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ABSTRACT 

The present work is a review of publications covering computer simulation of aortic valve operation and material 
properties of aortic valve components studies. Particular attention is paid to the anisotropy of material and 
geometric properties. The methods of geometric models developing by using specified research methods and/or 
diagnostic imaging devices are presented. The microstructure of the aortic valve is also described and its impact 
on material properties definition introduced. The various ways of describing the aortic valve leaflet anisotropic 
properties are mentioned. Often exploited simplifications and their impact on the simulation results is also 
presented. 

Keywords: aortic valve simulation; aortic valve geometry; heart valve tissue mechanical properties; aortic valve 
anisotropy 
 
 
 

INTRODUCTION 
 
 

Aortic insufficiency being a consequence of root dilation or cusp deformation [1] is the 
main cause determinant undertaking a surgical repair procedure. Remodeling and 
reimplantation are currently in practice. Located between left ventricle of the heart and the 
aorta aortic valve prevents reversing blood flow to the heart chamber. The development of 
materials science towards increasingly sophisticated biomaterials allowed to replace the 
mechanical caged-ball and tilting-disc prosthesis with the prosthesis with a geometry similar 
to the native valve. Currently implantable prostheses are more functional and often do not 
require anticoagulation therapy. Computer methods to date allow to improve minimally 
invasive valve replacement approaches (Transcatheter Aortic Valve Implantation) [2, 3, 4] to 
improve native valve repair methods [5, 6, 7, 8, 9, 10, 11] to increase the functionality of 
prostheses already in use by changing their geometry [12] or to predict the optimal surgical 
solution [13]. The Functional aortic valve prosthetic operates dynamically which is 
conditioned by the nature of the blood flow at the left ventricle outlet. This involves the 
regions of high tensile and bending stresses formation that after exceeding the critical values 
can accelerate tissue structural fatigue damage. Stress concentrations within the leaflet may 
contribute to initiation of calcification by causing structural disintegration [14]. Computer 
simulation of aortic valve prosthesis operation allows to evaluate its functionality and to 
determine the extent of its efficiency under defined environment. An apt description of the 
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initial geometry is an essential condition - aortic valve and a blood vessel geometric model, 
the type of analysis (static/dynamic), a description of the material behavior both valve leaflets 
and aortic and the behavior of the fluid - blood description. An accurate geometric description 
of aortic valve greatly influences on the nature of its operation mapping, and selection of 
simplifications on the numerical computation duration. The present work is a review of 
publications representing the natural aortic valve construction in terms of both macro- and 
microscopic. It includes issues which should be paid a special attention to taking on aortic 
valve simulation in terms of its geometry and way of material properties describing. 
 
 
   

INITIAL GEOMETRY 
 
 

Previous investigations of aortic valve geometry were carried out by casting silicone 
rubber molds under pressure [15, 16, 17] or utilizing hearts and a freezing technique under the 
pressure. Swanson and Clark [15] based on experimental studies using the first 
aforementioned method present the geometric dimensions of the human aortic valve variation 
as a function of pressure during cardiac cycle. On this basis, they introduced a parametric 
description of the valve and aortic root. As a reference dimension aortic annulus diameter was 
chosen because of approximately 10% of it variation with pressure from 20÷120 mmHg. The 
authors define the various dimensions of the aortic valve with respect to the reference 
dimension: length measured along the leaflet at the center of the sinus region, the width of the 
coaptation at the center and free edge length. The dimensions of the blood vessel where the 
valve is positioned are also presented in the parametric form respectively: sinus diameter, 
aortic root diameter, sinus of Valsalva length and height from ventricular tract base plane to 
top of annulus fibrosis. Swanson and Clark [15] results became the basis of other researchers 
geometric model description [18, 19, 20, 21]. Labrosse et al. [16, 17] have enhanced their 
database with dimensions [15] of closed normal human valves pressurized at 80mmHg 
measured by Swanson and Clark  because they were obtained in very similar experimental 
conditions. The results obtained through simulations are consistent with the experimental 
result. Geometric orifice area measurement error was less than 5% in the experiment and in 
the simulation case. The authors point out that initial geometry does not include local 
variations with thicker tissue along the leaflet attachment line what slowed down closing of 
the simulated valve. This is probably the result of depending on the thickness of the tissue 
variable leaflet flexural properties. 

