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Abstract: Bone tissue is a very interesting and complicated
structure. From the mechanical point of view bone could be
described as a composite material, which is in general heteroge-
neous, porous and anisotropic. Bone tissue has either very low or
high porosity. From the macroscopic point of view, the structures
of bone and soil are very similar. Both of them contain some solid
material, fluid and gas. This paper suggests a relatively simple
way to create the model of porous bone. The proposed solution
is based on the indication of the similarity between the struc-
tures of bone and soil understood as a multi-phase system, then
the mathematical analogy is used between the equations of soil
consolidation (Terzaghi) and heat transfer (Fourier-Kirchhoff).
Taking advantage of the analogy between the two differential
equations it is possible to use Ansys to create the model of bone.

1. Introduction

In this paper, the main idea is to create a simplified model of the bone. Observations
of nature very often become inspiration for engineers. We could easily recognize some
parallels. Going into the human anatomy and analysing soil mechanics, could also
lead to some interesting conclusions. Human skeletal system consists of more than
200 bones, which are made of two layers: outer and inner. Each bone could be
divided into two parts: cortical and cancellous bone. These tissues and a network
of blood vessels with nerves form a porous bone structure (Bochenek and Reicher,
1999). In soil mechanics, soil is considered as a multiphase system. It is a combination
of solid mineral particles and voids. These empty spaces could be filled with gas or
water (Glazer, 1977; Szymański, 2007). Considering the structure of bones and soil, it
is easy to see that they are very similar. In both of them we have a porous medium.
In soil water is the fluid phase, while in bones it is blood or other fluid in human
body.

∗Institute of Applied Mechanics, Faculty of Mechanical Engineering, Cracow University of Tech-
nology, Cracow, Poland



112 PhD Interdisciplinary Journal

2. Anatomical description

The structure and shape of bones in the human body depend on the function which
they perform. These functions played also an important role in the evolution of
the shape of the bone and its mechanical properties (Bȩdziński, 1997). We could
divide bones (from human skeleton) into four groups: long bones (Latin: ossa longa),
flat bones (Latin:ossa plana), short bones (Latin:ossa brevia) and irregular shapes
of bones (Latin:ossa multiformia) (Ziółkowski, 1991; Bochenek and Reicher, 1999;
Kołaczkowski and Kołaczkowski, 1984; Mrozowski and Awrejcewicz, 2004).

Fig. 1. Examples of the long bones in the upper and lower extremity

This paper is focused on long bones (Fig. 1) (for example tibial bone), usually
named cortical or compact bones with 5-10% porosity. Several types of pores can be
distinguished. Vascular porosity is the largest (50 µm diameter), formed by the Haver-
sian canals (aligned with the long axis of the bone) and Volkmanns’s canals (transverse
canals connecting Haversian canals) with capillaries and nerves. Other porosities are
associated with lacunae (cavities connected through small canals known as canali-
culi) and with the spaces between collagen and hydroxyapatite (very small, around
10 nm). Cortical bone consists of cylindrical structures known as osteons or Haversian
systems, with a diameter of about 200 µm formed by cylindrical lamellae surrounding
the Haversian canals. The boundary between the osteon and the surrounding bone
is known as the cement line (Bȩdziński, 1997; Bochenek and Reicher, 1999; Doblare
et al., 2004; Cowin, 1999; Hernik and Sulich, 2012).

3. Soil mechanics and basic equations

According to soil mechanics, we consider soil as a multiphase system. In order to
facilitate the analysis and presentation of the relationships between the phases, pic-
torial drawings are widely used (Fig. 2). Soil as a multiphase system is divided into:
solid phase (but the mineral particles do not stick to each other too closely), and
voids (empty spaces) - pores which may be filled with liquid or gas (Glazer, 1977;
Szymański, 2007). Poroelasticity is described by two equations. The first of them is
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the consolidation equation (1) with coefficient of consolidation (2), as follows:

c∇2p = −γwṗ (1)

c = k
E

3 (1− 2ν)
(2)

where: p – pressure, γw– specific gravity of fluid, E– Young’s modulus, ν – Poisson’s
ratio, and k is a coefficient of filtration. The mechanical part of the formulation is
described by the classical elasticity equations with Terzaghi law (3) as a coupling
between porous and elasticity theories (Hernik and Sulich, 2012).

