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Aging societies suffer from an increasing incidence of bone frac-
tures. Bone strength depends on the amount of mineral measured by
clinical densitometry, but also on the micromechanical properties of
the bone hierarchical organization. Here, we investigated the mechan-
ical response under monotonic and cyclic compression of both single
osteonal lamellae and macroscopic samples containing numerous os-
teons. Micropillar compression tests in a scanning electron microscope,
microindentation and macroscopic compression tests were performed
on dry ovine bone to identify elastic modulus, yield stress, plastic de-
formation, damage accumulation and failure mechanisms. We found
that isolated lamellae exhibit a plastic behavior with higher yield stress
and ductility but no damage. In agreement with a proposed rheological
model, these experiments illustrate a transition from a ductile mechani-
cal behavior of bone at the microscale to a quasi-brittle response driven
by the growth of cracks along interfaces or in the vicinity of pores at
the macroscale.

Bone is a hierarchical composite material featuring a cell-seeded miner-
alized collagen matrix. It is designed for mechanical support, metabolizing
minerals and storing bone marrow [1, 2] and mostly loaded in compression in
everyday activities [3]. Mineralized collagen fibrils surrounded by extrafib-
rillar mineral particles [4, 3, 5] combine into fibril arrays. In lamellar bone,
parallel fibril arrays form lamellae in a rotated plywood pattern [6, 7]. Os-
teocytes and their processes inhabit the lacuno-canalicular network which
makes up for about 1 % of whole bone porosity [8]. Human compact bone
consists of lamellae arranged concentrically around blood vessels forming
osteons with a porosity of around 6 % [1]. In large, fast growing animals an
alternative tissue type, the so called fibrolamellar bone, is laid out first and
converted to osteonal bone through a remodeling process [3].

Biomechanical testing of bone on the macroscale has been performed
for more than a century. However, many challenges remain, mostly due to
spatial, inter-subject, age, and disease variation of mechanical properties
[9, 10]. Analysis of bone as a hierarchical composite is an important field in
biomechanics [1, 11, 12] trying to understand and predict whole bone prop-
erties more accurately by considering its mechanical behavior on the lower
length scales. However, so far it suffers from a lack of direct measurements
of postyield properties on the microscale.

There is evidence on the continuum level that bone shows two simul-
taneous mechanisms of energy dissipation on the macroscale when loaded
quasi-statically past the yield point: inelastic deformation of the material
and damage (i.e. reduction of stiffness through the formation of micro-
cracks) [13, 14, 15]. Negative fibril strains following macroscopic tensile
yielding found by Gupta et al. [16] hint at damage as a dissipation mech-
anism on a lower length scale. However, these findings on the microscale
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were reported following macroscopic tests and are therefore influenced by
the microstructure of the tested specimens. Therefore, it is necessary to
perform tests directly on the microscale in order to decouple material and
structural effects.

Indentation is a mechanical testing technique in which a tip with known
geometry is pressed into a flat sample surface and force and tip displace-
ment are recorded. The pioneering work of Oliver and Pharr [17] allows
us to extract elastic properties from the unloading part of the indentation
curve. Indentation in bone with depths up to 1 µm mainly aims at char-
acterizing the mechanical properties on the lamellar (3-7 µm) level [18, 19].
Finite element simulations of indentations using coupled plasticity and dam-
age models have shown that damage may explain some of the experimental
findings for bone like a reduced unloading stiffness [20, 21] and that strength
on the microlevel seems to be similar to the macroscopic values. However,
it is very difficult to uniquely interpret such experimental data in materials
featuring dissipative processes, as indentations in materials with different
behaviors can result in very similar curves [22]. Therefore, independent ex-
periments allowing a straightforward interpretation are necessary in order
to assess the deformation mechanisms and postyield behavior of bone at the
microscale.

Such an experimental setup for micromechanical testing is micropillar
compression. Micron sized pillars are produced by erosion of material us-
ing a focused ion beam (FIB) and used to extract mechanical properties of
all classes of materials [23, 24]. Due to the uniaxial loading conditions as
opposed to the complex stress states during indentations, the setup allows
a straightforward interpretation of the data. Also, this technique is ideal
for studying the effects of size in quasi-brittle materials [25] in terms of
determining the postyield properties and deformation mechanisms by cir-
cumventing premature fracture [23, 24, 26, 27].

For brittle materials like ceramics failure is associated with the growth
of cracks originating from pores, surface scratches or other preexisting de-
fects. When testing smaller specimens, the probability that a defect of a
certain critical size is present in the material decreases, which leads to an
increased failure stress [28]. When reaching very small sample sizes, no de-
fects of critical size may be present and alternative dissipative processes like
dislocation based plasticity dominate [24]. In bone, the hierarchical struc-
ture leads to a macroscopically quasi-brittle behaviour where plasticity and
cracking both play a significant role and the associated scaling law remains
to be investigated.

The aim of this study was therefore to investigate: what is the anisotropic
uniaxial compressive strength of lamellar bone at the microscale; what are
the dominating deformation and failure mechanisms under compression in
the postyield regime on the microscale; and how do these properties compare
to the macroscopic response? Based on the reviewed literature [29, 16, 21,
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30, 20], we intend to test two hypotheses: 1. The compressive strength of
bone is similar on the lamellar and macroscopic level. 2. Under compression,
bone deforms inelastically in a quasi-brittle fashion by formation of cracks
on several length scales, which lead to a reduction of stiffness at both levels.

In order to test these hypotheses, in situ micropillar compression tests
using monotonic and cyclic loading protocols and microindentation tests
were performed on dry ovine osteonal bone in axial and transverse direction
and compared to macroscopic uniaxial compression tests using the same
sample geometry and loading protocol.

