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The current medicine treatment relies exclusively on diagnostic imaging data to define 
the present state of the patient, biomarkers and experience of the medical doctors to 
evaluate the efficacy of prior treatments for similar patients. Computational methods may 
give opportunity for a patient-specific model in order to improve prediction for the disease 
progression. The Special issue - "Advances in BioEngineering" includes computational 
methods for cardiovascular disease prediction with emphasis on biomechanics, biomedical 
decision support system, data mining, personalized diagnostics, bio-signal processing, stent 
deployment, fluid flow through semi-circular canals and cupula deformation, android 
application, biomedical image processing, analysis and visualization, high performance 
computing, nanomedicine, cancer medicine, aerosol simulation, protein binding etc.  

The authors present advanced research support tools for disease characterization, new 
knowledge discoveries; associations among heterogeneous data, every one of which can 
improve the predictive power of the patient-model. These are mostly research studies from 
several EU and NIH projects within the group for Bioengineering Research and Development 
Center BioIRC in Kragujevac. 

Nenad Filipović, Guest editor 

Faculty of Engineering, University of Kragujevac, Serbia 

 
 
 

EDITORIAL  

Selected Student and Faculty Research 
in BioEngineering 



2

 

 



3

 

 

Abstract: Hip joint is greatly responsible for our 
ability to walk. The aim of this study was to better 
understand stress distribution in femoral bone 
during most common daily activity - walking. A 
three-dimensional biomechanical model of the 
femur was developed from medical scans. The 
created model included the cortical and cancellous 
femoral bone. Material properties of femoral bone 
and boundary conditions (constraints and loads) 
were adopted from the literature. The finite element 
analysis was used for numerical calculation of 
stress distribution of the femoral bone during gait 
cycle. We analyzed two positions. The first 
position includes the beginning of the gait cycle 
while the second includes the change between 
stance and swing phase. Von Mises stress values 
as well as Maximum Principal Stress values were 
higher for the second position, where maximum 
von Mises Stress was calculated to be about 24.5 
MPa and Maximum Principal Stress was 21MPa.  

 
Index Terms: femur, finite element analysis, gait 

cycle, stress distribution 
 

1. INTRODUCTION 

IP joint is an important joint in the human 
body. Together with the knee joint, it allows 

us to walk, jump, run etc. It is a very flexible joint 
that allows a great range of motion while 
providing stability at the same time [1]. Besides 
allowing a great range of motion, hip joint also 
distributes load during different activities. The 
most common activity is walking. Hip joint 
connects the lower and upper parts of the body 
and consists of three major elements: femur, 
femoral head and acetabular cup [2]. Femur is 
the longest and the strongest bone in the human 
body. It consists of a diaphysis and two epiphyses  
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that help form hip and knee joint. Two main bone 
structures of the femur are cortical and 
cancellous bone.  

The gait cycle or the walking cycle is an interval 
between two consecutive occurrences of one of 
the repetitive events of walking. It starts when one 
foot comes in contact with the ground and ends 
when that same foot comes in contact with the 
ground again [3]. During the gait cycle, different 
movements occur in sagittal, frontal and 
transverse plane. The largest movements are 
occurring in the sagittal plane [4]. The cycle can 
be divided into two phases, the stance phase 
(foot is on the ground) and the swing phase (foot 
is off the ground). The first part of the cycle is the 
stance phase (about 60% of the cycle). It lasts 
from the initial contact of the foot with the ground 
until toe if off the ground. The second phase is 
about 40% of the cycle, starting when toe if off the 
ground and ending with next initial contact. Also, 
the gait cycle can be divided into two periods of 
single support and two periods of double support 
[5].  

The biomechanics of the femur and hip joint 
have been studied both experimentally and 
computationally. It was demonstrated that the 
proximal lateral aspect of the femur is subjected 
to tension during the stance phase of the gait 
cycle [6]. The tibia-femoral loading during the gait 
cycle and stair climbing [7], as well as the range 
of motion and force momentum in the hip and 
knee joints in elderly subjects were analyzed [8]. 
Weinhandl et al. [9] analyzed how gait speed 
affects hip joint forces. 

Finite element analysis (FEA) has been an 
important tool to better understand bone 
biomechanical behavior during different activities. 
In this way, we can obtain knowledge that would 
be hard or impossible to obtain using 
experiments. This approach has been used to 
evaluate proximal femoral head rigidity and 
damage [10], to analyze femur during the stance 
phase of gait cycle [11], and to verify that the 
peak joint force is the highest in the heel strike 
phase [12].  

The goal of the present study was to evaluate 
von Mises stress distribution and Maximum 
Principal stress distribution during gait cycle. 
Obtained knowledge will be used for future 

Finite Element Analysis of Femur  
during Gait Cycle 

Vulović, Aleksandra; Šušteršič, Tijana; and Filipović, Nenad 

H



4

 

studies that will include hip implant and other 
elements of hip joint.  

The first part of this paper covers the 
development of 3D femoral bone model based on 
CT scans, material properties and boundary 
conditions that were used for FE analysis. The 
second part covers the discussion of the obtained 
results. Results that are presented here include 
von Mises Stress and Maximum Principal Stress 
for the femur during gait cycle. Conclusion is 
given in the third part of this paper. 

2. MATERIALS AND METHODS 

In order to obtain meaningful results it was 
necessary to use appropriate geometrical model 
of the femur with a uniform mesh and boundary 
conditions (constraints and loads) that will 
accurately simulate the analyzed situation. 

 

2.1 Geometrical Model 

The 3D anatomical models, based on CT or 
MRI scans, are great tool for gathering 
knowledge about human body.  

In order to simulate loading on the femur during 
the gait cycle, we had to create a geometric 
model of the femoral bone. The model presented 
in this paper was created from CT scans of a 
healthy male, aged 35. This data set was 
obtained from the Clinical Center Kragujevac. 
The resolution of used scans was 512x512 pixels 
with slice increment of 0.782 mm. Total number 
of slices was 369.  

The first part in model creation was to perform 
segmentation and generation of the femur model 
from the CT scans. This was performed in 
software Mimics (Materialise, Leuven, Belgium). 
In order to have more accurate calculations, we 
included both cortical and cancellous bone. After 
segmentation and generation of cortical and 
cancellous bone, we converted these two models 
into a stereolithography (STL). 

The second part of this process was to refine 
the automatically created surface mesh. The 
refinement was done manually in software 
Geomagic Studio (Raindrop Geomagic Inc, 
Research Triangle Park, NC, USA). For surface 
mesh, triangular elements were used in order to 
better represent bone surface. 

Last part of this process included creation of 
volumetric tetrahedral mesh and mesh quality 
check. This was done in software FEMAP 
(Siemens PLM Software, Plano, Tex). With this 
last step, 3D geometrical model of the femoral 
bone was created, and we could proceed to 
defining material properties and boundary 
conditions for our simulation. 

The developed model is shown in Figure 1 and 
it consists of cortical and cancellous bone. 

 
Fig. 1. 3D femur model 

 
The femur model was modeled using 42982 

tetrahedral elements and 14275 nodes. 
 

2.2 Material Properties 

In this study, values of the material properties 
were gathered from the literature, since we did 
not perform any experiments. The disadvantage 
of this approach is that the used values do not 
correspond to our patient’s values because these 
values depend on different conditions in which the 
experiments were performed as well as on race, 
age, measurer etc.  

For the material properties of the femoral bone, 
both cortical and cancellous bones were 
considered. The simplification of material 
properties was introduced in order to easily 
perform numerical simulations. 

Cancellous bone was defined as elastic 
orthotropic (3D) material (local orthotropic 
orientations were matching the global axis 
system), while cortical bone was defined to be 
linear elastic, homogenous and isotropic [13].  

 

2.3 Boundary Conditions 

Boundary conditions are important aspect of 
finite element analysis. Boundary conditions 
affect the obtained results and they include 
constraints and loads.  

The most common approach is to apply an 
appropriate single force on the femoral head. The 
nodes on the distal part of the femur bone were 
fixed, while other nodes had no constraints. 
Applied force values (in x, y and z direction) were 
taken from the literature [14]. Applied boundary 
conditions are given in Figure 2. 
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Fig. 2. Boundary Conditions 
 
The presented model did not include muscles 

and ligaments whose function is to provide 
stability during walking and other activities. Also, 
we did not include other elements of hip joint 
(pelvis and acetabulum) for this analysis. This will 
be done in future works. 

Finite element analysis was performed using 
previously mentioned software FEMAP. We 
considered two positions of the femur during gait 
cycle. The first position corresponded to the 
beginning of the cycle and the second position to 
the change between stance and swing phase of 
the cycle. In this paper, we present results of the 
performed static analysis for these mentioned 
positions. 

3. RESULTS AND DISCUSSION 

As already defined, we were interested in von 
Mises stress distribution and Maximum Principal 
Stress Distribution for both positions.  

For the result visualization we were interested 
in two parts of the femoral bone. The first part 
was the body of the femur. This part includes 
area form the end of the model (where nodes 
were fixed) to the lesser trochanter. The second 
part was the neck of the femur. 

 

3.1. von Mises Stress Distribution 

Figure 3 shows von Mises stress distribution at 
the beginning of the cycle. 

The body of the femur had the highest 
calculated von Mises stress. Calculated stress 
values were in the range from about 4.5 MPa to 
10.78 MPa.  

The maximum stress value for the whole femur 
bone was at the bottom of the model (red color in 

Figure 3) and it was calculated to be 10.78 MPa.  

 

Fig. 3. von Mises Stress distribution for the first 
position 

 
In the neck of the femur, von Mises stress was 

calculated to be about 5 MPa (light blue color in 
Figure 3). 

Figure 4 shows von Mises stress distribution for 
the middle of the cycle. 

Vertical force component applied in the second 
simulation was about 3 times the vertical force 
component applied in the first simulation and the 
difference in the von Mises stress value was 
expected. 

 
 

Fig. 4. von Mises Stress distribution for the 
second position 
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As in the previous simulation, the area with the 
highest von Mises stress was the body of the 
femur. In the second simulation, those values 
were higher and they were in the range from 
about 10.5 MPa to 24.36 MPa.  

Stress value in the neck of the femur was 
higher compared to previous simulation. In the 
second simulation it was calculated to be about 
10 MPa.  

 

3.2. Maximum Principal Stress Distribution 

The Maximum Principal Stress was used to 
show overstressing of the bone and it can be 
used for failure criteria of the bone.  

Figure 5 shows Maximum Principal Stress 
distribution at the beginning of the cycle. 

 

 
 

Fig. 5. Maximum Principal Stress for the first 
position 

 
The neck of the femoral bone was interesting 

for this stress distribution because a lot of 
fractures happen in this area of femoral bone. 
Maximum Principal Stress was calculated to be 7 
MPa for the beginning of the gait cycle. 

Figure 6 shows Maximum Principal Stress 
distribution at the middle of the cycle. 

For the middle of gait cycle, Maximum Principal 
Stress in the neck of the femoral bone was 
calculated to be 12 MPa. As in previous 
simulation, this value is less than values needed 
for bone fracture. 

 
 

Fig. 6. Maximum Principal Stress for the 
second position 

 
Presented results can be compared to the 

results found in different papers. Von Mises 
stress distribution is comparable to the 
distribution in the paper written by Belaid and 
Bouchoucha [15]. There are differences in the 
stress values, which can be explained by the use 
of different material properties and boundary 
conditions.  

The obtained Maximum Principal Stress values 
can be compared to values presented by Mantes 
et al. [16]. In this paper, Mantes and his 
colleagues calculated Maximum Principal Stress 
about 15% higher to the results presented in this 
paper. Again, this can be explained with the 
differences between the models (material 
properties, boundary conditions…) 

This information will be important for future 
simulations where we will simulate gait cycle with 
other elements of hip joint and with better 
material properties and boundary conditions. 

4. CONCLUSION 

About 50% of hip fractures are intracapsular 
fractures that can be divided into fracture of 
femoral head or femoral neck. In elderly patients 
this type of fracture usually leads to replacement 
of a broken bone with an implant. That is why it is 
really important to fully understand biomechanical 
conditions in the human body. 

The application of the finite element analysis 
can provide a better insight into the 
biomechanical condition of the femur during gait 
cycle. In this paper we have presented von Mises 
Stress and Maximum Principal Stress distribution 
in femoral bone, at the beginning and the middle 
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of the gait cycle. Knowledge obtained in this way 
is a beneficial input for hip implants and can 
influence their design and performance. 

The results presented here are the first step in 
our further investigation of the gait cycle. Current 
limitation is the lack of understanding of all forces 
affecting the femoral bone. This limits computer 
simulations because the considered loading is not 
realistic.  

In the future work we will include contact 
between femur and pelvis. Created femur model 
does not include muscles and ligaments which is 
a big drawback. Concrete conclusion cannot be 
made without all elements taken into 
consideration. It would be interesting to analyze 
how much stress distribution changes depending 
on health condition of the patient. 
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Abstract: The finite element method was used 
for evaluation of the geometry optimization on 
mechanical performance of nitinol stent old design 
vs. new optimized design for the Z-shaped closed-
cell self-expanding stent. This type of stent is most 
common in clinical practice. The stents devices 
used for this research were made by laser cutting 
from Nitinol tube form, by application of expanding 
and crushing force. The behavior of two different 
stent models was analyzed: old Palmaz-Schatz 
design and optimized design obtained on the basis 
of the results from topology optimization of the old 
Palmaz-Schatz design (i.e. modern design form).  

Main reason for using Palmaz-Schatz stent 
geometry is because this is a very simple 
geometry with enormous potential for 
modification. Models calculation show that modern 
design has better clinical behavior due to lower 
chronic outward force, better superplastic 
behavior and higher radial resistive strength. 

 
Index Terms: Finite element analysis (FEA), 

Mechanical performance, Nitinol stent, topology 
optimization 

1. INTRODUCTION 

TENOSIS of the coronary artery in one of the 
well-known diseases related to the vascular 

system [1]. Treating this disease is known but 
complicated process. The selection of an 
appropriate stent depends on the involvement of 
variable lengths of arteries and the divergence of 
the lesion. Atherosclerosis and aging have 
resulted in many material and geometrical 
changes. PTA (Percutaneous Transluminal 
Angioplasty) has been used as a modern and 
acceptable treatment for fixing occlusive lesions 
in a coronary artery. Stents devices of various 
designs are currently in use to restore patency in  
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atherosclerotic coronary arteries. Comparing to 
steel BMS (bare metal stents) Nitinol stents have 
a lot of advantages when used in coronary (as in 
many other) arteries due to their self-expandable 
geometry, capacity of radial force and their ability 
to endow grave recovery. The super-elastic stents 
are used for solving many problems such as post 
implantation restenosis, inaccurate dynamic 
behavior, bending limitations and insufficient 
radial strength [2]. In this paper, we compared 
results of two stent designs, old design and 
modern design, obtained by optimizing old stent 
design. 

