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Bone Quality. Elasticity and Strength
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Abstract: The aim of the article is to explain in more detail the biomechanical methods used in determining
bone quality as well as to describe basic characteristic bone qualities resulting from the application of these
methods. Mechanical properties of biomaterials are characterised by stress-strain curves, produced on the
basis of testing the biomaterials by progressive tensile and compressive load. According to these curves, the
bone counts among brittle materials. Stress-strain curves under tensile and compressive load for brittle mate-
rials comprise proportional limit, elastic limit, and breaking strength. Recognition of biomechanical character-
istics of bone quality (proportional limit, elastic limit, breaking strength) helps physicians to understand the
importance of measuring the new parameters in bone densitometry by DXA (dual energy X-ray absorptiometry)
such as femoral strength index (FSI), and safety factor (SF) (Fig. 2, Ref. 10). Full text (Free, PDF) www.bmyj.sk.
Key words: bone quality, biomechanics, proportional limit, elastic limit, breaking strength, compressive load,

tensile load.

The quality of osteoporotic bone, elasticity and strength of
bone — these are the terms often used in professional osteologi-
cal literature and at scientific congresses, however, to many phy-
sicians the substance of these terms remains unclear. The aim of
this article is to explain in more detail the biomechanical meth-
ods used in determining bone quality as well as to describe basic
characteristic bone qualities resulting from the application of
these methods.

Biomaterials may be divided into brittle and tenacious ones
according to their mechanical reaction to simple tensile and com-
pression stress. Brittle materials deteriorate by very slight and
permanent deformations. Tenacious materials deteriorate after a
major and permanent deformation. Mechanical properties of
biomaterials are characterised by stress-strain curves, produced
on the basis of testing the biomaterials by progressive tensile
and compressive load. According to these curves, the bone counts
among brittle materials. Stress-strain curves under tensile and
compressive load for brittle materials comprise proportional limit,
elastic limit, and breaking strength. Regarding the definitions of
elasticity and strength, we can state that if the total strain, pro-
duced by external load, exceeds the elastic limit of the strained
bone, the bone suffers plastic deformation, and exceeding the
strength limit leads to bone fracture.

To understand completely the mechanical properties of
biomaterials during tensile and compressive load, we have to
put them to tests.
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The quality of healthy or osteoporotic bone can be objec-
tively determined in biomechanics by destructive methods.

Test bone or its sample is inserted into a special device so
that two opposite ends are firmly fixed in the direction of linear
axis. Afterwards, the tested sample is gradually loaded by grow-
ing tensile or compressive forces until these forces reach the
values by which the bone breaks. Measurement results are illus-
trated by diagrams.

Determination of mechanical properties of bones

Diagrams are constructed in two variants according to the
character of variables put onto coordinate axes x and y:

1. Diagram of tension (compression) test
2. Stress — strain curve under tensile (compressive) loading

Diagram of compression test for bone (Fig. 1a) (1, 2, 3)
We put the gradually increasing values of compressive force

F_ on the bone in Newtons (N) on the y axis, and the values of
the absolute shortening of bone Al (mm) on the x axis.

Absolute shortening:
_ Fxl
ExP

Al

Up to the point of yielding (A), shortening of the bone is
directly proportional to the compressive force magnitude, and
whenever the application of compressive force stops, the bone
regains its original length, as its deformation has been only tem-
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Fig. 1a. Diagram of compression test for bone.

porary (reversible). This part of the diagram is called: bone elas-
ticity. Beyond the point of yielding there is a plastic region, cor-
responding to bone toughness. Increasing the compressive force
results in further shortening of the bone, however, permanent
deformations caused by the compressive force persist even after
the removal of the compressive force. It is a case of plastic de-
formation of the bone. The bone begins to crack in the breaking
point (B), and increasing the magnitude of applied compressive
force completely disrupts its integrity.

Stress-strain curve under compressive loading for bone
(Fig. 1b) (5,6, 7)

The stress values @ (Nem™) developed during loading the
bone by compressive force are put on the y axis, and the values
of relative shortening € (non-dimensional number) on the x axis.

Stress: o= r
P
. . Al
Relative shortening: ¢ = 7
, .. _ Fxl
Hooke’s law (law of elasticity): Al = Exp
X

Elasticity modulus under compression:
Fxl o
= E

Al x P £

F — compression force applied to the bone

P — the section area of the bone, to which the force is applied

| — the length of the test bone sample

E — proportionality coefficient (elasticity modulus under com-
pression)

The diagram includes all magnitudes of tension, charac-
terising mechanical properties of the bone: proportional limit,
elastic limit, breaking strength.

The highest value of stress in the bone conditioned by its
compressive load, when the Hooke’s law still applies, is called a
proportional limit. The highest value of stress, when still elastic
reversible deformations occur, is called an elastic limit. Points
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Fig. 1b. Stress-strain curve under compressive loading for bone.

for proportional limit and elastic limit are so close that they are
usually considered to be identical.