Micropillar diameter and aspect ratio before testing were determined by
scanning electron microscopy (SEM) to be 5.21 ± 0.14 µm (mean ± stan-
dard deviation) and 2.13 ± 0.10. Based on the in situ observation of the
micropillar compression tests in a SEM and high resolution SEM (HRSEM)
pictures taken after testing (Fig. 2), the failure modes were classified into
three groups: shearing, mushrooming, and axial splitting. Under axial com-
pression, 55 % of the pillars failed by development of shear planes, 25 %
by mushrooming, i.e. failure on the top of the pillar leading to localized
cracking and delamination, and 15 % by an axial split. One pillar failed by
compression of a relatively large pore and was removed from the study. All
of the pillars oriented in transverse direction failed by shearing. The true
stress-strain curves resulting from the analysis of the quasi-static micropillar
compression as well as normalized postyield behavior may be seen in Fig. 1.
For the micropillars, yield stress was found to be 0.49 ± 0.1 GPa in axial
(N = 19) and 0.30 ± 0.02 GPa in transverse direction (N = 20), strength
was 0.75±0.06 GPa and 0.59±0.04 GPa, respectively. The postyield behav-
ior depended on the failure mode. Strain hardening/softening behavior was
observed in the case of mushrooming and splitting, continuous hardening un-
til failure in the case of shearing (Fig. 1 bottom). A linear regression model
showed that testing direction was a significant parameter (p = 9 × 10−10)
and could explain 71.9 % of the variation of strength and 63.8 % of the yield
stresses, while failure mode was not a significant parameter (p = 0.1). When
assessing the pillars that showed shear failure only, direction alone accounts
for 84 % of the variation of strength and 74.8 % of the yield stresses. For
22 out of the 31 pillars that failed by localization in a single shear plane,
the inclination angle could be measured and was found to have a mean of
46.63 ± 8.94°, with no significant difference between axial and transverse
directions (p = 0.63). For this data subset, the critical shear stress along
the plane of failure was computed and analyzed using analysis of variance
(ANOVA). It was found that only loading direction was a significant pa-
rameter (p = 2 × 10−6) with critical shear stresses of 0.356 ± 0.028 GPa in
axial and 0.280 ± 0.026 GPa in the transverse direction. HRSEM micro-
graphs of the slip planes of micropillars failed by shearing revealed three
main toughening mechanisms of bone: isolated fibril bridging as well as lig-
ament bridging and crack deflection. Fibril bridging was almost exclusively
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observed in axial micropillars (Fig. 5).
The apparent modulus measured during the cyclic micropillar compres-

sion (Fig. 4) was found to be 31.16 ± 6.46 GPa in axial (N = 5) and
16.5 ± 1.50 GPa in transverse direction (N = 5). Analysis of the normal-
ized apparent modulus as a function of plastic strain showed that the stiff-
ness is not reduced after overloading of the sample to up to 8 % plastic
strain (Fig. 4). A linear regression showed no significant change of normal-
ized apparent modulus as a function of plastic strain (p = 0.188, RMS
error = 0.032, N = 50) for the pillars that failed by development of a
slip plane. When fitting only the axial pillars that failed in shear, a non-
significant slope was found (p = 0.026) predicting a 5 % modulus reduction
at 8 % of plastic strain, which is 20 times smaller than for the macroscopic
data reported later in this manuscript.

Microindentation showed also a clear anisotropy of mechanical proper-
ties. The measured values for indentation modulus, hardness and work in
wet and dry state may be seen in Tab. 1 and are in accordance with val-
ues for dry human osteonal bone of Reisinger et al. [31], who reported
indentation moduli of 27.6 ± 3.3 GPa and 20.5 ± 1.9 GPa in the axial and
transverse directions. A mean stiffness tensor was fitted to the average dry
indentation moduli using the methodology of Franzoso and Zysset [32]. The
resulting predicted apparent moduli were found to be 28.97 GPa in axial
and 16.07 GPa in transverse direction, respectively.

Visual inspection of 2 cross sections in 15 of the macroscopic samples
showed that ∼ 50% of them were entirely secondary osteonal, the others
showed a mixture of fibrolamellar and osteonal bone. During the macro-
scopic cyclic tests apparent moduli of 25.74 ± 3.71 GPa and strength of
0.314 ± 0.043 GPa were measured (N = 26). The stress-strain curves and
normalized modulus evolution as a function of plastic strain are shown in
Fig. 4. The macroscopic samples showed a significantly lower strength than
the micropillars (p < 2 × 10−16) and a much more brittle behavior. The
samples failed mostly at less than 1.2 % of plastic strain, which is 6 times
less than on the microscale and consistent with the literature [33]. Ductility
of the osteonal samples was not higher than for the rest of the group. It was
found that modulus was significantly reduced as a function of plastic strain
(Fig. 3, p = 2.4 × 10−10, adj. R2 = 0.3, N = 116), which is consistent with
reports for tension [10, 15]. A one dimensional rheological model based on
elasto-plasticity with failure (Fig. 3, Supplementary Fig. 8 and 9) represent-
ing bone at the microscale was fed with the means and standard deviations
of the elastic modulus, yield stress and maximal plastic strain measured in
the micropillar experiments (Supplementary Tab. 1). Using an appropriate
plastic hardening law, the resulting stress-strain curves match the experi-
mental data in both axial and transverse directions very well (Fig. 4) and
no stiffness reduction is observed below 8 % of plastic strain. In order to ac-
count for the existing cracks and defects between bone structural units in the
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macroscopic samples, the rheological model was fed with a homogenous dis-
tribution of yield stress and maximum plastic strain bounded by microscale
properties (Supplementary Fig. 10). With this single assumption that is in
line with the argument made by Krajcinovic [34] in a damage model for
bone under tension, the model predicted a strength of 0.3 GPa and a mod-
ulus reduction of 11.5 % at a plastic strain of 1.2 %. Also, the predicted
stress-strain curve matched the experimental data very well (Fig. 4).