2. MATERIAL AND METHODS 

2.1 Geometrical Models 

Commercially made stents have very strict 
geometry and manufacturers provide insufficient 
information about the effects of geometry on the 
behavior of the stents. To test this approach in 
stent optimization, we used Palmaz-Schatz stent 
geometry because this is a simple geometry with 
enormous potential for modification. Basic 
geometry with details is presented in Figure 1. 3D 
model of stent device based on these geometry 
parameters was created in software package 
CAE Abaqus/ Standard v.6.11 (Dassault 
Systèmes, Providence, RI, USA). The geometry 
of the new model used for comparison was 
obtained as a result of topological optimization of 
Palmaz-Schatz stent geometry. 

2.2 Topology Optimization and Modern Stent 
Design 

New geometry model was created from the 
suggestion related to topology optimization of 
Palmaz-Schatz (Figure 1). The stent model was 
discretized with a large number of elements in 
order to obtain the best result of optimization. 
Topology optimization was performed in 
TOSCA® [3] software package. Optimization 
based on two optimization rules: minimization of 
the model volume and retention (or increase) of 
the maximal strain of the basic model. The results 
of topological optimization are presented on 

Effects of Geometry Optimization  
on Mechanical Performance of Nitinol Stent 

Design: Finite Element Analysis 

Nikolić, Dalibor and Filipović, Nenad 
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Figure 2.  
Based on these results, we removed part of the 

model material on some critical areas and 
generate new modern optimized geometry. 
Details geometry and of new stent design was 
presented on Figure 3. 

2.3 Material Property 

Finite element analysis (FEA) was performed in 
Abaqus® CAE software package (Dassault 
Systèmes, Providence, RI, USA). The present 
study is merely focused on the effect of the 
properties of superelastic Nitinol on the behavior 
of the stents designed for clinical applications. 
For the super-elastic behavior of the stent 
models, Abaqus has two UMAT constitutive 
material models based on approaches proposed 
by Auricchio et al. and by Qidwai and Lagoudas, 
respectively [4 -10].  

In this paper Nitinol model was used based on 
the study of Auricchio, Tylor and Lubliner, with 
extensions of Rebelo [4 - 10]. 

The properties of material used in simulation 
are presented in Table 2 for Auricchio model and 
in Table 3 for Lagoudas model. Graphical 
comparison of the results between experimental 
data for stress-strain curve and Lagoudas and 
Auricchio models is presented in Figure 4. 
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� = 0.34�� =
tube circumference

12 �����
= �

1.3�� ∙ π

12 �����
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Figure 1 Palmaz-Schatz design geometry 

 

Figure 2 Results of topological optimization in 
TOSCA® 

 

Figure 3 Modern optimized geometry based on results 
from TOSCA

®
 topology optimization 
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Figure 4 Comparison of results between 

experimental data and Auricchio and Lagoudas model 

 

Figure 5 Boundary conditions for expanding models 

2.4 Meshing and Boundary Condition 

Due to the very complex geometry for 
simulation only two rings of stent were used. For 
boundary condition, polar coordinate system was 
used (Figure 5). The cylindrical configuration of 
the stent was then obtained by transferring nodal 
coordinates from a Cartesian coordinate system 
to a cylindrical coordinate system. The cylindrical 
configuration of the stent was then imported into 
ABAQUS v6.11 for analysis. Nodes in the middle 
of stent model are fixed in Z direction. All nodes 
on the cylinder were fixed in X and Z directions, 
and the displacement was set in R direction. The 
cylinder membrane was discretized using 2034 
reduced-integration membrane elements 
(element type: SFM3D4), and stent model 
discretized using 22 920 reduced-integration 
continuum elements (element type: C3D8R), 
respectively. Meshing data are presented in Table 
1.  

Utilizing the surface to surface contact between 
cylinder surface and inner stent surface, it was 
assumed that both surfaces are hard and there 
was no friction between them. 

Table 1 Mesh parameters of models 

Material Element 
type 

No. of 
elements 

No. of 
nodes 

Stent C3D8I 22 920 40 788 

Cylinder SFM3D4 2 304 2 340 

3. RESULTS 

Simulation results are presented for the old 
Palmaz- Schatz design geometry on Figure 6 and on 
Figure 7 for new optimized design. By comparing 
of this result, it can be noticed that maximal 
stress and strain are much lower on the modern 
design model than on the old design model. 
Results from FEA indicate that geometry 
optimization process decrease in maximum 
stress from 823.3 to 613.7 MPa results in a 
decrease in maximum strain from 0.07925 to 
0.06419.  

Also, from distribution of stress and strain 
conclusion could be made that the old design has 
a lot of positions with stress and strain 
concentration. During the design process of stent 
model, the main aim of constructors is to predict 
and remove this position of stress and strain 
concentration, because they can cause fracture 
of elements. The main advantage of topological 
optimization is reduction automatically reduction 
of this critical places. Comparing of these two 
designs by visual can be notice some of the 
weaknesses of the old design (no rounded edges, 
no rounded corners etc…). 

 

Figure 6 Simulation results of the strain field for old 
model design 

 

Figure 7 Simulation results of the strain field modern 
model design 
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4. CONCLUSION 

Effect of topology optimization and modeling 
new design of stent nitinol device: Z-shaped, 
closed-cell, self-expanding stent show a big 
improvement on mechanical performance in 
comparing with old Palmaz design for the: Z-
shaped, closed-cell, self-expanding stent. Results 
show that Nitinol stents with modern design have 
some lower values for a maximal stress and 
strain and much less geometry position with a 
concentration of stress and strain. These are 
related with main function of topology optimization 
to automatically remove model material on these 
critical positions. 

In the paper, we presented novel approach in 
stent modeling based on topology optimization. In 
this way, we can substantially improve design and 
simplify our stent model. It is very important to 
reduce critical strain and stress in an early phase 
of stent model designing and improve design 
performance from a mechanical and clinical point 
of view. Also, all analysis is performed by using 
nitinol material property with a superelastic 
behavior reveals a desirable performance from a 
mechanical and clinical behavior point of view. 

This is first study were the process of 
optimization stent geometry is performed totally 
automatically only guided by results obtained from 
process of topologically optimization. The results 
show that this approach can be used in the 
optimization process of other existing or new 
design of stents. 

The biggest advantage of the proposed 
optimization method is the possibility to avoid 
human mistakes during the designing process 
and prevent expensive optimization during 
mechanical tests. 

APPENDIX 

Table 2 Properties of materials used in simulation. 
Data based on the Auricchio model [4-5, 11-12]. 

Property Data 
Austenite elasticity EA (MPa) 45 000 
Austenite Poisson’s ratio 0.33 
Martensite elasticity EM (MPa) 38 0000 
Martensite Poisson’s ratio 0.33 
Transformation strain 0.055 
Loading (MPa T-1) 6.7 
Start of transformation loading (MPa) 590 
End of transformation loading (MPa) 640 
Reference temperature T0 

0
C 37 

Unloading (MPa T
-1

) 6.7 
Start of transformation unloading (MPa) 300 
End of transformation unloading (MPa) 270 
Start of transformation stress in 
compression (MPa) 

- 

Volumetric transformation strain 0.055 
Strain limit (%) 8 
Af temperature 

0
C 11 

 

Table 3 Properties of materials used in simulation. 
Data based on Lagoudas model [5, 12]. 

Property Data 
Austenite elasticity EA(MPa) 45 000 
Austenite Poisson’s ratio 0.33 
Martensite elasticity EM(MPa) 38 0000 
Density (kg/m

3
) 6450 

Thermal Conductivity KA (W/(m K)) 18 
Austenite specific heat (J/(kg K)) 320 
Austenite thermal expansion coeff. (1/K) 10e-6 
Martensite thermal expansion coeff. (1/K) 6.6e-6 
Stress influence coefficient for austenite 
(MPa/K) 

-0.851e6 

Stress influence coefficient for martensite 
(MPa/K) 

-0.452e6 

Martensite finish temperature (Mf) K 235 
Martensite start temperature (MS) K 250 
Austenite start temperature (AS) K 251 
Austenite end temperature (K) 284 
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Abstract: Molecular docking analysis was 
carried out in order to identify the inhibition 
potency of the kaempferol-anion against human 
Procalcitonin. The ligand was prepared for docking 
by minimizing its energy using B3LYP-D3/6-
311+G(d,p) level of theory. The inhibition activity 
was obtained for ten conformations of ligand 
inside the protein. For the most effective 
conformation, the active positions for nucleophilic, 
electrophilic and radical attack are determined by 
Fukui indices. This study proved that the 
molecular docking analysis is very important tool 
in analyzing interactions of biologically important 
compounds, kaempferol-anion and human 
procalcitonin in this case. 
 

Index Terms: Kaempferol-anion, Procalcitonin, 
Molecular docking, Ligand, Fukui function 

 

1. INTRODUCTION 

lavonoids are natural polyphenolic 
compounds reported to exert a wide range of 

positive health effects mainly arising from their 
antioxidant ability. The protective role of 
flavonoids is manifested in their capability to 
“sacrifice” first in the oxidative processes  
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transforming free radicals into stable, 
deprotonated forms. The antioxidant activity of 
flavonoids generally has broader significance. 
The protection role of flavonoids against diet-
related oxidative stress could have nutritional 
significance in preservation of dietary lipids 
essential to cell functioning and protection 
against toxicity of potentially harmful lipid 
oxidation products. As antioxidants, flavonoids 
can i) bind metal ions, ii) inhibit enzymes involved 
in free radical production, and iii) directly 
scavenge free radicals. According to their 
bioavailability and chemical properties they may 
scavenge most of oxygen species that are 
produced during oxidation stress i.e., singlet 
oxygen, carbon and mainly oxygen centered free 
radicals such as hydroxyl, superoxide anion, 
peroxy, alkoxy, as well as nitric oxide radicals [1-
3]. 

Kaempferol (3,5,7-trihydroxy-2-(4`-hydroxyphe-
nyl)-4H-chromen-4-one) (Figure 1) is a natural 
flavonoid that can be found mainly in vegetables 
(broccoli, cabbage, leek, beans, tomato), fruits 
(strawberries, grapes), tea, gingko, and many 
medical herbs used in traditional medicine [4, 5]. 
It is known as a strong antioxidant that helps to 
prevent arteriosclerosis by inhibiting the oxidation 
of low density lipoprotein and the formation of 
platelets in the blood [4]. It also reduces the risk 
of developing some types of cancer, induces 
apoptosis in glioma cells, and shows anti-viral 
activity against cytomegalovirus, influenza virus, 
herpes simplex virus and human 
immunodeficiency virus (HIV) [4]. 

At the pH values higher than 7.00, it can be 
expected that polyphenols undergo to 
deprotonation, forming monoanions. The reaction 
of deprotonation can be presented by the 
following equation:  

      AOH AO H            (1) 

Computational Molecular Docking Study  
of Interactions between Anion  

of Kaempferol and Procalcitonin  

Milenković, Dejan; Stanojević Pirković, Marijana; Jeremić, Svetlana;  
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Fig. 1 Optimized structures of kaempferol (left) 
and its corresponding anion (right). 

 

The equilibrium constant of deprotonation 
process can be calculated as is shown in 
Equation 2. The important value for estimation 
the acidity of observed compound is negative 
logarithm of deprotonation constant, labeled as 
pKa (Equation 3): 

    
+ -[H ][AO ]

=
[AOH]

Ka               (2) 

      - logpKa Ka                 (3) 

Compounds with more than one hydroxyl 
group undergo to deprotonation process until it is 
thermodynamically plausible under the certain 
conditions. Usually, the first dissociation step 
flows the most easily, and each subsequent is 
more difficult. Since pKa values can be treated as 
the measure of acidity, or as the measure of the 
possibility of compound to realize proton, the 
lower pKa values indicate higher affinity of 
compound to form anionic specie. 

For kaempferol, the experimentally obtained 
pKa values are: pKa1 = 7.05, pKa2 = 9.04 and 
pKa3 = 11.04  [6].  

Determination of pKa values is important for 
evaluation of quantity of every ionic moiety of 
molecule. Due to it, it is necessary to calculate 
β1, β2 and β3 values using the equations 4, 5 and 
6: 

  3

1 10pKa
            (4) 

     3 2

2 10pKa pKa
             (5) 

      1 2 3

3 10pKa pKa pKa
        (6) 

Taking on mind that at physiological conditions 
(pH = 7.4), the concentration of H

+
 ion is 3.98 · 

10
-8

 [7], the population of every ionic form can be 
quantified calculating its molar fraction (f) 
(Equations 7, 8, 9 and 10): 

  



  


            

3

2 3

1 2 3

1
(A )

1 H H H
f   (7) 

        
2 3

1(HA ) H (A )f f           (8) 

       
2 3

2 2(H A ) H (A )f f        (9) 

       
3 3

3 3(H A) H (A )f f            (10) 

 
Based on previously presented calculations, 

the amount of mono-ionic moiety of kaempferol at 
physiological environment is 68.05%, and it is 
expected that at physiological environment, 
monoanionic species primarily acts as a ligand 
during the docking with here investigated protein. 

In the earlier investigations, it was estimated 
that O-H group in the position 7 of kaempferol 
molecule presents the most plausible position for 
deprotonation [8]. For monoanion obtained at this 
way, labeled here as KMP-7A, are calculated 
Fukui functions. Fukui function or frontier function 
presents the function that describes the electron 
density in the frontier orbitals, as a result of a 
small change in the total number of electrons [9]. 
Fukui parameters can be used for the prediction 
of the active sites for biologically active 
molecules, in our case of KMP-7A. It is 
mathematically defined by the following equation: 

 

 
 

 
  

 
 

   
   
      


 


r

f r
r NN r

     (11) 

 
In the previous equation µ represents the 

chemical potential, while N is the number of 
electrons in the system, and ʋ(r) is the external 
potential. The approximately calculations of Fukui 
function is often calculated as is presented in 
following equations (12, 13 and 14): 
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-1

f r r r r
N N

     (12) 
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1
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0 - /2

HOMO LUMO /2

f r f r f r

r r

     (14) 

 
Labels ρN(r), ρN-1(r) and ρN+1(r), appeared in 

previous equations, represent separately, and in 
the case of anion, that is the object of our 
investigations, the electron densities of the 
system with N electrons (investigated anion), N‒1 
(radical) and N+1 (radical dianion) electrons. The 
values of ρHOMO(r) and ρLUMO(r) indicate the 
electron densities of the HOMO and LUMO 
orbitals of investigated anion, respectively. 

