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Summary

The principals of classical mechanics are applied to the study of the resistance of materials to fracture
when subject to a certain load. Bone has been, for a long time, the object of study in the field of mecha-
nics in order to understand and resolve problems of fracture associated with deficient mechanical beha-
viour which may exist due to factors such as age or certain pathologies. The great quantity of specific
vocabulary used in biomechanics, derived as it is from the terminology of mechanical engineering, makes
it very difficult, on occasion, for researchers specialising in bone and mineral metabolism to interpret
information available in the literature on the resistance of bone. The objective of this work is to descri-
be as briefly and concisely as possible the main concepts and fundamental principles used in biomecha-
nics, focused on their application to bone tissue. In addition, the main mechanical trials carried out on
whole bones or on samples of trabecular or cortical bone are reviewed.
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Introduction

Mechanics and materials science study the effects
and the relationships between forces applied to a
structure or rigid body and the strain produced.
Bone, when it is studied, may be considered both
as a tissue and as a structure, since it performs two
basic functions: the control of the metabolism of
Ca, P and Mg (physiological function) and the
support of the organism and the protection of its
organs (mechanical function). The mechanical
complexity of bone tissue, composed of cortical
and trabecular bone, each with distinct mechani-
cal behaviours, exceeds that of most materials
used in engineering.

The quantity of bone is defined as the mineral
mass or bone mineral content (BMC in g), nor-
mally expressed per unit area as bone mineral
density (BMD, in g/cm?), the reference parameter
which is used nowadays to determine bone
strength. However, in recent years it has been con-
firmed that bone strength does not solely depend
on its mass, but also on its geometric, structural
and material properties (mineralisation and com-
position of the matrix), all this encapsulated in a
concept known as bone quality. According to
H.M. Frost, the geometric and material properties
of bone are interrelated via feedback mechanism
(Frost’s bone mechanostate!). In turn, the structu-
ral properties are determined by the material and
architectonic properties?, which means whatever
changes in the structural properties should be
explained by changes in architectonic or material
properties, or both’. Hence the densitometric
variables (BMC, BMD, T-score and Z-score) are
often insufficient to determine the mechanical
properties of bone. Nowadays it is accepted that
the strength of bone is determined by the integra-
tion of two variables: bone quantity and bone
quality.

In order to Improve the treatments applied to
osteodegenerative diseases such as osteoporosis,
it is essential to optimise the diagnostic tools
which are mainly based on establishing correla-
tions between the biomechanical variables and the
different variables which provide the analysis of
the quantity and quality of bone*®. With this work,
we intend to present a review of the basic con-
cepts of the mechanics of the materials which are
key to understanding any determination or estima-
tion of the biomechanical strength of bone.

Load and displacement

Force (F) or load (L) is a vector with a magnitude,
direction and point of application, which when
acting on a body changes its velocity or shape. In
the SI system (System of International Units) it is
measured in newtons (N). Depending on the
angle and mode of application of the force, it may
be classified as compression (when the change in
shape of the object manifests itself as a shorte-
ning), traction or tension (if it manifests itself as a
lengthening) and shear (if shearing of the object
occurs). Although these are the three types of
pure forces, in biomechanics there is often also

the force of bending (which produces curvature of
the object) (Figure 1). Bending stresses are really
traction-compression forces in a normal direction
to the force applied. Bending commonly takes
place in the axial bones of the skeleton, causing
forces of traction and lengthening in the convex
side of the bone, and compression and shortening
forces in the concave side’.

The displacement (8) experienced by the body
or structure on which a force is exerted is propor-
tional to its magnitude within the elastic limit, but
this proportionality is not the same for all cases or
for all directions. The mechanical characteristics of a
material are measured in a test machine which sub-
jects the object to a force of known magnitude and
measures changes in its dimensions. When a
mechanical test is carried out on an object a load-
displacement curve is obtained which defines the
total strain of the object in the direction of the appli-
cation of the force. The load-displacement curve is
used to measure the strength and rigidity of the
structure, however, to compare different materials,
standardisation by means of a stress-strain curve is
necessary. The load and displacement may be nor-
malised respectively as stress and strain using the
dimensions of the object” (Figure 2).

Stress and strain

Stress (o) is the internal resistance of an object to
a force acting upon it, and is measured in pascals
(Pa), 1 Pa being a force of 1 N distributed over an
area of 1 m% In the case of bone, the physiologi-
cal values of interest are found in the interval of
millions of pascals (megapascals MPa)"'. Strain (¢)
is another concept necessary in describing the
mechanical behaviour of materials and represents
the changes in the dimensions of an object subject
to the action of a force. Strain may be expressed
in units of absolute length or in units of normali-
sed length & = AL/L, where AL is the variation in
length and L is the initial length, which means that
in this case it is a non-dimensional magnitude
(mm/mm). Strain is also usually expressed as a
percentage.