The microindentation measurements were in very good agreement with
the results reported by Reisinger et al. [31] for dry human osteonal bone.
This confirms that ovine bone is an acceptable model for human tissue at the
lamellar level as indicated by [35, 36]. The macroscopic strength measured
in this study was slightly higher than the 0.272 ± 0.003 GPa reported by
Reilly and Burstein [37] for Haversian bovine bone. This is in line with the
fact that Haversian systems tend to reduce the strength of primary bone [3].
The depth of the microindentations and the dimensions of the micropillars
were chosen to be consistent with the average lamellar thickness of 3-7 µm.
Consequently, the apparent modulus of the cyclic tests after correction using
the Sneddon approach [38] corresponded very well to the apparent moduli
predicted from the microindentation data. Also, the high consistency of
the micropillar compressions demonstrated the homogeneity of ovine bone
at this length scale in the absence of interfaces such as cement lines. The
macroscopic tests were designed with the same aspect ratio and strain rate
as the micropillar tests, which allowed to do a direct comparison of the two
length scales.

Three distinct failure modes could be identified on the microlevel from
the in situ observation and post-failure HRSEM micrographs: shearing,
mushrooming, and axial splitting. The dominating failure mode was shear-
ing with almost 80 % of the samples showing a highly ductile behavior with
continuous hardening until failure by localization in a slip plane. This ob-
served behavior is consistent with oblique or cross-hatched slip lines reported
for compressive yielding of compact bone on the macroscale [33, 3]. A minor-
ity of the axial micropillars failed by mushrooming associated with boundary
effects such as indenter-sample friction or axial splitting, which is a brittle
failure mode [27].

The observed postyield behavior of the sheared micropillars was anisotropic:
axial pillars had a higher yield to ultimate stress ratio and reached their
strength at lower strains than transverse pillars, but failed less rapidly af-
ter the maximum stress had been passed. HRSEM pictures revealed fail-
ure planes with ligament bridging, crack deflection, and, almost exclusively
for axial pillars, isolated fibril bridging. These phenomena act as tough-
ening mechanisms and are consistent with similar findings of other groups
[39, 40, 41, 42]. Measurement of the inclination angles showed that on aver-
age the failure occurred in the plane of maximum shear stress. The critical
shear stress in the slip plane was significantly anisotropic. The direction-
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dependence of the observed postyield behavior and the critical shear stress
hints at a difference in the failure mechanism and may be explained by a
nonlinear rotated plywood model: For the axial pillars, the majority of the
fibrils are oriented at small angles to the loading direction. The observed slip
planes are a result of a combined fibril and extra-fibrillar mineral failure. In
this case, isolated fibrils that have not yet failed act as a toughening mech-
anism leading to an increased post strength ductility. For the transverse
micropillars, most of the fibrils are oriented at angles close to 90° to the
loading direction. Therefore, one orientation exists for which the number of
fibers going across the plane is minimal. In this case, a slip plane may form
by failure of the extra-fibrillar mineral only, which explains the absence of
fibrils spanning the gap and the rapid failure once strength had been passed
in most of the transverse micropillars (Fig. 5). It was found that an elasto-
plastic model with failure (Fig. 3) is able to represent the microscale data
very accurately (Fig. 4). The observed plasticity could be explained by dif-
ferent nanoscale mechanisms, e.g. nanogranular friction between mineral
particles [43] or dissipation at the interface between mineral platelets and
the organic phase [44, 45].

When comparing the two length scales, only a small difference in stiffness
of ∼ 10 % was found. When applying an equal strain model, this difference
could be explained by a porosity of 10 %, which is in the range of the lacunar-
canalicular and Haversian porosity [1]. On the other hand, the strength and
failure behavior differed strongly at the two length scales. The response on
the microlevel was highly ductile with maximum plastic strains in the order
of 8 %, while the dry macroscopic samples failed mostly in a quasi-brittle
fashion with plastic strains below 1.2 %. The measured strength on the mi-
croscale was higher by a factor of 2.4 than the macroscopic tests. When
applying the quadratic relationship between strength and porosity proposed
by Carter and Hayes [46], a change in strength by a factor of only 1.23 would
be expected, therefore the first hypothesis that ultimate stresses are similar
on the micro- and macroscale was falsified. The unaccounted difference in
strength and ductility is attributed to a size effect, more specifically to the
existing cracks and defects located between osteons [47], and is in line with
the scaling theory of quasi-brittle failure [25]. The yield stress and ulti-
mate plastic strain associated with the growth of pre-existing cracks near
interfaces [48, 49] or pores [50] on the macroscale are substantially lower
than the ones necessary to initiate and propagate a new crack through a
micropillar made of a single osteonal lamella (Supplementary Fig. 7). The
proposed rheological model (Fig. 3) illustrates this difference very well as
it was found to be in excellent agreement with the experimental data at
both length scales (Fig. 4). The model is thus able to build a bridge be-
tween the newly observed ductile behaviour on the lamellar level and the
well-documented quasi-brittle behaviour of bone on the macroscale charac-
terized by a reduction of stiffness that increases with plastic deformation
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[51]. Similar size effects are known for other material like ceramics [28],
which show brittle failure due to crack growth near preexisting defects that
are homogeneously distributed in the material. In the case of bone, these de-
fects are concentrated in interstitial tissue and near cement lines [47], which
causes the macroscopic response to be a combination of plastic deformation
and cracking, while isolated osteonal lamellae show plasticity only.