A more convenient way to predict the reaction 
site in a molecule is function named condensed 
Fukui function (CFF) [9]. CFF can be obtained by 
integrating the equations 12, 13 and 14 for 
individual atoms in a molecule. The definition of 
CFF for an atom, noted as A, can be written as: 
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- A A= -
A -1
f p p

N N
                  (15) 

+ A A= -
A 1
f p p

N N
                  (16) 

 

In the previous equation, 
A
Np  presents the 

electron population number of atom A. If atomic 
charge is defined as q

A
=Z

A
-p

A
 (Z is the charge of 

atomic nucleus), then f   and f   can be 

expressed as the difference of atomic charges in 
two states. Analogously, CFFs for an atom A can 
be easily formulated as is shown in the following 
equations: 
 

- A A= -
A 1
f q q

N N
              (17)

  
+ A A= -
A 1
f q q

N N
              (18) 

0 + - A A= -A A A
          

/ 2 / 2
1 1

f f f q q
N N

        (19) 

 

In the previous equations,
A
Nq , 1

A
Nq   and 1

A
Nq   

present the charges at atom A of the neutral, 
anionic and cationic species, respectively, if they 
are calculated for neutral molecule. In our case, 
they present charges at atom A of the inspected 
anion, radical and radical-dianionic species, 

respectively. Calculated values Af


, Af


 and 
0
Af  

are used to predict the position of electrophilic, 
nucleophilic and free-radical attack to the 
investigated moiety. The larger CFF value 
indicates the greater reactivity of that 
corresponding site towards reactive specie. 
There are many methods for the calculation of 
the atomic charges, and here for that intent are 
used Natural charges obtained from NBO 
analysis [10]. 
 

Procalcitonin (PCT) (~13 kDa) is a peptid 
consisting of 116 amino acids. PCT is 
enzymatically degraded into lower molecular 
weight peptides. Calcitonin is a final product that 
consists of 32 amino acids. All precursors 
including PCT and mature hormone peptide can 
be detected in serum of healthy humans. In 
septic patients, only a fragment of 3-116 amino 
acids is detectable, not a complete PCT molecule 
[11]. Biological effect of this protein was proven in 
the study [12], which showed that elevated 
concentrations of PCT can lead to sepsis that 
can be treated by the anti-PCT antibodies. 

In this paper, the most stable kaempferol-
monoanion, obtained by deprotonation of O-H 
group in position 7 (KMP-7A) (Figs. 1a and 1b), is 
investigated for the reactivity toward Procalcitonin 

protein by means of the Molecular Docking 
analysis. 

 

2. METHODOLOGY 

Molecular docking simulation was carried out 
using AutoDock 4.0 software [13]. The structure 
of human PCT was adapted from literature data 
[11]. Discovery Studio 4.0 [14] was used for the 
preparation of protein for docking by removing 
the co-crystallized ligand, water molecules and 
co-factors. To calculate Kollman charges and to 
add polar hydrogen, AutoDockTools (ADT) 
graphical user interface was used. Title 
compound, KMP-7A, was prepared for docking 
by minimizing its energy using B3LYP-D3 [15,16] 
local density functional method and 6-311+G(d,p) 
basis set as implemented in the Gaussian 09 
package [17]. Flexibility of the ligand was 
considered, while the protein remained as a rigid 
structure in the ADT. All bonds of KMP-7A were 
set to be rotatable. The Geistenger method for 
calculation of partial charges was employed. All 
calculations for protein - ligand flexible docking 
were done using the Lamarckian Genetic 
Algorithm (LGA) method [18]. A grid box with 
dimensions 92.007x0.202 x0.111 of human PCT 
was used in order to cover protein binding sites 
and accommodate ligand to move freely. 
Inhibition potency of title anion was investigated 
and discussed. 
 

3. RESULTS AND DISCUSSION 

Protein-ligand binding energy and the 
identification of potential ligand binding sites were 
determined from this study as well. The ligand 
conformation which showed the lowest binding 
energy (best position) was determined based on 
ligand docking results. The position and 
orientation of ligand inside protein receptor and 
the interactions with amino acids bound to the 
ligand were analyzed and visualized with 
Discovery Studio 4.0 and AutoDockTools. 

Table 1 presents the values of the estimated 
free energy of binding, and the inhibition 
constants (Ki) for the investigated ligand in ten 
different conformations are given. Lower value of 
Ki indicates better inhibition.  

 
Table 1: Estimated free energy of binding 
(ΔGbind) in kcal/mol, estimated inhibition constant 
(Ki) (μM) of different poses of KMP-7A against 
PCT. 

Position  ΔGbind
 

(kcal/mol) 
  Ki  
(M) 

Hydrogen  
Bond 

Hydrophobic  
Contact 

1  -2.80 9.1x103 A:ASP53  A:ASP53 
A:LEU52 
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2  -2.47 1.5x104 A:ASP53  A:ASP53 
A:LEU52 
A:ARG56 

3  -2.46 1.6x104 A:ASP53  
A:ARG56 

A:ASP53 
A:LEU52 
A:ARG56 

4  -2.46 1.6x104 A:ASP53  
A:ARG56 

A:ASP53 
A:LEU52 
A:ARG56 

5  -2.45 1.6x104 / A:ASP53 
A:ARG56 

6  -2.45 1.6x104 A:ASP53 A:LEU52 
A:ARG56 

7  -2.40 2.2x104 A:ASP53 A:LEU52 
A:ARG56 

8  -2.36 1.6x104 A:ASP53 A:ARG56 

9  -2.30 2.1x104 A:ASP53 
A:ARG56 

A:ARG56 

10  -2.29 2.1x104 A:ASP53 
A:ARG56 

A:ARG56 

 

The lowest values of ΔGbind and Ki are found for 
conformation 1 (Table 1). Analyzing the position 
of active amino acids, it can be concluded that 
ligand binds at the catalytic site of substrate by 
weak non-covalent interactions. The most 
prominent are H-bonds, alkyl-π, π-anion and π-π 
interactions. ASP in position 53 in the primary 
structure of Procalcitonin chain, has predominant 
role as active inhibition site of human PCT, 
regardless of the conformation of investigated 
ligand (Fig. 2). ASP53 forms one H-bond by 
length of 1.91 Å with O-H group of the KMP-7A  
 

 
 
 

Fig. 2 Picture is showing interaction between 
KMP-7A (conformations 1, the lowest Ki) and 

amino acids in PCT. 
 

  

and one weak π-anion interaction (Fig. 2). LEU52 
forms weak alkyl-π interaction with chroman ring 
(Fig. 2). Autodock results predict that anion of 
kaempferol in position 7 (KMP-7A) forms very 
stable complex with PCT based on the Ki values 
(Table 1). 

The most probable sites for electrophilic (fnbo-), 
nucleophilic (fnbo+), and radical attack (fnbo0) are 
given in Table 2. The NBO charges predict that 
C6, C8, C10, O4, and O7 are the most reactive 
atoms both for electrophilic and free-radical 
attack. For the nucleophilic attack, three positions 
are favored: C4', C5', and H4' (bold in Table 2). 
These results are in perfect agreement with 
docking positions predicted by Docking analysis. 

 
Table 2: The condensed Fukui functions for 
electrophilic (fnbo-), nucleophilic (fnbo+), and 
radical attack (fnbo0) for ligand KMP-7A, predicted 
by NBO analysis. 
 

Position fnbo
+ fnbo

- fnbo
0 

O1 0.008 0.029 0.018 

C2 0.013 0.064 0.039 

C3 0.034 0.012 0.023 

O3 0.011 0.036 0.024 

C4 0.028 0.009 0.019 

O4 0.043 0.076 0.059 

C5 0.005 -0.004 0.000 

O5 0.020 0.039 0.030 

C6 0.033 0.077 0.055 

C7 0.008 -0.043 -0.018 

O7 0.052 0.253 0.152 

C8 0.017 0.166 0.091 

C9 -0.007 -0.023 -0.015 

C10 0.015 0.111 0.063 

C1' 0.042 -0.031 0.006 

C2' 0.031 0.015 0.023 

C3' 0.016 0.011 0.013 

C4' 0.114 0.035 0.075 

O4' 0.059 0.024 0.042 

H4' 0.149 0.009 0.079 

C5' 0.175 0.012 0.094 

C6' 0.026 0.020 0.023 

 

4. CONCLUSION 

To evaluate the inhibitory nature of kaempferol-
anion towards Procalcitonin, the molecular 
docking study was performed. According to the 
results of the molecular docking study, the 
investigated ligand forms stable complex with 
Procalcitonin as evident from the binding energy 
(ΔGbind -2.80 kcal/mol). Atoms C6, C8, C10, O4, 
and O7 are favorable sites for electrophilic and 
free-radical attack, while those labeled as C4', 
C5', and H4' are probable positions for 
nucleophilic attack. The most important 
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interactions are H-bonds, π-π and π-alkyl. Atoms 
that form bonds are predicted as the most 
reactive sites by the Fukui indices. These 
preliminary results suggest that kaempferol at 
physiological conditions (pH = 7.4) might exhibit 
significant inhibitory activity against Procalcitonin 
acting as monoanion.  
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Abstract: In this study Fractional Flow Reserve 
(FFR) was compared to real clinical data from a 
specific patient. Also, plaque progression model 
was included. The Navier-Stokes and continuity 
equations were used for blood flow and pressure 
distribution for FFR. The system of three additional 
reaction-diffusion equations that models the 
inflammatory process and lesion growth model in 
the intima was used. The measured FFR threshold 
was 0.84 and computational 0.87. We found a good 
correlation between real and computed FFR 
results of the patient. Some examples of plaque 
formation and progression for the specific patient 
for left coronary artery are presented. 
Determination of virtual FFR and plaque 
progression with computer simulation for the 
specific patient shows a potential benefit for risk 
prediction of disease progression. 

 
Index Terms: coronary arteries, FFR simulation; 

plaque development 

1. INTRODUCTION 

ractional flow reserve (FFR) is an index of 
the hemodynamic significance of a coronary 
lesion. It is defined as the ratio of 

maximum flow in the presence of stenosis to 
normal maximum flow. It can be calculated by 
simultaneous measurement of mean arterial, 
distal coronary, and central venous pressure. 
There is very well known clinical evidence that  
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FFR-guided percutaneous coronary intervention 
is associated with better clinical outcomes and 
reduces the need for repeated revascularisation. 
But, there are still limited clinical applications in 
everyday practice, mainly because it is a relatively 
expensive and time-consuming procedure [1]. To 
overcome these limitations, computational-based 
methodologies enable the estimation of FFR in 
three-dimensional models derived from anatomic 
imaging data. 

Quantitative coronary angiography (QCA) has 
been the traditional method for estimating the 
extent and severity of coronary artery disease. 
However, cumulative evidence has shown that it 
has a modest accuracy in assessing the 
hemodynamic significance of intermediate lesions 
[2]. 

Atherosclerosis is a progressive disease 
characterized in particular by the accumulation of 
lipids and fibrous elements in artery walls. During 
the past decade, scientists came to appreciate a 
prominent role of inflammation in atherosclerosis. 
Atherosclerosis is characterized by dysfunction of 
endothelium, vasculitis and accumulation of lipid, 
cholesterol and cell elements inside blood vessel 
wall. This process develops in arterial walls [3]. 
Atherosclerosis develops from oxidized low-
density lipoprotein molecules (LDL). When 
oxidized LDL evolves in plaque formations within 
an artery wall, a series of reactions occur to repair 
the damage to the artery wall caused by oxidized 
LDL [4]. Inflammatory process starts with 
penetration of low density lipoproteins (LDL) in 
the intima.  

Several mathematical models have described 
the transport of macromolecules, such as low-
density lipoproteins, from the arterial lumen to the 
arterial wall and inside the wall [5,6]. It is now well 
known that the early stage of the inflammatory 
disease is the result of interaction between 
plasma low density lipoproteins that filtrate 
through endothelium into the intima, cellular 
components (monocytes/macrophages, endothe-
lial cells and smooth muscle cells) and the 
extracellular matrix of the arterial wall.  
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Our approach for simulation of the plaque 
formation starts with mass transport of LDL 
through the wall and the simplified inflammatory 
process which is coupled with the Navier-Stokes 
equations, the Darcy equation for model blood 
filtration and Kedem-Katchalsky equations [7,8] 
for the solute and flux exchanges between the 
lumen and the intima. We used three additional 
reaction-diffusion equations for the inflammatory 
process and lesion growth model in the intima. 
The specific patient left coronary artery plaque 
concentration (position and concentration) for 
CTA follow up is presented. FFR was calculated 
as steady state solution with pressure distribution 
for total anatomical tree. We firstly presented 
methodology section with continuum approach for 
FFR calculation and plaque progression. Then, 
certain results for FFR and plaque progression 
are given. Finally, some discussion and 
conclusions are described. 

 
2. METHODS 

We firstly described mass transfer problem for 
LDL transport through the wall and then a 
continuum based approach for plaque formation 
and development in three-dimension is described. 
The governing equations and numerical 
procedures are given. The blood flow in lumen 
domain is simulated by the three-dimensional 
Navier-Stokes equations, together with the 
continuity equation 

 2 0l
l l l l

u
u u u p

t
 


      


             (1) 

0 lu                                                       (2) 

where ul is blood velocity in the lumen, pl is the 
pressure, μ is the dynamic viscosity of the blood, 
and ρ is the density of the blood [9]. 

Mass transfer in the blood lumen is coupled 
with the blood flow and modeled by the 
convection-diffusion equation as follows:   
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in the fluid domain, where cl is the solute 
concentration in the blood lumen, and Dl is the 
solute diffusivity in the lumen. 

Mass transfer in the arterial wall is coupled 
with the transmural flow and modeled by the 
convection-diffusion-reaction equation as follows 

 w
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in the wall domain, where cw is the solute 
concentration in the arterial wall, Dw is the solute 
diffusivity in the arterial wall, K is the solute lag 

coefficient, and rw is the consumption rate 
constant. 

LDL transport in the vessel lumen is coupled 
with Kedem-Katchalsky equations: 

   dpv pLJ
                                (4) 

  cJcPJ vfs  1
                            (5) 

where Lp is the hydraulic conductivity of the 
endothelium, Δc is the solute concentration 
difference across the endothelium, Δp is the 
pressure drop across the endothelium, Δπ is the 
oncotic pressure difference across the 
endothelium, σd is the osmotic reflection 
coefficient, σf is the solvent reflection coefficient, 
P is the solute endothelial permeability, and c is 
the mean endothelial concentration. 

The first term in Kedem-Katchalsky equations 
P Δc of the right hand side in (Eq. 6) defines the 
diffusive flux across the endothelium, while the 

second term  1 f vJ c  defines the convective 

flux. Here we do not neglect the convective term. 
Only the oncotic pressure difference Δπ is 
neglected because of decoupling the fluid 
dynamics from solute dynamics. We used the 
incremental-iterative procedure to treat the 
convective diffusion terms for LDL transport. 