Aortic valve leaflet is composed of three layers: the ventricularis, spongiosa and fibrosa 
that are predominantly composed of radially, loose and parallel to the cuspal free edge aligned 
collagen fibers respectively [22]. The role of collagen fibers is to reduce stresses in the 
leaflets during cardiac cycle and to provide smoother opening and closing valve [23]. This 
makes an important to take into account anisotropy of valve leaflets in terms of geometry and 
material properties in order to map the stress distribution. The leaflet thickness is varied 
within the physiological range depending on the region and type of leaflet (Fig.1). Regions of 
the noncoronary leaflet are assigned a greater thickness than corresponding regions in the 
right and left leaflet [24]. Thickness measurements were performed using micrometer [24], 
magnetic resonance imaging (MRI) [25] or using contacting profilometry [26]. Joda et al. [21] 
has simulated three models of aortic valve with different materials description each and 
concluded that valve model with the physiological leaflet thickness predicted 33% lower 
stress at the commissure and a 100% higher stress at the belly compared to the uniform 
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thickness model. Similarly, the valve model with the non-uniform leaflet thickness predicted 
27% lower strain at the commissure and 80% higher strain at the belly com- pared to the 
uniform thickness model. Grande et al. [27] based on simulation of aortic valve model 
generated by MRI concluded that leaflet and sinuses asymmetry affect the asymmetrical stress 
distribution. Coronary ostium in the right and left sinuses provide relief from the blood 
pressure loading additionally.  

 
 

 
Fig. 1. Aortic valve leaflet regions [27]  

The left leaflet is the smallest in terms of area, perimeter, free-margin length, and 
thickness [24, 28]. Vollenbergh and Becker [29] by measurement of the width and maximal 
height of each aortic valve’s cusp of being in an unfixed state showed that inequality in cusp 
size occurs in 97,5% of cases. Kunzelman et al. [28] drew similar conclusions. Based on the 
experimental studies involving the laying a suture along the specified dimension and 
comparing the suture length to a ruler concluded that the noncoronary leaflet tends to be the 
largest of the three leaflets. Currently assumed to be equal the dimensions of the three valve 
leaflets in order to simplify, which amounts to a necessity modeling one-sixth of the valve, 
extending between one commissure and the middle of a sinus. This assumption simplified the 
modeling and analysis by solving one-sixth of the model, and reducing computation time. 
This approach ignores asymmetric deformation during non-linear dynamic analysis [30]. 
Grande et al. [27] presented the importance of anatomic asymmetry taking into account. 
Turns out that it affects not only the regional variation of stress and strain especially at the 
commissure and the belly regions [21] but the coaptation results in the three valve leaflet also. 
This is particularly important for assessment of the aortic valve model effectiveness. Hammer 
et al. [31] measured the average pattern of the collagen network in porcine aortic valve leaflet 
and based on the results of the simulation concludes that the concave pattern of curved fibers 
produces a closed valve with a 40% increase in central leaflet coaptation height and with 
decreased leaflet billow, resulting in a more physiological closed valve shape. 

Currently initial geometry of aortic valve is generated often based on the data obtained in 
the diagnostic imaging methods. The great challenge in aortic valve geometry developing 
based on medical scans is to determine the leaflet thickness. This is due to the approximate 
density of the tissues and the surrounding blood. One of the methods is magnetic resonance 
imaging (MRI) measurements of excised human AV and root specimens [25, 27] or 
measurements often in two-dimensional sections at the same relative time of the cardiac 
cycle. Many possibilities for simulating the blood flow through the prosthetic valve entails the 
solution presented by Ionasec et al. [32] who proposed a novel system for patient-specific 
modeling and clinical assessment of the aortic and mitral valves using computed tomography 
(CT) and transesophageal echocardiography (TEE). Soncini et al. [33] based on 2D 
transthoracic echocardiographic (2D TTE) data developed 3D model of the sinuses of 
Valsalva. Morganti et al. [34] using designed and developed by themselves an algorithm for 
3D modeling of the aortic root based on 2D echocardiography (2D Echo) measures presents 
generated circumferentially asymmetric geometrical models of the aortic root. Haj-Ali et al. 
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[35] developed 3D geometrical representation of the entire valve, including cusps and root 
compared to 3D-TEE measurements from non-pathological tricuspid aortic valve (TAVs). 
TEE and CT has recently become available in 4-D however aortic valve biomechanics 
simulation presents with challenges that have yet to be met and such volumetric time-resolved 
data due to its size and complexity is barely exploited in clinical practice [32]. 