Due to the setup of the in situ indenter in a conventional SEM and
the preparation of the micropillars using a FIB, the tests were performed
in a vacuum environment. Therefore, the specimens had to be dried before
testing, which affects the mechanical properties of the organic phase and the
surface chemistry of the mineral platelets. Raman spectroscopy confirmed
that the composition was not significantly different from hydrated human
samples reported in the literature (Supplementary Fig. 1 and 2). To assess
the mechanical influence of hydration on the microscale, microindentations
were performed in wet and dry condition. Indentation modulus increased
by 20 % in the axial direction, hardness and work by as much as 65 %
after drying. Hardness has been shown to scale with yield strength [52],
which implies that stiffness and strength of hydrated micropillars would be
reduced as compared to the dry setup. This is consistent with findings on
the macroscale [53] . However, the ratio of plastic to total indentation work
did not change significantly (p = 0.23), which is consistent with data for
human bone [54] and suggests that the underlying dissipative mechanism
remains the same after dehydration. Macroscopically, it has been reported
that toughness is reduced by dehydration [53]. Nevertheless, the micropillars
showed a highly ductile behavior up to failure. Therefore it might be argued
that reduced toughness after drying is caused by its influence on interfaces
and preexisting defects rather than on the bone matrix itself. This effect
needs further investigation.

The yield and ultimate properties on the lamellar level reported in this
study were also significantly higher than values reported in previous studies
based on microindentation [30]. However, these studies had to rely on as-
sumptions regarding the nonlinear material behavior and inverse methods
to back-calculate material properties, while the data of the micropillar com-
pression tests may be interpreted in a straightforward manner due to the
uniaxial stress state. Finally, previous indentation studies suggested that
a damage mechanism at the ultrastructural level might be responsible for
some of the characteristics of indentation experiments in bone such as a re-
duced unloading stiffness [20, 21]. However, most of the monotonic tests did
not show the strain softening behavior that is characteristic of a mechanical
damage process. Additionally, unlike those performed on the macroscale,
the cyclic micropillar compression tests did not show a significant reduc-
tion of apparent modulus following overloading of the sample. This is an
indication that no diffuse cracks were opening inside the micropillars until
failure and falsifies the second hypothesis that bone deforms inelastically by
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formation of microcracks reducing its stiffness at both length scales.
This study showed that unlike the consistent elastic properties, the

postyield properties and failure mechanisms of bone under compression dif-
fer significantly at the two length scales. Isolated bone lamellae show a high
strength and ductility but no damage and fail mostly by development of
shear planes, while the response of macroscopic specimens containing nu-
merous osteons is quasi-brittle with low strength and ductility, substantial
damage and longitudinal cracks. The data supports the thesis that, under
compressive loading, multiple slip planes emerging at the weak interfaces
or in the vicinity of pores in the interstitial bone coalesce into microcracks,
the statistical distribution and growth of which lead to a quasi-brittle fail-
ure at the macroscopic level. These findings highlight the importance of
studying interface properties of cement lines and the stress concentration
effect of pores in the interstitial tissue more closely. Also, they remain to
be extended to human lamellar bone tissue, physiological testing conditions
and further loading modes. Deciphering the micromechanical behavior of
lamellar bone and its evolution with age, disease and treatment will help
preventing bone fractures in the elderly.

Methods

For a more thorough description of the materials and methods, the reader
is referred to the supplementary material. Sheep tibiae were acquired from
a local butcher shop. Ovine bone is mostly primary, features less porosity
and a more homogeneous but similar mineralization compared to human
tissue [35, 36], making it an attractive model for human bone on the mi-
crolevel. Axial and transverse specimens were cut from the diaphyses with
a diamond-coated band saw (Exact, Germany), embedded in, but not in-
filtrated by, polymethylmethacrylate (PMMA), air-dried [54] for more than
48 h, and subsequently ultramilled (Polycut E, Reichert-Jung, Germany).
Raman spectroscopy was performed on a transverse control sample show-
ing that the chemical composition of the sample was in the expected range
(Supplementary Fig. 1 and 2).

Microindentations were performed in osteonal regions in dry and wet
condition with a Ultra Nano Hardness Tester (UNHT, CSM Instruments,
Switzerland). A trapezoidal protocol in load control up to a maximum
depth of 1 µm with a loading rate of 100 mN/min, holding time of 30 s
[54] and unloading rate of 400 mN/min was chosen to minimize the effects
of creep. Indentation modulus and hardness, elastic and total work were
extracted using standard methods [17, 31, 54]. A transversely isotropic
stiffness tensor was fitted to the indentation moduli using the method of
Franzoso and Zysset [32] to obtain apparent moduli.

After indentation, the samples were extracted from the embedding and
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glued on SEM stubs using silver adhesive. A 50 nm thick Au-Pd film was
sputtered on the specimens to minimize drift due to charging. A dual beam
FIB workstation (Tescan Lyra, Czech Republic) operated at 30 kV was used
to machine micropillars of 5 µm diameter and aspect ratio of 2 in osteonal
regions, and to section them after testing. Micropillars were aligned with
the longitudinal and circumferential directions of the respective osteons.
Circular trenches of 50 µm diameter were machined with 6000 pA to ob-
tain 10 µm diameter posts, which were milled down to 6 µm with 1000 pA
and polished to 5 µm with 300 pA (Supplementary Fig. 3). Use of FIB can
lead to damage of the material and Gallium implantation, which may af-
fect the measurements. Monte Carlo simulations using the software SRIM
[55] (incidence angle 3°, 30 keV Ga+ ions, bone composition ICRU-119 from
compound library) showed that damage is confined to 25 nm (Supplemen-
tary Fig. 4) and Gallium implantation to 15 nm within the surface and may
be neglected, which is consistent with studies reporting no considerable FIB
induced damage for mineralized tissues [56].

