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ABSTRAC

Purpose: The aim of the paper is to show the new possibility of evaluation of bone tissues
properties in experiment and next the numerical simulation and verification of selected problems.

Design/methodology/approach: The lifestyle that has been favored lately has led to
unfavorable changes in the human body. This is manifested mainly by joint anomalies and
changes in the structure of bone tissue. The scientists try to aid the healing and rehabilitation
systems. It is possible to prepare a numerical model of complex biomechanical structures
using advanced FE systems. The process of modeling is one of the most important steps of
this research and assignment of material data influences on the precision of obtained results.
The classic measurement methods with particular emphasis on their application in the study
of bone, taking into account the advanced methods for measuring displacement are applied
(DIC, nanoindentation). Also QCT combined with evolutionary methods gives interesting
results in identification of material parameters Numerical simulations are verified in experiment.

Findings: Obtained results allow to compare the displacement and strain from experiment
and numerical simulation. From numerical simulation, after FEM analysis we obtained
full set of mechanical parameters useful in planning of surgical intervention (THA, pelvis
reconstruction), aided the diagnostic in risky state and design of prosthesis.

Research limitation/implications: The precision of identification of material parameters
depend on many parameters and influences on the precision of the results from numerical
simulation. Research is conducted mainly on preparations and not on living tissue. The
target should be in-vivo noninvasive measurement.

Originality/Value: Combination of numerical simulation and experimental research is
needed to obtain correct results and broaden the spectrum of relevant parameters necessary
to support surgical and rehabilitation. Both approaches require modern equipment and
advanced testing methods.

Keywords: Bone tissues properties evaluation; Mechanical tests; DIC; Nanoindentation;
QCT; Numerical simulation; Advanced FEM; Experimental verification
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1. Introduction

The last time a sedentary way of life is amplified by
poor quality of food and watching television instead of
doing any sport etc. This conditions are leading to bad state
of human body already in early time of life. It may lead to
damage of such parts of human body like joints rather in
normal condition of functionality, not only in high
overloaded states. The reason for such state it could be
weakening of bone, cartilage and synovial liquid.

The scientists try to aid the healing and rehabilitation
systems. Advanced FE systems make it possible to prepare
a numerical model of complex biomechanical structures -
especially with respect to joints in human locomotion
system. It is particular important when the THA operation
is performed and the artificial acetabulum is fitted. Very
often before and after operations the knowledge of the
stress and strain distribution in the pelvic joint (pelvic bone
and femur) is needed.

The process of modelling is one of the most important
steps of this research. The precision of preparing the model
influences meaningfully the precision of the results and
time of solving the task by computer system and it could be
divided into:

1. Preliminary preparation of geometry based on filtered
CT scan data.

Division model to finite elements.

Assignment of material data.

Assignment of boundary condition.

Job analysis and interpretation of results.

The first part of our investigation concern determination
of material parameters of bone tissue in experiment and the
second part concern the numerical simulation and
verification of selected problems.

Nk

2. Determination of material parameters

The basic information concern material properties of
bone tissues we can find in the literature. The greatest
source of information are the works of Cowin [1], An and
Draughn [2] and Keaveny et al. [3]. Unfortunately, most of
these works show results from traditional measurement
methods. Many papers concern transformation data from
CT or QCT (HU units) to material parameter as Young
modulus (Ashman and Rho [4], Boutroy et al. [5],
Helgeson et al. [6], Hodskinson and Currey [7], Keyak et
al. [8,9], Pistoia et al. [10], Rho et al. [11]). The basis for
testing of bone elastic properties (Young and Kirchhoff
modulus, Poisson ratio) is a known mechanical tests like
tension or compression, where during the cross head

A. John, G. Kokot

movement the force-displacement curve is registered (Feng
and Jasiuk [12], Garnier et al. [13], Keaveny et al. [14,15],
Keller [16], Ochsner and Ahmed [17], Reilly and Burstein
[18], Sanyal et al. [19]). Torsion load is applied very rare
(Garnier et al. [13], Kasra and Grympas [20]). Also three or
four point bending test is performed. However using this
methods we often encounter difficulties, which are mostly
connected with displacement measurement, low precision
and accuracy. This is connected with:

e the small specimen size,

e complicated mounting way,

e porous structure of the tested material,

e specimen condition (often under wet condition).