Most of the studies that utilized AV parametric relationships to describe the valve 
geometry have focused on the cusps and the commissures, but did not include the geometry of 
the sinuses [16, 36]. Sinuses of Valsalva asymmetry ensures high valve efficiency through 
appropriate load bearing distribution during diastole [9]. The specific aortic root geometry 
provides different levels of expansion during ejection in the characteristic geometry planes. 
Lansac et al. [37] based on four-dimensional study of the aortic root dynamics makes a thesis 
that these chronologic, geometric changes are the mechanism to maximize ejection. 
Geometric models defined based on the experimental investigations unlike those based on 
diagnostic imaging methods often do not include the asymmetrical construction of valve 
leaflets and corresponding sinuses. To date, no studies on the effects of initial model position 
depending on the cardiac cycle phase but it is desirable that the initial model would be in the 
stress-free condition. As the unstressed valve state popular choice is a nearly closed [18, 25, 
27, 38, 39, 40, 41] or fully-open configuration [16, 17, 20]. Fully-closed position selection 
(loaded tissues behavior) [27, 42, 43, 44] requires to assume the size and shape of the contact 
area in the coaptation regions of the leaflets. Experimental validation of aortic valve 
prosthesis initial geometry is important for independent validation of the results of the 
analysis with either experimental data or prior published results in the application of such 
analyses for complex biological flow phenomena. 

 
 
 

MATERIAL PROPERTIES 
 
 

The anisotropic and nonlinear material properties of aortic valve leaflet tissue, arising 
from the presence of oriented collagen fiber, affect the leaflet dynamics and stress distribution 
thereby the associate failure mechanisms. Highly nonlinear stress-strain relationships, large 
deformations, viscoelasticity, and strong axial coupling are  particular challenges in 
constitutive modeling of aortic valve tissue. Despite this many previous works considered 
isotropic, linear [33, 45] or non-linear [43] elastic material property to define the constitutive 
behavior of valve leaflet tissue. Nicosia et al. [25] used linear elastic material properties but 
developed based on MRI geometric model includes leaflet thickness and normal variations in 
collagen fiber orientation. De Hart et al. [38] despite that the purpose of research is to analyze 
the impact on the structural stress state and the associated fluid dynamical flow, the aortic 
valve leaflets are assumed to behave linear elastic and isotropic. Marom et al. [46, 47] the 
choice of an isotropic and linear elastic leaflet tissue material properties justify the purpose of 
conducted simulation, ie. modeling the evolving nonlinear contact mechanism between the 
valve leaflet. Grande et al. [27] justify the assumption of linear material properties that the 
aortic valve function mainly in the higher elastic modulus region of its stress–strain curve 
during diastole. The author argues that the elastic region of the valve stress–strain curve has a 
greater role in the opening and early closing motion of the valve leaflets, while during the 
rapid final phase of valve closure, the collagen-dependent region of the stress–strain curve 
governs the deformational behavior. De Hart et al. [23] draws attention to the fact that fiber-
reinforcement has an impact on transvalvular pressure gradient. In many previous works the 
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anisotropic nature of the leaflet tissue is represented by means orthotropic [25, 27, 42, 48], 
transverse anisotropic [5, 6, 49] or hyperelasticity, what according to other researchers [27, 
50] is not capable of capturing the real deformation-dependent anisotropy of aortic valve 
tissue. Burriesci et al. [51] concluded that even a relatively low presence of orthotropy will 
significantly alter the stress distributions of the valve. Commonly used simplification that 
collagen fibers are approximately normally distributed about a mean preferred fiber direction 
determine the choice of transverse isotropy properties of aortic valve tissue model [52]. Freed 
et al. [53] developed a transverse isotropic nonlinear constitutive model accounting for 
dispersion of collagen fibers observed in some tissues and demonstrated the feasibility of the 
model to represent aortic valve tissue. Koch et al. [20] like Patterson et al. [54] consider that 
leaflet tissue material models described as the nonlinear elastic are more responsive to the 
time-varying pressure wave which induced lower compressive but higher tensile stresses in 
the leaflets. By conducting static finite element analysis investigated the influence of the non–
linear and anisotropic material properties of aortic valve leaflet. Koch analyzed four material 
models: isotropic linear elastic (ILE), transversely isotropic linear elastic (TILE), isotropic 
hyperelastic (IHYP), and transversely isotropic hyperelastic (TIHYP).  Differences in the 
results of the four models were readily seen in diastole what confirms the validity of the 
obtained results and made thesis by predecessors. Peak values of stress were greatly reduced 
in the transversely isotropic models, and TIHYP model is characterized by the highest value 
of the amount of coaptation surface (45%  considering the ratio of coaptation area to total 
leaflet area). Labrosse at al. [17] develop a novel element model of the natural aortic valve 
with transversely isotropic and hyperelastic material properties. It is also used in aortic root 
tissue modeling. Despite the fact that aortic root wall is known to be highly nonlinear  and 
anisotropic [55, 56, 57] material models are frequently simplified as isotropic with no 
directional dependence [21, 58]. The basis for determining of aortic root material constants is 
commonly used tensile test. 

