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Abstract—Trabecular bone is a cellular composite material
comprising primarily of mineral and organic phases with
their content ratio known to change with age. Therefore, the
contribution of bone constituents on bone’s mechanical
behaviour, in tension and compression, at varying load levels
and with changing porosity (which increases with age) is of
great interest, but remains unknown. We investigated the
mechanical response of demineralised bone by subjecting a
set of bone samples to fully reversed cyclic tension–compres-
sion loads with varying magnitudes. We show that the
tension to compression response of the organic phase of
trabecular bone is asymmetric; it stiffens in tension and
undergoes stiffness reduction in compression. Our results
indicate that demineralised trabecular bone struts experience
inelastic buckling under compression which causes irre-
versible damage, while irreversible strains due to microc-
racking are less visible in tension. We also identified that the
values of this asymmetric mechanical response is associated
to the original bone volume ratio (BV/TV).

Keywords—Demineralised bone, Inelastic buckling, Stiffness

reduction, Bone volume ratio.

INTRODUCTION

With increasing ageing population, which is known
to cause deteriorated bone quality, understanding the
mechanical response of bone to loads has assumed
increased importance. Bone is subjected to a wide
range of loading regimes that include tension, com-
pression and shear. Evaluation of the mechanical be-
haviour of bone has been the subject of numerous
studies in which its elastic properties,22,36 its yielding

and post elastic behaviour,2,26,39 its time dependent
response to loading8,29,30,49 and its response to cyclic
and fatigue loading11,12,17,19,44 have been considered.
For trabecular bone, it is now recognised that its
elastic moduli can be reasonably well predicted from
the bone volume to total volume ratio (BV/TV) and
indices of its microarchitecture such as mean intercept
length and star volume distribution fabric ten-
sors36,43,50; and its elastic limit in the strain space is
fairly isotropic and largely independent of BV/TV.3,26

A few studies have used cyclic loading to understand
the fatigue behaviour of cortical11,12,17 and trabecular
bone,19,44 however apart from few studies,11,12 all
others have been in either only in tension17 or only in
compression.19,44 A few trabecular bone studies19,44

have also successfully related its strain response under
cyclic loading to indices of bone micro-structure.

Bone is a composite material which comprises of a
mineral phase (mainly carbonated hydroxyapatite),
organic phase (mostly type I collagen) and water
assembled into a complex, hierarchical structure.16,48

Mechanically collagen and mineral play very different
roles—the elastic modulus of collagen is much lower
than that of the hydroxyapatite, but the former is three
orders of magnitude tougher.38 While the mineral
provides the stiffness, it is much more brittle than the
collagen. Therefore mineral-collagen ratio (known to
increase with age in humans1) has a role in the
mechanical behaviour of trabecular bone. For exam-
ple, evaluation of elastic modulus of bone from dif-
ferent species has shown that it increases with mineral
content.18 Tests conducted on demineralised compact
bovine humeral diaphyseal bone samples show that
they had an elastic modulus of around 600 MPa9;
untreated cortical bone (extracted samples without any
chemical treatment) on the other hand is reported to
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have an elastic modulus in excess of 6 GPa.18 Study of
the mechanical behaviour of bone’s constituents,
therefore, is important in several contexts. Firstly the
mechanical behaviour of the constituents helps in the
understanding of the bone behaviour as a compos-
ite.9,20,28 This in conjunction with changing mineral
collagen ratio and porosity with age gains significant
importance.28 The effect of the contribution of bone
constituents is not only on its elastic modulus9 but also
on its strength,15 and its behaviour under cyclic
loads.35 Secondly, it has been suggested that data on
the mechanical properties of collagen has clinical rel-
evance in the early stages of fracture repair before bone
mineralisation occurs.9 Thirdly, though not considered
in this study, the two main constituents of bone are
known to play very different roles in its time-depen-
dent behaviour.7