A total of 60 micropillars were fabricated, out of which 40 were used
for quasi-static, monotonic tests and 10 for cyclic loading tests. Micropil-
lars were compressed using an in situ indenter (Alemnis, Switzerland) [57]
inside a SEM (Zeiss, Germany) operated at 5 kV, allowing precise align-
ment and tracking of the deformation. A diamond flat punch (Synton-MDP,
Switzerland) of 10 µm diameter and cone angle of 45° was used to compress
the micropillars in displacement control (Supplementary Fig. 5) at a rate
of 5 nm/s, corresponding to a strain rate of ∼ 5 × 10−4 s−1 . Post-failure
micrographs were taken using a HRSEM (Hitachi, Japan) operated at 3 kV
and 55° specimen tilt. The displacement data were corrected for instrument
frame compliance and sink-in of the micropillar using the Sneddon approach
[38] (fillet radius 300 nm).

Engineering stress-strain data was obtained by dividing force by the
average cross sectional area and compliance-corrected displacement by the
height of each micropillar and converted to true stress-strain measures, i.e.
Cauchy stress σ and logarithmic stretch lnU , using the assumption of neg-
ligible volume change [58].

For the monotonic tests, samples were loaded in displacement control
until failure. Yield stress was determined using the 0.2 % offset rule, ulti-
mate stress is the maximum stress in the true stress-strain curve. For cyclic
loading, samples were loaded in displacement control with 5 intermittent cy-
cles with an amplitude of 100 nm after every 200 nm of loading until failure
(Supplementary Fig. 6). The apparent modulus Eapp was determined by fit-
ting a line to the last of each 5 cycles. Modulus was normalized with respect
to the one measured during the second cycle to minimize the influence of
the toe region. Plastic strains were determined using
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lnUp
33 = lnU33 −

σ33
Eapp

. (1)

For the macroscopic tests, samples were cut from the diaphyses of ovine
tibiae using a diamond-coated bandsaw and subsequently lathed to a dumbbell-
shaped form with a diameter of 3 mm and an aspect ratio of 2 for the
reduced section using a desktop lathe. For an overview of the tested sam-
ple geometries and the relevant bone structures, see Supplementary Fig. 7.
The samples were dried for more than 48 h and subsequently tested in
a servo-hydraulic testing device (858 Mini Bionix, MTS, USA). The ma-
chine was operated displacement controlled at a rate of 18 µm/s (strain rate
≈ 5 × 10−4 s−1) with 5 intermittent cycles with an amplitude of 0.125 %
after every 0.25 % of strain until failure. An extensometer (Epsilon Tech.,
USA) was attached to the reduced section with an initial gauge length of
6 mm.

All data manipulations and statistical analysis were performed using R
[59]. Normality of distributions was tested by visual inspection of normalized
quantile-quantile (Q-Q) plots against the standard normal distribution and
the Shapiro-Wilk normality test [59, 60]. Measurements are reported as
mean ± standard deviation. Significant differences were tested using two-
tailed t-tests. Influence of measured parameters on the data was tested by
ANOVA and linear regressions using dummy coding for categorical variables.
The significance threshold was chosen as p=0.01.
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Figure 1: Experimental curves and postyield behaviour of mono-
tonic micropillar compression tests. True stress-strain curves (top) and
postyield behavior normalized with ultimate stress as a function of plastic
strain (bottom) of monotonic micropillar compression in a) axial and b)
transverse direction. Observed yield points are indicated by hollow circles
and ultimate points by full circles.
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Figure 2: Observed failure modes of bone on the micro- and
macroscale. HRSEM micrographs taken after testing, FIB cross-sections
and photographs showing failure modes encountered in compression tests a)
of micropillars in axial and b) transverse directions as well as c) of macro-
scopic specimens. Micropillars mostly deformed homogeneously and failed
by development of slip planes (a1, b1-b3). A minority of the axial pillars
failed by mushrooming (a2) or axial splitting (a3), which is a brittle failure
mode. Scale bars for a1-a3 and b1-b3 represent 2 µm, for c1-c4 4 mm.
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Figure 3: Rheological model describing the mechanical response of
bone under compression. A parallel array of elastic springs in series with
plastic pads failing at a ultimate plastic strain (Supplementary Fig. 8 and
9). On the microscale, heterogeneity is governed by Gaussian distributions
of the material properties modulus, yield stress, hardening modulus and ul-
timate plastic strain (Supplementary Tab. 1) identified from the micropillar
compression tests. For the macroscale, the presence of cracks, defects and
interfaces increases tissue heterogeneity leading to a reduction of strength
and ductility. Therefore, uniform distributions between 0 and the micro-
scopic properties are used (Supplementary Fig. 10) to describe variability in
strength and ultimate plastic strain corresponding to the pre-existence of
defects and microcracks with different lengths from 0 to a critical length.
Further details are given in the supplementary material.
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Figure 4: Model predictions, experimental curves and normalized
apparent modulus evolution of cyclic compression tests on the
micro- and macroscale. a) Model predictions, experimental true stress-
strain curves in b) axial and c) transverse direction and d) normalized ap-
parent modulus evolution as a function of plastic strain of cyclic micropillar
(top) and macroscopic (bottom) compression.
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Figure 5: Dominant failure mechanism observed on the microscale.
Overlay of SEM micrographs of micropillars in axial (top, left) and in trans-
verse (top, right) direction failed by shearing with HR images of the slip
planes and schematical drawings (bottom) depicting the distinct failure
mechanisms depending on the fibrillar orientation. Scale bars on the top
represent 2 µm, on the bottom 0.5 µm.
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Table 1: Mean ± standard deviation of the indentation modulus E∗, inden-
tation hardness HIT , elastic Wel and total Work Wtot as well as number of
experiments N for wet and dry indentations in axial and transverse direc-
tions.
Hydr. Direct. E∗/GPa HIT /GPa Wel/pJ Wtot/pJ N

Dry Axial 27.5± 2.2 1.01± 0.13 1837± 258 8069± 1012 50
Dry Transv. 19.0± 1.8 0.67± 0.08 1636± 214 6482± 745 72
Wet Axial 22.8± 1.6 0.60± 0.11 1083± 249 4849± 907 67
Wet Transv. 14.5± 1.6 0.51± 0.08 1313± 204 4125± 756 83