The inflammatory process was solved using 
three additional reaction-diffusion partial 
differential equations [10]: 
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where Ox is the oxidized LDL in the wall, M  and 
S are concentrations in the intima of 
macrophages and cytokines, respectively; 
d1,d2,d3 are the corresponding diffusion 
coefficients;  and  are degradation and LDL 
oxidized detection coefficients; and vw is the 
inflammatory velocity of plaque growth, which 
satisfies Darcy’s law and continuity equation [11]: 

  0w wv p  
                    (8)  

                               
0wv 

                      (9) 

Shear stress distribution was calculated with 
standard tangential velocity derivative [12]. FFR 
calculation was calculated with standard Navier-
Stokes and continuity equation with steady state 
flow and specific boundary conditions. 
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3. RESULTS 

Three-dimensional reconstruction from a 
specific patient data was done from CT. Typical 
angiography image from this patient has been 
presented in Figure 1. The special guide wire 
crosses the lesion and is able to measure the 
flow and pressure of the blood, after infusion of a 
hyperemic agent, such as adenosine. Results are 
displayed on a special monitor with the value 0.84 
which corresponds to inducible ischemia, and 
most likely will require interventional treatment. 

 

 

Fig. 1. Angiography image from patient 

 
 
 
 

 

Fig. 2. FFR distribution 

 

Fig. 3. Shear stress distribution 

 

Computational FFR distribution for this patient 
was presented in Figure 2. The comparison with 
real clinical measurement of FFR (0.84) and 
computer simulation CFD (0.87) has been also 
presented. It can be observed that good accuracy 
was achieved. 

Plaque progression for the patient at left 
coronary artery was detected using CT image 
analysis at baseline and after 12 months. Volume 
progression from 50% to 70% was observed with 
segmentation and registration of CT images. 
Shear stress distribution was firstly examined. 
Downstream the bifurcation level with the second 
marginal branch, predominantly low WSS values 
occur at baseline (Figure 3). Location of the 
lowest WSS in the distal portion of the vessel 
corresponded to the site of plaque growth after 12 
months. The biomolecular parameters 
Cholesterol, LDL, HDL and Triglycerides for the 
patient at baseline have been listed in Table 1. 
These parameters are used for the computer 
simulation. The maximal plaque concentrations 
are denoted with red color in Figure 4 which 
directly gives plaque volume for the left specific 
patient coronary artery. 
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Table 1. Biomolecular parameters for the specific 
patient at baseline 

 

 

Fig. 4. Left coronary artery for the specific patient. 
Plaque concentration distribution. 

 

4. CONCLUSION 

We presented computational results for FFR 
and full three-dimensional model for plaque 
formation and development. Our modeling 
approach starts from partial differential equations 
with space and time variables and it describes the 
biomolecular process that takes place in the 
intima during the initiation and the progression of 
the plaque. The Navier-Stokes equations 
described the blood motion in the lumen, the 
Darcy law was used for model blood filtration, 
Kedem-Katchalsky equations for the solute and 
flux exchanges between the lumen and the 
intima. Additional reaction-diffusion equations 
were used for simulation of the inflammatory 
process and lesion growth model. Good matching 
between FFR measurements and simulation 
results were observed. Computer simulations 
data for the specific patient left coronary artery for 
plaque position and volume are presented. In 
silico modeling could be used for future 
diagnostic system for risk prediction of plaque 
development and FFR distribution. 
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Abstract: Image segmentation is one of the most 
common procedures and one of the most 
important tasks in medical imaging applications. In 
this paper, the algorithm for region of interest 
based image segmentation for breast mammogram 
images is ported onto Maxeler’s MAX4 Maia Data 
Flow Engine. The experiments for examining the 
acceleration of that algorithm on the DFE are taken 
with two DFE configurations with different 
frequencies. Those accelerations are presented 
and experimental results showed pretty good 
acceleration of algorithm for mammogram image 
segmentation – up to 7-folds. At the end, some 
conclusions are made and possible further work is 
presented. 

 
Index Terms: breast mammograms, Data Flow 

Engines, FPGA, image segmentation 
 

1. INTRODUCTION 

MAGE  segmentation is the most common 
procedure applied in medical imaging analysis. 

It is also one of the most important tasks in image 
processing [1] and one of the main parts in 
various applications in medical diagnostics. 
Among other applications, algorithms for image 
segmentation are used for detecting 
microcalcification in the mammography images 
[2]. Kallergi Maria [3] created automated 
computed tools for microcalcification detection 
which use artificial neural networks and are 
based on wavelet filters. Edge detection 
operators are used for tumor region extraction 
and enhancement of classification of 
mammographic images [4]. Aghdam Hamed  
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Habibi et al. [5] proposed a probabilistic approach 
for breast boundary extraction in mammograms. 

In most cases, detection of microcalcification 
is performed with preprocessed images. Oliver 
Arnau et al. [6] filtered images by different kinds 
of filters with an aim to create huge dictionary 
database. New images were compared to the 
database where every pixel of breast image is the 
center of the patch. The results are probability 
images where more brightness pixel corresponds 
to more reliance to be microcalcification. 

The segmentation of images has a significant 
application in digital mammography. The main 
goals of scientists and researchers are to develop 
sophisticated image analysis tools that can 
automatically detect suspicious mass regions of 
the breast. This process begins with the 
extraction of regions of interest (ROIs) from 
breast images. Then, the detection of suspicious 
regions and their classification is performed, after 
which the comparison with the existing image 
database starts.  

For medical diagnostic decision systems it is 
very important to provide a large training data set. 
For preparation of this data, a large database of 
medical images can be very helpful. The 
processing time can be a limiting parameter here. 
To accelerate the processing time, the multicore, 
many-core dataflow architectures can be used. 

In this paper, the dataflow architecture 
provided by Maxeler is used to accelerate region 
of interest based image segmentation algorithm 
for mammogram images developed by Milosevic 
et al. [7]. 

2. BACKGROUND 

Today, most computers are based on von 
Neumann architecture. This architecture 
transforms the program source into a list of 
instructions which are loaded into the memory. 
These instructions alongside appropriate data are 
fetched from the memory into the processor core 
where operations specified by instructions are 
performed and the results of those operations are 
written back to the memory. Modern processors 
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contain many levels of caching, forwarding and 
prediction logic to improve the efficiency of this 
architecture, but still, the main drawback of this 
architecture is that each execution of an 
instruction requires a cyclic access for memory, 
which results in a large number of data transfers 
between processor core and memory.  

 

Fig. 1. Compared to von Neumann architecture, in a 
dataflow computing architecture the program source is 
transformed into a dataflow graph rather than into a set of 
instructions. 

 

The dataflow computing architecture is 
fundamentally different from the von Neumann 
architecture. In a dataflow computing 
architecture, the program source is transformed 
into a dataflow graph rather than into a set of 
instructions. Dataflow graph, as shown in Fig. 1, 
consists of a lot of dataflow cores and is directly 
mapped to the DFE. 

 Each dataflow core performs specific 
operation on input data and outputs the result of 
that operation to another dataflow core in the 
dataflow graph without writing to the off-chip 
memory until the chain of processing is complete. 
Dataflow core executes only when all inputs are 
available. Thus, the data can be streamed from 
memory into the DFE where all of the processing 
is performed and only the results of that 
processing are outputted to the memory. In this 
way, the cyclic access for memory is avoided.  

Each DFE consists of one or more kernels, 
manager, fast memory (FMem), large memory 
(LMem) and is connected to the CPU via PCI 
Express bus. Architecture of DFE is presented in 
Fig. 2. Kernels represent hardware 

implementation of some algorithm and their main 
task is to perform computation as data flows 
through DFE. Each DFE design can have multiple 
kernels which communicate among each other. 
The manager has a task to define the way data 
flow between kernels, memories and host 
processor. The DFE has two types of memory: 
fast memory and large memory. The FMem is on-
chip memory and can store several megabytes of 
data with terabytes/second of access bandwidth. 
The LMem is off-chip memory and it is 
substantially larger than the FMem. It can store 
many gigabytes of data. The cost of the greater 
capacity LMem pays off with much lower access 
bandwidth. 

 

Fig. 2. In DFE architecture, each DFE consists of one or 
more kernels, manager, fast memory (FMem), large memory 
(LMem) and is connected to the CPU via PCI Express bus 

 

The main advantage of dataflow architecture in 
comparison to von Neumann architecture is that 
each operation is given its own part of the DFE, 
and all operations execute with true-parallelism. 
This means that DFE is essentially computing 
multiple results at a time. On each tick, a new 
result is calculated, even though the number of 
operations required for computing may be very 
large. This is achieved because the instructions 
are executed in a natural sequence, in space 
rather than in time, as data propagate through the 
algorithm. DFE also reduces the effect of memory 
access latency because all data travel through 
the graph and they are attached to their own 
nodes. Thus, DFE architecture is especially 
suitable for big data applications where very low 
latency is needed. Also, DFE runs on much lower 
frequency (up to few hundred MHz) than 
computers based on von Neumann architecture 
(few GHz), thus it makes applications more 
energy efficient. 

Dataflow computing is currently used in a large 
number of applications and is the subject of many 
current studies. Veljovic [8] described 
discrepancy reduction between the topology of 
dataflow graph and the topology of FPGA 
structure on the example of moving from two 
input adders to three input adders. Riebler et al. 
[9] studied the design and development of DFEs 
methodology. Another study [10] demonstrated 
the key search algorithm calculation speed could 
be improved with DFEs up to 205 fold. The 
development of flexible and customizable long-
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length LDPC decoders for DFEs was proposed by 
[11]. They compared the performance of the DFE 
approach with state-of-the-art parallel computing 
architectures and showed that for the real-time 
throughputs the DFE solution is much more 
power efficient. Li et al. showed that DFEs have 
the potential to conduct large-scale and fast 
simulation of the Digital Spiking Silicon Neuron 
(DSSN) model-based network [12]. Niu et al. [13] 
proposed DFE implementation of stencil-based 
algorithms and achieved linear speedup using 
Maxeler’s MPC-C500 computing system with four 
Virtex-6 SX475T FPGAs. Pell et al. presented the 
framework for finite difference wave propagation 
modeling using DFEs [14] demonstrating that the 
proposed solution was up to 30 times more 
energy efficient than conventional CPUs. Oriato 
et al. were able to increase execution speed up to 
74 fold compared to x86 CPU in their dataflow 
implementation of the meteorological limited area 
model [15]. 

3. MATERIALS AND METHODS 

In this study the dataflow architecture provided 
by Maxeler was used to accelerate the region of 
interest based image segmentation algorithm for 
mammogram images. As inputs we used images 
taken from the mini-MIAS database. This 
database was created by Mammographic Image 
Analysis Society (MIAS), an organization of UK 
research groups. There was a dataset which 
consisted of more than 200 patients - 2D images 
of 1024 x 1024 pixels. 

The method for mammogram ROI detection 
was composed of pectoral muscle removal and 
background removal which represent any artifact 
present outside the breast area, such as patient 
markings, presented in Fig. 3. 

 
Fig. 3. Pectoral muscle and background represent artifact 

present outside the breast area 
 

The basic idea of background partition removal 
algorithm is to find the largest area of connected 
non-black pixels and then setting all other pixel to 
black. The result of the background partition 
removal algorithm is shown in the Fig. 4. As it can 
be noticed from there the unnecessary 
background has been removed successfully. 

 

Fig. 4. Background partition removal algorithm result 
 

After the background partition removal has 
been done, the next task to accomplish in the 
process of extraction the ROI is the pectoral 
muscle removal. Pectoral muscle tissue is usually 
denser than the rest of the breast. Therefore, 
pectoral muscle and a central part of the breast 
can be extracted by applying local threshold 
operation with appropriate threshold value. The 
result of the pectoral muscle removal algorithm is 
shown in the Fig. 5. As it can be noticed from 
there the unwanted pectoral muscle has been 
removed successfully. 

 

 

Fig. 5. Pectoral muscle removal algorithm result 

 
As DFE platform for mapping the region of 

interest based image segmentation algorithm the 
Maxeler’s MAX4 Maia DFE was used. Detailed 
explanation of mapping this algoritham onto DFE 
can be found in [16].  

In the case of this algorithm, the graph that 
represents it consists of a kernel for background 
partition removal and pectoral muscle removal 
which is presented in Fig. 6. The kernel consists 
of input and output stream, several scalar inputs, 
arithmetic, multiplexer, counter and stream ofset 
nodes. Scalar inputs “width” and “height” define 
images dimension. Scalar input “black” is used as 
a threshold for determining the color of the pixel: 
black or nonblack and scalar input “threshold” is 
used as threshold for determining whether the 
current pixel belongs to the pectoral muscle 
tissue part of the mammogram image. 
Arithmetical nodes are responsible for some 
mathematical operations while multiplexer nodes 
are the ones which, based on the select bit, 
chose wheater the pixel is black or white. 
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Fig. 6. Kernel graph for pectoral muscle and background 
removal 

 

The manager is responsible for getting the data 
about mammogram images from the host 
processor, streaming them to the input of the 
kernel and streaming the output of this kernel 
back to the host processor as it is presented in 
Fig. 7. Data are streamed from host via PCIe bus 
and after calculation the results are streamed 
back to the host via PCIe bus. 

 
Fig. 7. Manager graph for pectoral muscle and background 

removal 
 

The DFE was configured to work with different 
frequencies: 75 MHz, which is the default 
frequency, and 200 MHz. The code for Maxeler’s 
DFE was written in MaxIDE development 
environment and compiled using MaxCompiler 
[17]. The resource usage of the DFE is presented 
in Table 1. As it can be noticed from the table, 
there are a lot of unused FPGA resources on the 
DFE. 
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Table I 
DFE Resource Usage 

 

LUTs FFs BRAMs DSPs  

524800 1049600 2567 1963 
total available 
resources for 

FPGA 

12723 16692 74 2 
total 

resources 
used 

2.42% 1.59% 2.88% 0.10% % of available 

3720 5035 2 2 
used by 
kernels 

0.71% 0.48% 0.08% 0.10% % of available 

8015 9786 59 0 
used by 
manager 

1.53% 0.93% 2.30% 0.00% % of available 

4942 6858 14 2 
stray 

resources 
0.94% 0.65% 0.55% 0.10% % of available 

 

The execution speeds of the algorithm for 
region of interest based image segmentation on 
general purpose processor and Maxeler’s DFE 
are compared. The general purpose processor 
that was used is Intel Core i3-3240 which works 
on frequency of 3.40 GHz. The operating system 
of the machine with this processor was CentOS 
release 5.10. The code was written in C 
programming language and compiled with GCC 
compiler. The experimental results showed that 
there was a significant speedup, close to seven 
times, in algorithm execution on DFE compared 
to the general purpose processor. 

4. CONCLUSION 

In this paper the implementation of the region 
of interest based image segmentation algorithm 
for mammograms on the DFE is proposed. The 
experimental results showed that the algorithm 
execution exhibits 7-fold speed increase for the 
DFE.  