σ
′

ij = σe
ij − σpor

ij (3)

where: σ
′

ij- effective stress, σe
ij – elastic stress, σpor

ij = pδij – stress related to pressure
changes in the medium of pores. After a simple transformation (applying classical
constitutive law of linear elasticity) we obtain equation (4) with α̂ (5) which can be
described as a quasi-coefficient of thermal expansion:

εe
ij

=
1

E
[(1 + ν)σij − νσkkδij ] + α̂pδij (4)

α̂ =
1− 2ν

E
(5)

From the point of view of the analysis presented in this paper, we are interested
in creating the model of porous bone as a mechanical model of a long bone, which
is described by the consolidation equation. We want to build a numerical model in
Ansys v. 11 and use it for simulations of the bone behaviour (by the use of the
finite element method). Unfortunately, in this package, an element describing the
porous body in the elastic range is not available. However, we can use the formu-
lation of thermoelasticity and utilize the analogy among some differential equations
and the equations of thermoelasticity. We investigate the analogy between two equa-
tions: soil consolidation (1) and heat transfer. For isotropic material heat transfer is
described by the following Fourier-Kirchoff equation:

λ∇2T = ρcvṪ (6)

where: T–temperature, ρ– density, cv– specific heat capacity and λ– coefficient of
thermal conductivity. The mechanical part of the presented formulation is based

Fig. 2. Soil as a multiphase system
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on the coupling between Fourier-Kirchhoff law and elasticity theories, expressed on
the level of strains:

εij = εeij + εthij (7)

where: εeij– elastic deformation and εthij – thermal deformation. After simple trans-
formation we obtain equation (8).

εe
ij

=
1

E
[(1 + ν)σij − νσkkδij ] + α∆Tδij (8)

where: α – coefficient of thermal expansion, ∆T – changes of temperature. From
the mathematical point of view, we obtain the following equations of the same form:
differential equations (1) and (6), mechanical equations (4) and (8).

4. Numerical example

Simplified model of bone was created in the package of Ansys v. 11. The subject of
modelling was a femur bone, which belongs to the group of long bones. The bone
consists of two parts: epiphisys and diaphysis. We neglectedges and assume that
central part - diaphysis - has constant cross section along the axis, and is here modelled
as a cylinder, subjected to pressure applied to the inner side of the cylinder (Fig. 3).
Simulations were performed for a model with parameters corresponding to living bone
(Tab. 1). The analysis was divided into two steps: pseudo-thermal and structural. As
a result, at first the pressure distribution along the radius is found. During the second
part of the analysis maps of stresses or strain-stress curve are determined.

Calculations Simulations performed by the use of FEM package of Ansys v. 11
allow us to perform both thermal and structural (mechanical) analysis. In the first
step (thermal analysis) the elements of thermal type, axisymmetric - Plane 77 were
used. Their counterparts for the second step of the analysis are structural elements
- Plane 82 or Plane 183. By using the analogy between equations (1) and (6), the
degrees of freedom in each element of the grid are changed: T – temperature in
fact stands for p – pressure. In this way, later in this paper, thermal analysis will
be replaced by a pseudo-thermal analysis. According to the mentioned analogical
equations (1) and (6), λ– coefficient of thermal conductivity will be understood as c

Fig. 3. The proposed geometrical model of bone and boundary conditions (Sulich,
2012)
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Tab. 1. Material parameters of the living bone

Young’s modulus (Bȩdziński, 1997) E = 17.6GPa

Poisson’s ratio (Cowin, 1999; Bȩdziński, 1997) ν = 0.33

pressure (Cowin, 1999) p = 40mmHg

coefficient of porosity (Cowin, 1999; Cowin and
Mehrabadi, 1999)

e = 0.05

coefficient of filtration (Cowin, 1999; Cowin and
Mehrabadi, 1999)

k = 1.5− 2 · 10−20m2

density (Bȩdziński and Gawin, 2004) ρ = 1.94− 2.02g/cm3

Fig. 4. Pressure distribution in function of radius in the pseudo-thermal analysis of
bone (Hernik and Sulich, 2012; Sulich, 2012)

– coefficient of consolidation. Similarly, the product ρcv corresponds to γw– specific
gravity of fluid. The final effect of such pseudo-thermal analysis is not the distribution
of temperature but the distribution of pressure along the radius of the bone (Fig. 4).

After pseudo-thermal analysis, we proceed to structural analysis (mechanical).
The analysis should be continued on the same model, with the same simplified geomet-
ric parameters, and for material constants corresponding to the living bone, the same
as in the pseudo-thermal analysis. In order to additionally account for the damage
of the bone material the model of Gurson-Tvergaard-Needelman (GTN) (Hernik and
Sulich, 2012) may be applied. We use pseudo-coefficient of thermal expansion α̂(5)
and constants, which we have already used. When moving to the structural analy-
sis, the temperature distribution resulting from the first step, interpreted as pressure
distribution on the basis of the analogy described in this paper (Fig. 4), is saved
as a mass force distribution. After selecting the appropriate boundary conditions
(Fig. 3), the stress distribution or the stress-strain curve (Fig. 5) can be obtained.

Results confirm the correctness of the assumptions and simplifications of the prob-
lem. The stress-strain curve is correct and satisfactory. It is possible to divide
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Fig. 5. Stress-strain curve for a model of long bone (Sulich, 2012)

the curve into two parts: elastic and plastic. The results are very promising. Created
computational model of bone, based on the equations of mechanics, could be used to
describe long bones under loads. The proposed calculation method is simple and easy
to use. Moreover, the model of damage (GTN) is also available in the Ansys. Further
work with the model will show that it is a very useful tool for bioengineering.
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