On occasions, in subjecting a body to the
action of a force, the body is capable of returning
all the energy used in its deformation once this
force ceases (elastic behaviour). However, in cer-
tain circumstances this is not possible, the strain
suffered by the body being irreversible (plastic
behaviour). If we subject a bone to the progressi-
ve action of a force, the two types of strain are
produced successively (Figure 2), by which the
bone is said to have an elastic-plastic behaviour.
From the stress-strain curve we may obtain a great
quantity of information on the properties of the
material. It is possible to distinguish between a
first area in which the stress and the strain are pro-
portional (the linear area of the curve, which
corresponds to the elastic area, in which Hooke’s
law of elasticity applies) and another area in
which the original shape of the body does not
recover even when the load ceases to be applied
(the plastic zone or zone of irreversible strain).



The point of transition between the
elastic area and the plastic area is
called the yield point, which corres-
ponds to the yield strain (g,) and to the
yield stress or maximum elastic resis-
tance (o), which estimates the capa-
city of a material to become strained
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Figure 1. Different types of forces to which bone may be subjec-
ted. Forces of compression, traction and shearing are pure for-
ces, while that of bending is the result of a combination of
various types of force acting simultaneously. The grey-coloured
contour indicates the initial geometry of the sample, while the
black-coloured contour shows the form after the force indicated
is applied

without suffering microfractures. In a
certain area of the plastic region there
is a point corresponding to the maxi-
mum stress (ultimate stress, o), from
which microfractures occur which are
responsible for the fact that even with
a reduction in stress the deformation
of the sample increases.

Mechanical properties of mate-
rials

The mechanical properties of a mate-
rial are all those characteristics which
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allow it to be differentiated from
others from the point of view of its
mechanical behaviour.

Elasticity and plasticity
Elasticity is the property of a material to recover its
initial form once a force has ceased to be a
applied. Plasticity is the opposite property: plastic
strain is maintained even when the force ceases.
The proportions of total resistance borne in condi-
tions of elastic and plastic behaviour may be
expressed in the following way:

Elasticity = oy~ 0y

Plasticity = (0 - 0y)/0yy

An example of elastic material is rubber, while
a plastic material would be, for example, plastici-
ne.

Stiffness and flexibility

Stiffness is a characteristic of materials for which a
major force is necessary to induce a small elastic
strain in the material. It corresponds to the slope
of the elastic area of the load-displacement curve
(extrinsic stiffness, S), expressed as N/m; of the
stress-strain curve (elasticity or Young’s modulus,
E), expressed as Pa. When speaking of stiffness it
should be as a characteristic of the whole structu-
re, while the stiffness of a material is indicated by
Young’s modulus. The concept of stiffness is com-
monly to be found in both contexts, which may
give rise to confusion, which is why it is recom-
mended that flexibility be used to describe the
structural characteristic and modulus of elasticity
for property of a material". Flexibility is the pro-
perty which is the opposite to stiffness. A flexible
material is that which shows great strain in the
elastic zone before getting to the plastic zone. A
material with a low Young’s modulus will under-
go great strain with little stress, while a material
with a high Young’s modulus will suffer small
strains with large stresses. Paper or cloth for exam-
ple are flexible materials. On the other hand, cera-
mics or glass are stiff materials, since when they
are bent they break.

Tenacity, work to break and resilience
Toughness (or tenacity, u) is the capacity of a
material to resist plastic strain. Toughness repre-
sents the quantity of energy absorbed up to the
point of the appearance of a fracture™. It is obtai-
ned quantitatively by calculating the area under
the curve which forms the elastic and plastic sec-
tions of a stress-strain graph. Those materials
which, like iron, resist blows without breaking are
called tough. If the information on toughness is
found in the load displacement curve, which is to
say that it refers to the structure and not the mate-
rial, one speaks of the energy necessary for frac-
ture, or work to break (U).

Toughness should not be confused with surfa-
ce hardness, which refers to the resistance of a
material to be scratched or dented. Toughness
takes account of the energy absorbed up until the
fracture happens, being calculated by means of
the area below the curve from the initial point up
to the breaking point, while resilience represents
the energy which the material is able to absorb
without experiencing permanent strain, which is
to say it only takes into account the quantity of
energy absorbed during the elastic strain (which
would correspond to the area below the curve
from the initial point to the yield point). Resilience
is defined as the capacity of the material to resist
elastic strain. A high degree of resilience is found,
for example, in the cartilage of the joints.

