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 Aortic Valve simulation remains a controversial topic as a result of its complex anatomical structure and 
mechanical characteristics such as material properties and time-dependent loading conditions. This 
study aims to integrate physiologically important features into a realistic structural simulation of the 
aortic valve. A finite element model of the natural human aortic valve was developed considering 
Linear Elastic and Hyperelastic material properties for the leaflets and aortic tissues and starting from 
the unpressurized geometry. It has been observed that although similar stress-strain patterns were 
generated on Aortic Valve for both material properties, the hyperelastic nature of valve tissue can 
distribute stress smoothly and with lower strain during the cardiac cycle. The deformation of the aortic 
root can play a prominent role as its compliance changed significantly throughout cardiac cycle. 
Furthermore, dynamics of the leaflets can reduce stresses by affecting geometries. The highest values of 
stress occurred along the leaflet attachment line and near the commissure during diastole. The effects of 
high +G acceleration on the performance of valve, valve opening and  closing characteristics, and   
equivalent Von Mises stress and strain distribution are also investigated. 

Keywords: 
Aortic Valve 
Finite Element Method 
Unpressurized Model 
Cardiovascular Biomechanics 
Hyperelastic Constitutive Modeling 

 

  

1 -   
11

  . 
22

1 Leaflet 
2 Left Ventricular Outflow Tract (LVOT) 

 .  
 [1] .   

 
[3,2] . 
 

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

3.
30

.7
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

                             1 / 10

https://dorl.net/dor/20.1001.1.10275940.1395.16.3.30.7
https://mme.modares.ac.ir/article-15-7506-en.html


    

                         

  

264   1395163  

 . 
 

   
[5,4] . 

 
  .

  
 1  [6]. 

 [7] .
  

[9,8] .
 .

 
   [12-10,8] .2 1990 

 .
3  

[6]  . 

 . 4 5 
 . 

 
 [1] . 

6 7     .

  . 

 
 .

 [14,13] .
 

  
 .

  . 
 8  

  9  [13] .
 

10 
  .  

 

1 Commissure 
2 Thubrikar 
3 Coaptation  
4 Wet Model 
5 Fluid-Structure Interaction (FSI)  
6 Implicit 
7 Explicit 
8 Parallelization 
9 Multiple Processors 
10 Time Step 

  .
 

 .
 

11   

 .
  

 .

[1].  
 

12  
]  18-15 .[ 

   
   .

 
 

  .

[21-19] .  
1 2 

 .
 .

]  22 [] 23 [
  

2 -  
   -

  . 13 
 [33] . 

   
  

Table 1 Explanation associated with Table2 
1 2 

 6  1 
 7  2 
 8  3 
 9  4 

 10  5 

11 Hyperelastic 
12 Dummy Model 
13 Cardiovascular tissue 

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

3.
30

.7
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

                             2 / 10

https://dorl.net/dor/20.1001.1.10275940.1395.16.3.30.7
https://mme.modares.ac.ir/article-15-7506-en.html


    

                          

 999999 9  265  

Table  2 Features of published three-dimensional FE models of the 
native aortic valve  
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Fig. 1 aortic valve geometry parameters [6] 
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Table 3 values of aortic valve geometry parameters (mm) 
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Fig. 3 Physiological Load applied on Leaflets and Sinuses [1] 
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Table 5 Valve Opening and Closing Characteristics (mm, ms) 
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20.9±4.2 145 17.19 
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39.5±5 39.3 44 
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1 Echocardiography Images 
2 Doppler Techniques 
3 Ejection Time 
4 Slow Closing Displacement 

  
Fig. 4 Leaflets deformation for Linear Elastic and Hyperelastic material 
properties 
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Fig. 5 Aortic Wall deformation for Linear Elastic and Hyperelastic 
material properties 
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Table 6 Maximum Opening and Closing Stress for Linear Elastic and 
Hyperelastic models (Pa) 

6 
 ) 

  
 

630600 695300  
778900 946200  

  

 
Fig. 6 First principal stress for Linear Elastic and Hyperelastic material 
properties 
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2 Vivo 

