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Summary
For a greater understanding of the mechanical properties of bone as a whole, it is first necessary to determine the behaviour of each of the components in an individual way at its corresponding structural level,
as well as its overall involvement. This is the basis of the theory of hierarchical structure of bone, which
involves its division into different structural levels. In this work we review, level by level, this hierarchical structure, reviewing the different mechanical trials which are applied to each of the structure. In addition, the methods for the determination of bone strength alternative to the classic mechanical trials are
presented, which in recent years have been contributing significantly to the mechanical understanding of
bone.
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Introduction
Whatever the type of force to which bone is subjected in vitro the elastic modulus is always proportional to the bone mineral density (BMD),
which means that the load necessary for the deformation of bone will be proportional to the degree
of its mineralisation. However, bone with a very
high BMD would imply a high degree of stiffness,
which means it would be highly brittle. This
shows that there are other factors in addition to its
mass which influence the biomechanical efficacy
of bone, such as the composition of bone tissue
and its architectonic structure (macro- and microscopic), all these being grouped under the term
bone quality. It has been estimated that the quantity of bone is responsible for 60 to 80% of its biomechanical strength, while the remaining 20-40%
depends on bone quality, and it would therefore
be a great mistake to underestimate its importance1. So it is vitally important to understand the
contribution of each of the components of bone to
its overall mechanical strength.
In the first section of this review2 we provide
an introduction to the field of biomechanics focussed on bone. We present the basic concepts of the
issue and demonstrate the classic mechanical tests
which have been used for some time in order to
understand the mechanical properties of bone.
However, in recent years advances in the field of
biomechanics have gone much further, with
mechanical strength of the different structural
levels of bone being analysed separately, which is
a great help in understanding the capacity of bone
overall to support the loads to which it is subjected. In the second section we want to review the
tests carried out at all structural levels. In addition,
alternative techniques to the classical tests are presented which are increasingly used in the determination of bone strength.

The hierarchical structure of bone and its
biomechanical properties
Bone is formed of an organic matrix composed
mainly of type 1 collagen and a mineralised inorganic matrix (crystals of hydroxyapatite and calcium phosphatase). The collagen fibres which
form bone are the result of the bonding by means
of crossed links of a triple helix of chains of this
material. This structure confers on bone its resistance to longitudinal traction and is largely responsible for its elasticity. The biomechanical properties which the collagen provides depend in
turn on its utlrastructural characteristics, such as
the quantity and orientation of its fibres or the stability of its links. In various pathological states
these characteristics are seriously affected (mainly
the stability of the links). On the other hand, the
crystals are arranged in the spaces left in the organic matrix and are responsible for the stiffness of
the bone and its resistance to compression, which
means that these characteristics will be dependent
on the quantity of the mineral, how densely it is
packed and the arrangement of the crystals
around the collagen fibres.

Due to its complex structure, in order to get to
know and understand the biomechanical properties of bone its different structural levels need to
be taken into account. Bone, in common with
other biological materials, has what is known as a
hierarchical structure composed of different levels
as the scale varies. (Figure 1). These levels are
defined in Table 1, according to the classifications
established by different authors in recent years3-6.
Each of these scales or hierarchical levels will
have an influence on the biomechanical characteristics of bone.
Biomechanics of the whole bone
The mechanical behaviour of a material may be
completely described by a group of material properties. However, the mechanical behaviour of a
whole bone structure is much more complicated
to predict, since it is the result of the material properties of each of its components and their geometric distribution in space.
Mechanical tests with whole bones or representative fractions of bone determine the properties of the bone as a whole, assuming that both
the trabecular and cortical tissue can be modelled
as a continuous structure, incorporating both its
geometry and the properties of the materials of
which it is composed. To be able to carry out this
simplification, in doing so obviating the bone’s
anisotropy and heterogeneity, it is necessary that
the test sample is significantly larger than the
dimensions of its basic structural units. The biomechanical analysis of whole bone must always be
accompanied by an analysis of its geometry. The
mechanical behaviour of this type of sample is
that which approximates most closely to the behaviour of bone in vivo; however, it is not appropriate to calculate material parameters at this level,
since due to its complex geometry and the properties of the whole bone, it is not possible to identify changes in the microstructure or the extracellular matrix, which should be investigated at
microscopic levels5. Nevertheless, tests of whole
bone may be used to analyse the mechanical properties of the structural components, which is useful in the analysis of the effects which various factors, such as age, osteodegenerative diseases and
their corresponding treatments, etc., provoke in
the biomechanical properties of bone.
Much work has been carried out to understand
the mechanical behaviour of whole bone, in which
are used tests of compression and bending at three
or four points and to a lesser extent, of torsion.
In the bending tests the measures consist of
simple values of sagging and fracture loads, and
stiffness (elastic zone incline). It is also possible to
obtain a value for Young’s modulus, but these calculations ignore the heterogeneity and the complex geometry of bone, since it is assumed that the
bone is a perfect hollow tube, which means that
the value obtained is simply approximated7.
Nevertheless, it is the method most commonly
used to estimate the mechanical properties of
bone material in whole bone. Bone is more resis-
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Table 1. Classification and definition of the hierarchical levels of bone proposed by different authors3-6
Hierarchical level

