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Abstract

Humans face bone fracture when they unfortunately met an accident, which requires timely medical attention for healing
and repairing the fractured bone; otherwise that paralyzes their life. 3D modeling technique with computational method
is very helpful at the side of doctors for healing and repairing the damaged bones. Fractional bone healing is one of the
natural processes, which regain the mechanical reliability of the bone to a limited level of failures. The relationship
between the biology and mechanics has introduced a new branch namely biomechanics. Various biomechanics models
were used to identify the fracture for different patients and helps in the fracture treatment. The aim of this work is to
find out the high stress concentration area of the femur bone, which has been extracted as image from computer
tomography scanner. The retrieved noise-free femur bone image is tested by the static load condition with the help of
the finite element analysis. The result obtained from the testing of different loads has been compared with the existing
literature. It is found that the femur bone has tensile and compressive stress, and the neck area of the femur is at a very
high stress concentration. The outcome of this work is much supportive to orthopedic surgeons in femur surgery and
bone prosthesis by avoiding experiments on femur bone.
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Introduction

Three-dimensional finite element (FE) modeling is
widely used to generate reliable subject-specific FE
model using computed tomography (CT) data that
accurately predict information about bone morph-
ology and tissue density. The mechanical behavior
of the long bones has been explained by the FE mod-
eling, and these long bones are scanned by CT scan.
In this study, 3D image of the human femur bone has
been formulated, and also the data related to the hip
contact forces on the femur bone, which are created
during walking and standing, are used to inquire the
behavior of the femur bone. The results which are
received by FE modeling are compared with experi-
mental studies. These results are used for orthopedic
surgeon to interpret the biomechanical demeanor of
the femur bone and also used in surgeries and pros-
thesis of bone. CT scan data are widely used to make
realistic investigations on the mechanical behavior of
bone structures using FEA to determine the equiva-
lent Von Mises stress and strain. Analysis of these
models will provide data unavailable at this time to
orthopedic surgeons, engineers, and researchers

of human orthopedic. Being an important structure
femur serves two distinct functions: it acts as a sup-
porting structure allowing the weight of the upper
body to be transferred from the hip joint to the
knee joint, and it also acts as a stiff structure about
which muscles act to facilitate movement at both the
hip and knee joints. Structural weakness and fracture
is the neck of the femur which women usually suffer
mostly occurring at the age of 65 or above. Due to the
extreme force on femur, fracture of the shaft occurs.
The structure of the femur has two types: one is cor-
tical or compact bone. This bone is a dense outer layer
which prevents bending. Another one is cancellous or
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spongy which is an inner portion of the mature bones,
and it is used to resist compression and dislodge them-
selves along the direction of functional pressure.
Femur bone was selected for modeling and analysis
because it is the longest, strongest, and heaviest in the
whole human body. Early examinations of osteopor-
osis can be improved by FEA of bones scanned by
quantitative CT (QCT)." The QCT reveals the FE
models of the proximal femur based on the realistic
material which can exactly predict the patient’s spe-
cific bone strength in vivo.? The 3D FE modeling is
commonly used to generate reliable subject-specific
FE model using CT data. The CT data exactly pre-
dicts the information about tissue density and the
bone morphology, and FEA predicts the mechanical
behavior of bone structures.”

The complex micro architecture of the trabecular
bone within the proximal femur exhibits anisotropic
mechanical behavior, and it is highly difficult to
resolve by clinical resolution and therefore it is
unavailable in vivo. Isotropic property of human
femur bones, particularly the cortex region, was
already reported.” Based on this study, FE analysis
was made. According to this, the current work is exe-
cuted by considering the isotropic property of the
cortex portion of human femur bones. Therefore,
numerous studies have been done to create isotropic
FE models of the proximal femur bone;*'' con-
versely, there are few agreements in the resulting out-
come or the optimal approach which are attributed to
a deficiency of validation study which are done by
experimental on anisotropic. The proximal femur
can be improved by the properties of isotropic mater-
ial which are highly appropriate of translating this
modeling technique into clinical practice. For study-
ing the mechanical behavior structures, the FE
method has been highly recognized as the useful
tool,'* and computerized tomography has supported
to FE modeling of bone structures.’

The precise quantitative information on bone geom-
etry which is related to the bone mechanical properties
can be provided by CT image. The basic step in model
generation is to assign the bone material properties to
FE meshes based on CT data. Currently, the informa-
tion provided by the CT data for the subject, particularly
FE modeling, is used as a tool for the numerical analysis
of the biomechanical behavior of human bones.'*!” The
FE analysis demonstrated that the stress distribution of
bone is related to the mechanical properties that is from
bone tissue.'®!” FE models can also help in the under-
standing of femur behavior under different load condi-
tions, regardless of the need of experiments.>’

Materials and methods
Specimen and experimental testing

The experiment has been published with the descrip-
tion which are detailed® to carry out to decide the

high stress concentration of femur bone by experi-
mental analysis and are highly responsible for dam-
ages and fractures.