Strength

Therefore the characteristics obtained from the
load-displacement curve (maximum force, maxi-
mum displacement, extrinsic stiffness and work to
break) will provide us with information relating to
the extrinsic or structural properties, referring to the
bone as structure. However, the information which
we obtain from the stress-strain curve (maximum
stress, maximum strain, Young’s modulus and
toughness) refer to the bone tissue as material,
being known as intrinsic or material biomechanical
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Figure 2. Biomechanical principles used in the deter-
mination of the mechanical properties of bone. The
load-displacement curve (above) and stress-strain
curve (below) after the normalisation of the former
using the dimensions of the object under test
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properties. But what then is bone strength?
Strength estimates the effective opposition of a
material to losing its integrity, which is to say, of
being fractured, being defined as the force neces-
sary to trigger the mechanical break of the material
under specific load conditions. From the yield point
in the stress-strain graph starts what is called the
plastic zone, in which small increments in stress
provoke relatively large increases in strain/defor-
mation, which indicate that a part of the structure
has begun to break. Maximum strength, or simply,
strength ,is no more than the maximum stress
necessary to fracture the material. The maximum
force is used also on occasions as an indicators of
the strength of an object, but it is necessary to take
into account that this should only be used to com-
pare samples of the same composition and size.

Concepts referring to the dimensions of
the material

Poisson coefficient

If an object is subjected to a uniaxial compression
force its dimensions reduce in the direction of the
force (longitudinal direction) and increase in the
transverse direction. If, on the other hand, we
apply to the object a force of traction or tension,
the dimensions of the object reduce in the trans-
verse, and increase in the longitudinal, direction
(Figure 1). The relationship between the strains in
the two directions is given by the Poisson ratio, v,
such that:

V= 8transv/i':long

Moment of inertia

Inertia is the property of an object to resist a chan-
ge in its movement and is described in Newton’s
first law of motion (“Any body will continue in a
state of rest or uniform and rectilinear motion
unless obliged to change this state due to forces
acting on it). Any object which spins on an axis
develops rotation inertia, which is to say, a resis-
tance to change in velocity or in its axis of spin.
The inertia of a rotating object is determined by its
moment of inertia, (I), which is the resistance with
which a rotating body opposes a change to its
spin velocity. Considering a large bone to be a
cylinder of bone, the moment of inertia of the
elliptical transverse section may be calculated
as](),lﬁ'lsl

= Z{(xiyD) - (oyd)]

where x; is the greatest external diameter of the
transverse section at the point of application of
the force, and y; is the smallest external diameter,
X, the greatest internal diameter and y, the sma-
llest internal diameter (Figure 3).

Inertia may be interpreted as an analogue of
mass in uniform rectilinear movement. The
moment of inertia would reflect, therefore, the dis-
tribution of the mass of a body with respect to its
axis of spin. The moment of inertia depends
exclusively on the geometry of the body and the
position of the axis of spin (and not on the forces
which intervene in the movement), in such a way
that the greater the distance between the mass and
the centre of spin, the greater its value.

Viscoelasticity
While the mechanical behaviour of many solids
approximates Hooke’s law (elastic behaviour) and
that of many liquids to Newton’s law (viscous
behaviour), both laws are idealisations. In applying
a load on an elastic solid this is strained until the
force ceases and the strain returns to its initial
value. If the load is applied to a viscous fluid it is
also strained, but does not recover once the load
ceases. In the case of a viscoelastic material the
object to which the force is applied recovers part
of the strain. Viscoelasticity is a phenomenon
which describes the mechanical characteristics of
materials as a function of time. Bone, as with most
biological materials, is a viscoelastic material. To
quantify the mechanical properties of a viscoelas-
tic material we need to take into account stress
relaxation and creep. Stress relaxation is the reduc-
tion in tension in a material subject to a constant
strain, while creep is the gradual increase in the
strain of a material subject to a constant load®.
Viscoelastic behaviour is described using three
variables: storage modulus, E’, loss modulus, E”
and loss tangent, tan §). In viscoelastic materials
the complex modulus, E* is calculated, which is a
measure of the resistance with which the material
opposes the strain and combines the elastic res-
ponse, through the storage modulus (related to
the storage of energy), and viscosity, through the
loss modulus (related to the dissipation of energy).