 
 

 
SUMMARY 

 
 

Depending on the specific aim of the study, certain simplifications may be reasonable as 
they will not greatly influence the results of that study. Geometrical simplifications and 
assumptions of symmetry are also reasonable if the researchers are not concerned with local 
variability and aim to characterize general patterns or to isolate the effects of one globally 
applied variable. Junction area of aortic valve with ascending aorta called commissure is 
exposed to the high stress therefore an accurate definition of material properties model is a 
major issue.  Native heart valve tissue is most accurately described as a nonlinear, 
pseudoelastic, and anisotropic multilayered material. Selection of appropriate material model 
describing aortic valve leaflet behavior affects the assessment of valve efficiency e.g. by 
analyzing Effective Orifice Area changes and also to evaluate the functionality through 
coaptation surface area analysis. For a dynamic study of the full cardiac cycle, the nonlinear 
elastic and anisotropic properties of the valve should be considered to obtain realistic 
results.The geometrical and material properties should be defined to most accurately model 
the valve for the purpose of the study, while still maintaining computational costs at an 
acceptable level. 

 



34                         ADVANCES IN MATERIALS SCIENCE, Vol. 16, No. 4 (50), December 2016 

 

 

REFERENCES 
 

 
1. Thubrikar M. J., Labrosse M. R., Zehr K. J., Robicsek F., Gong G. G., Fowler B. L., Aortic 

root dilatation may alter the dimensions of the valve leaflets. Eur. J. Cardio-thoracic Surg. 28 
(2005) 850-855. 

2. Ovcharenko E. A., Klyshnikov K. U., Vlad A. R., Sizova I. N., Kokov A. N., Nushtaev D. V., 
Yuzhalin A. E., Zhuravleva I. U., Computer-aided design of the human aortic root. Comput. 
Biol. Med. 54 (2014) 109-115. 

3. Dwyer H. A., Matthews P. B., Azadani A., Jaussaud N., Ge L., Guy T. S., Tseng E. E., 
Computational fluid dynamics simulation of transcatheter aortic valve degeneration. Interact. 
Cardiovasc. Thorac. Surg. 9 (2009) 301-308. 

4. Ovcharenko E. A., Klyshnikov K. U., Yuzhalin A. E., Savrasov G. V., Kokov A. N., Batranin 
A. V., Ganyukov V. I., Kudryavtseva Y. A., Modeling of transcatheter aortic valve 
replacement: Patient specific vs general approaches based on finite element analysis. Comput. 
Biol. Med. 69 (2016) 29-36. 

5. Toeg H. D., Abessi O., Al-Atassi T., de Kerchove L., El-Khoury G., Labrosse M., Boodhwani 
M., Finding the ideal biomaterial for aortic valve repair with ex??vivo porcine left heart 
simulator and finite element modeling. J. Thorac. Cardiovasc. Surg. (2014) 1-7. 

6. Labrosse M. R., Boodhwani M., Sohmer B., Beller C. J., Modeling leaflet correction 
techniques in aortic valve repair: A finite element study. J. Biomech. 44 (2011) 2292-2298. 

7. Cheng A., Dagum P., Miller D. C., Aortic root dynamics and surgery: from craft to science. 
Philos. Trans. R. Soc. Lond. B. Biol. Sci. 362 (2007) 1407-1419. 