To evaluate the mechanical behaviour of the or-
ganic phase, a number of previous studies have
undertaken mechanical tests on demineralised bone;
almost all of which have been on cortical
bone.7,9,10,14,34,35 Evaluation of elastic modulus and
strength through monotonically increasing loading in
tension9,10,14 or compression34 has been the focus of
most studies. Bone and consequently its constituents
are subjected to cyclic loading.44 Novitskaya et al.,
conducted cyclic loading tests on demineralised corti-
cal bone in three different directions and showed that
cortical bone has anisotropic cyclic behaviour with
larger energy dissipation in transverse directions.35

Loading cycles in this cited study were confined to
compression although the contribution of the organic
phase to tension has been noted to be much more
significant.10 Studies conducted on the mechanical
behaviour of demineralised trabecular bone are lim-
ited, confined to monotonic loading in compression
and generally conducted with an aim to evaluate elastic
modulus and strength.15 These limited studies indicate
that there is considerable gap in understanding the
mechanical behaviour of the organic phase of bone
under cyclic loading at different load levels.

This study aims to analyse the mechanical beha-
viour of demineralised trabecular bone in tension and
compression using a novel experimental protocol.
Firstly it aims to evaluate the response due to fully
reversed cyclic loading to examine how samples behave
in tension and compression. Such tests have not been
previously conducted for demineralised bone and are
rare even for untreated bone.11,12 Secondly it aims to
evaluate how the cyclic response varies with applica-
tion of different load levels. Few tests conducted on
untreated bone (and limited to compression) have
shown that the response varies with load level.44 Lastly
by undertaking a micro-CT (lCT) of samples prior to
demineralisation this study aims to consider how the

response is influenced by the original BV/TV of tra-
becular bone. Our hypothesis is that the mechanical
behaviour of demineralised trabecular bone has ten-
sion compression asymmetry, varies with load levels
and is associated with its porosity.

MATERIALS AND METHODS

Fresh proximal tibia, from bovine (under 30 months
old when slaughtered), were obtained from a local
abattoir and stored at 2 20 �C until utilised. The
bones were allowed to thaw at room temperature be-
fore bone cores were extracted along its principal axis,
using diamond coring tools (Starlite, Rosement, IL,
USA). A low speed rotating saw (Buehler, Germany)
was used to create parallel sections and to trim growth
plates if they were present. All coring and cutting were
conducted in a water bath to avoid excessive heat
generation. The cylindrical bone samples (n = 5) had
a diameter of 10.6 ± 0.1 mm and mean height of
22.1 ± 0.7 mm.

Bone marrow was removed from each sample using
a dental water jet (Interplak, Conair) with tap water at
room temperature.27 All the samples were then cen-
trifuged at 2000 r.p.m for 2 h to remove any residual
marrow.41 All the samples were scanned using lCT
scanner (Skyscan 1172, Bruker, Kontich, Belgium) at a
resolution of 17.22 lm and the system’s software was
used to evaluate bone volume to total volume ratio
(BV/TV) of the bone, which was found to be in the
range 21–32%. Scanning parameters used were: source
voltage 54 kV, current 185 lA, exposure 885 ms with a
0.5 mm aluminium filter between X-ray source and the
sample. The image quality was improved by using two
frames averaging.

After scanning, demineralisation was conducted by
submerging samples in 20 ml 0.6 N hydrochloric acid
(HCl) at room temperature assisted by a racking sys-
tem. The solution was changed daily31 for 2 weeks
after which the completeness of demineralisation was
verified using lCT scanning. All samples in this study
were found to be fully demineralised in 2 weeks. It
should be noted that although EDTA solution has
been previously used to demineralise bone, we used
HCl because the process is much quicker and has been
employed successfully in previous studies.10,13,15,16

Samples were fixed into end-caps (Fig. 1a) using
bone cement (Simplex, Stryker, UK) with the assis-
tance of a custom made alignment tool in order to
minimise end-artefacts during testing.23 The effective
length (19.1 ± 0.7 mm) of each sample was calculated
as the length of the sample between the end-caps plus
half the length of the sample embedded within the end-
caps.23 Each sample was placed in an epoxy tube filled
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with PBS to ensure that they remained hydrated at all
stages of mechanical testing.