  
Fig. 7 Von Mises Equivalent Stress (Pa) distribution in fully-opened 
and fully-closed condition for Linear Elastic model (left) and 
Hyperelastic model (right) 
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Fig. 8 Von Mises Equivalent Strain distribution in fully-opened and 
fully-closed condition for Linear Elastic model (left) and Hyperelastic 
model (right) 
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Table 7 Maximum Opening and Closing Strain for Linear Elastic and 
Hyperelastic models  
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Fig. 9 Leaflets Velocity vs. Time for Linear Elastic and Hyperelastic 
models 
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Fig. 10 Curve of the chest acceleration for Crash Moment [43] 
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Fig. 11 Leaflets deformation for normal cardiac cycle and exposed to 
high G acceleration 
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Table 8 Valve Opening and Closing Characteristics for normal cardiac 
cycle and exposed to high G acceleration 

8  
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302 17.19 62  
297 16.55 67  

Table 9 Maximum Stress and Strain for Open and Close Valve, normal 
cardiac cycle and exposed to high G 
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695300 0.347 630600 0.330  

757900 0.397 632000 0.331 
 

 
Fig .12 Von Mises Equivalent Stress (Pa) distribution in fully-opened 
and fully-closed condition for normal cardiac cycle (left) and exposed 
to high G (right) 
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Fig .13 Cardiac Cycle for Linear Elastic Model (right) and Hyperelastic 
model (left) 

13  ( ) 
)  

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

3.
30

.7
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

                             8 / 10

https://dorl.net/dor/20.1001.1.10275940.1395.16.3.30.7
https://mme.modares.ac.ir/article-15-7506-en.html


    

                          

 999999 9  271  

  
  .

 

 

  .
 

  

 .

  

7 -  
 

  
  
  
  - 
  
 - 
  

 
  
  

8 -   
[1] M. R. Labrosse, K. Lobo, C. J. Beller, Structural analysis of the natural aortic 

valve in dynamics: From unpressurized to physiologically loaded. Journal of 
Biomechanics, Vol. 43, No. 1, pp. 1916-1922, 2010. 

[2] K. B. Chandran, S. E. Rittgers, A. P. Yoganathan. Biofluid Mechanics: the 
human circulation. Boca Raton, Florida: CRC/Taylor & Francis, 2007. 

[3] K. Chandran, Role of Computational Simulations in Heart Valve Dynamics 
and Design of Valvular Prostheses, Cardiovascular Engineering and 
Technology, Vol. 1, No. 1, pp. 18-38, 2010. 

[4] J. Lu, Isogeometric contact analysis: Geometric basis and formulation for 
frictionless contact. Computational Methods of Applied Mechanical 
Engineering. Vol. 15, No. 2, pp. 200-215, 2010. 

[5] T. J. R. Hughes, J. A. Cottrell, Y. Bazilevs, Isogeometric analysis: CAD, 
finite elements, NURBS, exact geometry and mesh refinement, 
Computational Methods of Applied Mechanical Engineering, Vol. 194, No. 
60, pp. 204-218, 2004. 

[6] R. Haj-Ali, Gil Marom, Sagit Ben Zekry, Moshe Rosenfeld, Ehud Raanani. 
A general three-dimensional parametric geometry of the native aortic valve 
and root for biomechanical modeling. Journal of Biomechanics, Vol. 45, No. 
2, pp. 2392-2397, 2012. 

[7] N. Piazza, P. de Jaegere, C. Schultz, A. E. Becker, P. W. Serruys, R. H. 
Anderson, Anatomy of the aortic valvar complex and its implications for 
transcatheter implantation of the aortic valve. Circulation, Cardiovascular 
Interventions Vo. 24, No. 1, pp. 74-81, 2008. 

[8] M. Thubrikar, the Aortic Valve. Boca Raton, Florida, CRC Press, 1990. 
[9] K. S. Kunzelman, K. J. Grande, T. E. David, R. P. Cochran, E.D. Verrier, 

Aortic root and valve relationships: impact on surgical repair. The Journal of 
Thoracic and Cardiovascular Surgery, Vol. 107, No. 5, pp. 162-170, 1994. 

[10] H. Reul, A. Vahlbruch, M. Giersiepen, T. Schmitz-Rode, V. Hirtz, S. Effert, 
The geometry of the aortic root in health, at valve disease and after valve 
replacement. Journal of Biomechanics Vol. 23, No. 6, pp. 181-191, 1990. 

[11] M. R. Labrosse, C. J. Beller, F. Robicsek, M. J. Thubrikar, Geometric 
modeling of functional trileaflet aortic valves, development and clinical 
applications, Journal of Biomechanics Vol. 39, No. 8, pp. 2665-2672, 2006. 

[12] J. S. Rankin, A. F. Dalley, P. S. Crooke, R. H. Anderson, A ‘Hemispherical’ 
model of aortic valvar geometry. Journal of Heart Valve Disease Vol. 17, 
No. 1, pp. 179-186, 2008. 