8. Hammer P. E., Chen P. C., Del Nido P. J., Howe R. D., Computational model of aortic valve 
surgical repair using grafted pericardium. J. Biomech. 45 (2012) 1199-1204. 

9. Grande-Allen K. J., Cochran R. P., Reinhall P. G., Kunzelman K. S., Finite-element analysis 
of aortic valve-sparing: Influence of graft shape and stiffness. IEEE Trans. Biomed. Eng. 48 
(2000) 647-659. 

10. Grande-Allen K. J., Cochran R. P., Reinhall P. G., Kunzelman K. S., Re-creation of sinuses is 
important for sparing the aortic valve: a finite element study. J. Thorac. Cardiovasc. Surg. 119 
(2000) 753-763. 

11. Schoenhagen P., Tuzcu E. M., Kapadia S. R., Desai M. Y., Svensson L. G., Three-dimensional 
imaging of the aortic valve and aortic root with computed tomography: New standards in an 
era of transcatheter valve repair/implantation. Eur. Heart J. 30 (2009) 2079-2086. 

12. Dwyer H. A., Matthews P. B., Azadani A., Ge L., Guy T. S., Tseng E. E. Migration forces of 
transcatheter aortic valves in patients with noncalcific aortic insufficiency. J. Thorac. 
Cardiovasc. Surg. 138 (2009) 1227-1233. 

13. Totaro P., Morganti S., Ngo Yon C. L., Dore R., Conti M., Auricchio F., Vigano M., 
Computational finite element analyses to optimize graft sizing during aortic valve-sparing 
procedure. J Hear. Valve Dis 21 (2012) 141-147. 

14. Sacks M. S., Schoen F. J., Collagen fiber disruption occurs independent of calcification in 
clinically explanted bioprosthetic heart valves. J. Biomed. Mater. Res. 62 (2002) 359-371. 

15. Swanson W. M., Clark R. E., Dimensions and Geometric Relationships of the Human Aortic 
Value as a Function of Pressure. Circ. Res. 35 (1974) 871-882. 



K. Dawidowska: Aortic valve geometry modeling – review                                                                                  35 
 

16. Labrosse M. R., Beller C. J., Robicsek F., Thubrikar M. J., Geometric modeling of functional 
trileaflet aortic valves: Development and clinical applications. J. Biomech. 39 (2006) 2665-
2672. 

17. Labrosse M. R., Lobo K., Beller C. J., Structural analysis of the natural aortic valve in 
dynamics: From unpressurized to physiologically loaded. J. Biomech. 43 (2010) 1916-1922. 

18. Makhijani V. B., Yang H. Q., Dionne P. J., Thubrikar M. J., Three Dimensional Coupled Fluid 
Structure Simulation of Pericardial Bioprosthetic Aortic Valve Function. ASAIO Jurnal 43 
(1997) 387-395. 

19. Lim K. H., Candra J., Yeo J. H., Duran C. M. G., Flat or curved pericardial aortic valve cusps: 
a finite element study. J. Heart Valve Dis. 13 (2004) 792-797. 

20. Koch T. M., Reddy B. D., Zilla P., Franz T., Aortic valve leaflet mechanical properties 
facilitate diastolic valve function. Comput. Methods Biomech. Biomed. Engin. 13 (2010) 225-
234. 

21. Joda A., Jin Z., Haverich A., Summers J., Korossis S., Multiphysics simulation of the effect of 
leaflet thickness inhomogeneity and material anisotropy on the stress-strain distribution on the 
aortic valve. J. Biomech. 49 (2016) 2502-2512. 

22. Maxfield M. W., Cleary M. A., Breuer C. K., Tissue-Engineering Heart Valves. Academic 
Press Chapter 40 (2014) 813-833. 

23. De Hart J., Peters G. W. M., Schreurs P. J. G., Baaijens F. P. T., Collagen fibers reduce 
stresses and stabilize motion of aortic valve leaflets during systole. J. Biomech. 37 (2004) 
303-311. 

24. Sahasakul Y., Edwards W. D., Naessens J. M., Tajik A. J., Age-related changes in aortic and 
mitral valve thickness: implications for two-dimensional echocardiography based on an 
autopsy study of 200 normal human hearts. Am. J. Cardiol. 62 (1988) 424-430. 