22



0.00 0.05 0.10 0.15 0.20

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

lnU33

σ
3
3
/ 

G
P

a

Failure Mode

Shearing

Mushrooming

Splitting

a) Axial

●
●

●

●

●
● ●

●
●

●

●
●

●

●
●

●

●

●●

●

0.00 0.05 0.10 0.15 0.20

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

lnU33

σ
3
3
/ 

G
P

a

b) Transverse

●

●

●
●●

●

●
●

●

●
● ●

●

●

●

●

●

●

●

●

●

Measurements

Yield point

Ultimate point

0.00 0.02 0.04 0.06 0.08

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

lnU33

p

σ
3
3
/σ

u
lt

0.00 0.05 0.10 0.15

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

lnU33

p

σ
3
3
/σ

u
lt





M
ic
ro
p
il
la
r

M
ac
ro
sa
m
p
le

lnU

lnU
p

lnU
e

σ

E
n

σ

En

lnUn
p,ult

H
nn

lnUn
y

lnUn
y

lnUn
p,ult

En +H αn n



M
a
c
r
o

M
ic

r
o

0.00 0.04 0.08 0.12

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

lnU33

σ
3
3
 /

 G
P

a

a) Model

Axial

Transv.

0.00 0.04 0.08 0.12

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

lnU33

σ
3
3
 /

 G
P

a

b) Axial experiments

0.00 0.04 0.08 0.12

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

lnU33

σ
3
3
 /

 G
P

a

c) Transverse experiments

0.00 0.02 0.04 0.06 0.08

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

lnU33
p

N
o

rm
a

liz
e

d
 A

p
p

a
re

n
t 

M
o

d
u

lu
s

d) Stiffness evolution

Testing Direction

Axial

Transverse

Shearing

Splitting

Model axial

Model transv.

0.000 0.010 0.020 0.030

0
.0

0
.1

0
.2

0
.3

0
.4

lnU33

σ
3
3
 /

 G
P

a

0.000 0.010 0.020 0.030

0
.0

0
.1

0
.2

0
.3

0
.4

lnU33

σ
3
3
 /

 G
P

a

●

●
●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●●

●
●

●

0.000 0.004 0.008 0.012

0
.0

0
.2

0
.4

0
.6

0
.8

1
.0

1
.2

lnU33
p

N
o

rm
a

liz
e

d
 A

p
p

a
re

n
t 

M
o

d
u

lu
s

Experiment

Model





Supplementary Information to ’In situ micropillar compression of

lamellar bone reveals superior strength and ductility but no damage’

Jakob Schwiedrzik, Rejin Raghavan, Alexander Bürki, Victor LeNader, Uwe

Wolfram, Johann Michler, and Philippe Zysset

Sample preparation, chemical analysis, testing setup and data analysis

Sheep tibiae were acquired from a local butcher shop. Ovine bone is mostly primary, features less

porosity and a more homogeneous but similar mineralization to human bone (1; 2), making it an

attractive model for human bone on the microlevel. Axial and transverse specimens were cut from

the diaphyses with a diamond-coated band saw (Exact, Germany). They were embedded in, but

not infiltrated by, polymethylmethacrylate (PMMA) and subsequently air-dried (3) for more than

48 h. Finally, they were ultramilled (Polycut E, Reichert-Jung, Germany) to obtain a flat surface

for the Raman, microindentation and micropillar compression experiments.

Raman spectroscopy was performed on a transverse control sample in dry condition using an

upright Raman microscope (Nova Spectra, ND-MDT, Russia) featuring a laser source with a wave-

length of 633 nm, 5 mW power and a 100x objective with a numerical aperture of 0.95. Spectra

were recorded at a spectral resolution of 3 cm−1. The exposure time was 1 s.

Supplementary Figure 1: Raman spectrum of ovine cortical bone. Representative spectrum from
an osteonal region with identified peaks.
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The Raman spectra corresponded well to the literature (4) and all characteristic peaks could

be identified. Based on previous work on bone quality assessment using vibrational spectroscopy

(5; 6), three physicochemical properties of the tissue were investigated: mineralization, i.e. the

ratio of mineral to organic components, substitution of carbonate ions in phosphate positions, and

mineral cristallinity, i.e. the orderliness of the crystal lattice. The calculation of these properties is

explained in Fig. 2. Mineralization was found to be 11.0±1.1, carbonate substitution 7.6±0.8, and

crystallinity 19.6± 0.4 cm−1 (N=10). This is reasonably similar to the results of Yerramshetty et

al. (6), who found a mineralization of 8.0 to 10.0, carbonation of 4.5 to 5.3 and crystallinity of 16.7

to 19.2 cm−1 in hydrated human femoral bone. It can therefore be concluded that the chemical

composition of the tested samples was in the expected range and that ovine bone is indeed a

reasonable model for human bone on the microscale.

Supplementary Figure 2: Measurements on Raman spectrum of ovine cortical bone in order to measure
mineralization, carbonate substitution and crystallinity based on (5). Mineralization=AB/EF, Substitu-
tion=AB/CD, Crystallinity=GH.

Microindentations were performed in dry and wet state in osteonal regions with an Ultra Nano

Hardness Tester (UNHT, CSM Instruments, Switzerland). For the wet nanoindentations, control

samples were rehydrated for at least 1.5 h in Hank’s balanced saline solution (HBSS) following the

protocol of Wolfram et al. (3) and subsequently indented in a HBSS submersion. A trapezoidal

protocol in load control up to a maximum depth of 1 µm with a loading rate of 100 mN/min,

holding time of 30 s (3) and unloading rate of 400 mN/min was chosen to minimize the effects of

creep. Indentation modulus and hardness, elastic and total work were extracted using standard

methods (7; 8; 3). Indentation modulus is recovered from the reduced modulus Er (7) by the

equation

E∗ =

(

1

Er
−

1− ν2
i

Ei

)

−1

(1)

for known isotropic constants Ei and νi of the indenter tip. Indentation hardness is defined as the

maximum load divided by the contact area at maximum depth, elastic and total work as the area

under the unloading curve and the loading and holding curves. A transversely isotropic stiffness
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tensor was fitted to the indentation moduli using the method of Franzoso et al. (9) to obtain

estimates for apparent moduli. For the wet indentations in transverse direction, a swelling effect

similar to the one reported in (10) was found that increases surface roughness and affects the

experimental curves. This data was therefore not used for further analysis.