[13] F. Harewood, P. Mchugh, Comparison of the implicit and explicit finite 
element methods using crystal plasticity, Computational Materials Science, 
Vol. 39, No. 2, pp. 481-494, 2007. 

[14] B. Soltani, K. Mattiasson, A. Samuelsson, Implicit and dynamic explicit 
solutions of blade forging using the finite element method, Journal of 
materials processing technology, Vol. 45, No. 1, pp. 69-74, 1994. 

[15] M. Jamshidi, M. Ahmadian, Investigation of the effect of high+ Gz 
accelerations on human cardiac function. Journal of the mechanical behavior 
of biomedical materials, Vol. 27, No. 1, pp. 54-63, 2013. 

[16] P. C. Lin, J. Wang, S. C. Li, Subjective stress factors in centrifuge training 
for military aircrews. Applied Ergonomics, Vol. 43, No. 4, pp. 658–663, 
2012. 

[17] U. I. Balldin, Acceleration effects on fighter pilots, K. B. Pandolf, R. E. Burr 
(Eds.), Textbooks of Military Medicine, Medical Aspects of Harsh 
Environments Volume 2, pp. 1025-1083, United States Government Printing, 
2002. 

[18] T. J. Lyons, Davenport, C., Copley, G. B., Binder, H., Grayson, K., Kraft, 
N.O., Preventing G-induced loss of consciousness:  
20 years of operational experience. Aviation, Space, and 
Environmental Medicine, Vol. 75, pp. 1150–153, 2004. 

[19] Ö. Ku , K. Ba er, D. Ba er, B. Açar, et al., The Effect of Aortic Stiffness 
Parameters In Patients with Diastolic Dysfunction, The American Journal of 
Cardiology, Vol. 113, No. 7, pp. 32–39, 2014. 

[20] A. Pironet, P. C. Dauby, J. G. Chase, S. Kamoi, et al., Model-based stressed 
blood volume is an index of fluid responsiveness, Biological and Medical 
Systems, Vol. 48, No. 20, pp. 291–296, 2015.  

[21] K. Onur, E. B. Karaayvaz, N. G. Serbest, F. Mercanoglu, A. Elitok, K. 
Adalet, Right Heart Ventriculography from Left Internal mammalian artery, 
Global Heart, Vol. 9, No. 1, pp. 285–296, 2014. 

[22] M. Mohammadzadeh, M. Navidbakhsh, A. Rahmanian, Modeling and 
simulation of aortic regurgitation, 2nd National conference on applied 
research in electrical, mechanical and mechatronic, Tehran, Iran, 2014.  

[23] M. H. Mousavi, N. Fatouraei, H. R. Kanouzian, Computational analysis of 
blood flow in 2D model of the aortic valve using fluid and solid interaction 
method, 14th Conference on Biomedical Engineering (ICBME), Tehran, Iran, 
2008. 

[24] T. M. Koch, B. D. Reddy, P. Zilla, T. Franz, Aortic valve leaflet mechanical 
properties facilitate diastolic valve function. Computer Methods in 
Biomechanics and Biomedical Engineering. Vol. 13, No. 2, pp. 225-34, 
2010. 

[25] S.  Katayama,  S.  Umetani,  S.  Sugiura,  T.  Hisada,  The  sinus  of  Valsalva  
relieves abnormal stress on aortic valve leaflets by facilitating smooth 
closure. The Journal of Thoracic and Cardiovascular Surgery. Vol. 136, No. 
6, pp. 1528–1535, 2009. 

[26] C. Carmody, G. Burriesci, I. Howard, E. A. Patterson, An approach to the 
simulation of fluid–structure interaction in the aortic valve, Journal of 
Biomechanics, Vol. 39, No. 2, pp. 158–169  2006. 

[27] A. Ranga, O. Bouchot, R. Mongrain, P. Ugolini, R. Cartier, Computational 
simulations of the aortic valve validated by imaging data: evaluation of 
valve- sparing techniques. Interact. The Journal of Thoracic and 
Cardiovascular Surgery, Vol. 5, No. 4, pp. 373–378, 2006. 

[28] I. C. Howard, E. A. Patterson, A. Yoxall, on the opening mechanism of the 
aortic valve: some observations from simulations, Journal of Medical 
Engineering &Technology Vol. 27, No. 3, pp. 259–266, 2003. 