Each sample was subjected to reversible cyclic
loading by means of an Instron material testing ma-
chine (50 N load cell, Model 3367). Samples were
subjected to 5 loading cycles varying from tension to
compression to the same axial force amplitude after
which the load level was increased (Fig. 1b). Five load
levels were selected: 0.2, 0.4, 0.6, 0.8 and 1.0 N (cor-
responding to average axial stress varying from 2.27 to
11.33 kPa). The choice of 5 cycles at each load level
was based on preliminary tests, which showed that
most variation in strain (or displacement) response
occurred in the first five cycles, after which this varia-
tion was very small. Our preliminary tests also showed
that initiating the first cycle in tension or compression
made little difference to the strain response. Cyclic
loads were applied under strain control, i.e., the strain
was slowly increased till the required load level was
achieved. A very slow 0.1%/s strain-based loading rate
was used to minimise the heat generation (e.g., dem-
ineralised samples took from 1 to 11 s to attain a load
of 0.2 N).

RESULTS

The stress–strain curves for the first cycle at the
lowest load level (0.2 N) and the highest load level
(1.0 N) are shown in Figs. 2a and 2b, respectively. It is
apparent that the resulting strain response is associated
with the sample’s original BV/TV; samples with higher
BV/TV experience much lower strain in comparison to
the more porous samples. For example, the sample
with BV/TV = 32% experienced only 0.14% strain in
tension compared to 0.82% strain observed for sample

with BV/TV = 21% (Fig. 2a). Comparing tension
(taken as positive) and compression for the first load
cycle, it can be seen that the differences in axial strain
magnitude is small for samples with higher BV/TV and
the difference increases with increasing porosity and
with increasing load level (Fig. 2b). It is clear that the
mechanical behaviour of demineralised trabecular
bone is strongly dependent on its original BV/TV.

This trend is consistent for all cycles and at all load
levels. This is illustrated in Figs. 2c and 2d which show
the cyclic loading history for two typical samples; the
insets show load application. For clarity, only the first
and fifth cycles for each load level are shown. Com-
paring Figs. 2c and 2d, it is apparent that the higher
BV/TV sample experiences lower strains at the same
load level (i.e., it is stiffer) for both tension and com-
pression. Nonlinearity of the stress–strain response is
also more pronounced for the lower BV/TV sample.
This BV/TV dependence was observed with all the
samples.

Another apparent observation from the shape of the
curves in Fig. 2 is that the demineralised samples
become stiffer with increasing stress in tension and
exhibit stiffness reduction with increasing stress in
compression; this was observed at all load levels, in all
cycles and for all tested samples. More importantly,
the transition from tension to compression is smooth
for every load level (Figs. 2c and 2d); this was observed
for all the samples tested. Further examination of the
loading and unloading curves in compression indicates
that buckling is not entirely elastic. Figure 2 clearly
indicates that the original BV/TV plays an important
role in the cyclic response of demineralised trabecular
bone. It is important to note that all samples were
extracted in the same direction, from similar anatom-
ical site, from cattle of about the same age and
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FIGURE 1. Experiment set up and load application. Schematic diagram of the test sample set up (a) and loading cycles applied
(b).
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employing the same demineralisation process i.e. by
using HCl solution.

