrated,
>93% rh

Compression

Bovine

Present work

0.18(±0.02 )
= 1.64
0.11(±0.02)

5 mm

Ambient

Compression

Bovine

[87]

0.18(±0.02 )
= 1.13
0.16(±0.01)

5 mm

Ambient

Compression

Bovine

[88]

350 nm

Ambient

Indentation

Bovine

[90]

26.9
= 1.2
22.6
26.9
= 1.5
18.0
27.5(±2.2 )
= 1.5
19.0(±1.8 )

1.01(±0.13)
= 1.51
0.67(±0.08)

7 μm

Ambient

Indentation

Ovine

[38]

22.8(±1.6 )
= 1.6
14.5(±1.6 )

0.60(±0.11)
= 1.18
0.51(±0.08)

7 μm

Hydrated,
liquid
immersion

Indentation

Ovine

[38]

31.2(±6.5 )
= 1.9
16.5(±1.5 )

0.50(±0.10)
= 1.63
0.30(±0.02)

5 μm

in vacuo

Compression

Ovine

[38]

0.17(±0.02)
= 1.31
0.13(±0.03 )

5 μm

Hydrated,
liquid
immersion

Compression

Ovine

[32]

13.7(±0.8 )
= 2.1
6.5(±1.0)

17.5 μm

Ambient

Indentation

MTLT

[47]

18.1(±2.9 )
= 1.8
10.2(±1.8 )

6 . 3 μm

Ambient

Indentation

MTLT

[47]

12.9(±1.6 )
= 4.5
2.9(±0.9)

17.5 μm

Hydrated

Indentation

MTLT

[47]

30.2(±4.1 )
= 1.75
17.6(±1.9 )

1 . 8 μm

Ambient

Indentation

24.7(±2.7 )
= 1.4
17.3(±1.9 )

5 . 6 μm

[102]
Human

Ambient

Indentation and
orthotropic
stiffness tensor
model [103]

24.7(±2.7 )
= 2.7
9.2(±0.6)

[104]
Human

for indentation and σσay for compression tests; all reported mechanical
t
values are in GPa; characteristic specimen size calculated as 7 ∗ ( penet rat ion depth)for indentation, pillar diameter for compression.

Elastic anisotropy values:

Ea
Et

; plastic anisotropy values:

y

Ha
Ht

in the literature (Table 2). This could be related to the fact that
we are testing bundles of aligned collagen ﬁbrils in the transverse
direction, a situation not encountered during macroscopic experiments, where the tested volume contains a variety of ﬁbril orientations. It should be noted, however, that our setup is likely prone
to sample surface swelling artifacts in hydrated conditions. Similar
behavior was already reported for hydrated ovine [32,38], bovine
[31] and MTLT [47] samples, where observed anisotropy ratios increased up to 2.5 times in comparison to dry experiments. Such
anisotropic response to hydration might be a result of MCF structural changes. As was shown by Andriotis et al. [92], during single
collagen ﬁbril hydration, the stiffness will exhibit a fourfold higher
reduction in transverse direction than in the axial direction, due to
the different collagen packing density. In micropillars with ﬁbrils
aligned in axial orientation, the surrounding ﬁbrils enforce a constraint on radial ﬁbril swelling, therefore this effect is diminished.
However, in transverse specimens, the radial swelling of ﬁbrils at
the top surface is not inhibited, which could lead to substantial artifacts in the mechanical measurements, as these surface ﬁbrils are
likely to be signiﬁcantly more compliant and, from a mechanical
perspective, arranged in series with the remaining micropillar.
In this work, the yield stress values measured in both axy
y
ial and transverse directions (σa = 329.97 MPa, σt = 131.63 MPa)
are higher than previously reported from macroscale compression
tests [87,88]. When compared to experiments performed on the