Principal components

Macrostructure

Cortical and trabecular bone

Microstructure

Individual osteons and trabeculae

Sub-microstructure

Layers

Nanostructure

Fibrilar collagen and mineral components

Sub-nanostructure

Molecular structure of the different elements

Level 7

Whole bone

Level 6

Cortical and trabecular bone

Level 5

Osteons

Level 4

Patterns of the fibres (mature bone vs interstitial bone)

Level 3

Collagen fibres

Level 2

Fibrils of collagen and minerals

Level 1

Molecules

Whole bone level

Whole bone or bone representative of both subtypes

Architectural level

Cortical or trabecular bone

Tissue level

Individual trabeculae and osteons

Laminar level

Layers

Ultrastructural level

Mineral and molecular components

Macrostructure

Whole bone or bone representative of both subtypes

Architecture

Blocks of cortical or trabecular bone

Micrsostructure

Trabeculae and individual osteons

Sub-microstructure

Layers, large collagen fibers

Ultra- or nanostructure

Fibrils and molecules of collagen, mineral components

tant to compression than to traction, and is even
weaker in the face of shearing forces8. For example, when a long bone is loaded in a direction
perpendicular to its longitudinal axis it suffers a
bending load, since the impacted side is compression loaded, while the opposite side is traction
loaded. As a result, the bone will begin to fail
mechanically on the side opposite to the impact
(the side subject to the traction), since this will
reach its point of maximum resistance before the
side subject to the compression.
Biomechanics of the tissue components
In terms of the structure of bone and its mechanical behaviour, we can see two subtypes of tissue:
cortical bone and trabecular or spongy bone. The
morphological differences between cortical and
trabecular bone have significant biomechanical
implications. The cortical bone has a higher elasticity modulus, which means that its stress-strain
curve has a greater incline. This means that it is
capable of supporting a greater degree of load per

Reference

(Rho et al.,
1998)3

(Weiner and
Wagner, 1998)4

(Hoffler et al.,
2000)5

(An, 2000)6

unit of surface area with a low strain index, which
confers on it great stiffness. However, trabecular
bone has a lower Young’s modulus and biomechanically describes a flattened curve, which means
that the supportable load per unit of surface area
is lower, but with a higher strain index, which
gives it greater flexibility (Figure 2).
Biomechanics of cortical or compact bone
The biomechanical analysis of cortical bone is
carried out on cubes or cylinders which contain a
sufficient number of Haversian systems and interstitial spaces to be considered representative. The
upper limit for sample size will be determined by
the anatomical region from which it is extracted9.
The mechanical properties of cortical bone
depend on the type of test to which it is subjected. In Table 2 are shown the values for strength
and elastic modulus for human cortical bone10-14.
The variations in the values are due principally to
the anatomical region from which they come and
the age of the sample.
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Figure 1. Schematic representation of the different levels of hierarchical structure of bone
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Figure 2. Load-displacement curve of biomechanical
behaviour characteristic of the different types of tissue
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Although the reference test for determining the
biomechanical properties of cortical bone is the
traction test, what is most frequently used is the
bending test. The resistance to traction is less than
the resistance to compression, and in the torsion
test the value for the Young’s modulus is much
less than in the other two cases. Due to the longitudinal orientation of the collagen fibres and the
osteons, cortical bone has a greater resistance to
the application of longitudinal (0° inclination)
than transverse (90° inclination) loads, and for
intermediate inclination values, intermediate
values of resistance will be obtained. In addition,
its biomechanical strength longitudinally is also
greater than that found with torsion loads. While
the properties of a whole long bone are a function
of its tubular form and its density, those of isolated cortical bone depend on its density and the
orientation of the osteons. Due to this fact, the
resistance values for cortical bone make up 60% of
the strength of whole bone, which implies a greater mechanical strength for this tissue component15.