To further evaluate the cyclic response we examined
ratcheting strain and dissipated strain energy density in
tension (DSEDT) and compression (DSEDC), as shown
in Fig. 3, for all load levels and for all samples. We also
considered the secant moduli, defined as four different
slopes for one complete cycle of loading and unloading in
tension and compression as shown in Fig. 3. Ratcheting
strain can be defined as the average of peak strain in

tension epeakt

� �
taken as positive and compression epeakc

� �

taken as negative at the same load level (Fig. 3). A non-
zero ratcheting strain only occurs when the mechanical
properties in tension and compression are different.40

Wefirst considered themost porous sample (withBV/
TV of 21%) for demonstrating the variation in ratch-

eting strain (er) in different cycles and at different load
levels (Fig. 4a). Ratcheting strain was consistently neg-
ative, which implies that the demineralised samples
experience larger strain in compression than in tension
at the same load level (Fig. 4a). Even for this most
porous sample the ratcheting strain only increases
marginally with increasing cycle number; while the in-
crease with load level is nonlinear and much more sig-
nificant. Next we considered the ratcheting strain for all
five samples in the first load cycle for all load levels. As
expected, the magnitude of ratcheting strains is much
larger for samples with lower BV/TV (Fig. 4b). Also the
ratcheting strains are consistently negative and their
magnitude increases rapidly with load level (Fig. 4)
indicating that the organic phase has a much better load
bearing capability in tension without significant addi-
tional strains than in compression.
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FIGURE 2. The stress–strain loops for demineralised trabecular bone samples under fully reversed tension–compression cyclic
loading. Curve for samples tested at load level 1 (0.2 N) (a) and load level 5 (1 N) (b) for the first cycle of loading. Comparison of all
load levels for samples with BV/TV = 21% (c) and BV/TV = 32% (d). For clarity only the response to the first (solid line) and the fifth
(dotted line) loading cycles are shown for each load level. Inset shows load application.
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DSEDT and DSEDC were calculated by integrating
corresponding areas, as discussed and the results are
shown in Fig. 5 for the first cycle for each load level.
Both DSEDT and DSEDC increase with increasing
load levels, and dissipated strain energy values and
their rate of change increases with decreasing BV/TV
(Fig. 5). Energy dissipation in compression was found
to be consistently higher than in tension. This is be-
cause the samples experience not only lower strains in
tension but also because tensile strains do not have
large irreversible component. On the other hand, in
compression the samples experience large strains and
these include relatively large irreversible strains due to
inelastic buckling of collagen struts.

As discussed, four secant moduli were evaluated

(Fig. 6): Eloading
t , Eunloading

t , Eloading
c and Eunloading

c . These

are illustrated for samples with the largest and smallest
BV/TV in Fig. 6. As expected, the porous sample has
smaller secant moduli in comparison to the denser

sample (i.e. Eloading
t ¼ 0:28 MPa for BV/TV = 21%

compared with 1.66 MPa for BV/TV = 32%). The
unloading modulus is always higher than the loading
modulus in both tension and compression. With

increasing load level Eunloading
t remains almost constant,

while Eloading
t decreases slightly. In contrast to tension,

Eloading
c and Eunloading

c both decrease dramatically with

increasing load level. This interesting trend, followed
by all the samples, indicates that while compression
leads to significant irreversible strain with increasing
load in the demineralised microstructure of bone, this
is relatively small in tension.

DISCUSSION

This study considered fully reversible tension–com-
pression cyclic loading tests on five demineralised tra-
becular bone samples with BV/TV ranging from 21 to
32%. Samples were subjected to five different load le-
vels (0.2 to 1 N at 0.2 N interval denoted as load level
1–5), and five cycles were applied at each load level.
The asymmetric responses of the organic phase of
trabecular bone were found when it loaded cyclically
from tension to compression. The study shows dem-
ineralised trabecular microstructure stiffens in tension
and undergoes stiffness reduction in compression. The
trend of the asymmetric mechanical response is asso-
ciated to the original BV/TV.