same characteristic specimen size (5 μm) on ovine cortical bone
lamella, the values are also higher than those from hydrated tests
in buffered solution [32] but lower than the data obtained in
vacuo [38]. Overall, bone hydration is one of the important parameters affecting bone mechanical properties [93,94]. In our study,
the bone samples were measured in a humidiﬁed atmosphere,
with relative humidity above 93% to mimic physiological conditions. Prior to the measurements, samples were kept in a hydrated
atmosphere for at least 4 h, to ensure the sample equilibration.
We veriﬁed that the measured values of the elastic modulus and
yield stress were constant within each day of experiments (see
Supplementary information F.2) therefore assuring that the specimens had reached an equilibrated hydration state prior to the
measurements. We assume that the micropillar swelling affects the
measured yield stress, as the micropillar geometry, used for stress
and strain calculations, was assessed prior to mechanical testing.
For future mechanical testing it is recommended to estimate the
swelling effects on specimen geometry in humidiﬁed atmosphere.
For 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 orientations from 0° and up to 25° are nearly constant. This was also
reported for microscale tensile and compressive strength modelling
of ovine cortical bone [34]. Such tolerance to the MCF small angle
variations is in line with the natural variability in MCF orientation
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found in different species [11,19,50,83], which could act as one of
the bone’s toughening mechanisms [97,98].
Besides MCF orientation, osteonal bone lamellation and overall
variation in biochemistry may affect microscale mechanical properties of bone. In present study, the degree of mineralization and
the mineral crystallinity did not show signiﬁcant correlations with
the mechanical data due to their small respective variations. However, we found a weakly signiﬁcant dependence of the observed
mechanical properties with variations of collagen/ NCPs relative
concentrations. Indeed, the spatial arrangement of NCPs within
bone matrix may determine bone’s mechanical properties including toughness [99–101]. It is therefore recommended to include
alternative analysis methods for NCPs content and biochemistry
screening for the future studies on bone microscale mechanical
properties. Moreover, structural inhomogeneity in the volume of
a single micropillar may be introduced due to the lamellar structure of osteonal bone. As was experimentally veriﬁed by Raman
line scans taken in several osteons on the bovine bone specimen,
MCF were highly aligned with the osteon axis with a standard deviation of 7° (Supplementary information B.3) in contrast to the
30° average variation, that has been observed in human secondary
osteons [50]. This suggests that the osteonal bone in our bovine
specimen consisted mainly of primary osteons with highly aligned
MCF uniaxially oriented in the osteon direction in each lamella.

then ﬂows past the ﬁbrils, resulting in frictional losses, similar to
the shear lag model for tensile loadings [106,107].
With the increase in MCF angle, localized shear cracks are observed. Interestingly, at the lower angles of MCF, the shear plane
was steeper than at higher angles, which suggests the existence of
a correlation between the MCF and shear plane orientations. This
is in line with the notion of ﬁbril-EFM interface failure for angles
below 50°. For MCF orientations θ > 50◦ , the main failure mode
occurring in this work is homogeneous deformation. We believe
that when the MCF angles reach the softening threshold of 48°54°, the shear load applied to the tilted ﬁbril-matrix interface is
not suﬃcient to cause deformation in localized shear zones, due to
the high normal force and, therefore, an increased frictional component. The deformation is assumed to happen in the extraﬁbrillar
matrix and homogeneously spread throughout the pillar volume,
which is compacted so that frictional hardening occurs. Moreover,
the nanogranular friction from mineral-mineral interparticle interactions may additionally inﬂuence the post-yield bone deformation
mechanisms, especially in compression. As was shown in the work
of Tai et al [108], at the nanoscale, bone exhibits a pressure sensitive plasticity. Similar to other nanogranular materials, bone features a nanoscale porosity [109,110], which leads to a plastic contraction under compressive loading. This, together with the ﬁbrilextraﬁbrillar interfacial sliding, would lead to a cohesive frictional
sliding with tunable softening/hardening behavior depending on
the shear ﬂow instabilities.

4.3. Post-yield behavior and failure modes
As demonstrated in this study, post-yield behavior and failure
modes of bone micropillars depend on MCF orientation. According to the stress-strain curves from the microcompression experiments (Figure 4 A), a clear strain softening is observed for the MCF
close to axial orientation and strain hardening for transverse MCF
orientations. The same was observed in previously reported micropillar compression experiments on ovine cortical bone [32,33].
Closer examination of the post-yield behavior (Figure 6) revealed
two plateau regions of the relative change in stress ratio (Eq. (5)).
The ﬁrst one corresponds to the softening observed at lower MCF
angles (θ < 30◦ ). Interestingly, this plateau in softening ratio also
coincides with the range of constant yield stress, demonstrating
that the inelastic behavior of bone lamellae remains mostly unchanged for misalignment angles below 30°. The second plateau
at higher MCF angles (θ > 50◦ ) resembles post-yield hardening behavior. For the intermediate MCF angles, a steep change from softening to hardening is observed, featuring a transition not only
in the post-yield behavior, but also in the failure mode, which
suggests a change in deformation mechanisms between axial and
transverse specimens.
The structural complexity of bone leads to hierarchical and coupled deformation mechanisms (ﬁbril - extraﬁbrillar matrix, mineral - collagen) down to the nanoscale [105]. A variety of failure modes occurred at θ ∈ (0◦ , 50◦ ). At the angles close to axial (0◦ < θ < 25◦ ), MCF orientation is moderately aligned with the
loading direction and most of the load is carried by the ﬁbrils. In
this case, axial cracking along the length of the pillars (Figure 6A)
or localization at the top of the pillars (mushrooming, Figure 6 B)
is observed. The proposed deformation mechanism that could be
directly tuned by the MCF misalignment with the loading direction is the ﬁbril-extraﬁbrillar matrix (EFM) interfacial sliding [100].
Such deformation occurs due to interface failure between ﬁbrils,
e.g. axial cracking along the length of the pillars or mushrooming.
Similar damage behavior for axially aligned MCF was observed in
the work of S. Li et al. [87]. When the bone is compressed beyond
the yield point, critical interfacial shear strength between the ﬁbril and the matrix is exceeded. When this happens, matrix ﬂows
past the ﬁbrils, resulting in frictional losses and de-bonding of the
ﬁbrils and extraﬁbrillar matrix [100]. The thin ﬁbril-EFM interface