Under physiological load conditions, experimental
work is analyzed for the behavior of the femur bone.
By using an Electronics Universal Testing machine,
quasi static load is applied. The electrical resistance
strain gauge and mountings are selected properly on
bones’ irregular surface area. The fracture in the
femur happens due to large force or something
wrong with the bone. The frequent causes of femur
fractures in patients include falls from height and car
accidents, weakened bone by osteoporosis, tumor, or
some infection can also responsible for the fracture of
femur in patients. Four proximal femur fractures are
commonly referred as hip fractures namely (1) fem-
oral head fracture, (2) femoral neck fracture, (3) inter
trochanteric fracture, and (4) sub-trochanteric frac-
ture. Proximal femur which means the upper third
of the human femur bone includes femoral head,
greater trochanter, femoral neck, and upper portion
of the femoral stem. The narrowed region called fem-
oral neck is present below the femoral head. The cor-
tical bone, which has higher material density, is
present in the outer shell of the bone. The relatively
soft, sponge-like bone called trabucular bone is inside
the hard cortical shell. The exact position of the bone
and strain gauges in this experiment is clearly shown
in Figure 1 namely (1) neck inferior, (2) neck superior,
(3) shaft lateral, and (4) shaft medial. Strain gauges 3
and 4 are positioned at 134 mm for shaft lateral and
214 mm for shaft medial, respectively, from the fem-
oral head.’® The positions 1, 2, 3, and 4 were
chosen,”®?” where the probability of fracture in the
femur bone is high.

Load

LN

Figure 1. Actual position of the femur bone and strain
gauges.
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The bone sample that comes across an embalm-
ment process is the common method of preserving
human bone specimens. To prevent the decompos-
ition of bone structures, the bone is chemically fixed
with formaldehyde. The human bone is highly hetero-
geneous and nonlinear in nature and therefore inher-
ent inhomogeneous and anisotropic nature of bone
tissue is still under active research. This method is
effective for measuring external strains at the critical
location known for fracture initiation and is experi-
mentally validated. The femur bone density value
widely used by the different researchers is 2080 kg/
m>. The Young’s modulus for cortical bone is evalu-
ated according to the functional representation of the
density. Hence, different researchers have used the
Young’s modulus value 14,200 MPa. As the material
is nonlinear and heterogeneous, the Poisson’s ratio
also has different values for different researchers.
The commonly taken value of cortical bone is 0.3.%>

Femur model extracted from CT data

Femurs were scanned by 16-row MD-CT scanner. In
this scanner, human legs were placed in a position and
compared to the position used in the viva exam of
proximal femur and pelvis. The thickness of the slice
was 0.75 mm. The setting was 120 kVp and 100 mAs, a
512 x 512 pixel image matrix, a field of view of

100mm, and inplane spatial resolution was approxi-
mately 0.25 mmx 0.25 mm using a high spatial reso-
lution reconstruction algorithm. The reference
phantom was used to scan all femoral bone portion
of the leg. The reference phantom consists of two dens-
ity phases, a 0 mg hydroxyapatite/cm®, and a 200 mg
hydroxyapatite/cm® phase representing the water like
and bone like parts of the phantom, respectively. The
basic steps for analyzing the femur bone are shown in
Figure 2.

Image processing software (3D Doctor) is used for
creating the femur bone model and the human inter-
nal organ model. The MT-CT scanner was used for
scanning the femur bone, and the CT images were
used for generating the FE model. Once the scanning
is over with the help of CT scan, DICOM files are
created. DICOM files are converted into image files
with the help of 3D-Doctor software. After opening
the DICOM folder, the required image slice will be
obtained with help preview. The scanned image has a
different number of slices with six image series. After
the slices are obtained from the main series, the next
step is to trace the femur bone with the help of inter-
active segment command. The mask operation has to
be carried out after the completion of the segmenta-
tion part using a Recursive Gaussian filter, that is
used to reduce the detailed levels and image noise.
Before performing smoothing operation to grow the

Imaging Method

g

Computed Tomography
(CT) scans

L

Medical Images
(Femur)

g

Segmentation & 3D
Reconstruction
(3D Doctor)
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]
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ANSYS Workbench 15.0

- Assign Material
Properties of femur bone

ANSYS Workbench 15.0

Figure 2. Steps for analyzing the femur bone.
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mask of a cortical region, before performing smooth-
ing operation to grow the mask of a cortical region,
the morphological data filter was applied to the impli-
cation of data loss. Hence, cortical and cancellous
region masks’ Gaussian sigma of 2.5 (cubic values)
is applied. Third and fourth phase of modeling
depends upon the polygonal model and non uniform
rational B spline surfaces. This denotes the border of
the inner medullary cavity and the cortical of the
femur. The outer surfaces were produced by 3D
CAD features, and inside of the femur is split into
zones corresponding to regions such as proximal
and distal regions. By the use of advanced modeling
features in CREO 2.0, the construction of 3D zones
was performed. After the construction of 3D zone, the
image is stored in ACIS format and that is shown in
Figure 3. The ACIS format is suitable for export files
to ANSYS software for better compatibility.