Collagen
molecule

Laminations

The density of cortical bone depends on its
porosity and the mineralisation of its material, and
in human bone it has a value of approximately 1.9
g/cm2, which is practically constant due to the fact
that the cortical structure is quite compact16. It has
been concluded that there is a positive correlation
between cortical density and its biomechanical properties, such that if the former increases the latter
improves. Porosity is defined as the relationship
between bone volume and the total volume of the
tissue, and is normally determined in a transverse
section of cortical bone. Porosity and mineralisation
explain 84% of the variation in stiffness in cortical
bone17, and experimental formulae have even been
found which relate mineralisation with Young’s
modulus in such a way that an increase in mineralisation means a reduction in the elastic modulus18.
The thickness and diameter of cortical bone are
the main factors which affect its biomechanics. An
increase in either of these characteristics results in
an increase in bone strength. A long bone may be
modelled as a cylindrical body, and, according to
the basic laws of mechanics, resistance to the deformation of any cylindrical body subject to a force is
directly proportional to its diameter. On the other
hand the thickness of the cortical region and the
quantity of bone mass are closely related, such that,
with a constant bone mass, a variation in its distribution also modifies the bone’s strength. The
reduction in cortical thickness which happens with
age, or in any osteodegenerative disease, has associated with it an increase in the risk of fracture.
Biomechanics of trabecular or spongy bone
In the case of trabecular bone the mechanical analysis is also performed using cubes or cylinders of this
tissue subtype, of sufficient dimensions that the
microstructural component does not influence the
biomechanical properties. The structural properties
of trabecular bone are usually determined using
compression, traction or bending tests.
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Table 2. Values of maximum resistance and elastic modulus of human
From the results obtained
cortical bone for the different types of mechanical tests10-14
with these different tests it has
been observed that trabecular
Resistance
167 – 213 MPa
bone, in the same way as with
Compression tests
the cortical bone, has a greater
Young's modulus
14.7 – 34.3 GPa
resistance to compression than
Resistance
107 – 170 MPa
to any other type of load19. Its
Tracción test
resistance in compression tests
Young's modulus
11.4 – 29.2 GPa
varies between 1.5 and 9.3
Resistance
103 – 238 MPa
MPa, and the Young’s modulus
Bending tests
between 10 and 1,058 MPa, as
Young's modulus
9.8 – 15.7 GPa
a function of the region of the
Resistance
65 – 71 MPa
skeleton from which is comes.
Torsion test
The density of human trabecuYoung's modulus
3.1 – 3.7 GPa
lar bone is approximately 0.43
g/cm2. It has been concluded
from experiments that both its
high risk of fracture with a load in another direcstrength and Young’s modulus are a function of
tion (for example, a transverse load due to a fall).
the square of its density, such that a small increaCortical bone also has an anisotropic behaviour
se in density produces large increases in the two
due to the arrangements of the Haversian canals,
aforementioned parameters20.
but its mechanical impact is much less than is the
The trabecular bone volumetric ratio (the quocase with spongy bone.
tient between the volume of trabecular bone and
the total volume of the tissue, BV/TV) plays a very
Biomechanics of osteons and individual trasignificant role in the mechanical stregth of bone.
beculae
If the BV/TV reduces below 15% the structural
The biomechanical analysis at this level describes
integrity of the tissue is seriously endangered,
the material properties of the tissue independently
having a much greater propensity to fracture. The
of it geometry, since it is carried out on samples
number of trabeculae and their connectivity are
small enough that the bone architecture does not
also very significant in the biomechanical behahave an influence on the result. In the case of corviour of spongy bone. The trabeculae are arrantical bone, the tests are carried out on a block of
ged vertically and horizontally, the latter arrangea few osteons and even only one, while for trabement being of vital importance to the bone’s
culae bone a bundle of trabeculae would be used
strength. It is possible to model spongy tissue as a
without its typical porous architecture, since in a
combination of beams (horizontal trabeculae) and
sample of greater size the geometry would play a
columns (vertical trabeculae), such that the former
significant role in its biomechanical properties.
has the function of connection and securing the
The use of nanoindentation tests for the analystructure. A decrease in the number of trabeculae
sis of the mechanical properties in very small samreduces strength, this reduction being more signiples has been developed in the last decade, alloficant if it is the horizontal trabeculae which decrewing an in-depth analysis of structures such as traase. Reduced strength due to the narrowing of the
beculae or individual osteons21. The technique of