In previous studies the shape of loading curve in
compression for untreated trabecular bone have shown

FIGURE 3. Definition of terms: e
peak
t and e

peak
c are the peak

strains at the end of a loading cycle in tension and com-
pression respectively. The secant moduli represent four dif-
ferent slopes for one complete cycle with subscripts ‘t’ and ‘c’
denoting tension and compression respectively, and the
superscripts representing loading and unloading branches.
DSEDT and DSEDC represent dissipated strain energy in
tension and compression, respectively.
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a reduced load carrying capacity with increasing
load21,25,32 but unloading demonstrates that much of
this is due to irrecoverable plastic strain.24,33,37 It is
perhaps not improper to infer that this is due to the
damage and failure of the mineral phase. Stiffness
reduction in compression has been previously observed
for demineralised cortical bone.35 For trabecular bone,
however, the stiffness reduction is likely to be accen-
tuated due to elastic and inelastic buckling of dem-
ineralised trabecular struts. Previous tests in tension on
demineralised cortical bone have shown stiffening with
load increase,9,14 similar to what was observed in this
study. For untreated bone, however, it is stiffness
reduction (rather than stiffness increase) that has been
previously observed in tension as well,25 which can be
attributed to failure of the mineral-collagen interface.

To the best of our knowledge, there have been no
previous tests on demineralised bone, cortical or tra-

becular that have considered fully reversible cyclic
loading. However, similar compression-softening and
stretch-stiffening have been previously observed in
semi-flexible biopolymers45 where it has been suggested
that this asymmetric response in tension and com-
pression is caused by the bending and/or buckling
stress in fibres under compression, force for which is
much lower than the load required for straightening
and stretching. This behaviour is akin to a rectangular
steel frame braced along one diagonal and subjected to
shear.5 When the diagonal brace is in tension the
deformation of the frame is limited but when it is in
compression its inelastic buckling results in larger
deformation and residual deformations.

Observed irreversible strain, we believe, is due to
inelastic buckling in compression as stated above and
has implications for old/osteoporotic bone. Ageing
bone not only leads to reduction in BV/TV but also
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relative increase in mineral to collagen ratio.1 Conse-
quently there is increased reliance on the limited or-
ganic phase to provide ductility; our tests show that the
demand to sustain increasing magnitudes of strain by
the organic phase increases dramatically in compres-
sion with decreasing BV/TV. At the macro scale the
behaviour of bone in tension and its fracture toughness
have been seen as key to bone fracture46 while our
study indicates that possible failure due to inelastic
trabecular buckling in compression needs greater
consideration. Mineral deposition increases the elastic
modulus of bone and hence the buckling load, however
once bucking is initiated (which is more likely in low
BV/TV bone) then it is likely to be inelastic due to
limited contribution of mineral in tension. Buckling
has been previously proposed as the probable cause of
failure for vertebral trabecular bone.4,42 Our study
demonstrated that this buckling of trabeculae could be
initiated from organic phase of trabecular bone. This
study also shows that the possibility of hip fractures in
the elderly occurring due to normal physiological
activities, such as level walking, resulting in the indi-
vidual falling down (rather than the fracture being
caused by a fall) does exist.47

A few studies have attempted to develop predictive
models of the mechanical behaviour of bone based on
the properties of the mineral, organic phase and their
interaction at either the solid phase level20 or in terms
of demineralised and deproteinised macro level.28

These cited studies have been limited to the prediction
of elastic properties and have not distinguished
between compression and tension. Our study can help
take these predictive models forward. It is important to
note that many of the findings in this study were only
made possible by the novel experimental protocol
which permitted evaluation of demineralised samples
at different load levels and in both tension and com-
pression.

Our work suffers from a number of limitations.
Firstly, all the tests were conducted at room tempera-
ture; creep behaviour has been reported to be tem-
perature dependent.6 Secondly, the stress–strain
responses were measured directly from the machine
rather than using extensometer, but the aim of the
paper is to compare the trends—response to reversible
cyclic loading from tension to compression and across
samples with different BV/TV prior to demineralisa-
tion. Lastly, since we only considered a limited number
of samples, a statistical analysis that considers the
influence of different variables was not possible. These
trends, we believe, are real despite the limitations.