FE model

FE analysis is a mathematical tool, which is used to
simplify the complex situations into a number of
discrete, smaller problems, individually, and com-
bined to give a proper solution to the complex

Figure 3. ACIS format of femur bone model.

problem. The work is carried out by dividing the geo-
metries which are complex into a set of small sim-
plexes in the shape of tetrahedral in 3D or triangles
in 2D, known as a mesh. The results obtained from
the large set of simultaneous equations are used to
give the solution of the domain (object) of interest.
The specific points are called nodes in which
each element is interconnected. The surface mesh gen-
erated from the data based on the geometry of a
femur is shown in Figure 4. The volume mesh inside
the femur is made of triangular elements. Based on in-
house programs developed for femurs,>*?#2%27-2% the
automatic 3D reconstruction of the metatarsal geom-
etry from QCT scans and p-version FE meshes was
generated. By keeping the fixed mesh and increasing
the polynomial degree of the approximated solution,
the p-version of the FE method convergence is
realized.

Boundary conditions applied to the FE model

The boundary conditions are applied to the femur
during the remodeling analysis. Similar to the walking
movement, the femur was distally fixed, and three
simultancous load and their corresponding reactions
were considered. The load corresponding to the reac-
tion force of the femoral head and the abductor
muscle force takes place when the foot touches the
floor.?®> The femur bone was analyzed in the standing
posture. Material properties and boundary conditions
are initially applied before the different load on
the femur bone under static condition is applied.
The different loads applied on the femur bones are
490 N (50 kg), 540 N (55 kg), 588 N (60 kg), and

0.050

0.100(m)

Figure 4. Meshing image of femur bone model.
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640N (65 kg) in the experiment and results are
obtained.?’ Boundary conditions applied to the
femur model are shown in Figure 5.

Various loads were applied to the femoral head by
keeping the medial condyle as fixed, and strain gauge
was applied at positions 1, 2, 3, and 4. The gauged
positions were given in Figure 1.

Comparison between FE model and
experimental testing

Stress and strain predicted by FE models were corre-
lated with the experimental results. Stress and strain
were measured from the experiment for the four pos-
itions of the strain gauges in which the force is

applied®! and subsequently compared to the FE
stress and strain of the same positions.

Figure 6 shows the strain value, and the error
obtained is lesser for neck inferior and neck superior
and higher for shaft lateral and shaft medial. Figure 6
shows the 490 N load, and the neck inferior and neck
superior position has the higher stress value when
compared with shaft lateral and shaft medial. The
error obtained when compared to the results of
FEA is less than 2%. At a static load of 540N,
strain values were obtained from different locations
of the bone. Figure 6 shows the 540 N load, and the
neck inferior and neck superior position has the higher
stress value when compared with shaft lateral and shaft
medial. The error percentage obtained in most of the

0.000

0.400 (m)

Figure 5. Boundary conditions applied on the femur bone.

Figure 6. Stress and strain result of deformed femur bone under 490 N.
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cases is less than 2. Figure 6 shows the value of strain in
different locations of the bone under the static load of
588 N. Figure 6 shows the 588 N load, and the error
obtained when the results of FEA are around 6% for
neck inferior, shaft lateral, and less than 3% for neck
superior and shaft medial. Figure 6 shows the value of
strain in different locations of the bone under the static
load of 640 N. Figure 6 shows the 640 N load, and neck
inferior and neck superior position has the higher stress
value when compared with shaft lateral and shaft
medial. Figure 6 shows the 640N load, and neck infer-
ior and neck superior position has the higher stress
value when compared with shaft lateral and shaft
medial, for which the percentage of errors are
minimum.

Figure 6 shows the stain value, and the error
obtained is less than 5% for loads (540, 588, and
640 N) and higher in 490 N.

Results of experimental and FE analysis

The FE analysis and experimental results were com-
pared and listed in Table 1. Stress and strain values
for all the position of the femur bone showed good
match with FEA results, and a small deviation is also
observed.

Comparison of stress and strain experimental
results with FEA results based on different strain
gauge positions is given in Figures 7 and 8.