Fracture and fatigue

As has already been seen, when a force is exerted
on bone a deformation will occur in elastic condi-
tions first and in plastic conditions later,

until the point in time at which a fracture or mecha-
nical break of the bone occurs. However, fractures
commonly appear in bone without it having rea-
ched the maximum stress which it can endure.
Fatigue is the damage which occurs in a material
due to repeated stress below the maximum level.
The cycles of load on a material may provoke a fai-
lure even though these loads are below the value
for rupture. For example, in a human bone a stress
may provoke a microfracture without the bone bre-
aking completely. If this stress is repeated over a
number of consecutive cycles, the microfracture will
propagate, causing total rupture of the structure.

Mechanical trials of compression and
traction

Mechanical trials of compression and traction are
standardised tests in which a sample is subjected
to a uniaxial force in a universal machine for con-
trolled force or displacement tests (Figure 5).

The specimens for traction or tension trials need
to be cylindrical or prismatic in shape, with widened
ends, both to facilitate their subjection to the test
machine, and to ensure their rotation in within the
area of smallest section (Figure 4). Although the
traction trial is one of the most precise methods to
determine the mechanical properties of bone, the
obtaining of bone samples for these trials is highly
complex. In the case of trabecular bone samples,
which may fracture easily when subjected to the ins-
truments of the test machine, the ends of the sam-
ples are usually coated in plastic resin. The propor-
tions of the different measures of the specimen are
derived from the ASTM American Society for Testing
and Materials) standards .

In the case of compression trails, the samples
commonly consist of 8 mm cubes or cylinders of 8
mm in diameter. In compression trials of trabecular
bone it has been shown that the Young modulus is
found to be low due to the effects of friction betwe-
en the plates and the surfaces of the sample, and the
damage done to those surfaces while the sample is
being obtained”. To minimise these effects cylindri-
cal samples are recommended with a length-diame-
ter ratio of 2:1%. It is very important to ensure that
the end surfaces are parallel to each other to avoid
errors during the test. There are now even autoad-
justable compression plates available to compensa-
te for a lack of alignment of the surfaces.

Both in the compression trials and those of
traction, the use of en extensometer is normal,
which can be set to the measurements of the
object to be tested. This fact, in addition to allo-
wing the determination of the deformation occu-
rring in the specimen, reduces possible errors in
the measurement by excluding deformation cau-
sed by the grips, the plates of the machine, etc.
The sample is subjected to compression or traction
at a constant force (N/s) or displacement (m/s)
and the data relating to the force and shortening
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Figure 3. The transverse section of a long bone con-
sidered as a hollow ellipse for the calculation of the
moment of inertia. The external (x; and y;) and
internal (x, and y,) dimensions used for the quanti-
tative calculation

Y1

or lengthening of the sample are gathered by
means of a force transductor and an extensometer.
The stress may be calculated as:
o= >
A
where P is the load applied, and A the area of
transverse section of the sample. The strain is cal-
culated as:
g =20
Ly
where 9§ is the displacement of the sample and L,
its initial length. Hence we can obtain a stress-
strain curve. From this curve we can calculate
Young’s module as the incline of the linear region
of the curve (elastic zone).
Ao
T Ae
The area under the stress-strain curve gives us
the value of toughness of the material (u). The
value of maximum stress (o, will give us the
strength of the bone under force of traction or

compression.

Mechanical trials of torsion
Trials of torsion are carried out to determine the
mechanical properties of an object when a shear
stress is applied. The samples for torsion trials
(normally with a circular transverse section) are
fixed at the ends to the test machine supports and
twisted in opposite directions from their ends,
producing shear stress until the sample snaps'.
The torque, T, is measured by means of a trans-
ductor and the twist angle, ¢, using a sensor, both
incorporated into the test machine. With these two
variables and the dimensions of the sample being
tested, we can calculate the shear stress, T:

eIt

I,

where T is the torque, r the radius of the sample,
I, the polar moment of inertia of the transverse
section. The shear strain, y, will be:

- 9r
L
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Figure 4. Geometry of a sample for a traction test. L: total length; A: parallel length; GL: calibrated length; M:
end length; D: diameter of the sample at the ends; d diameter of the sample in the test area; R: radius of cur-
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where ¢ is the twist angle, r the radius of the sam-
ple and L its length.

The shear modulus, G, is obtained from the
incline of elastic region of the curve:
AT
Ay

As with the compression or traction tests, the
maximum stress (T,;,) indicates to us the resistan-
ce of bone to torsion.