trabeculae is reversible with the appropriate treatnanoindentation uses a rigid indentor with the aim
ment. However, if the connectivity between the
of pressing on the surface of the material under
trabeculae disappears the loss of resistance becotest, thus provoking a local deformation of this
mes irreversible, since the original elasticity cansurface. The force applied and the depth to which
not be restored. Therefore, a structure with a grethe indentor is applied is recorded both during the
ater number and thickness of, and connectivity
application of the force and once the sample is
between, trabeculae will be stronger than another
released, thus generating a load-displacement
with a lower number of trabeculae, less thick and
curve from which can be obtained the properties
with greater separation, even though both have
of the material (Figure 3).
the same bone mass.
The nanoindentation test equipment normally
The orientation of the trabeculae defines the
measures the force electromagnetically or electrosdegree of anisotropy. There is a correlation betwetatically and the displacement by means of a capaen the risk of fracture and the anisotropy of bone
citive sensor or a laser device. These methods
which is not dependent of the trabecular mass.
allow the measurement of a force of between 1
The trabeculae are oriented such that they are
and 500,000 µN, and a displacement of between
stronger in the direction in which they normally
0.2 and 20,000 nm22.
support load, so resulting in heterogeneity or aniTo perform an analysis of the osteons these
sotropy in its structure. Therefore, if a region norfirst need to be isolated. Although it is possible to
mally supports longitudinal loads (such as, for
isolate a single individual osteon, their shape
example, the femoral neck) its trabeculae are
results in erroneous mechanical tests and the
arranged geometrically so that it can better supimpossibility of comparing results. Therefore, the
port these forces, and it is more resistant to loads
best option is to obtain, using a microtome which
in this direction (compression load), but there is a
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continually refrigerates the bone, a sample in a
defined shape: a cylinder which best represents
the properties of the osteons. The isolation of the
osteons is a complex process, in which the orientation of the laminations, their mineralisation, the
distance between the vascular canal and the external surface, etc., are taken into account17.
The osteons in human bone may be classified
as a function of the orientation of the collagen
fibres in the layers of which they are composed.
When the collagen fibres of all the layers which
form the osteon are longitudinally oriented one
refers to these as longitudinal osteons. If the fibres
of one layer are longitudinally oriented and those
of the adjacent layer transversally, one refers to
these as alternate osteons. Much less common is a
third type of osteon in which the collagen fibres
are oriented transversally, which are called transverse or circular osteons. Tests of compression,
traction, bending and torsion are used to study the
mechanical properties of the osteons, in addition
to the so-called pin test, commonly used in tubular material mechanics. The longitudinal layers
better resist traction and torsion, while transverse
layers offer better resistance to compression, bending and shearing loads. In addition, it has been
confirmed that the distribution of the layers in the
osteons of the long bones is not random, but that
there is a high incidence of longitudinal layers in
the parts of the bone which support traction loads,
and a high incidence of transversal layers in the
sections which principally support compression
loads23-34. No effects of age, gender or body mass
index have been found on the elastic modulus or
the toughness of the layers21,31,32,35, from which it
may be deduced therefore that the elastic modulus and the toughness of the bone matrix is independent of these variables, which means that the
reductions in the mechanical integrity of the
whole bone could be due to other factors, such as
changes in the mass and organisation of the tissues31. Most of the studies which analyse the
mechanics of trabecular bone use samples of sufficient size such that the biomechanical properties
are influenced by the trabecular architecture as
well as by the material properties of the bone.
Traditionally, trabecular bone is considered to be
like a more porous cortical bone, with the
assumption that it would have the same elastic
modulus, but in reality, in order to understand the
mechanical impact of trabecular tissue itself it is
necessary to carry out tests with individual trabeculae. As in the case of individual osteons, the
mechanical analysis of the trabeculae is a complicated process which even requires the design of
specific equipment. Three point bending tests36,37
and traction tests38,39 have been carried out. In the
last few years advances in computerised microtomography have allowed models of individual trabeculae to be obtained, which are subsequently
analysed by means of finite elements analysis40.
The result show that the Young’s modulus of trabecular bone taken independently is considerably
lower than that of cortical bone, probably due to