Discussion

The mechanical behavior like stress and strain of
femur bone was predicted by FE model and correlated

with the experimental results. The experimental
results obtained from the reference and FE Analysis
data are given in Table 1. It revealed the relationship
of load and stress at different strain gauge positions.
Various loads such as 490, 540, 588, and 640 N were
applied to analyze the stress and strain results. At
these loads, FEA result of stress and strain values
was comparable with the experimental results, and
only minimum deviations are observed between
them. In Figure 7, for strain gauge position 1, a
linear increase in stress values corresponding to the
increased load was observed. Experimental and FEA
results almost matched with each other when the
errors obtained are very less, and the variations are
only marginal. For strain gauge position 2, as the load
values were increased, the stress also increased for
both experimental and FEA results, and the errors
obtained between them are very less.

FEA data for strain gauge position 3 were com-
pared to the experimental values reported for the
stress and strain properties. An increase in stress till
540 N was observed, and there was a gradual decrease
till 640 N, and the error percentage for the FEA data
in comparison with the experimental values is very
less. For strain gauge position 4, the stress values of
experimental results increased till 540 N, while there
was a slight decrease till 640 N. As the loads were
increased, corresponding stress also increased, and
the errors observed are very less.

In Figure 8, strain gauge position 1, the experimen-
tal values of strain were stable up to 540 N and then
increased till 640 N. In FEA results, as the loads were
increased, strain also increased, and the errors
obtained values are very minimum. For strain gauge

Table |. Comparison of Stress and Strain Experimental results with FEA results.

Stress Strain
Strain gauge Load Exp. result FEA result % of % of
position (N) (N/mm?) (N/mm?) error Exp. result FEA result error
Reading | | 490 213 213.17 0.079 0.015 0.01457 2.86
2 213 209.67 1.56 0.015 0.01420 5.33
3 184.6 180.49 222 0.015 0.01410 6.00
4 184 187.47 1.85 0.015 0.01390 7.33
Reading 2 | 540 213 22341 4.65 0.015 0.01558 3.72
2 227.2 224.27 1.3 0.016 0.01520 5.00
3 184.6 187.45 1.5 0.013 0.01285 I.15
4 198.8 195.38 1.7 0.014 0.01424 1.68
Reading 3 | 588 227.2 24291 6.46 0.016 0.01634 2.10
2 241.4 235.6 2.40 0.017 0.01642 341
3 198.8 187.1 5.88 0.014 0.01333 4.78
4 198.8 199.11 0.01 0.014 0.01452 3.58
Reading 4 | 640 241.4 254.2 5.03 0.017 0.01769 3.90
2 255.6 254.33 0.04 0.018 0.01741 3.27
3 213 217.38 201 0.015 0.01493 0.04
4 213 213.82 0.03 0.015 0.01497 0.02
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Figure 7. Comparatives between stress value for experimental and FEA results based on strain gauge positions.
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position 2, as the loads were increased for the experi-
mental and FE analysis, strain also increased, and the
errors calculated are very less.

For strain gauge position 3, strain values decreased
till 540 N for both experimental and FEA and then
increased to 640 N. The errors obtained are very
meager. For strain gauge position 4, the experimental
results showed decrease in strain values till 540 N and
then increased, whereas in FEA results, as the loads
were increased, strain also increased, and the errors
are less for FEA when compared with the experimen-
tal values.

It is obvious from FEA that the neck inferior and
neck superior have maximum stress and strain com-
pared to other positions. FE analysis of the stress and
strain behavior with different loads were comparable
with the experimental analysis for the femur bone.

In general, the errors obtained for stress and strain
correlation for FE analysis are around 5% when com-
pared with the experimental values.

Conclusion

The experimental result of femur bone shows that the
stress and strain value for four locations in femur
bone was studied earlier. Material properties and
boundary conditions are initially applied before the
different load on the femur bone under static condi-
tion. The different loads applied on the femur bones
are 490 N (50 kg), 540 N (55 kg), 588 N (60 kg), and
640 N (65 kg) in the experiment, and results were
obtained. The loads applied to the femoral head and
medial condyle and strain gauge position 1, 2, 3, and 4
give the values of stress and strain, and the other end
of femur bone was fixed in all degrees of freedom. The
stress and strains predicted by FE models correlate
with the experimental results. The stress and strains
are measured from the experiment of four positions of
the strain gauges in which the force is applied and
subsequently compared to the FE stress and strains
of the same positions. The strain value error obtained
is lesser for neck inferior and neck superior and higher
for shaft lateral and shaft medial. The neck inferior
and neck superior position has the higher stress value
when compared with shaft lateral and shaft medial.
The error obtained when the results of FEA are
around 5%. The highest strain observed on the neck
side of the femur and the results imply that higher
weight leads to higher total displacement.
Experiments on the femur bones may be avoided
because the results obtained from FEA are much
better when compared with the experimental results.
The FEA result of stress and strain value is closely
adhered with the experimental results and found only
minimum deviation between them. This works proved
that the FEA technique is much suited to find out
stress and strain value in real femur bone rather
than any experimental work. It is very useful for the
orthopedic surgeons and medical engineers.
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