Further work on this research may be to try to 
utilize more FPGA resources by parallelizing this 
algorithm in multiple pipes. Also, it would be 
interesting to implement other stages of 
procedure for breast cancer detection from 
mammogram images on the DFE and explore 
those acceleration results.  
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Abstract: Contact problem between two or more 
solid bodies is still a significant topic in 
computational mechanics. The contact problem 
implies deformation of solid bodies that touch 
each other. Besides deformation of bodies, friction 
between bodies can also be taken into account.  
There are many situations in engineering where 
the contact problem exists. For example, crash 
tests in automotive industry, coupled engineering 
parts with clearance, transition or interference fit, 
mining process machinery, tire rolling, metal 
forming processes, etc. Many different approaches 
can be used for solving contact problems 
(Wriggers 2008). In this paper, we present a simple 
approach based on modified one-dimensional 
elements for solving contact problems. That 
modified one-dimensional elements, so-called 
elastic supports, we introduce in nodes where the 
contact appears. Also, when nodes get out of the 
contact, those elements are deleted from the 
model. The basic idea is to find positions of 
boundary nodes which are in contact with another 
body’s boundary nodes (or faces) and to add 
additional stiffness in equations that correspond to 
degrees of freedom of that node. This is a general 
method for solving contact problems and it can be 
applied to modeling of angioplasty endovascular 
procedure or modeling of medical stent 
deployment problem. The results section shows 
initial results for the angioplasty procedure 
modeling, obtained by the described methodology. 
 

Index Terms: Contact mechanics, finite element 
method, angioplasty 
 

1. INTRODUCTION 

Cardiovascular diseases are the most 
common cause of death. There are many 
different diseases in this group. One of them is  
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atherosclerosis or arteriosclerotic vascular 
disease. During the progression of this disease 
the plaque builds up inside arteries. The structure  
of plaque contains fat, cholesterol, calcium and 
other substances from the blood, smooth muscle 
cells from intima, etc. Patients with this disease 
have to be treated by proper medical therapy. 
But, if a plaque is very large, i.e. the narrowing 
caused by plaque slows down or stops blood 
flow, patients have to be subjected to medical 
interventions like angioplasty or stent 
implantation [2], [7]. 

Angioplasty is a clinical method which implies 
insertion of balloon-tipped catheter inside the 
blood vessel with narrowing caused by 
atherosclerotic plaque. With that balloon, 
cardiologists try to expand the narrowed blood 
vessel. In case that is not enough, the stent 
implantation is a better solution. Stents are metal 
or plastic wired tubes that can be inserted into 
narrowed arteries to hold them open. Those 
procedures are similar in terms of mechanics, 
and it could be very useful to have mechanical 
model to investigate these processes “in silico”. 
That was the reason why we decided to develop 
such model. 

This paper contains the following sections: 
Methods, Results and Conclusion. In the 
Methods section, numerical methodology applied 
to solving contact problem using elastic supports 
is described. The Results section shows initial 
results obtained on the basis of the developed 
numerical model. The algorithm is applied to 
solving parametric finite element model of blood 
vessel with stenosis and elastic balloon which 
should open stenosis. The Conclusion section 
gives summary of the developed numerical 
software and parametric finite element model 
with reference to the future work. 

2. METHODS 

The most commonly used method for solving 
continuum mechanics’ problems is the finite 
element method. Starting from equilibrium 
equations [1], [6], [9]: 

Contact Problems: Angioplasty  
and Stent Deployment Modeling 

Isailović, Velibor; Kojić, Miloš; and Filipović, Nenad 
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� = 0, �, � = 1,2,3 (1) 

including inertial and dissipative forces and 
satisfying loading and displacement boundary 
conditions [6], we can derive the basic equations 
for solid dynamics in the discrete form: 

��̈ + ��̇ + �� = � (2) 

Where is: 

� = ∫ ������
�

 – mass matrix, 

� = ∫ ������
�

 – damping matrix, 

� = ∫ ������
�

 – stiffness matrix, 

� – vector of external forces, 

�̈ – vector of accelerations, 

�̇ – vector of velocities, 

� – vector of displacements. 

In order to solve this equation, the Newmark’s 
procedure can be used. The basic approximation 
used in the Newmark method is that the 
acceleration within the time step is considered 
constant, and is given as: 

�̈(�) = (1 − �) �̈ + �� �̈��� , 0 ≤  � ≤ ∆� (3) 

Where 0 ≤  � ≤ ∆� is a parameter; � = 0, 

� = 1, and � = 0.5 correspond, respectively, to 

the Euler forward, Euler backward, and 
trapezoidal integration scheme (Fig. 1). 

Integrating this equation with respect to time �, 

the velocity �̇���
 and displacement ����

 at end 

of time step are obtained as: 

�̇��� = �̇� + �(1 − �) �̈� + � �̈��� �∆� (4) 

and: 

���� = �� +
�

�
�(1 − �) �̈� + � �̈��� �(∆�)� (5) 

In order to improve the solution accuracy and 
stability [1], instead of previous equation the 
following expression for the displacement is 
used: 

���� = �� + �̇� ∆� + 

�

�
�(1 − �) �̈� + � �̈��� �(∆�)� (6) 

where is � another integration parameter. It can 

be shown that the best solution accuracy is 

obtained for � = 0.5 and � = 0.5. Now we 

substitute �̈���
 from (6) to (5) and express �̈���

 

in terms of the displacement ����
 as: 

 

�̈��� =
1

�(∆�)�
� ���� − �� − �̇� ∆�

− �
1

2
− �� (∆�)� �̈� � 

Then, by substituting this expression for �̈���  

into (5) it follows that: 

�̇��� =
�

�∆�
� ���� − �� � − �

�

�
− 1� �̇�

− �
�

2�
− 1� ∆� �̈�  

Then we substitute the expressions for �̈���  

and �̇���  in the differential equation of motion of 

the finite element: 

� �̈��� + � �̇��� + � ���� = �������  (7) 

and obtain the system of algebraic equations: 

�� ���� = ��������  
where are: 

�� = � + ��� + ��� (8) 

�������� = � +�(�� �� + �� �̇� +�� �̈� )���

+ �(�� �� + �� �̇� +�� �̈� ) 

The coefficients in previous equation are: 

�� =
�

�∆�
 , �� =

�

�(∆�)�
, �� =

�

�∆�
 

�� =
�

��
− 1 , �� =

�

�
− 1, �� = �

�

��
− 1� ∆� 

Since we imposed the condition of satisfying the 
differential equations at the end of the time step, 
the Newmark method is thus implicit. 

 
Figure 1: Approximation for velocity of a 

material point within a time step 
 
The numerical software based on equation (2) 

can be used to solve a wide range of problems in 
the field of solid mechanics. For example, this 
software can be used for modeling deformation of 
solid structures under prescribed loads or 
prescribed displacements on some boundary of 
the model. Moreover, the software can be used 
for modeling solid body motion (solid dynamics). 
But, if we want to model interaction of two or 
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more solid bodies, it is necessary to develop
algorithm which could be able to recognize 
contact of two or more bodies, and ensure no 
overlapping between the bodies. There are 
several methods for solving this kind of problems
[8], but we will propose quite simple method 
based on one-dimensional finite elements.

Contact problem can be solved using elastic 
supports – finite elements similar to one
dimensional finite elements. One-
finite elements have only two nodes and six 
degrees of freedom: three translations in both 
nodes (Fig. 2). 

Figure 2: One-dimensional finite element with 
two nodes and six degrees of freedom

 
The finite element equation for single one

dimensional element has the following form

����� = ��
 

where: 

��� =
��

�
�
1 −1
−1 1

� - stiffness matrix in local 

system, 

��� = ��
��

���
� – vector of nodal displacements in 

local coordinate system, 

��� = ��
��

���
� – vector of nodal forces in local 

coordinate system. 

These three equations can be transformed to 
global Cartesian coordinate system using the 
following transformation matrix: 

� = �
cos � cos �� cos � 0
0 0 0 cos � cos

In Fig. 3 one-dimensional element and elastic 
support are shown. They are very similar, but 
there are several significant differences. The first 
difference is the direction of the element
case of one dimensional elements, if one node is 
fixed, that element can have free rotation around 
that node. Hence, the direction of the 
not constant. In the case of elastic supports, 
direction of the element does not depend on 

necessary to develop an 
algorithm which could be able to recognize the 
contact of two or more bodies, and ensure no 

bodies. There are 
several methods for solving this kind of problems 

, but we will propose quite simple method 
dimensional finite elements. 

Contact problem can be solved using elastic 
finite elements similar to one-

-dimensional 
finite elements have only two nodes and six 
degrees of freedom: three translations in both 

 

mensional finite element with 
two nodes and six degrees of freedom 

The finite element equation for single one-
dimensional element has the following form [6]: 

stiffness matrix in local 

  

vector of nodal displacements in 

vector of nodal forces in local 

These three equations can be transformed to the 
global Cartesian coordinate system using the 

0 0
cos � cos �

�
 

dimensional element and elastic 
. They are very similar, but 

there are several significant differences. The first 
element. In the 

if one node is 
fixed, that element can have free rotation around 

the element is 
case of elastic supports, the 

element does not depend on the 

motion of the node where the element
it is always constant. The second difference is 
the ability to support the node
connected to, only in the case when
is subjected to the pressing load but not to the 
tensile load. 

Figure 3: One-dimensional finite element (a) 
and elastic support (b) 
 

Fig. 4 shows mechanism of interactions 
between two bodies [3], [4]. We observe nodes 
from one solid body and outer faces of anot
body. When a node from the boundary of 
body comes into contact with the outer surface of 
the second body, new elements
finite element model – elastic supports. The 
direction of elements is normal to the body 
surface in contact point. The stiffness of elastic 
support should be greater than stiffness of 
bodies. In general, it should be significantly 
higher, because it can cause some numerical 
problems and instability. When the contact 
between bodies disappears, elastic suppor
disappear. Hence, for each time step we search 
for contact nodes, if they exist
supports in the system of equations and remove 
them at the end of the current time step.

This procedure applies to both bodies, 
because outer nodes of the first body can come 
in contact with faces of the second body and vice 
versa, the nodes of the second body can come in 
contact with outer faces of the first body. 

 

Figure 4: Interaction between solid bodies: two 
bodies in contact and elastic support 
contact point 

 
The proposed algorithm is general and can be 

applied to any type of contact problems. Also, 

the element is placed, 
it is always constant. The second difference is 

node the element is 
case when the element 

is subjected to the pressing load but not to the 

 
dimensional finite element (a) 

shows mechanism of interactions 
. We observe nodes 

from one solid body and outer faces of another 
body. When a node from the boundary of the first 
body comes into contact with the outer surface of 

second body, new elements appear in the 
elastic supports. The 

direction of elements is normal to the body 
oint. The stiffness of elastic 

ld be greater than stiffness of solid 
bodies. In general, it should be significantly 

, because it can cause some numerical 
problems and instability. When the contact 
between bodies disappears, elastic supports also 
disappear. Hence, for each time step we search 
for contact nodes, if they exist we add elastic 

system of equations and remove 
current time step. 

This procedure applies to both bodies, 
e first body can come 

in contact with faces of the second body and vice 
second body can come in 

first body.  

 
: Interaction between solid bodies: two 

bodies in contact and elastic support placed in 

The proposed algorithm is general and can be 
applied to any type of contact problems. Also, 
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nonlinearities like nonlinear material models or 
geometrically nonlinear behavior of model can be 
simulated along with contact problems. 

3. RESULTS 

In this section, we will present initial results for 
contact problem obtained with solver developed 
under PAK software package [5]. 

The initial model is parametric model of blood 
vessel with stenosis and balloon which should 
open stenosis. This model contains 4182 nodes 
and 2560 three-dimensional 8-node linear finite 
elements. Materials of both structures are linearly 
elastic, but with large deformations. Boundary 
conditions applied in this model are fixed nodes 
at the beginning and at the end of the balloon 
and blood vessel with stenosis, and prescribed 
pressure in the balloon. Value of the pressure is 
not significant in this case, because it is fitted 
only to open stenosis. The pressure increases 
during time linearly. Simulation has 200 time 
steps of 5 milliseconds. 

Besides the mentioned number of 3D finite 
elements, when the balloon and stenosis are in 
contact, there are a variable number of elastic 
support elements, which depends on the contact 
area size. In the beginning of the contact, there 
are only few elements in the region around 
stenosis, but with time, the pressure in the 
balloon increases, the area of contact also 
increases and, consequently, the number of 
elastic supports. After some time, the contact 
also appears on the side opposite to the stenosis 
and, together with that, new elastic supports also 
appear. 

In Fig.5 results from some time steps during 
simulation are shown. In Fig.5A displacement 
field in step 50 is shown. That step is the first 
step when the contact between the balloon and 
stenosis occurs. In Fig.5B results from time step 
100 are shown. In this step, displacements of 
wall around stenosis are visible. Fig.5C shows 
displacement field in the model in time step 150 
when most parts of the outer balloon surface and 
inner blood vessel surface are in contact. In 
Fig.5D, the last step of simulation is presented. 
Here, the blood vessel with stenosis is 
completely open. 

4. CONCLUSION 

In this paper, we proposed a simple way to 
develop contact algorithm and apply it to 
modeling angioplasty and stent deployment 
processes. Modeling of these processes has a 
significant role in investigations and development 
of stents and equipment for angioplasty and stent 

deployment. 
 

 

 

 

 

Figure 5: Parametric model of inflating balloon 
inside blood vessel with stenosis  
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Abstract: Cancer is one of the greatest 
challenges in modern medicine. There is a wide 
range of therapeutics and methodologies in 
treating cancer. The 5-year survival rate greatly 
depends on timing of cancer detection. Earlier 
detection implies greater possibility for cure. 
Besides continuous development of new drugs for 
cancer treatment, the development of new medical 
devices for early detection is also very important. 
microRNAs (miRs) could be considered as 
biomarkers for early detection of cancer. All 
healthy and cancerous tissues express the whole 
group of tissue specific miRs. According to 
literature, there is a great difference in miR 
expression in healthy and in affected tissue. miR21 
is one of the hallmarks of human breast cancer. 
Modern electrochemical methods could serve as 
very useful in miR21 (and other miRs) detection 
prior to early human breast cancer detection. In 
this paper, we describe the electrochemical 
methods for miR21 detection based on peptide 
nucleic acid (PNA)-RNA hybridization. 
 

Index Terms: electrochemistry, hybridization, 
microRNA21, PNA 

 

1. INTRODUCTION 

Mature miRs are a huge class of single 
stranded, protein non-coding small RNA 
molecules (19-22 nucleotides) responsible for 
many processes in a cell. miRs are post-
transcriptional regulators [1]. Among many 
functions, miRs are sometimes responsible for 
drug resistance [2], and could be considered as 
prognostic biomarkers for many normal and 
pathological states, such as cancer, 
cardiovascular disorders, diabetes, rheumatic 
diseases, and neurological disorders [3].  