25. Nicosia M. A., Cochran R. P., Kunzelman K. S., Coupled fluid-structure finite element 
modeling of the aortic valve and root. Engineering Med. Biol. 2 (2002)1278-1279. 

26. Wang L., Korossis S., Ingham E., Fisher J., Jin Z., Computational simulation of oxygen 
diffusion in aortic valve leaflet for tissue engineering applications. J. Heart Valve Dis. 17 
(2008) 700-709. 

27. Grande K. J., Cochran R. P., Reinhall P. G., Kunzelman K. S., Stress variations in the human 
aortic root and valve: the role of anatomic asymmetry. Ann. Biomed. Eng. 26 (1998) 534-545. 

28. Kunzelman K. S., Grande K. J., David T. E., Cochran R. P., Verrier E. D., Aortic root and 
valve relationships: Impact on surgical repair. J. Thorac. Cardiovasc. Surg. 107 (1994) 162-
170. 

29. Vollebergh F. E., Becker E., Minor congenital variations of cusp size in tricuspid aortic 
valves. Possible link with isolated aortic stenosis. Br. Heart J. 39 (1977) 1006-1011. 

30. Cook R. D., Malkus D. S., Plesha M. E., Witt R. J. W., Concept and Applications of Finite 
Element Analysis. John Wiley & Sons, Inc. (2002) 

31. Hammer P. E., Pacak C. A., Howe R. D., del Nido P. J., Straightening of curved pattern of 
collagen fibers under load controls aortic valve shape. J. Biomech. 47 (2014) 341-346. 

32. Ionasec R. I., Voigt I., Georgescu B., Wang Y., Houle H., Vega-Higuera F., Navab N., 
Comaniciu D., Patient-specific modeling and quantification of the aortic and mitral valves 
from 4-D cardiac CT and TEE. IEEE Trans. Med. Imaging 29 (2010) 1636-1651. 

33. Soncini M., Votta E., Zinicchino S., Burrone V., Mangini A., Lemma M., Antona C., Redaelli 
A., Aortic root performance after valve sparing procedure: A comparative finite element 
analysis. Med. Eng. Phys. 31 (2009) 234-243. 



36                         ADVANCES IN MATERIALS SCIENCE, Vol. 16, No. 4 (50), December 2016 

 

34. Morganti S., Valentini A., Favalli V., Serio A., Gambarin F. I., Vella D., Mazzocchi L., 
Massetti M., Auricchio F., Arbustini E., Aortic root 3D parametric morphological model from 
2D-echo images. Comput. Biol. Med. 43 (2013) 2196-2204. 

35. Haj-Ali R., Marom G., Ben Zekry S., Rosenfeld M., Raanani E., A general three-dimensional 
parametric geometry of the native aortic valve and root for biomechanical modeling. J. 
Biomech. 45 (2012) 2392-2397. 

36. Rankin J. S., Dalley A. F., Crooke P. S., Anderson R. H., A hemispherical model of aortic 
valvar geometry. J. Heart Valve Dis. 17 (2008) 179-186. 

37. Lansac E., Lim H. S., Shomura Y., Lim K. H., Rice N. T., Goetz W., Acar C., Duran C. M. G., 
A four-dimensional study of the aortic root dynamics. Eur. J. Cardio-thoracic Surg. 22 (2002) 
497-503. 

38. De Hart J., Peters G. W. M., Schreurs P. J. G., Baaijens F. P. T., A three-dimensional 
computational analysis of fluid-structure interaction in the aortic valve. J. Biomech. 36 (2003) 
103-112. 

39. Morsi Y. S., Yang W. W., Wong C. S., Das S., Transient fluid-structure coupling for 
simulation of a trileaflet heart valve using weak coupling. J. Artif. Organs 10 (2007) 96-103. 

40. Weinberg E. J., Kaazempur Mofrad M. R., Transient, three-dimensional, multiscale 
simulations of the human aortic valve. Cardiovasc. Eng. 7 (2007) 140-155. 

41. Ranga A., Bouchot O., Mongrain R., Ugolini P., Cartier R., Computational simulations of the 
aortic valve validated by imaging data: evaluation of valve-sparing techniques. Interact. 
Cardiovasc. Thorac. Surg. 5 (2006) 373-378. 