After indentation, the samples were extracted from the embedding material and glued on SEM

stubs using silver adhesive. A 50 nm thick Au-Pd film was sputtered on the specimens to minimize

drift due to charging. A dual beam FIB workstation (Tescan Lyra, Czech Republic) operated

at 30 kV was used to machine micropillars of 5 µm diameter and aspect ratio of 2 in osteonal

regions, and to section them after testing. Micropillars were aligned with the longitudinal and

circumferential directions of the respective osteons. The micropillars were machined to the desired

dimensions in three major steps: First, circular trenches of 50 µm diameter were machined with

6000 pA to obtain 10 µm diameter posts, which were milled down to 6 µm with 1000 pA and

polished to 5 µm with 300 pA.

Supplementary Figure 3: SEM micrographs showing the micropillar machining process. a)
Micropillar after trench milling with 6000 pA, b) after intermediate step with 1000 pA, c) after final polishing
step with 300 pA.

FIB induced damage and Gallium implantation at the surface are common problems in micropillar

compression studies. In order to assess these effects, Monte Carlo simulations using the software

SRIM (11) with an incidence angle of 3°, 30 keV Ga+ ions, and the material composition for cortical

bone ICRU-119 from the software’s compound library were performed. They showed that damage

on the side of the pillars are confined to a layer of 25 nm and can therefore be neglected (12) from

a mechanical point of view. The calculated ion range is 8.7±5.9 nm and therefore also neglectable.

These results are in line with the study of Nalla et al. (13), who report no significant FIB damage

for mineralized tissues.

A total of 60 micropillars were fabricated, out of which 40 were used for quasi-static, monotonic

tests and 10 for cyclic loading tests. Micropillars were compressed using an in situ indenter (Alem-

nis, Switzerland) (14) inside a SEM (Zeiss, Germany) operated at 5 kV, allowing precise alignment

and tracking of the deformation. A diamond flat punch (Synton-MDP, Switzerland) of 10 µm di-

ameter and cone angle of 45° was used to compress the micropillars in displacement control at

a rate of 5 nm/s, corresponding to a strain rate of ∼ 5 × 10−4 s−1. A schematic drawing of the

experimental setup is shown below.

Post-failure micrographs were taken using a HRSEM (Hitachi, Japan) operated at 3 kV and 55°
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Supplementary Figure 5: Sketch of the experimental setup of the micropillar compression
experiments. A flat punch indenter is placed on top of the micropillar that is surrounded by a trench. The
indenter is then moved downward and tip displacement as well as the axial force are recorded.

specimen tilt. The displacement data was corrected for instrument frame compliance and sink-in

of the micropillar using the so called Sneddon approach proposed by Zhang et al. (15) with a fillet

radius of 300 nm.

Engineering stress-strain data was obtained by dividing force by the average cross sectional area

and compliance-corrected displacement by the height of each micropillar and converted to true

stress-strain measures, i.e. Cauchy stress σ and logarithmic stretch lnU , using the assumption of

negligible volume change (16).

σ = σEng(1 + ǫEng) (2)

lnU = ln(1 + ǫEng) (3)

For the monotonic tests, samples were loaded in displacement control until failure. Yield stress
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was determined using the 0.2 % offset rule, ultimate stress is the maximum stress in the true stress-

strain curve. For cyclic loading, samples were loaded in displacement control with 5 intermittent

cycles with an amplitude of 100 nm after every 200 nm of loading until failure. The apparent

modulus Eapp was determined by fitting a line to the last of each 5 cycles. Modulus was normalized

with respect to the one measured during the second cycle to minimize the influence of the toe

region. A schematic drawing explaining the cyclic micropillar compression analysis is shown below.
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�
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�� ��

Supplementary Figure 6: Sketch depicting the analysis of cyclic experiments. Monotonic loading
phases are drawn in black, intermittent cycles in blue. Apparent moduli Ei were measured during every
cycle and divided by the apparent modulus of the intermittent cycle in the elastic phase E1.

Plastic strains were determined using

lnUp33 = lnU33 −
σ33

Eapp
. (4)

For the macroscopic tests, samples were cut from the diaphyses of ovine tibiae using a diamond-

coated bandsaw and subsequently lathed to a dumbbell-shaped form with a diameter of 3 mm

and an aspect ratio of 2 for the reduced section using a desktop lathe. The samples were dried

for more than 48 h and subsequently tested in a servo-hydraulic testing device (858 Mini Bionix,

MTS, USA). The machine was operated displacement controlled at a rate of 18 µm/s (strain rate

≈ 5×10−4 s−1) with 5 intermittent cycles with an amplitude of 0.125 % after every 0.25 % of strain

until failure. An extensometer (Epsilon Tech., USA) was attached to the reduced section with an

initial gauge length of 6 mm. True stress-strain data and moduli were obtained the same way as

described for the cyclic micropillar experiments.

All data manipulations and statistical analysis were performed using R (17). Normality of distri-

butions was tested by visual inspection of normalized quantile-quantile plots against the standard

normal distribution and the Shapiro-Wilk normality test (17; 18). Measurements are reported as

mean ± standard deviation. Significant differences were tested using two-tailed t-tests. Influence

of measured parameters on the data was tested by ANOVA and linear regressions using dummy

coding for categorical variables. The significance threshold was chosen as p = 0.01.
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Supplementary Figure 7: Tested samples and relevant bone structures. Dumb-bell shaped
macrosamples extracted from the diaphysis of ovine tibiae and micropillars on the length scale of osteonal
lamellae.