This study, we believe, makes several important
contributions. Firstly it develops a novel experimental
protocol that can evaluate the mechanical response of
materials under cyclic loads that range from tension to

compression and are of varying magnitudes. The study
will help in the development of composite models from
the mechanical response of its constituents. We have
shown that the behaviour of the organic phase of
trabecular bone has tension–compression asymmetry
and varies with load levels and porosity. Interestingly,
the transition from tension to compression is found to
be smooth for all load levels. Collagen struts stiffen in
tension while they undergo inelastic bucking in com-
pression. These findings may explain, at least partially,
the reasons for non-traumatic fractures in the elderly
as increasing bone porosity and reduced collagen to
mineral ratio will result in higher risk of buckling
failure.

ACKNOWLEDGMENTS

We grateful acknowledge the financial support of
EPSRC [Grant EP/K036939/1].

CONFLICT OF INTEREST

The authors confirm that there is no conflict of
interest.

OPEN ACCESS

This article is distributed under the terms of the
Creative Commons Attribution 4.0 International Li-
cense (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and re-
production in any medium, provided you give appro-
priate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and
indicate if changes were made.

REFERENCES

1Bailey, A. J., T. J. Sims, E. N. Ebbesen, J. P. Mansell, J. S.
Thomsen, and L. Mosekilde. Age-related changes in the
biochemical properties of human cancellous bone collagen:
relationship to bone strength. Calcif. Tissue Int. 65:203–
210, 1999.
2Bayraktar, H. H., and T. M. Keaveny. Mechanisms of
uniformity of yield strains for trabecular bone. J. Biomech.
37:1671–1678, 2004.
3Bayraktar, H. H., E. F. Morgan, G. L. Niebur, G. E.
Morris, E. K. Wong, and T. M. Keaveny. Comparison of
the elastic and yield properties of human femoral trabec-
ular and cortical bone tissue. J. Biomech. 37:27–35, 2004.
4Bell, G. H., O. Dunbar, J. S. Beck, and A. Gibb. Variations
in strength of vertebrae with age and their relation to
osteoporosis. Calcif. Tissue Res. 1:75–86, 1967.

From Tension to Compression: Asymmetric Mechanical Behaviour

http://creativecommons.org/licenses/by/4.0/


5Berman, J. W., O. C. Celik, and M. Bruneau. Comparing
hysteretic behavior of light-gauge steel plate shear walls
and braced frames. Eng. Struct. 27:475–485, 2005.
6Bonfield, W., and C. H. Li. The temperature dependence of
the deformation of bone. J. Biomech. 1:323–329, 1968.
7Bowman, S. M., L. J. Gibson, W. C. Hayes, and T. A.
McMahon. Results from demineralized bone creep tests
suggest that collagen is responsible for the creep behavior
of bone. J. Biomech. Eng. 121:253–258, 1999.
8Bowman, S. M., T. M. Keaveny, L. J. Gibson, W. C.
Hayes, and T. A. McMahon. Compressive creep behavior
of bovine trabecular bone. J. Biomech. 27:301–310, 1994.
9Bowman, S. M., J. Zeind, L. J. Gibson, W. C. Hayes, and
T. A. McMahon. The tensile behavior of demineralized
bovine cortical bone. J. Biomech. 29:1497–1501, 1996.

10Burstein, A. H., J. M. Zika, K. G. Heiple, and L. Klein.
Contribution of collagen and mineral to the elastic-plastic
properties of bone. J. Bone Joint Surg. Am. 57:956–961,
1975.

11Caler, W. E., and D. R. Carter. Bone creep-fatigue damage
accumulation. J. Biomech. 22:625–635, 1989.

12Carter, D. R., and W. E. Caler. A cumulative damage
model for bone fracture. J. Orthop. Res. 3:84–90, 1985.