On the other hand, every kind of cancer 
produces the whole group of miRs, where some 
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of them are overexpressed and some of them 
down expressed, as it is illustrated in Table 1 [4]. 

 

Cancer Over-
expressed 
miRs 

Down-
expressed 
miRs 

Colon 21 1 
Breast 15 12 
Prostate 39 6 

 
Thus, miRs could be considered as biomarkers 

of the beginning, prognosis, classification and risk 
assessment for certain diseases, and especially 
for cancer. Establishment of miRs as physiologic 
markers of disease brings a new quality and a 
new hope for the exact, sensitive, selective and 
inexpensive diagnostics.  

miRs could be found in all human sera in the 
free (unstable) state and in the stable formation in 
exosomes. It is believed that human body 
produces more than 1000 various miRs [5]. miRs 
could be isolated from cell lines (>1,000 ng miR), 
fresh tissue (>1,000 ng miR), formalin fixed 
samples (1–100 ng), plasma (1–10 ng), sera (1–
10 ng), and urine (1–10 ng). These 
concentrations are very low, and diagnostics 
should be able to detect them. Electrochemistry 
offers cheap, reliable and sensitive way in miR 
detection. Regarding this, we focused on 
electrochemical detection of miR21 in total RNA 
sample isolated from human breast cancer 
tissue. As one of the key miRs is overexpressed 
in human breast cancer, miR21 could be 
considered as a very important biomarker for 
early detection of such type of cancer [6]. We 
choose miR21 as hallmark of human breast 
cancer, because its level is overexpressed in 
comparison to healthy tissue [7]. 

2. METHODOLOGY CONCEPT 

We put efforts in creation of a point-of-care 
diagnostic device for miR detection from tissue 
and serum without previous PCR amplification. 
The aim of this study is to present, in brief, some 
aspects of our methodology, which is based on in 
situ hybridization of miR with peptide nucleic acid 
(PNA). Hybridization could be passive and active. 
Passive hybridization is performed in 
standardized and controlled detection conditions, 
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such as temperature, buffer composition etc. and 
is well described in [8, 9]. The imperfection of 
passive hybridization is a diffusion limiting factor. 
Thus, we chose active hybridization controlled by 
appropriate electric field conditions in solid phase 
technique. We immobilized miR sequence 
complementary PNA molecules on solid (gold) 
electrode surface for electrochemical detection of 
PNA/miR hybridization. PNA/RNA heteroduplex is 
more stable than PNA/DNA duplex [10]. Thus, we 
chose PNA prior to hybridization. On the other 
hand, PNA is chemically more inert and more 
stable than a DNA molecule. Immobilized PNA 
onto gold electrode served as a sequence 
specific probe, and, using electrochemical 
methods, served for detection of such 
hybridization. 

3. ELECTROCHEMICAL DETECTION OF MIR – 

PNA/RNA HYBRIDIZATION ON GOLD 

ELECTRODES  

Our technology is based on stable gold 
electrode surface PNA modification which is 
100% complementary to miR21. In controlled 
conditions of buffer composition, current and 
applied potential, the measured electrochemical 
response is used as residual. On the other hand, 
after adding a sample, hybridization occurs, and a 
new electrochemical response is measured and 
compared to residual signal. The greater the 
extent of hybridization, the greater the 
electrochemical response is measured. PNA/miR 
hybridization is presented in Figure 1. 

 

Fig. 1. PNA/miR hybridization on gold electrode.  

 
We used commercially synthesized miR21. 

PNA was of HPLC grade and was purchased 
from biomers.net GmbH, Ulm, Germany. PNA 
was synthesized with thiol modification on the 5` 
end. miR21 was purchased from Eurofins 
Genomics GmbH, Wien, Austria. Monosodium 
dihydrogen orthophosphate, sodium hydrogen 
phosphate, Tris-HCl, EDTA, 6-mercapto-1-
hexanol, hexaamine-ruthenium (III) chloride, 
potassium ferricyanide, and potassium 
ferrocyanide were purchased from Sigma-Aldrich 
and were of analytical grade. The measurements 

were performed with an EmStat-3 potentiostat 
(PalmSens BV, The Netherlands) operated with 
the PSTrace v.5.2 software. We used a standard 
electrochemical cell equipped with three-
electrode system. The working electrode was 2 
mm diameter gold electrode; the reference 
electrode was Ag│AgCl│3 M KCl, with Pt wire as 
auxiliary electrode. 

Hybridization process was conducted by 
immersing the working gold electrode in 10 µM 
solution of PNA dissolved in 1 x TE buffer (10 mM 
Tris-HCl, 1 mM EDTA) solution for 12 hours. 
Thiol groups at 5`-end of PNA allow tight covalent 
bonding of PNA on gold surface. Thereafter, the 
electrode was immersed in 100 µM solution of 6-
mercapto-1-hexanol for another 12 hours prior to 
remove nonspecifically adsorbed PNA molecules 
on electrode. Such a PNA probe prepared 
electrode was immersed in 100 µM solution of 
miR21 solution. 

The PNA/miR21 hybridization was followed by 
using of two various electroactive compounds: 
Ru

3+
 and with Fe

2+
/Fe

3+
 couple. In controlled 

current/potential conditions electroactive 
compounds oxidize/reduce on electrode yielding 
the electrochemical signal. 

We used cyclic voltammetry and differential 
pulse voltammetry methods for electrochemical 
detection. All methods were performed in 
phosphate buffer solutions of various pHs and 
ionic strengths supplemented with addition of 10 
mM K3[Fe(CN)6]/K4[Fe(CN)6] or 10 mM 
[Ru(NH3)6]Cl3.  

Cyclic voltammetry and Differential pulse 
voltammetry conditions: Ei= ‒0.5 V, Eend = +1.5 V, 
with scan rate of 0.1 V/s.  

At the beginning of electrochemical 
measurement, it is necessary to optimize the 
measuring and buffer conditions. For this 
purpose, we performed our measurements in 
various buffer solutions, i.e. in three various pHs 
(5, 7 and 9 resp.) and in three various ionic 
strengths of buffer solution (50, 100 and 150 mM, 
resp.). Influence of various pHs on 
electrochemical signal of PNA/miR21 hybridome 
on gold electrode was presented on Figure 2 for 
Fe

2+
/Fe

3+
 pair and on Figure 3 for Ru

3+
.  
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Fig. 2. Fe2+/Fe3+ Voltammograms of PNA/miR21 hybridome 
performed in 100 mM phosphate buffer, pH 5, 7 and 9. A) 
Cyclic voltammetry, B) Differential pulse voltammetry.  

 

 
Fig. 3. Ru3+ Voltammograms of PNA/miR21 hybridome 

performed in 100 mM phosphate buffer, pH 5, 7 and 9. A) 
Cyclic voltammetry, B) Differential pulse voltammetry.  

 
Our results indicate significant influence of pH 

on electrochemical response. Presented results 
showed that Fe2+/Fe3+ pair is less sensitive to pH 
change, when compared to Ru

3+
 in investigation 

of in situ hybridization of PNA and miR21 onto 
gold electrode. Use of Ru

3+
 indicated significant 

decrease in electron flow on gold surface 
electrode with the increasing of pH.  

Results of influence of ionic strength on 
electrochemical signal of PNA/miR21 
hybridization was presented on Figure 4 for 
Fe

2+
/Fe

3+
 and on Figure 5 for Ru

3+
 respectively.   

 

 
Fig. 4. Fe2+/Fe3+ Voltammograms of PNA/miR21 hybridome 
performed in 50, 100, 150 mM phosphate buffer, pH 7. A) 
Cyclic voltammetry, B) Differential pulse voltammetry. 

 

 
Fig. 5. Ru3+ Voltammograms of PNA/miR21 hybridome 
performed in 50, 100, 150 mM phosphate buffer, pH 7. A) 
Cyclic voltammetry, B) Differential pulse voltammetry. 

 
Results showed a significant influence of ionic 

strength on investigated electrochemical signal. 
Similarly, as in investigation of pHs, our 
experiments indicate more significant influence of 
ionic strength on electrochemical response of 
Ru

3+
 electroactive component, when compared to 

Fe2+/Fe3+ pair. With the increasing of ionic 
strength, signal significantly decreased.  

After first measurements we choose phosphate 
buffer of concentration of 100 mM and pH 7 for 
detection of hybridization of PNA and miR21. 
Figures 6 and 7 represent results obtained by 
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following the Fe
2+

/Fe
3+

 pair and Ru
3+

 in optimized 
conditions of pH and ionic strength.  
 

 

 
 
Fig. 6. Fe2+/Fe3+ Voltammograms of PNA/miR21 hybridome 
performed in 100 mM phosphate buffer, pH 7. A) Cyclic 
voltammetry, B) Differential pulse voltammetry. 

 

 
Fig. 7. Ru3+ Voltammograms of PNA/miR21 hybridome 
performed in 100 mM phosphate buffer, pH 7. A) Cyclic 
voltammetry, B) Differential pulse voltammetry. 
 

Results presented in Figures 6 and 7 clearly 
represent reduction in electron flow onto gold 
electrode due to possible hybridization process. 
Namely, electrochemical signal of supporting 
electrolyte is considered as residual signal. With 
addition of self-assembled monolayer of PNA 
probe molecules on gold surface, the 
electrochemical signal increased. Hybridization of 
PNA with miR21 greatly influences 

electrochemical response. After hybridization with 
synthetic miR21, we observed decreasing of 
current due to possible hybridization of miR21 to 
PNA. Such hybridomes serve as an obstacle for 
electron flow on working electrode, thus yielding 
the decrease of peak when compared to 
PNA@Gold electrode.  

Despite many advantages of widely used 
hybridization of nucleic acids and PNA there are 
some obstacles to be solved in our future work. 
miRs are very small molecules and designing of 
PNA probe could be quite complicated. Small 
sized miR/PNA duplexes often possess low 
annealing temperature, and the probability of 
cross-hybridization processes should not be 
neglected. Another challenge is in situ detection 
because pre-miR and mature miR possess great 
sequence similarity and PNA could easily 
hybridize to pre-miR. Pre-miR is the precursor of 
mature miR, but precursor level does not 
necessarily correspond to mature miR level. 

4. CONCLUSION 

Nowadays, miRs detection is widely used in 
many scientific purposes. Electrochemistry is one 
of the possible approaches for their detection, 
especially when one considered highly precision, 
reproducibility, selectivity and cheapness. 
Electrochemical methods often are very useful in 
determination of many biomacromolecules and 
their complexes, but optimization of 
electrochemical measuring conditions and 
supporting chemicals could be complicated. Many 
authors used electrochemical methods for miRs 
analyses and this work is one of attempts for their 
detection.    

Despite the existence of many proved methods 
for miR detection, according to our knowledge, 
there is a lack of cheap, accurate, precise and 
fast diagnostic tool for early cancer detection for 
miR detection on the market. Nowadays, from 
patients` point of view, early cancer diagnostics 
are very expensive and in many cases not 
available at all, especially in mid and low 
developed countries. Our goal is to provide 
methodology and to create such device with the 
above-mentioned qualities.  
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Abstract: The main aim of this study was to 
examine biomechanical characteristics of a 
patient-specific bicuspid aortic valve (BAV) model 
using computational analysis based on finite 
element method. Full patient-specific geometry 
was reconstructed based on Computed 
tomography (CT) scan images, in order to obtain 
three-dimensional (3D) finite element mesh. 
Dynamic computational analysis, with applied 
equivalent material characteristics and boundary 
conditions, was performed. The initial results for 
this single case, displacements and Von Mises 
stress distribution were quantified concerning 
anatomical patient’s structures. The regions of 
abnormal stresses on the leaflets and aortic root, 
with asymmetrically open bicuspid valve, were 
present for this patient-specific case. Due to the 
difficulty of obtaining such characteristics in vitro 
or in vivo, the performed computational analysis 
gave better insight into the aortic root 
biomechanics that is needed to achieve 
improvements in surgical repair techniques. 

 
Key words: Bicuspid aortic valve, computational 

analysis, finite element method, mechanical 
characteristics, patient-specific geometry 

 

1. INTRODUCTION 

ORTIC root is a complex structure from both  
 anatomical and functional point that 

connects the heart to the systemic circulation. It 
consists of the aortic valve leaflets, leaflet 
attachments, sinuses of Valsalva, interleaflet 
triangles, sinotubular junction and the annulus. 
The graphical representation of aortic root with 
marked main substructures (sinotubular junction,  
sinuses of Valsalva and aortic annulus) can be 
seen on Figure 1. Normal tricuspid aortic valve  
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(TAV) is composed of three normal leaflets which 
represent the optimal solution for valve opening 
and functioning. The complexity of the aortic root 
becomes clear in the cases of valve diseases, 
when even small functional deviations may 
decompensate the whole regulatory circuits. 
 

 
 

Figure 1. Graphical representation of aortic root with 
marked main substructures 

 
One of the most common congenital cardiac 

abnormalities is a bicuspid aortic valve (BAV). It 
affects approximately 1-2% of the general 
population [1]. BAV is composed of two abnormal 
leaflets [2] and, depending on valve 
morphological characteristics, there are different 
types of BAV which are classified by Sievers and 
Schmidtke [3]. According to their study, there are 
three characteristics for a systematic 
classification: 1) number of raphes, 2) spatial 
position of cusps or raphes and 3) functional 
status of the valve. 

The most significant characteristic is the 
number of raphes and depending on it there are 
three different types: type 0 (no raphe), type 1 
(one raphe), and type 2 (two raphes). These 
types are followed by two supplementary 
characteristics, spatial position and function. In 
relation to that, BAV causes different types of 
valve dysfunction depending on the aortic root 
configuration, type of BAV, blood flow conditions, 
patient’s health condition etc. Therefore, patients 
with BAV are at increased risk of aortic root or 
ascending aortic dilatation, dissection and 
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rupture. Analysis of these malformations 
represents an important multidisciplinary problem. 

Computational simulations belong to the very 
intensive field of investigation and provide better 
insight in aortic valve biomechanics and 
mechanisms associated with BAV malformations 
and degradation. In the last few years, different 
studies have demonstrated that computational 
modelling and analysis are very useful tools for 
investigating biomechanical characteristics of the 
aortic valve, which are difficult to obtain in vitro or 
in vivo experiments. Numerical models can 
provide information about BAV biomechanics 
regarding various geometries of the valve and 
root that would be unpredictable during surgical 
interventions. The influence of root geometry on 
BAV biomechanics has been analysed in 
numerous numerical studies based on finite 
element method. 

There are various finite element analyses that 
have been performed in order to compute the 
complex motion of the leaflets during a cardiac 
cycle and identify regions of stress concentrations 
in the valvular structure [4, 5]. Similarly, dynamic 
studies by Howard et al. [6] and Sripathi et al. [7] 
simulated the opening phase of the healthy valve 
not including fluid-structure interaction, and with 
idealized geometry. As result, the leaflets of the 
compliant root opened smoothly and 
symmetrically. On the other hand, Conti et al. [8] 
modelled bicuspid aortic valve, type 1 (one raphe) 
and performed a dynamic finite element analysis. 
It was demonstrated that the bicuspid valve 
opened asymmetrically with an elliptic orifice. 