Rheological model

The rheological model consists of an elastic spring in series with a plastic slider that breaks beyond

a given ultimate plastic strain. The series arrangement leads to an additive decomposition of the

elastic and plastic strains

lnU = lnU e + lnUp (5)

E

lnU

e
lnU

p
lnU

p,ult
lnU

y
lnUE +Hα

Supplementary Figure 8: Underlying rheological model and constitutive law: Elasto-plastic

material with linear hardening and brittle failure when the slider quits the support after passing lnUp,ult.

The spring represents a proportional relationship between the stress and the elastic strain and leads

to the free energy:

ψ(lnU, lnUp) = (1−H(− lnUp − lnUp,ult))
1

2
E(lnU − lnUp)2

−H(lnUp − lnUp,ult)
1

2
E(lnU − lnUp)2 (6)

where E is Young’s modulus, lnUp,ult is the ultimate or failure strain of the plastic slider and H is

the Heaviside unit step function.

Remark 1. This formulation of the free energy corresponds to a discontinuous damage model with

D = H(− lnUp − lnUp,ult) +H(lnUp − lnUp,ult)
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The total stress is given by the derivative of the free energy with respect to the total strain:

σ(lnU, lnUp) =
∂ψ

∂ lnU

= (1−H(− lnUp − lnUp,ult))E(lnU − lnUp)

−H(lnUp − lnUp,ult)E(lnU − lnUp) (7)

The plastic stress is the derivative of the free energy with respect to plastic strain:

σp(lnU, lnUp) = −
∂ψ

∂ lnUp

= δ(− lnUp − lnUp,ult)
1

2
E(lnU − lnUp)2

+δ(lnUp − lnUp,ult)
1

2
E(lnU − lnUp)2 + σ (8)

where δ is the Dirac delta function.

The behavior of the plastic slider is described by a yield function for the plastic stress,

f(σp) = |σp| − E lnUy −Hα (9)

with the classical Kuhn-Tucker conditions for f and λ̇ = | ˙lnUp|

f ≤ 0 λ̇ ≥ 0 fλ̇ = 0 (10)

where lnUy is the yield strain, H is the hardening modulus and the accumulated plastic strain α

is expressed by:

α =

∫ t

0

| ˙lnUp|dτ (11)

The plastic stress is finally given by

σp =















−E lnUy −Hα if ˙lnUp < 0

[−E lnUy −Hα;E lnUy +Hα] if ˙lnUp = 0

E lnUy +Hα if ˙lnUp > 0

(12)

From an algorithmic point of view, computation of the plastic strain flow for a new total strain

lnUn+1 can be initiated with a trial stress based on the plastic strain of the previous step n:

σpt = E(lnUn+1 − lnUpn) (13)

If the yield criterion is respected for that plastic state

f(σpt ) ≤ 0 (14)

then the total stress reduces to

σn+1 = σpt (15)

7



If the yield criterion is violated

f(σpt ) > 0 (16)

then the implicit projection of the plastic stress on the yield criterion provides an equation for

lnUpn+1

f(σp(lnUn+1, lnU
p
n+1)) = 0 (17)

The solution of the above equation is:

lnUpn+1 = lnUpn + sign(σpt )
|σpt | − (E lnUy +Hαn)

E +H
(18)

and the total stress is updated with

σn+1 = E(lnUn+1 − lnUpn+1) (19)

In case of failure of the plastic slider, i.e. | lnUpn+1| ≥ lnUp,ult, the total stress vanishes abruptly

σn+1 = 0 (20)

The dissipation of the model is the usual dissipation of the plastic slider plus the elastic energy of

the spring released by breakage of the slider when | lnUp| = lnUp,ult,

φ( ˙lnUp) = σp ˙lnUp

= σ ˙lnUp + δ(lnUp + lnUp,ult)
1

2
E(lnU − lnUp)2

+δ(lnUp − lnUp,ult)
1

2
E(lnU − lnUp)2 (21)

and vanishes beyond failure of the plastic slider.

Remark 2. The model degenerates into an elastic material for lnUy → ∞, a perfectly elasto-

plastic material for lnUp,ult →∞ or into an elastic and perfectly brittle material for lnUp,ult = 0.

In the case of lnUp,ult = 0, the damage model of Krajcinovic (19) is obtained for a homogeneous

distribution governing the yield stress.

The model consists of a parallel array of 100 parallel elements. The total response is given by

the summation over all elements. For the micropillars, all material properties are governed by the

experimentally measured normal distributions. On the other hand, a macroscopic bone sample will

contain bone structural units with a distribution of microcracks along cement lines, at the vicinity

of lacunae, vascular pores or other defects. Since micro-cracks develop continuously with fatigue

loading of the bone tissue, uniform distributions of yield strain and ultimate plastic strain up to

the mean values observed in micro-pillar compression tests were assumed, which is in line with the

argument made by Krajcinovic (19) in a damage model for bone under tension.
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Supplementary Figure 9: Stress-strain behaviour: Elasto-plastic material response with linear hard-
ening and subsequent failure.

Supplementary Table 1: Material constants of extracellular bone matrix.

E/GPa H/GPa lnUy lnUp,ult

Axial 31.2± 3.12 0.0312± 0.0031 0.0241± 0.0019 0.08± 0.008
Transv. 16.5± 1.65 3.5± 0.35 0.0182± 0.0015 0.1± 0.01
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Supplementary Figure 10: Distributions of material properties for a macroscopic sample:

Distributions of elastic modulus, hardening modulus, yield strain and ultimate plastic strain for the axial

direction of bone structural units.
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