This had been main reasons that research on the using
much more precise methods for evaluation of bone tissues
mechanical properties have been undertaken.

The other thing is the hierarchical structure of the bone
which strongly influence on the mechanical properties on
the macro- and micro level. One can find in the literature
so-called structural Young modulus, which describes
behavior on the macro level and Young modulus for the
single trabecula (Hanned et al. [21], Keaveny and Yeuh
[22], Makowski et al. [23], Norman et al.[24], Rho et al.
[25], van Rietbergen et al. [26], Vaughan et al. [27], Wang
et al. [28,29]). Those values differ widely. Most of values
presented in the literature were determine for
macrostructure what is not enough in many cases of
undertaken analysis and simulations (like for example
remodelling). Our previous works with the modern
experimental methods like DIC and nanoindentation have
led to undertake the research on the possibility of using
them in the field of biomechanics for evaluation of bone
tissues mechanical properties.

The new possibility of evaluation of bone tissues
properties give also intensively developing methods based
on quantitative micro computed tomography uQCT and
application of computational engineering methods in
particular numerical simulations and evolutionary methods
applied in the numerical identification of material
parameters (Binkowski et al. [30-32], Cyganik et al.
[33,34], Christen et al. [35], Ebenstein and Pruitt [36], Fan
and Rho [37], Janca et al. [38], John and Kokot [39-41],
John and Kus$ [42], John et al.[43], Kokot et al. [44,45],
Rezende et al. [46], van Rietbergen [47], Vilaypphiou et al.
[48]). New methods for evaluation of the bone tissues
mechanical properties and the stress-strain characteristics
for bone structure also taking into account its microstructure.
It could be done by combining the classical mechanical
experimental methods with the new methods of the
displacement measurement and combining the numerical
simulation with the experimental methods.
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The important thing is the displacement measurement.
The simplest measurement is provided by the testing
machine, the so-called measurement of the crosshead
movement. However, it is characterized by rather large
inaccuracy in the case of bone tissue. A significant
improvement is achieved by the use of extensometers,
however, due to the porous structure of the material and the
small size of samples their application is also limited. Better
results of the research provide optical methods, such as
holographic interferometry and speckle photography. They
provide non-contact measurement what is a significant
advantage in the study of the bone structure. Although these
methods have limitations associated with the registration of
measurement (Spot measurement, poor camera, no extensive
software, poor digitization process), their use greatly
expanded the accuracy and quality of the measurements.

Currently being developed optical methods of
measurement of displacements and deformations, using
advances in recording and processing of digital images,
provide an online view of the field of displacements and
deformations of the tested structure. Computer aided
measurement allows to record and observe phenomena such
as the concentration of deformation or crack formation and
propagation. Other interesting problems concern that area
one can find in the papers [9,22,27,28,49-59].

This article presents the classic measurement methods
with particular emphasis on their application in the study of
bone, taking into account the methods for measuring
displacement and selection of samples for testing.

2.1. Digital Image Correlation

The applied so far optical methods or strain gauges for
displacement or strain measuring in the bone tissues allow
measurements only in the specified points of the structure.
There is no wider information about the methods for
accurate analysis of the local deformation especially on the
level of microstructure. Here, as the helpful method we can
apply the Digital Image Correlation.

The Digital Image Correlation (DIC) is an optical full-
field technique for non-contact, 3D deformation measure-
ments, where the high contrast speckle pattern applied onto
the surface of the sample is observed by the CCD cameras
during loading (Fig. 1). DIC as a tool for surface
deformation measurements has found widespread use and
acceptance in the field of experimental mechanics. The
method is known to reconstruct displacements with
subpixel accuracy and tangential surface strains in the sub-
millistrain range. The algorithm of the DIC is based on the
pseudo-affine transformation, which is described in [60,61]
(materials of the Dantec Dynamics).
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Fig. 2. The samples with special speckle pattern [60]

Using the DIC required some additional work such as
determination of testing parameters and particularly
choosing the specimens preparing method. This is the small
disadvantage of this method — the covering the surface of
the measured object with special speckle pattern (Fig. 2).
For testing the testing stand was prepared by combining the
DIC system with universal MTS testing machine. Data,
which are obtained during test are collected and then
analysed by specialized software. Data can also be
analysed in a real time. The great advantage of this method
is achieving the results on the whole specimen surface as
the colours maps. Specialized software is used to analysing



the captured images during deformation and recalculation
them to the form of the displacements/strains field (Fig. 3)
which can be directly compare to results from the FE
analysis. This is the great opportunity to direct validation of
the numerical models.