13Castro-Ceseña, A. B., M. P. Sánchez-Saavedra, E. E.
Novitskaya, P.-Y. Chen, G. A. Hirata, and J. McKittrick.
Kinetic characterization of the deproteinization of trabec-
ular and cortical bovine femur bones. Mater. Sci. Eng. C
33:4958–4964, 2013.

14Catanese, III, J., E. P. Iverson, R. K. Ng, and T. M.
Keaveny. Heterogeneity of the mechanical properties of
demineralized bone. J. Biomech. 32:1365–1369, 1999.

15Chen, P. Y., and J. McKittrick. Compressive mechanical
properties of demineralized and deproteinized cancellous
bone. J. Mech. Behav. Biomed. Mater. 4:961–973, 2011.

16Chen, P. Y., D. Toroian, P. A. Price, and J. McKittrick.
Minerals form a continuum phase in mature cancellous
bone. Calcif. Tissue Int. 88:351–361, 2011.

17Cotton, J. R., K. Winwood, P. Zioupos, and M. Taylor.
Damage rate is a predictor of fatigue life and creep strain
rate in tensile fatigue of human cortical bone samples. J.
Biomech. Eng. 127:213–219, 2005.

18Currey, J. Collagen and the mechanical properties of bone
and calcified cartilage. In: Collagen: Structure and
Mechanics, edited by P. Fratzl. Boston, MA: Springer US,
2008, pp. 397–420. https://doi.org/10.1007/978-0-387-
73906-9_14.

19Dendorfer, S., H. J. Maier, D. Taylor, and J. Hammer.
Anisotropy of the fatigue behaviour of cancellous bone. J.
Biomech. 41:636–641, 2008.

20Hamed, E., E. Novitskaya, J. Li, P.-Y. Chen, I. Jasiuk, and
J. McKittrick. Elastic moduli of untreated, demineralized
and deproteinized cortical bone: validation of a theoretical
model of bone as an interpenetrating composite material.
Acta Biomater. 8:1080–1092, 2012.

21Hansen, U., P. Zioupos, R. Simpson, J. D. Currey, and D.
Hynd. The effect of strain rate on the mechanical properties
of human cortical bone. J. Biomech. Eng. 130:1–8, 2008.

22Keaveny, T. M., X. E. Guo, E. F. Wachtel, T. A. McMa-
hon, and W. C. Hayes. Trabecular bone exhibits fully linear
elastic behavior and yields at low strains. J. Biomech.
27:1127–1136, 1994.

23Keaveny, T. M., T. P. Pinilla, R. P. Crawford, D. L.
Kopperdahl, and A. Lou. Systematic and random errors in
compression testing of trabecular bone. J. Orthop. Res.
15:101–110, 1997.

24Keaveny, T. M., E. F. Wachtel, and D. L. Kopperdahl.
Mechanical behavior of human trabecular bone after
overloading. J. Orthop. Res. 17:346–353, 1999.

25Kopperdahl, D. L., and T. M. Keaveny. Yield strain
behavior of trabecular bone. J. Biomech. 31:601–608, 1998.

26Levrero-Florencio, F., L. Margetts, E. Sales, S. Xie, K.
Manda, and P. Pankaj. Evaluating the macroscopic yield
behaviour of trabecular bone using a nonlinear
homogenisation approach. J. Mech. Behav. Biomed. Mater.
61:384–396, 2016.

27Lievers, W. B., V. Lee, S. M. Arsenault, S. D. Waldman,
and A. K. Pilkey. Specimen size effect in the volumetric
shrinkage of cancellous bone measured at two levels of
dehydration. J. Biomech. 40:1903–1909, 2007.

28Lubarda, V. A., E. E. Novitskaya, J. McKittrick, S. G.
Bodde, and P. Y. Chen. Elastic properties of cancellous
bone in terms of elastic properties of its mineral and protein
phases with application to their osteoporotic degradation.
Mech. Mater. 44:139–150, 2012.