4.4. General limitations
The techniques used in this study analyze different volumes of
interest. qPRS provides structural and compositional information
from ~0.3 μm3 volume. For both MTLT and bovine cortical bone
lamellae, such volume would include several MCFs. At the same
time, SAXS beam size at sample position was about 400 μm in
diameter, which integrates over thousands of MCFs. However, we
could combine these two techniques on the MTLT sample because
of its extremely aligned ultrastructure, made up of densely packed
MCF, therefore locally and globally the orientations are highly correlated [45–47].
In this study we combined qPRS and micropillar compression
on bovine cortical bone samples. While qPRS gives structural information on the length scale of several MCF, the latter provides
mechanical data on the lamellar scale (characteristic micropillar
size 5 μm). However, we could show experimentally by Raman line
scans taken in several osteons on the bovine bone specimen that
MCFs in primary bovine osteons are highly aligned with the osteon axis (7° standard deviation) and that no plywood-like variation in MCFs was present (Supplementary information B.3). It was
furthermore veriﬁed that there is a clear correlation between osteonal and MCF angles (Fig. 3 B). This, together with the low scatter in the collected mechanical data for different MCF orientations,
suggests a well aligned MCFs arrangement as determined by qPRS.
We therefore assume that the tested micropillars were made up of
homogeneously aligned MCFs, which is corroborated by our ﬁndings. In the future studies, when applying these techniques to a tissue with a more complicated microstructure such as human lamellar bone, care has to be taken to better match the tested volumes
of the two methods, e.g. by scanning the focal spot through the
micropillar and acquiring several qPRS measurements. qPRS was
not performed on each micropillar in this study because of the
incompatible specimen fabrication steps. In order to fabricate micropillars on the bone surface the sample needs to be sputtered
with conductive material (Au, 11 nm), which reﬂects the incoming laser beam and therefore signiﬁcantly decreases the spectrum
quality. Therefore, MCF orientation was measured before micropillar production in each osteon. As we found that MCFs are highly
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aligned and show little variation within an osteon, we could correlate the micromechanical properties to the average MCF orientation. However, for future studies combining these two methods on
more complex tissues like human bone, another method should be
used for micropillar preparation. A suitable approach would be employing femtosecond laser ablation [111], which does not require
sputtering of a conductive ﬁlm and therefore results in specimens
suitable for local qPRS measurements.
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5. Conclusion
The focus of this study was to investigate the effect of local
microstructure, especially MCF orientation, on the microscale mechanical properties of isolated bone lamellae. In order to achieve
this, a polarized Raman spectroscopy based method was developed that allows measuring local MCF angle with an angular uncertainty <10°. The combination of polarized Raman spectroscopy
and micropillar compression made it possible to detect changes
in mechanical properties with the MCF angle. This allowed us to
measure a unique spectrum of microscale mechanical compression data for MCF orientations ranging from 0° to 82°. We could
demonstrate a strong dependence of the microscale compressive
mechanical properties of bone on the MCF orientations. On the
other hand, the degree of mineralization and the mineral crystallinity did not show signiﬁcant correlations with the mechanical data due to their small respective variations. A high degree of
anisotropy was found for both the elastic modulus (Ea /Et = 3.80)
y
y
and the yield stress (σa / σt = 2.54). Moreover, the post-yield behavior was found to depend on the MCF orientation with a transition between softening to hardening at θ = 48◦ − 54◦ . Measuring
the local microstructural (such as MCF angle, mineralization) and
mechanical properties in a site-matched fashion allowed us to reduce the apparent scatter in the collected mechanical data and to
reliably determine structure-property relationships of bone at the
lamellar level. This is a prerequisite for developing and validating
multiscale models predicting bone failure in the future.
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