This study includes dynamic computational 
analysis of a male patient, aged 63, with bicuspid 
aortic valve (BAV), type 0, without raphe. The 
aneurysmal dilatation of the aortic root that 
continues to the ascending aorta is also 
considered. The creation of a 3D patient-specific 
model based on CT scans is included in the first 
part of the study, as well as the material 
properties and boundary conditions that are used 
for finite element analysis. The second part 
covers discussion of results (displacements and 
Von Mises stress distribution) for this single 
patient-specific case. Also, study limitations are 
included in this part. In the last part, main 
conclusions are given with plans for further 
improvements of presented analysis. 

2. MATERIALS AND METHODS 

2.1 Geometrical Model 

Aortic valve has a complex anatomy. A 
geometrical representation of the aortic valve is 
based on two main methodologies: partially 
patient-specific and fully patient-specific. In the 

first case, the valve geometry is obtained by 
measuring a few characteristic dimensions that 
represent the input data of predefined 
geometrical operations. In the second case, the 
geometry of the valve is completely reconstructed 
by processing medical images. However, process 
of obtaining an appropriate geometrical model 
includes several phases. In this study, a fully 
patient-specific geometrical model was created 
and it will be described. 

The first phase in the model creation was to 
perform segmentation and generation of the 
aortic root geometry from CT scans. CT scanner 
was used to obtain a set of DICOM images which 
were imported in the segmentation software 
Mimics [9]. This software is useful for medical 
image processing and gives, as a result obtained 
from imaging data, a highly accurate 3D model of 
the patient’s anatomy. The resolution of CT scan 
images that were composed was 512 × 512 
pixels with slice increment of 0.625 mm. Figure 2 
shows one cross-section of modelled BAV in 
three planes (A-coronal, B-sagittal and C-
transversal plane) where the dilated aortic root 
can be seen. Manipulation in three different 
planes enabled creation of more accurate 3D 
model of the patient’s anatomy. The creation of 
the 3D model from 2D data was achieved by 
segmentation which was applied for each image. 

In the second phase, the obtained 3D 
description of the aortic roots was exported from 
Mimics as a surface triangulation in STL format, 
which mainly consists of a triangular mesh not 
suitable for analysis due to overlapping and 
distorted elements. For this reason, the STL had 
to be processed to further optimization of the 
surface mesh that was performed in Geomagic 
[10]. 
 

 

Figure 2. Cross-sections of modelled BAV in three 
planes (A- coronal, B- sagittal and C- transversal) 

 
After modelling in Geomagic, the final 3D 

surface finite element mesh of BAV model is 
presented in Figure 3. The outlet and isometric 
view are given. It can be seen that the patient has 
dilated aortic root which continues to the 
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ascending aortic aneurysm that is a common 
BAV consequence [11]. Due to that fact, 
sinotubular junction is not visible. The presented 
BAV has a type 0, without raphe, according to 
classification by Sievers and Schmidtke [3]. Non-
coronary sinus is under-developed, while right 
and left coronary sinuses are over-developed. 
Also, it can be seen that the aortic root 
dimensions are larger comparing to the normal 
aortic root [12]. In the area of aneurysmal 
dilatation its maximal diameter was approximately 
80 mm. 
 

 

Figure 3. Finite element mesh of BAV model (outlet 
and isometric view, respectively)  

Legend: A- anterior; P- posterior, R- right; L- left 

 

2.2 Numerical Simulation 

The surface BAV model was exported from 
Geomagic in STL format into Femap software 
[13]. This software is useful for generation of a 
tetrahedral mesh for any 3D polyhedron. The 
volumetric model based on the finite element 
mesh was generated using Femap in conjunction 
with our own software tools for the conversion of 
tetrahedral elements to eight-node brick 
elements. The analyzed model, created from 
eight-node brick elements, was imported into the 
in-house software package for further 
computational simulation. 

In order to perform computational simulation of 
a complicated biological structure such as aortic 
valve, simplifications and assumptions must be 
imposed on the geometrical and material 
properties. As we did not have available 
experimental data from either animal or excised 
human tissue, the existing values of material 
properties were adopted from Gnyaneshwar et al. 
[4]. The constitutive material models employed in 
this study were of linear type with Young’s 
modulus of 2 MPa and 1 MPa for the aortic root 
and leaflets, respectively. The density of the 
aortic root and leaflets was taken to be 2.0 g/mL 
and 1.1 g/mL, respectively. Poisson ratio was 
taken to be 0.3 for both. Similar simplifications of 
material characteristics were performed by 

Nicosia et al. [14]. 

Even though it is possible to obtain the 
information on the thickness of the leaflets and 
the aortic root, we could not determine the 
patient-specific wall thickness from available CT 
scans. Therefore, it is a common practice to 
assume a constant thickness for aortic root, as 
well as for leaflets. The average thickness of the 
aortic substructures was adopted from literature. 
We assumed a uniform thickness of 2 mm for the 
aortic root substructures, while leaflets were 
thinner [15]. 

Dynamic finite element analysis during the 
cardiac cycle was employed. As the first 
boundary condition, the time-dependent 
pressures are applied on the leaflet surfaces and 
aortic root substructures based on published 
pressure patterns in the dynamic finite element 
analysis according to Gnyaneshwar et al. [4]. The 
base of the annulus and the top of the dilated 
aortic root were fixed, as the second boundary 
condition. After appropriate boundary conditions 
and material characteristics were applied, the in-
house software for structural analysis was used 
for this computational simulation. This solver is 
based on fundamentals of the finite element 
dynamic analysis of solids, and it uses the 
Newmark method for integration of differential 
equations of motion [16]. 

3. RESULTS AND DISCUSSION 

On the basis of CT scan anatomical data from 
one patient, a 3D finite element model of the 
aortic root affected by BAV malformation was 
created. The employed computational simulation 
allowed the assessment of the BAV 
biomechanical implications for this specific 
patient. Appropriate boundary conditions and 
equivalent material characteristics were 
prescribed. After employing the in-house software 
for structural analysis, the obtained results 
included the wall displacements and Von Mises 
stress distribution.  

The wall displacements (Figure 4) are 
presented during systole, at the moment of fully 
open leaflets. It can be seen that movement 
between leaflets and other aortic root 
substructures is different, which is caused by 
applied pressures and material characteristics. 
The obtained values are in good agreement with 
higher dimensions of dilated aortic root, 
comparing to normal aortic root dimensions. Also, 
it can be seen that right leaflet is more opened 
comparing with fused non-coronary and left 
leaflet. Considering the simplifications and 
assumptions, and possibly unequal leaflets’ 
thickness, due to the complicated generation of 
patient-specific geometrical model, the results 
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shown here can be applied only to this specific 
case. Nevertheless, the obtained displacements 
show asymmetric and non-circular orifice, which 
is in agreement with previously confirmed and 
published studies [17-19]. 

The results of Von Mises stress distribution at 
the moment of fully open BAV leaflets are 
presented in Figure 5. Morphological anomalies 
associated with BAV, as well as complex interplay 
between the aortic root and the leaflets lead to 
increased stresses in the leaflets and surrounding 
structures. These observations are in agreement 
with previously study by Jermihov et al. [20]. 
Patient-specific geometry results in regions of 
abnormal stresses on the leaflets and the 
attachment area between leaflets and aortic 
annulus. Also, high stress is present next to the 
commissures (attachment edges of right and left 
coronary sinus, as well as of right and non-
coronary sinus).  

 

 
 

Figure 4. Fully open position of the BAV (outlet 
view; units: mm) 

 

The obtained stress distribution corresponds to 
the previous study by Conti et al. [8]. These 
abnormal stresses may be one of the important 
factors resulting in BAV degradation (e.g. 
calcification of the leaflets) as well as in further 
aneurysmal growing. Hence, such studies may 
potentially enable better insight into the risk 
presence of patients who suffer from BAV. In the 
presented study, the shown Von Mises stress 
values (0.61 MPa) can be applied only to this 
case, due to the proposed material model and 
analysis simplification. Nevertheless, stress 
distribution indicates areas which are the most 
critical and may cause further wall and leaflets 
degradation. 

 

   

 

Figure 5. Von Mises stress distribution (outlet and 
isometric view respectively; units: MPa) 

3.1. Study Limitations 

It can be observed that this model involves 
some strong limitations. First, the linear material 
model does not fully describe biological aortic 
tissue, considering that aortic root has highly 
nonlinear and anisotropic properties. Second, 
average material properties and wall thickness 
are adopted from literature due to the lack of the 
information in the reconstructed patient-specific 
geometry. A complicated generation of patient-
specific geometrical model may lead to the 
leaflets’ unequal thickness which may have 
influence on the results. Also, we assumed that 
the base of the annulus and the top of the dilated 
aortic root were fixed, and prescribed average 
pressures on aortic root substructures. Hence, 
these initial results can be applied only for this 
patient-specific case. 

4. CONCLUSION 

The presented results are the first step in 
further investigation and development of more 
advanced and complex models. This study was 
performed in order to enhance our understanding 
of BAV biomechanical characteristics for one 
single patient-specific case, rather than for the 
provision of quantitative data. Computational 
analysis, based on finite element modelling and 
focused purely on biomechanical aspects, would 
complete the already available information by 
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quantifying the possible abnormal stresses and 
displacements associated with BAV. 

This approach may be a useful tool for 
determination of BAV degradation and may also 
contribute to the advancements in surgical repair 
techniques. With that aim, there is a need for 
modelling and analysis of various and numerous 
BAV types, simulating the different stages of BAV 
disease. 

Nowadays numerous computational methods 
and resources give a motivation for continuous 
improvements in numerical simulations that will 
eliminate current modelling limitations so that new 
models can more closely replicate the 
physiological problem, which is our main goal. 
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Abstract: The aim of this study was to perform 
Finite Element Analysis (FEA) of a patient-specific 
model acquired from cone beam computerized 
tomography (CBCT) scans in order to analyze the 
biomechanical behavior of teeth and surrounding 
bone in case with horizontal and vertical 
periodontal bone loss. Developed 3D model 
comprised the patient's upper left canine, first and 
second premolar, and adjacent alveolar bone. An 
infrabony defect was present along distal aspect 
of the first premolar (tooth #24). The rest of the 
bone was affected by horizontal bone loss. 
Displacement, Von Misses and principal stresses 
were evaluated by means of FEA, following the 
vertical occlusal load of 150 and 200 N. Vertical 
bone loss induced significant displacement of 
affected tooth, and consequently higher stresses 
in the surrounding bone. 

 
Index Terms: Periodontal disease, Alveolar bone 

loss, Finite element analysis. 

1. INTRODUCTION 

HREE-DIMENSIONAL finite element (3D FE) 
method is a very powerful tool which can give 

insight into the biomechanical behavior of 
analyzed dento-alveolar complex. It has been 
widely implemented in research related to 
dentistry. The method has been used to assess 
the stress distribution within soft and hard tissues 
[1-4], oral implantology [5, 6], endodontic [7-9], 
and oral surgery [10-12] etc.  

Bone loss around teeth is one of the main 
features of periodontitis. It is mainly caused by  
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microorganisms. Generally, bone destruction may 
occur in two diverse patterns, as horizontal or 
vertical bone loss. Horizontal bone loss is the 
most common type of bone loss associated to 
periodontitis, characterized by the linear reduction 
of bone height around the tooth, while the vertical 
or angular bone defects are those that appear in 
the oblique direction [13]. There are not enough 
studies analyzing the biomechanical behavior of 
teeth and surrounding tissues in cases with 
periodontitis. We find this topic to be of great 
significance as the further bone destruction is 
related not only to the bacterial influence but 
potentially also to the generation of high stresses 
in the bone. 

In the present study, the objective was to 
develop a study concept which could be further 
used to analyze biomechanical behavior of the 
analyzed structures. Namely, we wanted to 
analyze the stress distribution in cases with 
horizontal and vertical bone loss where the tooth 
mobility is not clinically evident. The goal was to 
test the hypothesis that alveolar bone and tooth 
supporting tissues are affected with by higher 
stress in case with vertical bone loss which could 
further damage those structures although the 
tooth is still stable. We used 3D FE analysis of a 
patient- specific model in order to mimic the 
clinical situations. 

2. METHODS AND MATERIAL 

2.1. Stress-Based Fatigue Estimation 

In order to develop a patient- specific 3D finite 
element models, we used a cone beam 
computed tomography (CBCT) images of a 38 
year-old man (in good systemic health, 
nonsmoker) suffering from generalized severe 
chronic periodontitis. Diagnosis was based on the 
clinical examination findings and radiographic 
analysis, according to the known criteria [14]. The 
patient was thoroughly informed about the 
purpose of the study and gave his written consent 
before clinical examination. The study was 
approved by the Ethics Research Committee of 
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the School of Dental Medicine, University of 
Belgrade, Serbia (ethics approval Nº 36/41). 

We selected a segment of the patient’s upper 
jaw, comprising three teeth – caninus and two 
premolars. In this region, the patient had one 
oblique bone defect – between the two premolars 
which primary affected the first premolar (tooth 
#24). The rest of the bone in this segment had 
horizontal bone loss. 

 
Figure 1. Study design 

2.2. CBCT Scanning 

Imaging was performed using a high resolution 
CBCT device (SCANORA 3Dx, SOREDEX, 
Tuusula, Finland). Examinations were performed 
using an 80 x 100 mm field of view, 0.25 mm 
voxel size, 90 kV tube voltage, and 10 mA tube 
current and 2.4 s scanning time. All the scans 
were stored in the standard DICOM format for the 
further analysis. 

2.3. Development of the Finite Element 
Models 

A patient-specific 3D finite element (FE) model 
was developed from the acquired CBCT scans 
(Fig. 1). The model comprised the patient's upper 
left canine, first and second premolar, and 
adjacent alveolar bone. For each of the 
considered teeth, we included its enamel, dentin, 
pulp chamber, and periodontal ligament (PDL), 
while the root cementum was neglected. By using 
Mimics software version 10 (Materialise, Leuven, 
Belgium), reconstruction of the FE models from 
the CBCT scans was performed through the 
following steps. After the mask of cortical bone 
was modeled, we created the mask of trabecular 

bone, and finally, the mask of teeth was 
generated. Using the Mimics STL+ module, all 
the masks were converted into the 
stereolithography (STL) format. In order to 
optimize the quality of the triangle meshes for the 
further FEA, we used the REMESH module 
attached to Mimics software. Finally, using 
Geomagic Studio 10 software (Geomagic GmbH, 
Stuttgart, Germany), we assembled the extracted 
parts into the model and additionally generated a 
periodontal ligament (PDL) as the 200 µm-thick 
shell. 