Fig. 3. Scan from Istria 4D — software for data aquisition
and results postprocessing (cubic sample, compression test,
displacement map)

In the conducted research the DIC system was
combined with the classical experimental tests (tension/
compression, three point bending). Such combination
considerably enhances possibility in evaluating the
mechanical properties of bone tissues, particularly at the
macrostructure level (John and Kokot [39], Kokot et al.
[44,45], Sztefek et al. [62], Verhulp et al. [63]).

2.2. Compression test
One of the base test is tension or compression test. As

most of the human skeleton parts work in compression
condition the compression test is the mostly used test in

a) b)
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bone tissue testing. The test is directly taken from
experimental mechanics where sample is putted between
two stiff platens and is compress with applied load.
The typical testing stand is presented in the Fig. 4a and
tested samples in the Fig. 4b and 4c.

Due to the nature of the tested material the sample
dimensions deviate from the recommendations of code for
common materials. It is understood that the tensile test is
carried out on samples of cylindrical or rectangular shapes
and compression test on the cubic shape samples. Detailed
discussion of sampling, dimensions and their impact on the
results is presented in the papers [1-3,12].

The typical disadvantages are the sample mounting and
displacement measurements. In the case of the cylindrical
samples they are often planted in the resin. But the most
serious difficulties are mostly connected with displacement
measurement and low precision and accuracy of results.
This is due to small specimen size, complicated mounting
way and porous structure of the tested material, often
additionally under wet condition. The other thing is the
hierarchical structure of the bone which strongly influence
on the mechanical properties on the macro- and micro
level. Typical compression load-extension and stress-strain
curve for the spongy bone are presented in the Fig. 5 (own
research).

As it was mention previous, according to prepared
procedure the compression test for the cancellous bone wit
DIC was performed. Testing stand shows Fig. 6 and obtained
value of Young modulus for selected sample shows Fig. 7.
A sample extracted from a human femur head and with
special speckle pattern shows Fig. 8. Selected stress-strain
curve for tested samples is presented in Fig. 9. You should
pay attention to the curve character. It has a large linear-
elastic range, with a short plastic deformation part.

Fig. 4. Compression platens (a), the cubic specimen (b) and cylinder specimen (c)

Archives of Materials Science and Engineering



Identification of mechanical parameters of bone tissue as a base of numerical simulation in medicine

Load (N)
1800

1600 SN

1400 / “ \
1200 4

1000 /

800 /

600 ya

400 /

200

b)

Stress (MPa)

0
00 01 02 03 04 05 06 07 08 09 10 1.1 12 13

Extension (mm)

0
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12

Strain (mm/mm)

Fig. 5. Typical compression load-extension (a) and stress-strain curve (b) for the spongy bone

Fig. 6. Testing stand for compression test

The obtained results are repeatable. The diversity of the
maximal stress level are connected with the different places
where the specimen were taken. It is possible to evaluate
the properties directly from the curve, but the results have
low accuracy.

Young modulus - cancellous bone

Compression test + DIC
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Fig. 7. Young modulus value for the selected samples
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Fig. 8. A sample extracted from a human femur head (a)
and with special speckle pattern (b)
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Fig. 9. Selected stress-strain curve for tested samples



As an additional results obtained from the compression
test for the cancellous bone wit DIC we can observed
displacement field strain field of the tested specimen (Fig. 10).

a) b)

Fig. 10. Displacement field (a) and strain field (b) of the
tested specimen

2.3. Three point bending

The second mostly used testing method of the cortical
bone is tree or four point bending (Fig. 11). The studies
have been performed using human femora dissected from
cadaver body from female donor 30 years old. The
specimens were dissected from femora diaphysis. The
4x4x40 mm cube shape size of each sample was
mechanically machined. Each sample where measure by
digital slide caliper (Mitutoyo, resolution 0.01 mm) to
control the accuracy of the machining. The method of
cutting bone samples and loading method in subsequent
tests is shown schematically in Fig.12. Next, according to
the DIC procedure, the special spackle pattern was covered
the surface of the measured samples (Fig. 13).