29Manda, K., R. J. Wallace, S. Xie, F. Levrero-Florencio,
and P. Pankaj. Nonlinear viscoelastic characterization of
bovine trabecular bone. Biomech. Model. Mechanobiol.
16:173–189, 2016.

30Manda, K., S. Xie, R. J. Wallace, F. Levrero-Florencio,
and P. Pankaj. Linear viscoelasticity—bone volume frac-
tion relationships of bovine trabecular bone. Biomech.
Model. Mechanobiol. 15:1631–1640, 2016.

31Manilay, Z., E. Novitskaya, E. Sadovnikov, and J.
McKittrick. A comparative study of young and mature
bovine cortical bone. Acta Biomater. 9:5280–5288, 2013.

32Matsuura, M., F. Eckstein, E. M. Lochmüller, and P. K.
Zysset. The role of fabric in the quasi-static compressive
mechanical properties of human trabecular bone from
various anatomical locations. Biomech. Model. Mechan-
obiol. 7:27–42, 2008.

33Moore, T. L. A., and L. J. Gibson. Microdamage accu-
mulation in bovine trabecular bone in uniaxial compres-
sion. J. Biomech. Eng. 124:63–71, 2002.

34Novitskaya, E., P. Y. Chen, S. Lee, A. Castro-Ceseña, G.
Hirata, V. A. Lubarda, and J. McKittrick. Anisotropy in
the compressive mechanical properties of bovine cortical
bone and the mineral and protein constituents. Acta Bio-
mater. 7:3170–3177, 2011.

35Novitskaya, E., S. Lee, V. A. Lubarda, and J. McKittrick.
Initial anisotropy in demineralized bovine cortical bone in
compressive cyclic loading-unloading. Mater. Sci. Eng. C
33:817–823, 2013.

36Odgaard, A., J. Kabel, B. Van Rietbergen, M. Dalstra, and
R. Huiskes. Fabric and elastic principal directions of can-
cellous bone are closely related. J. Biomech. 30:487–495,
1997.

37Rapillard, L., M. Charlebois, and P. K. Zysset. Compres-
sive fatigue behavior of human vertebral trabecular bone.
J. Biomech. 39:2133–2139, 2006.

38Ruffoni, D., and G. H. van Lenthe. 3.10 Finite element
analysis in bone research: a computational method relating
structure to mechanical function. Compr. Biomater. II
3:169–196, 2017. https://doi.org/10.1016/b978-0-12-
803581-8.09798-8.

39Schwiedrzik, J. J., U. Wolfram, and P. K. Zysset. A gen-
eralized anisotropic quadric yield criterion and its appli-
cation to bone tissue at multiple length scales. Biomech.
Model. Mechanobiol. 12:1155–1168, 2013.

40Shariati, M., H. Hatami, H. Yarahmadi, and H. R. Ei-
pakchi. An experimental study on the ratcheting and fati-

XIE et al.

https://doi.org/10.1007/978-0-387-73906-9_14
https://doi.org/10.1007/978-0-387-73906-9_14
https://doi.org/10.1016/b978-0-12-803581-8.09798-8
https://doi.org/10.1016/b978-0-12-803581-8.09798-8


gue behavior of polyacetal under uniaxial cyclic loading.
Mater. Des. 34:302–312, 2012.

41Sharp, D. J., K. E. Tanner, and W. Bonfield. Measurement
of the density of trabecular bone. J. Biomech. 23:853–857,
1990.

42Snyder, B. D., S. Piazza, W. T. Edwards, and W. C.
Hayes. Role of trabecular morphology in the etiology of
age-related vertebral fractures. Calcif. Tissue Int. 53:14–
22, 1993.

43Srivastava, P. K., C. Chandel, P. Mahajan, and P. Pankaj.
Prediction of anisotropic elastic properties of snow from its
microstructure. Cold Reg. Sci. Technol. 125:85–100, 2016.
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