the lower degree of organisation which the former
displays. Recently, two research groups have independently analysed, using computerised microtomography, samples of human trabecular bone
taken from different parts of the anatomy, carrying
out a complete decomposition of the samples on
individual plates and tubes and calculating their
contribution to the elastic modulus by means of
finite element analysis. The results obtained show
a predominance of longitudinal plates and transverse tubes in the three anatomical zones, and that
the axial loads on the trabecular bone are largely
sustained by the trabecular volume axially aligned.
In addition, it is suggested that the trabeculae in
the form of plates dominate the overall elastic characteristics of trabecular bone41-46.
Biomechanics of the bone molecular components
Bone at a molecular level is composed of proteins,
glycoproteins and minerals, a composition which
is known as an extracellular matrix. At this level it
is interesting to study the mechanical properties of
the collagen fibrils and the mineral components.
The heterogeneity of the matrix makes the biomechanical analysis at this level yet more difficult,
and the influence of the variations in the structure
of the components is not known at present.
In 1997 Luo and collaborators presented a
study in which the stiffness of the collagen molecules obtained from procollagen type 1 (which
does not form intermolecular bonds) was measured using a system of optical tweezers and optical
microscope47. Almost a decade later, using an electromechanical device, measures of resistance to
traction, stiffness, and behaviour under fatigue of
a collagen fibril were presented, while demonstrating for the first time its stress-strain curve48. A new
experimental technique using atomic force microscopy and scanning electron microscopy have
been used to manipulate and measure the mechanical properties of individual collagen fibrils in
bone tissue. The stress-strain curve of the individual fibrils under traction stress shows an initial
region of linear deformation for all the fibrils,
followed by the non-homogeneous deformation
above a critical deformation. This non-homogeneous deformation suggests possible changes in the
mineral composition within each fibre49.
The intrinsic mechanical properties of hydroxyapatite crystals have been determined by nanoindentation techniques. The basal faces of the
crystals have a greater toughness and elasticity
modulus than the lateral faces, but the latter are
stronger. These results suggest that the crystals
have a lower propensity to cracking and better
resist microfractures on the lateral faces, which
evidences the anisotropy of the hydroxyapatite
crystals, which could have implications for the anisotropy observed on a larger scale50.
The mechanics at a molecular level are influenced by all types of chemical interactions and
unfortunately to date it has not been possible to
carry out reliable and reproducible biomechanical
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Figure 3. Schematic representation of the different components of a system of nanoindentation and of the typical load-displacement curve obtained in this type of test, in which are clearly differentiated the cycles of load
and discharge. Pult corresponds to the maximum load and σult to the maximum displacement. The stiffness can
be obtained from the tangent of the discharge curve
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tests at this level. The methods of in situ analysis
which combine high resolution tools for structural
determination, such as X-ray diffraction, with
micromechanical tests are starting to provide
information regarding the real deformation which
takes place at the molecular level and at the level
of the mineralised and non-mineralised collagen
fibrils51,52.