a)

b)

Fig. 11. Scheme of the three point bending (a) and four
point bending test (b)
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bone

P1
: specimen
P2

Fig. 12. The method of cutting bone samples and loading in
subsequent tests

a)

b)

Fig. 13. Prepared sample in the state after the cut (a) and
with the special spackle pattern (b)

a)

Fig. 14. Three point bending test: a) testing stand with DIC
system, b) bending table with the specimen
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Based on the curve of load-deflection of the beam and
the theory of bending beams the mechanical properties are
defined, among others, elastic modulus. For 11 samples
obtained an average score of E = 14544 MPa with a
standard deviation of 2470 MPa. The testing stand and
sample are presented in Fig. 14. Selected load-deflection
curve, and also stress-strain curve, shows Fig. 15. Obtained
values of Young modulus (with standard deviation) for
three samples presented Fig. 16. Using DIC in we
additionally obtain coloured displacement map for three
point bending (Fig. 17).
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Fig. 15. Selected load-deflection curve, and also stress-
strain curve for three point bending
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Fig. 16. Young modulus with standard deviation for

selected samples
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Displacements Y
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Fig. 17. Colored displacement map from DIC for three
point bending

2.4. Nanoindentation

This is relatively new method in the experimental
mechanics for testing the hardness and Young modulus.
Main advantage is the measurement on the micro- or even
nanostructure level. Characteristic for this method is the
penetration force range: from mili to microniutons.

The main idea for testing Young modulus is that the
penetrator penetrate the sample with the specified force and
then sample is controlled unloaded. The first part of
unloading curve is connected with ideal elastic behavior of
sample. On this basis the Olivier and Pharr developed the
method for determining the Young modulus [64]. Tested
parameters are calculated directly from the loading-
unloading curve (Fig. 18). One can use the following
equations to calculate the Young modulus (1) and hardness
or micro-hardness (3):

1-v?
Elrz(i)z (D
i_ (1—\/,. )
El} Ei
" S
E ="T=r0 A =CRACh+CH R +...

[y}
=)

2
AP, P
S=—= —f _pgim
A, hemhmes
P
Hp, = AI: 3)
where:

E*; —reduced modulus of the indentation contact,
v — Poisson’s ratio of the sample,



V; — Poisson’s ratio of the indenter (vi=0.07),
P,, —loading force,
h,, — penetration depth,
&— factor dependeing on the diamond shape,
A, — projected contact area,
C; — diamond shape dependat.
Figure 19 presents the nanoindentation testing stand.

T ImN]
Load10-500 [mN]

= F : 1}
Bplastic “2=1c

loading

By fm]

Fig. 18. The nanoindentation curve
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- J4 (coil/magnet)
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i | . Reference (ring or fork)

A AT

Fig. 19. The nanoindentation testing stand: a) real object
(photo), b) schema
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Very important in this technique is the proper setup of
the testing parameters: load force and times of individual
phases. There is not much information in the literature
according to tests of the bone tissues using nanoindentation
(Bull [65], Ebenstein and Pruitt [36], Fun and Rho [37],
Fisher [66], Hoffler et al. [67], Isaksson et al. [68], Lewis
and Nyman [69], Menclk and Swain [70], Nemecek [71],
Norman et al. [24], Rho and Pharr [72], Rho et al. [73],
Rodriguez-Florenza et al. [74], Swadener et al. [75], Wu et
al. [76], Zysset et al. [77]) but we can find many results.
Those which had been found gave wrong results. For this
reason we performed additional tests for evaluating our
own values for loading force and phase times. On the basis
of the conducted research we determine the loading force
range which is 200-600 mN both for cancellous and
cortical bone.