[29] M. A.  Nicosia, R. P. Cochran, D. R. Einstein, C. J. Rutland, K. S. 
Kunzelman, A coupled fluid–structure finite element model of the aortic 
valve root, Journal of Heart Valve Disease, Vol. 12, No. 1, pp. 781–789, 
2003. 

[30] R. Gnyaneshwar, R. K. Kumar, K. R. Balakrishnan, Dynamic analysis of the 
aortic valve using a finite element model, Annals Thoracic Surgery Vol. 73, 
No. 2, pp. 1122-1129, 2002. 

[31] A. Beck, M. J. Thubrikar, F. Robicsek, Stress analysis of the aortic valve 
with and without the sinuses of Valsalva, Journal of Heart Valve Disease, 
Vol. 10, No. 1, pp. 1–11, 2001. 

[32] K. J. Grande, R. P. Cochran, P. G. Reinhall, K. S. Kunzelman, Stress 
variations in the human aortic root and valve: the role of anatomic 
asymmetry. Annals of Biomedical Engineering. Vol. 26, No. 1, pp. 534–545, 
1998. 

[33]  S. Daly, P. J. Prendergast, F. Dolan, T. C. Lee, Use of finite element 
analysis to simulate the hyperelastic behavior of cardiovascular tissue, 
Proceedings of the 12th Conference of the European Society of 
Biomechanics, Dublin, 28-30, 2000. 

[34] M. Hassan, M. Hamdi, A. Noma, The nonlinear elastic and viscoelastic 
passive properties of left ventricular papillary muscle of a Guinea pig heart. 
Journal of the mechanical behavior of biomedical materials, Vol. 5. No. 1, 
pp. 99-109, 2012.  

[35] http://www.solidworks.com 
[36] Ranga, A., Mongrain, R., Biadilah, Y., Cartier, R., a Compliant dynamic 

FEA Model of the aortic valve, 12th IFToMM World Congress, Besancon 
(France), June 18-21, 2007. 

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

3.
30

.7
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

                             9 / 10

https://dorl.net/dor/20.1001.1.10275940.1395.16.3.30.7
https://mme.modares.ac.ir/article-15-7506-en.html


    

                         

  

272   1395163  

[37] R. G. Leyh, C. Schmidtke, H. -H. Sievers, M. Yacoub, Opening and closing 
characteristics of the aortic valve after different types of valve preserving 
surgery, Circulation, Vol. 100, No. 21, pp. 2153-2160, 1999. 

[38] ANSYS user’s guide and reference guide, The ANSYS Inc., 2009. 
http://www.ansys.com/ 

[39] J. Grande, R. P. Cochran, P. G. Reinhall, K. S. Kunzelman, Mechanisms of 
aortic valve incompetence: finite element modeling of aortic root dilation, 
Annals of Thoracic Surgery, Vol. 69, No. 5, pp. 1851-1857, 2000. 

[40] A. Beck, M. Thubrikar, F. Robicsek, Stress analysis of the aortic valve with 
and without the Sinuses of Valsalva, The Journal of Heart Valve Disease, 

Vol. 10, No. 2, pp. 1-11, 2001. 
[41] H. Han, Y. Fung, Longitudinal strain of canine and porcine aortas, Journal of 

Biomechanics, Vol. 28, No. 5, pp. 637-641, 1995. 
[42] D. R. Einstein, P. Reinhall, M. Nicosia, R. Cochran, K. Kunzelman, 

Dynamic finite element implementation of nonlinear, anisotropic 
hyperelastic biological membranes, Computer Methods in Biomechanics & 
Biomedical Engineering, Vol. 6, No. 1, pp. 33-44, 2003. 

[43] Wenguo, Qi. X. L., Jin, X. Y. Zhang, Improvement of energy-absorbing 
structures of a commercial vehicle for crashworthiness using finite element 
method, The International Journal of Advanced Manufacturing Technology, 
Vol. 30, No. 5, pp. 1001-1009, 2006. 

 [
 D

O
R

: 2
0.

10
01

.1
.1

02
75

94
0.

13
95

.1
6.

3.
30

.7
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 m
m

e.
m

od
ar

es
.a

c.
ir

 o
n 

20
24

-0
4-

10
 ]

 

Powered by TCPDF (www.tcpdf.org)

                            10 / 10

https://dorl.net/dor/20.1001.1.10275940.1395.16.3.30.7
https://mme.modares.ac.ir/article-15-7506-en.html
http://www.tcpdf.org