The model represented a patient-specific FE 
model, generated using CBCT scans (Fig. 1), 
representing an identical situation in the region of 
interest, with vertical bone loss (intrabony defect) 
along the distal aspect of tooth #24 (Fig. 1). PDL 
was modeled across all tooth roots (as it is too 
thin to be registered on CBCT) except on the 
tooth #24 at the root’s site adjacent to the 
intrabony defect as it was also destructed along 
with the bone loss (Fig. 1). 

2.4. Meshing and Material Properties of the 
Tissues 

The STL files of the developed model were 
imported into the CATIA V5 software 
(DassaultSystèmes, Velizy-Villacoublay, France, 
version R20), and converted into the NURBS 
surfaces using the Digitized Shape Editor and 
Quick Surface Reconstruction modules. The solid 
model was further exported to ANSYS software 
(SASI, Canonsburg, PA, United States of 
America), version 14.5.7, for producing the finite 
element mesh and structural analysis. By using 
the ANSYS Meshing module, the model was 
discretized into the very dense and quality 
tetrahedron volume mesh (Fig. 1). The number of 
nodes was 1179101, while the number of finite 
elements was 5702597. All the tissues were 
assumed to be homogeneous, isotropic and 
linearly elastic. The values of the Young's moduli 
and the Poisson’s ratios for dental tissues, PDL, 
cortical and cancellous bone, and BMBP were 
taken from the literature (Table 1). 

Table 1. Mechanical properties 
Material 
 

Elastic Modulus 
(MPa) 

Poison 
ratio 

Pulp[15] 
 

6.8    0.45   

Dentin[7] 
 

18.6x103  0.31  

Enamel[7] 
 

84.10x103  0.3 

PDL[7, 16] 
 

0.68 0.45 

BMBP [6] 
 

1.69x103 0.3  

Cortical bone[17] 
 

13.7x103  0.3   
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Cancellous bone[17] 
 

1.37x103  0.3   

2.5. Boundary Conditions and Calculations 

In order to assess the stress distribution (Von 
Misses) and effective displacements, the 
boundary conditions were applied using the 
ANSYS Static Structural Analysis module (Fig. 1). 
The sides of the model that represent cut-off 
planes from the overall maxilla were fixated in all 
degrees of freedom following Fig.1, black color. 
Masticatory forces were applied on the buccal 
and lingual cups of premolars simultaneously 
(Fig. 1-red arrows, red color), to gain the resulting 
force of 200 N parallel to long axis of these teeth 
(vertical load) [17]. Load of 150 N was applied at 
an angle of 45o to the center of the canine’s 
palatal surface within the physiological limitations 
reported for a canine [17]. 

3. RESULTS 

 

FIGURE 2. DISPLACEMENT AND VON MISSES STRESS 

IN TEETH 

The results for displacement and Von Misses 
are presented on Fig.2-4. It may be found that 
alveolar bone loss may influence the tooth 
displacement. In general, the greatest 
displacement of all evaluated teeth (canine and 
both premolars) was detected in the case of 
vertical bone loss which affected the first 
premolar (Fig. 2). Under occlusal force, the tooth 
inclined toward bone defect. It was noticed that 
tooth #25 also exhibited displacement towards 
the defect adjacent to tooth #24, although this 

tooth was almost completely surrounded by the 
bone (Fig. 2). However, the displacement of the 
tooth #24 - the most affected tooth, was more 
than two times greater than the displacement of 
the tooth #25. 

Analysis of stress distribution showed 
significant differences among three teeth and the 
surrounding tissues (Fig. 2,3,4). Higher values of 
Von Misses were seen especially in tooth 
#24.These findings are in agreement with the 
results of the teeth displacement. 

 
Figure 3. Displacement and Von Misses stress in 

cotical bone 

 
Figure 4. Displacement and Von Misses stress in 

cancellous bone 
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Assessing alveolar bone in 3D FE model 
showed that Von Misses stresses had greater 
magnitudes in cortical bone when compared to 
cancellous bone (Figs. 3 and 4). Maximum stress 
values were present in narrow zones of alveolar 
crest, at the site adjacent to the mesial aspect of 
the canine (Fig. 3). Only in the case of the vertical 
bone loss Von Misses stresses reached 
maximum values of 76.54 MPa in alveolar crest 
at distopalatal aspect of tooth #24. The evaluation 
of the buccal and palatal aspects of maxilla 
demonstrated that buccal plate was affected at a 
higher level, and the widest stressed zone was 
observed in the case of vertical bone loss (Fig. 3). 
Fig. 4 displays uniform Von Misses stresses 
distribution in cancellous bone. Concerning the 
pattern of bone destruction, the highest stresses 
values in cancellous bone were reveled in the 
case of vertical bone loss. 

Regarding the PDL, the highest Von Misses 
stresses were present in the case of vertical bone 
loss, mostly located on the buccal and mesial 
aspect of the tooth #24 root (Fig. 2). 

4. DISCUSSION 

The main aim of this research was to develop 
and test the study concept comprising modeling 
of patient-specific FE model on the basis of 
CBCT scans and further FE analysis of 
biomechanical behavior of dento-alveolar 
complex. 

Results of this study supported the hypothesis 
that higher stresses are generated with occlusal 
forces in teeth affected with vertical bone loss.  
There is evident difference in displacement and 
stress distribution in alveolar bone, PDL and teeth 
between the two patterns of bone destruction 
(horizontal and vertical). Vertical bone loss 
resulted in higher displacement and stress values 
in the teeth (Fig. 2), the remaining bone, and PDL 
(Figs. 2, 3 and 4), compared to horizontal bone 
loss.  

In the present study we wanted to analyze tooth 
displacement which could not be visualized and 
measured otherwise. We found evident tooth 
displacement which occurred above physiological 
boundaries, being the highest in the case of 
vertical bone destruction. It was demonstrated 
that, although being small, tooth displacement 
affects the level of Von Misses stresses. Namely, 
tooth #24 was “bending” distally towards the 
intrabony defect (Model 2) (Fig. 2,4). The stress 
in the periodontium predicts the potential pain and 
damage that occur under functional bite force 
[18]. Even though the maximal vertical biting 
forces in humans can approach 700 N [3, 19], the 
moderate physiological occlusal forces in this 
study (150 N and 200 N) can cause localized 
stress concentrations in alveolar bone affected by 
vertical resorption. It was revealed in the study of 

Jeon et al. that localized stress concentrations 
are closely related to bone resorption [20]. 
Knowing that yield stress of 60 MPa may cause 
harmful effects on cortical bone in humans [21], 
detected value of 75.98 MPa would have 
detrimental effect on cortical bone and most likely 
would lead to further bone resorption. 
Furthermore, even fatigue loadings that are 
continuous and repetitive can potentially 
“accumulate” the stress, triggering bone 
degeneration or resorption [22]. 

PDL has the ability to absorb the stress and 
allow tooth movement [23]. These PDL 
characteristics enable transfer and uniform 
distribution of occlusal loads to adjacent bone 
tissue [24]. Ona et al. [25] described in their FE 
study that bone resorption reduces the root area 
available for support, which may cause an 
increase of the maximum stress within the PDL. 
The results of our study are in agreement with 
this finding, because the highest value of overall 
stress was detected in PDL of the tooth #24 in the 
case of vertical bone loss (Fig. 2). Janovic et al. 
[1] recently demonstrated in a FE study that the 
accumulation of Von Misses stresses within the 
buccal cortical plate adjacent to the loaded tooth 
was observed during the canine biting. The 
highest stress was recorded in cancellous bone 
around the canine root and dispersed 
predominantly toward the buccal cortex [1]. The 
results of our study are in line with 
aforementioned findings. 

It is important to emphasize that the results 
should be interpreted with caution due to the 
study’s limitation. The conclusions in this study 
are based on computer simulations, in which the 
root cementum was neglected due to its very low 
thickness and properties similar to dentin [26]. 
However, results of the recent FE study showed 
that stress values in PDL and supporting bone 
were lower when cementum and cementum-
dentine junction (CDJ) were modeled [4]. 
According to these results it can be assumed that 
the stress values obtained in the present study 
might be lower. 

According to the gained results we find the 
study concept to be relevant. Experimental study 
with the same study design would be impossible 
and the information gained from this research 
concept could not be achieved otherwise. The 
results of this study demonstrated that FE 
analysis may be a useful analytic tool in stress 
assessment within periodontal tissues, when 
diverse pattern of alveolar bone loss is present. 
Using the same approach, this analysis may be 
used to evaluate the outcome of regenerative 
therapy of periodontitis regarding the stress 
distribution in treated teeth, PDL, and alveolar 
bone. Future research aiming to develop more 
complex models should be 
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5.  CONCLUSION 

This study demonstrated that the study concept 
comprising the development of patient-specific 
3D FEA model on the basis of CBCT scans is 
well designed and provides relevant and 
important information. 
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Abstract: Knee stress and strain distribution 
during athlete vertical jump analysis has been 
analyzed. Several professional soccer players 
performed ten periodic jumps while vertical 
ground reaction force was measured using a force 
plate with one axial load cell force sensor. Detailed 
knee stress and strain distribution with finite 
element analysis and boundary condition for force 
measurement has been presented. Jumping 
analysis using force plate measurement and finite 
element method for assessment of specific athlete 
knee may become a future standard for 
assessment of athlete’s capability. 

 
Index Terms: biomechanics, finite element 

method, force plate, vertical jump  

1. INTRODUCTION 

 any engineers, scientists and researchers 
in biomechanics are of opinion that the true 
stiffness of human body is the combination 

of all the individual stiffness values contributed by 
muscles, tendon, ligaments, cartilage, and bones 
[1]. The researchers in sports and clinical 
biomechanics are typically interested in the role of 
stiffness because it is related to both 
performance and injury. Stiffness in human body 
can be described from the level of a single 
muscle fiber, to modeling the entire body as a 
mass and spring. The standard method in jump 
analysis is based on the use of a force sensors 
platform for ground reaction force measurement 
[2-4]. The force platform can measure force and  
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torque during jump in different directions using a 
force sensor [5].  

Improvement of electronic devices and 
gadgets in the past few years has enabled us to 
measure jumping parameters by using wearable 
devices, such as sensors in footwear [6]. This 
method gives much comfort and real conditions 
to subjects due to the fact that there is no 
bounded area for jumping performance. 
Simultaneously with force measuring, for 
complete biomechanical analyses, it is also 
necessary to determine the position of a 
particular body part. For this purpose, a high 
speed camera is used. The high speed camera 
records position marker points attached to the 
subject’s leg, arm, hip, etc. with a frame rate of 
100 Hz and higher. Using software, 3D point 
coordinate of markers position can be 
reconstructed. It is necessary to use a number of 
cameras for this reconstruction. Alternatively, for 
position reconstruction, different kinds of sensors, 
such as accelerometer [7], gyroscope, 
goniometer and magnetometer [8] can be used. 
In this paper, we presented a method for 
measuring force during jumping activity, using 
force plate platform and assessment of 
mechanical stiffness of human body. The 
mechanical stiffness plays a very important role in 
the assessment of athlete performance especially 
the tendency to the injuries. In this paper we 
investigated biomechanical analysis from force 
plate measurement and used finite element 
method to determine detailed stress and strain 
distribution in the knee for specific participant 
during periodic jumping. 

2. METHODS 

2.1 Experimental Research 

 
The professional soccer players who 

participated in the experiments followed a 
standardized warming-up and stretching period. 
They were instructed to perform a number type of 
jumps. The jumps were recorded using two high 
speed cameras with a frame rate of 200 frames 
per second. The cameras with software for 
acquisition and image processing are part of 
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Innovision Systems, Inc. Before starting the 
experiment, the system was calibrated. The 
ground reaction force was sampled from the one-
axis force plate with the rate of 1000 Hz.  

Each participant executed ten jumps one by 
one with their commonly used period. The signal 
of vertical force value during time for this type of 
jump has been presented in Fig. 1a. 
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Fig. 1 a.) Force signal, b.) Frequency spectra of the force 

signal 

 

2.2 Computational Methods 

 
The geometry of the knee for one specific 

participant was taken from MRI slices. Three-
dimensional model was reconstructed. The finite 
element mesh was presented in Fig. 2.  
 

 

Fig 2. Finite element mesh for different knee segments 

 
In order to model the cartilage and meniscus 

we implemented finite element formulation where 
the nodal variables were: displacements of solid, 
U; fluid pressure, P; Darcy’s velocity, Q; and 

electrical potential, Φ . A standard procedure of 
integration over the element volume was 
performed and the Gauss theorem was 
employed. An implicit time integration scheme 
was implemented; hence the condition that the 
balance equations are satisfied at the end of each 

time step was imposed. The system of differential 
equations for each finite element is: 
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The matrices and vectors are: 
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   (5) 

 
Details about all variables in equations (4) and 

(5) are given in [3,9,10]. The above equations 
were further assembled and the resulting FE 
system of equations was integrated incrementally, 
with time step t, transforming this system into a 
system of algebraic equations. The Newmark 
integration method was implemented for the time 
integration.  

 

3. RESULTS 

The mechanical stiffness of body for ten soccer 
players is shown in Table 1. 

 
Table 1. Maximum rebound and landing forces, fly time and  

jump height for one participant during 10 jumps 

 

Max 
rebound 

force 
[N] 

Max 
landing 

force [N] 

Fly 
time  

[s] 

Jump 
height  

[m] 

1 6212 4370 0.3653 0.83 

2 6439 5896 0.6479 0.79 

3 5664 6108 0.4581 0.58 

4 5512 4961 0.5627 0.88 

5 5272 5681 0.3790 0.73 

6 6270 5924 0.5633 0.67 

7 7610 6167 0.6344 0.81 

8 6501 6402 0.6175 0.65 

9 5306 5379 0.3373 0.56 

10 7088 7782 0.4005 0.78 
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Fig. 3 Effective stress distribution in the tibial bone, finite 
element analysis [MPa] 

 
The maximum stress (1.15 MPa) occured in the 
tibial bone and some part of the cartilage as it is 
presented in Fig 3. With this technology we can 
determine stress distributions using the force 
plate measurement as boundary condition for 
three-dimensional computer simulation. 
 

 

Fig. 4. Deformation distribution [%] in the three-dimensional 
FE model for cartilage during one jump 

 

Deformation distribution in the cartilage three-
dimensional FE model during one jump is 
presented in Fig. 4. 

4. CONCLUSION 

In this study the result of measurement force 
while performing periodic jumps and computer 
simulation of knee stress and strain is presented. 
The force plate platform is one of the basic 
devices for biomechanical analysis. Several 
subjects participated in the experiment. Detailed 
knee strain and stress can be obtained  with finite 
element analysis where boundary condition for 
force can be obtained from measurement. This 
will open a new avenue for future biomechanical 
analysis of jumping using force plate 
measurement and finite element method for 
assessment of specific athlete knee. 
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