The influence of the force value on the results are
presented in Fig. 20. It can be observed that values higher
than 100 mN secure the repeatability of results.

a)
400
350
300
'E' 250
% 00
=
w 150
10.0
50 4
00 : : - :
10 0 100 200 400 600
F [mMN]
b)
3300
300.0
50,0
2000
5

F[mN]

Fig. 20. Setup of the penetration force value: Young
modulus — load force (a), hardness Hy;c — load force (b)

The nanoindentation was used for evaluation of the
Young modulus and micro-hardness both  for the
cancellous and cortical bone. In the Fig. 21 the charac-
teristic parts of the tarabecular structure are presented —
single trabecula and nodes. Series of tests for single
trabecula and for single nodes were performed and the
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differences in the results Have been observed. In the the Vickers micro-hardness vary between 50.1-55.9
specified places the Young modulus and microhardness (Table 1, avg. value). The example of testing the
were evaluated. cortical bone is presented in the Fig. 22. We can see

On the base of the conducted series of tests for single testing stand, samples and microscopic view of the tested
trabecula the Young modulus vary between 8.4-13.3 GPa, places.

trabecula node I node II

Fig. 21. Single trabecula and nodes under microscope with measurement points

a) b)

Fig. 22. Nanoindentation: a) testing stand, b), ¢) samples, d) microscopic view of the tested places
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Table 1.
Results of nanoindentation test of trabecular bone tissue
test F E Hir Hvic
mN GPa MPa Vickers
Trabeculae 1 200 8.494 500.3 47.2
2 200 8.424 564.5 53.3
200 8.299 545.8 51.5
avg. 8.4 536.9 50.7
200 9.854 592.0 55.8
Node I 2 200 10.324 542.0 54.4
200 9.954 584.0 57.6
avg. 10.0 572.7 55.9
1 200 13.664 514.3 48.5
Node II 2 200 13.666 593.0 55.9
200 12.635 485.5 45.8
avg. 13.3 530.9 50.1

3. Numerical simulation

3.1. Identification of the material parameters
using evolutionary optimization system

There is also possibility of evaluation the mechanical
properties using the numerical simulation. Here, the
identification process using the evolutionary methods and
finite element method is prescribed.

Because we want to know material properties, we must
define identification problem. In fact, the inverse problem
should be solved. The identification problem is to find
material coefficients such as Young modulus and Poisson’s
ratio. The vector of design variables x, which contains
design variables, corresponds to material properties. The
material coefficients can be found by minimizing a
functional formulated as differences between measured
displacements (using DIC) and displacements obtained
using numerical simulation (Eq. 4). The evolutionary
algorithm operates on populations of individuals. The
individual consist of chromosomes. The individual is often
called chromosome if consist of one chromosome. Each
chromosome contains genes. Genes contain information
about design variables values. The fitness function value
which plays the role of optimization functional is computed
for every chromosome in population. First starting
population is created randomly. Then the fitness function

value for each chromosome is evaluated. Next evolutionary
operators changes genes values in some chromosomes. The
offspring population is created as a result of a selection
process. The next iteration is performed if the stop criterion
is not fulfilled. The stop criterion can be formulated as
maximum number of iterations or stop after achieving the
predefined fitness function value.

min F( )=|uyexp_uy(x)|

X
X = [ETRAB ’VTRAB] “4)

Here, all specimens were scanned using the micro
tomography. On the base of obtained slides using the
specialized software from MIMICS Materialize the smooth
discrete models were prepared (Fig. 23).

In order to identify cancellous bone material parameters
the optimization problem has been define. The objective
function was built on the base of displacement obtained
from the compression test wit DIC (Eq. 4). The constrains
are connected with young modulus and trabecula Poisson
coefficient (Eq. 5). The used evolutionary algorithm
parameters are presented in the Table 2. The schema of
evolutionary optimization system shows Fig. 24.

500MPa < E,, <1500MPa
0.2 <V <04

&)
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Fig. 23. Model preparation using MIMICS materialize

Table 2.

Evolutionary algorithm parameters
Parameter Value
Subpopulation number 2
Number of cromosoms in population 10
Probability of Gauss mutation 0.9
Probability of mutation 0.1
Number of iteration 20

(MSC Software)

YES NO

Fig. 24. The schema of evolutionary optimization system

Obtained results are close to the results from
nanoindentation (Fig. 25, Tab. 3). Also the displacement
field of the numerical model with indentified parameters
are close to the experimental one with the use of the digital
image correlation (Fig. 26).