42. Katayama S., Umetani N., Sugiura S., Hisada T., The sinus of Valsalva relieves abnormal 
stress on aortic valve leaflets by facilitating smooth closure. J. Thorac. Cardiovasc. Surg. 136 
(2008) 1528-1535. 

43. Carmody C. J., Burriesci G., Howard I. C., Patterson E., An approach to the simulation of 
fluid-structure interaction in the aortic valve. J. Biomech. 39 (2006) 158-169. 

44. Howard I. C., Patterson E., Yoxall A., On the opening mechanism of the aortic valve: some 
observations from simulations. J. Med. Eng. Technol. 27 (2003) 259-266. 

45. Gnyaneshwar R., Kumar R. K., Balakrishnan K. R., Dynamic analysis of the aortic valve 
using a finite element model. Ann. Thorac. Surg. 73 (2002) 1122-1129. 

46. Marom G., Haj-Ali R., Raanani E., Schäfers H. J., Rosenfeld M., A fluid-structure interaction 
model of the aortic valve with coaptation and compliant aortic root. Med. Biol. Eng. Comput. 
50 (2012) 173-182. 

47. Marom G., Haj-Ali R., Rosenfeld M., Schäfers H. J., Raanani E., Aortic root numeric model: 
Annulus diameter prediction of effective height and coaptation in post-aortic valve repair. J. 
Thorac. Cardiovasc. Surg. 145 (2013) 9-11. 

48. Kalyana Sundaram G. B., Balakrishnan K. R., Kumar R. K., Aortic valve dynamics using a 
fluid structure interaction model – The physiology of opening and closing. J. Biomech. 48 
(2015) 1737-1744. 

49. Stevanella M., Votta E., Lemma M., Antona C., Redaelli A., Finite element modelling of the 
tricuspid valve: A preliminary study. Med. Eng. Phys. 32 (2010) 1213-1223. 

50. Smuts A. N., Blaine D. C., Scheffer C., Weich H., Doubell A. F., Dellimore K. H., 
Application of finite element analysis to the design of tissue leaflets for a percutaneous aortic 
valve. J. Mech. Behav. Biomed. Mater. 4 (2011) 85-98. 

51. Burriesci I. C. H. G., Patterson E. A., Influence of anisotropy on the mechanical behaviour of 
bioprosthetic heart valves. J. Med. Eng. Technol. 23 (1999) 203-215. 



K. Dawidowska: Aortic valve geometry modeling – review                                                                                  37 
 

52. Li J., Luo X. Y., Kuang Z. B., A nonlinear anisotropic model for porcine aortic heart valves. ,” 
J. Biomech. 34 (2001) 1279-1289. 

53. Freed A. D., Einstein D. R., Vesely I., Invariant formulation for dispersed transverse isotropy 
in aortic heart valves: An efficient means for modeling fiber splay. Biomech. Model. 
Mechanobiol. 4 (2005) 100-117. 

54. Patterson E. A., Howard I. C., Thornton M. A., A comparative study of linear and nonlinear 
simulations of the leaflets in a bioprosthetic heart valve during the cardiac cycle. ,” J. Med. 
Eng. Technol. 20 (1996) 95-108. 

55. Okamoto R. J., Wagenseil J. E., DeLong W. R., Peterson S. J., Kouchoukos N. T., Sundt T. 
M., Mechanical properties of dilated human ascending aorta. Ann. Biomed. Eng. 30 (2002) 
624-635. 

56. Ferraresi C., Bertetto M., Mazza L., Maffiodo D., Franco W., One-dimensional experimental 
mechanical characterisation of porcine aortic root wall. Med. Biol. Eng. Comput. 37 (1999) 
202-207. 

57. Ferraresi C., Manuello Bertetto A., Mazza L., Franco W., Maffiodo D., Opening mechanics of 
the aortic root: non homogeneous and non isotropic F.E.M. model of biological structure. 
Mech. Res. Commun. 25 (1998) 405-413. 

58. Azadani A. N., Chitsaz S., Matthews P. B., Jaussaud N., Leung J., Tsinman T., Ge L., Tseng 
E. E., Comparison of mechanical properties of human ascending aorta and aortic sinuses. Ann. 
Thorac. Surg. 93 (2012) 87-94. 

 

 