The stress generated by compressive force, which causes the
development of first cracks in the bone, is called a strength limit.

Elasticity modulus (E) under compression for bone

The ratio of the stress under compression for bone (0) and
the relative shortening of bone (€) is defined as a modulus of
elasticity under compression for bone and is a constant of the
Hooke’s law.

Elasticity modulus is proportional to the gradient (inclina-
tion angle tangent ) of the linear part of the diagram curve from
zero stress (0,) up to proportional limit (Op),

Elasticity modulus under compression for bone is a number
characterising the bone behaviour under compressive load. The
higher the elasticity modulus, the higher stress is needed to
achieve bone deformation.

Diagram of tension test for bone (Fig. 2a) (1, 2, 3, 4)
Gradually increasing values of tensile force F, on the bone

in Newtons (N) are put on the y axis, and the values of the abso-
lute extension of bone A/ (mm) on the x axis.

Absolute extension (Al):
Al = F x|
ExP

Up to the point of yielding (A), the extension of the bone is
directly proportional to the tensile force magnitude, and when-
ever the application of tensile force stops, the bone regains its
original length, as its deformation has been only temporary. This
part of the diagram is called: bone elasticity. Beyond the point of
yielding there is a plastic region, corresponding to bone tough-
ness. Increasing the tensile force results in further extension of
the bone, however, permanent deformations caused by the ten-
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Fig. 2a. Diagram of tension test for bone.

sile force persist even after the removal of the tensile force. It is
a case of plastic deformation of the bone. The bone begins to
crack in the breaking point (B), and increasing the magnitude of
applied tensile force completely disrupts its integrity.

Stress — strain curve under tensile loading for bone (Fig. 2b)
(7,8,9)

The stress values o (Nem™) developed during loading the
bone by tensile force are put on the axis y, and the values of
relative extension € (non-dimensional number) € on the axis x.

Tension: o= £
P
Relative extension: £= %
) P F X|
Hooke’s law (law of elasticity): Al = Exp
X

Elasticity modulus under tension:

E= F x| E:g

T AIxP €

F — tensile force applied to the bone

P — the section area of the bone, to which the force is applied

| — the length of the test bone sample

E — proportionality coefficient (elasticity modulus under tension)

The diagram includes all magnitudes of stress, characterising
mechanical properties of the bone: proportional limit, elastic limit,
breaking strength.

The highest value of stress in the bone conditioned by its
tensile load, when the Hooke’s law still applies, is called a pro-
portional limit. The highest value of stress, when elastic revers-
ible deformations still occur, is called an elastic limit. Points for
proportional limit and elastic limit are so close that they are usu-
ally considered to be identical.

The stress generated by tensile force, which causes the de-
velopment of first cracks in the bone, is called a strength limit.
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Fig. 2b. Stress-strain curve under tensile loading for bone.

Elasticity modulus (E) under tension for bone

The ratio of the stress under tensile force for bone (0) and the
relative extension of bone (€) is defined as a modulus of elasticity
under tension for bone and is a constant of the Hooke’s law.

Elasticity modulus is proportional to the gradient (inclina-
tion angle tangent ) of the linear part of the diagram curve from
zero stress (0,) up to proportional limit (Gp).

Elasticity modulus under tension for bone is a number
characterising the bone behaviour under tensile load. The higher
the elasticity modulus, the higher stress is needed to achieve bone
deformation.

When comparing the diagram of stress and strain under com-
pression and tension for bone (the diagram of compression and
tension tests for bone), we find out that the bone has higher re-
sistance to compressive than to tensile load.

Conclusion

The characteristics of osteoporotic bone quality, which de-
termines risk of fractures, is based on biomechanical principles.

Recognition of biomechanical characteristics of bone qual-
ity (proportional limit, elastic limit, breaking strength) helps phy-
sicians to understand the importance of measuring the new pa-
rameters in bone densitometry by DXA (dual energy X-ray
absorptiometry) such as: femoral strength index (FSI), and safety
factor (SF). Formulas of these parameters use the characteristics
from stress-strain curves for loading the bone by tension and
compression (10). More accurate estimate of the risk of osteporo-
tic fractures development is provided by FSI and SI, as com-
pared to currently used BMD (bone mineral density) values, and
these parameters are applied in osteological practice with success.

On the contrary, misinterpretation of basic biomechanical
relations by medical professional community leads often to the
lack of interest in the new methods based on biomechanical prin-
ciples and delays their implementation in clinical praxis. Even
clinical physicians have to understand that biomechanics is be-
coming an indivisible part of medicine and is contributing to the
improvement of diagnostic and therapeutic methods.
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