Volume 83 Issue 2 February 2017

Eprns = 7895 MPa

Fig. 25. Numerical model with identified material
parameters for individual trabecula

Table 3.
Material parameters from identification and
nanoindentation

Parameter Identification Nanoindentation
Young modulus E, 7895 8405

MPa

Poisson ratio v 0.36 0.34

a)

Fig. 26. Displacement field form numerical simulation (a)
and experiment (b) for identify material parameters



3.2. Three point bending test simulation

For the one specimen with Young modulus E=22200
MPa and ultimate tensile strength S=319 MPa with max.
deflection y=0.69 mm the numerical simulation was
performed. The sample was scanned by X-ray
microcomputed tomography (XMT) scanner (Nikon
Metrology, X-tek, Tring, UK). Scanning settings (kV, uA,
no filter, 2000 projections, voxel size 20 pm) were adjusted
using the manufacturer software. The density phantom was
scanned together with the specimen to enable quantitative
measurement of the bone mineral density. After image
acquisition reconstruction of cross-sectional axial images
were performed. The total volume of interest contains
2000x2000x2000 voxels from about 356 000 voxels were
busy with the bone friction. The reconstructed volume was
stored in the single file (32-bits real, little endian) on the
computer hard drive.

The FE model with material parameters was generated
automatically, based on approach described by [11,25] and
own developed software. For each voxel contained bone
one element (HEXA 8-noded) was defined. Based on
calibrated grey value material parameters (Young modulus
E, ultimate strength S) have been defined. Relationship
which connects calibrated bone density with material
properties were defined based on following equations:

E =10.5+ 0.0102pqcTs; (6)
S=63.8+ 0-184PQCT (7)

where pocr — density calibrated based on greyscale and
calibration curve.

This gives the model with non-homogenous material
parameters what is closer to the reality then taking into
account the model with one material with linear properties.
The FE model was built using the HEXA 8-noded elements
and consist of about 3 mln DOF. Specimen with material
parameters is presented in Fig 27a. Boundary condition were
taken from the experiment and modelled in the MSC.Patran
(Fig. 27b). Simulation were performed using the
MSC.Nastran solver. The finite element analysis gives the
results presented in Fig. 28. The max. normal stress is
ox = 314 MPa and deflection y=0.73 mm The results from
simulation matched the results from the experiment (Fig. 17).

The numerical calculations using finite element method
give the deflection and stresses comparable with
experimental results. It shows that the numerical analysis
of models generated on the base of X-ray microcomputed
tomography (XMT) scans with material parameters
described based on Hounsfiled scale can be used as the tool
for determining the mechanical properties of bone. The

A. John, G. Kokot

computational methods primary used in mechanics can be
useful for solving the biomechanics problems too.

a)

b)

Fig. 27. The specimen FE: a) model generated from XMT
with assigned materials properties, b) FE model with
boundary conditions

iz

———

2 g B2 aFadBBEERR:

&
=

Fig. 28. The stress distribution in specimen

3.3. Numerical analysis and experimental
verification of human femur for selected
gait phase load

The pelvic joint before reconstruction — in anatomically
shape, was tested to obtain the data for comparison the
strain and the stress state in trabecular and cortical bone
tissues (in femur) before and after reconstruction. The
results were obtained in two ways: from experiment and
numerical simulation.

In the experiment MTS Insigth testing machines and
DIC, as the displacement and strain measurement system
were used. During the test preparation there were occurred
some problems which were solved successfully:

e a special system for fix the sample was proposed,

e a cyclic load applied to sample (femur head) was
programmed,

e a stochastic pattern on the bone sample surface was
plotted,

e system was calibrated and selected data were recorded.

Archives of Materials Science and Engineering
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Fig. 29. The tested femur (a), stochastic pattern on the bone
specimen (b), numerical model with FEM mesh (c),

material distribution in the cross-section (d)

The tested femur in initial form and with stochastic
pattern on external surface show Fig. 29a and Fig. 29b.
Figure 29¢ presents numerical model with FEM mesh and
Fig. 29d presents material distribution in the cross-section

[
i
14}

of prepared model of the femur. The test stand with tested
sample shows Fig. 30. An example of cyclic load diagram
applied to sample shows Fig. 31 and respectively an
example of displacement diagram shows Fig. 32.

Fig. 30. Test stand with MTS testing machine and DIC

system
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Fig. 31. Selected example of load diagram

Fig. 32. An example of displacement diagram
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As the results from DIC the strain diagrams and the
displacement maps were observed (Fig. 33 and Fig. 34).