Biomechanical techniques alternative to
classical tests
Qualitative ultrasound analysis (QUS)
It has been a while since ultrasound techniques
started being used for the evaluation of the
mechanical properties of bone53,54. These techniques present various advantages over the classical
mechanical tests in the determination of the elastic properties of bone, since samples which are
very small and of different shapes can be used.
Although qualitative ultrasound analysis does not
produce an image of the structure of the bone
there is real evidence that the QUS measurements
may provide information related to the structural
organisation and material characteristics of the tissue55. The advantages of QUS lie in the fact that no
exposure to radiation is involved, as well as it
being carried out using relatively cheap and portable systems. On the other hand, its principle
inconvenience is its lack of sensitivity, which
means that is it currently relegated to being used
as an auxiliary tool in the diagnosis of osteoporosis, which is subsequently confirmed using bone
densitometry (DXA). However, it is very useful in
research work56-59.
Finite element analysis (FEA)
Mechanical analysis using numerical simulation,
and specifically the finite element method, has
become a tool of great value when studying the
biomechanical response of bone under various

load conditions. The first step in carrying out a
finite element analysis is the acquisition of images
of the anatomical area or bone sample, normally
using computerised microtomography (CT) or
nuclear magnetic resonance (MRI). The sets of
images obtained are processed by means of complex algorithms and sophisticated software tools
with the aim of obtaining a mesh or model of the
finite elements of the selected volume of interest.
With these models it is possible to carry out both
a morphological analysis of the structure and a
simulated biomechanical analysis which will provide data on the strength and Young’s modulus of
the object analysed60. The most common FEA is
the static linear analysis which calculates the
mechanical resistance to static loads (which do not
vary with time) and which assume that the material is isotropic and homogeneous. However, the
development in recent years of technologies
which allow the acquisition of high resolution
images of the bone (micro-CT, HR-MRI, etc.),
along with the use of new algorithms which represent the structure of bone with greater precision,
has allowed the creation of models with which
loads on the tissue and their anisotropic elastic
properties61 can be calculated. The FEA provides
ever more precise data, becoming a powerful tool
for the understanding of the biomechanical behaviour of bone, and one of the most used in the last
few years62-64.
In 1998 the first device to carry out mechanical
tests for compression and traction from within
computerised microtomography equipment appeared, so that the test could be followed step by
step through high resolution images65. The authors
called this technique Image-Guided Failure
Analysis (IGFA). IGFA is very useful in the biomechanical analysis of samples of trabecular bone
since it allows the observation of the progression
of a fracture, monitoring its initiation and its
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advance, while determining the influence of the
microarchitecture of the sample, allowing knowledge of the microstructural properties local to
the fractured areas as opposed to those areas
remaining intact66,67. Recently a similar device has
been developed to carry out torsion tests68.
Nazarian and collaborators69 concluded that
76% of the samples of trabecular bone from
human lumbar vertebrae analysed with IGFA had
minimum values of BV/TV, connective density and
anisotropy in those regions in which mechanical
failure had occurred with respect to the intact
regions, with no significant differences being
observed for other microstructural variables such
as the number of trabeculae (Tb.N) thickness
(Tb.Th) or trabecular separation (Tb.Sp), etc. On
the other hand, our research group, in samples
obtained from human osteoporotic femoral
heads70 found that the regions of fracture had
worse values for all microstructural variables
analysed, except for the degree of anisotropy. This
reflects the fact that the region in which the failure occurs contains fewer trabeculae, of less thickness and which are less interconnected than the
region which remains intact after the test, although
in both the trabeculae are oriented in a similar
way. In addition, in the region of the fracture
tubular trabeculae are prevalent (theoretically less
resistant to fracture) as opposed to trabeculae in
plate form, which are more abundant in the intact
region. The degree of correlation between σult
and a linear combination of microstructural variables (BV/TV, Tb.Th and trabecular pattern factor
Tb.Pf) improves significantly when, instead of
using the average values for the whole structure,
the values for the region in which the fracture originated are used.
Thanks to this technology it has been possible
to observe the different mechanisms of fracture.
So, when a compression force is applied to trabecular bone, the structures in plate form fail preferentially on bending, starting in an area of the
plate already perforated. In the case of structures
in bar form, buckling is the predominant form of
collapse (manifested by significant transverse displacement in the main direction of compression).

ve methods there are non-destructive techniques
such as FEA and QUS, which permit the repetition
of the test as many times as may be necessary,
and the changing of variables as and when required, which opens up great possibilities in the field
of biomechanics.
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