Mechanical tests of bending
There are two normal types of bending tests: ben-
ding at three points and bending at four points
(Figure 5). In both cases the sample is fixed on
two supports, but for the bending at three points
the force is applied on the upper part in the cen-
tre of the specimen (being applied at the centre,
the maximum moment of bending), while for
bending at four points, two equal forces are
applied symmetrically on the upper side, in such
a way that the moment of bending is spread uni-
formly in the area between the two points of
application”. These tests are often used to deter-
mine the strength of long bones. Due to the fact
that it is relatively simple to obtain samples, it is
used extensively. When a bone is loaded while
bending it is subject to a combination of compres-
sion (which act on one side of the bone) and trac-
tion forces (which act on the opposite side). As
bone is less resistant to traction, the fracture is
initiated on the surface which undergoes traction
forces, propagating towards the compression sur-
face and provoking the appearance of shearing
forces, until a “butterfly wing” fracture occurs
(with two oblique lines of fracture which form an
angle between them and delimit a triangular frag-
ment), characteristic of the two bending tests.

Using the theory of beam bending and assu-
ming that bone has an elastic linear behaviour, we
calculate the stress and strain in a flexion test at
three points in the following manner!¢%:

PLc
41

where P is the load applied, L is the distance bet-
ween the supports, ¢ is half the lowest external
diameter of the transverse section of the bone at
the point of application of the force (mid section
of the bone diaphysis), and I the moment of iner-
tia of the elliptic transverse section. The moment
of inertia for a hollow ellipse may be calculated in
the way we have seen in the section “Concepts
referring to the dimensions of the material”. The
strain will be obtained thus:

- ()

An estimate of the elasticity modulus may be
calculated from the load-displacement curve obtai-
ned”, calculating the moment of inertia (I) and
with the value of the distance between supports L,
as:

PL?

E= 480

Similarly, for the bending tests at four points,
we calculate the stress as:

_ (PRa)

1
where a is the distance between one support and
the nearest point of application of the force. The
elasticity modulus is estimated with the following
formula':

= P/2a*(3L—4a)

610

o

Conclusions
The biomechanical behaviour of bone is extre-
mely complex due to its heterogeneous, anisotro-
pic and viscoelastic character. In this work the
basic concepts of material mechanics, as well as
certain properties characteristic of bone, are pre-
sented. These are all necessary in characterising
this behaviour, whose understanding is important
in interpreting the great quantity of information
which we may find in the literature referring to the
mechanical properties of bone.

In a mechanical trial the relationship between
the force which we apply to a body and the dis-
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Figure 5. Schematic representation of the principal classic mechanical trials
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placement it undergoes is studied. The relations-
hip between force and displacement is known as
stiffness, while the maximum work carried out by
the force in deforming the body is known as work
to break. All these concepts are used frequently in
mechanical tests with samples of bone. However,
it should be taken in to account that these para-
meters describe an effect on which the structure of
bone has a great influence. Thus, force, displace-
ment, stiffness and work to break are known as
extrinsic or structural properties. Let us imagine a
cylinder of titanium and a cylinder of wood of the
same diameter. The cylinder of titanium will be
capable of resisting much greater forces than the
cylinder of wood, since it is a stronger material.
However, if we carry out a mechanical test on a
piece of titanium wire and a very thick log of
wood, the latter will withstand greater forces,
which is not to say that from a material perspecti-
ve wood is stronger than titanium. For this reason
it is necessary to eliminate the contribution of the
geometry of the sample to the biomechanical
measures, calculating the intrinsic or material bio-
mechanical properties of the body under test. This
is done by normalising the force applied by divi-
ding it between the area to which it is applied,
obtaining the stress, and dividing the displacement
by the initial length of the body, obtaining the
strain. The relationship between them will give
use the elasticity modulus and the area under the
curve will indicate the toughness of the material.
Due to the anisotropic character of bone, its bio-
mechanical properties vary as a function of the
direction in which the force is applied. Thus, the
bone will show different strength depending on
whether forces of compression, traction or shea-
ring are applied. Compression tests are often used
for trabecular or cortical bone samples, or for ver-
tebral bodies. The long bones such as the femur
or tibia are usually subjected to traction, torsion or
bending tests. In these, there is a combination of
compression forces on the side to which the force
is applied and of traction forces on the opposite
side.

The relationship between structural properties,
material properties and the mechanical behaviour

of bone is complicated and this is a challenge. An
understanding of this relationship is of great
importance, since it helps us to understand of the
behaviour of bone subjected to constant physio-
logical loads, identifies the areas most susceptible
to fracture and allows the prediction of different
pathologies in relation to bone strength, and their
treatment. In a second part to this work we analy-
se the hierarchical structure of bone and the bio-
mechanical tests which are carried out nowadays
in different areas, as well as alternative techniques
to the classic biomechanical trials for the determi-
nation of bone strength.
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