Fig. 33. The strain diagram from DIC

Fig. 34. The displacement maps from DIC

The model of bone specimens was created on the basis
of CT scans, took with high accuracy (0.347 mm). After
building and assembling the CAD model was divided into
high value of finite elements. Preparing of the finite
element model was the most time consuming stage.

Table 4.
Material parameters in FE model

A. John, G. Kokot

The next step it was to assign material data to each
element. The special equations were used at this step (Rho
et al. [11,25]). The equations for cancellous bone of femur
sometimes described material characteristic for pelvis due
to lack of appropriate data. The final results are shown in
Table 4.

The analysis was done in MSC.Marc. Boundary
conditions mimicked the real experiment. The femur
was reoriented and fixed in bottom part of shaft for this
reason.

The values of force were established on three different
values, which first (600 N) was in accordance with the
experiment (Load 1). Two last vales corresponded to the
multiplication of the body weight (BW=85 kg). The second
(Load 2) was the 238% of BW (the value of hip joint
reaction during full stand phase) and the last (Load 3) was
600% of BW (the reaction during the landing phase of
jump up).

The tasks were solved in elastic range. The Coulomb
bilinear model of contact was used for modelling the
touching of cement part to the femoral head. The
coefficient of friction was established on 0.2. The number
of DOF was 157 140 and the time of computation was the
1285 s.

Results obtained for applied load show Figures 35-37.

The comparison of results obtained from analysis of
femur loaded by 600N with results from DIC experiment
indicates a good agreement between them. There could be
noted that principal maximal as well minimal strain of
cortex obtained from FEM analysis are generally in range
<-0.002;0.002>. In case of the DIC experiment, almost the
whole examined surface of cortex is in this same range,
except the point values which exceed the range from top or
bottom.

The FEM analysis allowed to observe the stress as well
strain distribution in case of trabecular bone in different
load cases. Generally, the areas of distribution are the same
due to exact these same direction of loads.

Realation Apparent density, Young modulus, Poisson coef.

Papp E v

Marow e 1 MPa 0.3

Trabecular Papp=0.67(131+1.067HU) 500 ke/m’ <661HU: 365 MPa 04

one — 1.96 otal: a

b E=0.658(0.00390p,, "*°) © Total: 500 MP '

; anp = 0.79(0.769HU+1028)
Egzgcal Pepp 1500 kg/m’ 12 GPa 0.33

E=0.807(14p,,p -6142)
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Fig. 37. Cortical bone-stress and strain distribution
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The difference occurs in the case of values. The main
finding which could be pointed, is that for 238%BW, the
values of reduced stress in accordance with the Huber-von
Misses hypothesis as well as principal values of strain do
not exceed the yield stress and strain (6,=4.89+3.77 MPa;
€y 1ension=0.0063+0.0005; € compression=0.0101£0.0018 ).

The higher distribution of stresses occurs in femoral
neck area not inside, but outside the bone. In this area the
trabecular bone has the high values of Young modulus E,
so also the yield stress is quite high (6,=15.29+4.87 MPa).

In case of the 600%BW of loading force the highest
values concentration of stresses is in the same area, but the
values exceed the o©,. This area is in the place of
transferring the load into cortex of femoral shaft. In this
particular area the maximal reduced stress is 79 MPa, while
the 6,=133.4 MPa

4. Conclusions

Combination of numerical simulation and experimental
research is needed to obtain correct results and broaden the
spectrum of relevant parameters necessary to support
surgical and rehabilitation. Both approaches require
modern equipment and advanced testing methods. Based
on the survey conclusions can be formulated as follows.

Advanced methods allow to measure the displacement
and strain on biological specimens. Here, the MTS
universal testing machine (MTS Insigth 10 kN) connected
with the Digital Image Correlation system (Dantec
Dynamics) were used.

Obtained results allow to compare the displacement and
strain from experiment and numerical simulation. The
comparison indicates a good agreement between them.

Generally, in experiment we can observed selected
results (displacement and strain using DIC) on the external
surface of sample. On the base of displacement and strain we
can calculate the stresses after assuming material parameters.
From numerical simulation, after FEM analysis we obtained
full set of mechanical parameters useful in planning of
surgical intervention (THA, pelvis reconstruction), aided the
diagnostic in risky state and design of prosthesis.

Only the numerical model verified in experiment can be
used in computer aided of medical interventions. In this
work numerical models were verified and obtained results
may provide a basis for future research.
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