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Abstract: Bicuspid Aortic Valve (BAV) is a congenital cardiac disorder, prevalent in 1%–2% of the general population, where 

33% of BAV patients may experience vascular complications. BAV consists in two cusps instead of three, as in a normal valve 

(Tricuspid Aortic Valve, TAV).	  This work is devoted to the numerical study of hemodynamic effects in different BAV geometries 

(2D) using a Fluid Structure Interaction (FSI) method with an Arbitrary Lagrangian Eulerian (ALE) approach. One idealized 

TAV model and six BAVs corresponding to patient specific models (with aortic root dimensions measured from MRI exams) 

were analyzed. Comparing BAVs with TAV analysis, BAVs present asymmetric blood flow jets, vortices and larger WSS on 

the leaflets (in particular on the belly and on the tip), which can be a potential cause for early valvular calcification or 

exacerbate the existent calcification. In our FSI numerical simulations, applied to all BAV models, we verified: (i) maximum 

velocity magnitudes greater than 2 m/s; (ii) higher Von Mises stress on the leaflets, with maximum values of 1.0x106 Pa; (iii) 

abnormal WSS stresses with values greater than 8 N/m2 on the leaflets (higher WSS values on the pathological fused leaflet). 
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1. Introduction 
 
  Bicuspid aortic valve (BAV) is one of the most prominent 

congenital heart valve defect, prevalent in 1%–2% of the 

general population1–5. 33% of patients with a BAV may 

experience vascular complications and, consequently, require 

surgical intervention. Aortic stenosis, aortic regurgitation, an 

increased risk for infective endocarditis, are some 

examples1,3,6–9. BAV disease carries high risk of morbidity and 

mortality10 and lifelong surveillance of the aortic valve and 

aorta is required1,3,6–8. BAV anatomy includes typically two 

inequal-sized cusps, due to the fusion of two cusps resulting 

in one larger cusp, instead of three cusps as in a TAV3,10. The 

development of the aortic valve is complex and not yet 

completely understood11, but it is known that the heart begins 

as a single tube, separates into two tubes and begins to twist 

rightward onto itself11. The semilunar valves originate from 

mesenchymal outgrowths (also called as cardiac cushions) 

that are located along the ventricular outflow tract of the heart 

tube2,3,11.  

   Several studies employed the Fluid Structure Interaction 

(FSI) numerical models to investigate the clinical aspects of 

the congenital BAVs12–14. FSI simulations are based on 

structural and fluid dynamic solvers that allow the modeling of 

pressure load on the aortic root and on the cusps12,15. The FSI 

method requires the use of an Arbitrary Lagrangian Eulerian  

 

(ALE) formulation and Finite Elements (FE) analysis to study 

the fluid flow through the computational domain16.  

   Chandra et al. (2012) examined the asymmetric effect on 

different anatomies of BAV and compared the respective 

results with TAV, using 2D FSI methods based on an ALE 

approach15. This study supports the existence of the 

mechanoetiology of the aortic calcification disease in the BAV, 

showing the ability of abnormal fluid shear stress to trigger 

valvular inflammation15. 

   Weinberg and Mofrad (2008) and Katayama (2012) 

employed a 3D FSI models to study the hemodynamics in a 

pure BAV14,17.Investigating the pathological condition of the 

BAV, Weinberg et al. (2008) proposed a multiscale model. A 

BAV with leaflets of two equal sizes and a TAV models were 

numerically modeled by a set of FSI simulations to describe 

the cell, tissue and organ length scales13. These models are 

dynamic and incorporate nonlinear constitutive models of the 

valve leaflet tissue. Weinberg et al. (2008) observed 

differences between the TAV and the BAV at organ scale. 

BAV shows greater flexibility in the solid phase and a stronger 

jet formation in the fluid phase and at the cell scale the region 

of interest is verified on the wrinkling of the fibrosa13. This 

study supports the assertion that the difference in calcification 

observed in the BAV versus TAV (essentially in terms of 
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organ level) may be due to the geometric difference between 

the two types of valves13. Katayama et al. (2012) analyzed the 

influence of the morphologic characteristics of the BAV on its 

disease progression. Katayama concludes that BAV 

morphology creates an excessive bending strain on the 

leaflets during the ventricular ejection14. 

  Marom et al. (2013) compared several morphologies using 

FSI models: a trileaflet valve, two BAVs with an asymmetric 

anatomy, and a symmetric BAV. The results found are in 

concordance with the Chandra et al. (2012) study15. It was 

verified a larger opening area in the TAV during systole; at 

peak systole, larger vortices were found in BAVs compared to 

the TAV model, while the asymmetric configuration leads to 

larger vortices near the larger leaflet. The location of the 

vortices in the BAVs was also closer to the leaflets than in the 

TAV model. The closer vortices and the smaller opening, 

which lead to higher velocities, probably caused the larger 

flow shear stresses on the leaflets of the BAVs18,19.  

  Espino et al. (2015) developed a 2D FSI model, with an ALE 

approach, of a BAV with asymmetric cusps (with and without 

the aortic root), during the systolic phase20. 

  The present study simulates the interaction (hemodynamics 

and dynamics) between the blood and the heart valve 

structure applied to: (i) one TAV and six idealized patient-

specific 2D geometries (main novelty). Results of 

hemodynamic indicators, such as velocity magnitude, Von 

Mises stress and Wall Shear Stress (WSS) will be presented. 

 
2. Methods 
2.1. Mathematical Model 

   COMSOL Multiphysics30 was used to allow the FSI 

simulation, with a moving ALE formulation, in the fluid and the 

structural domains. Regarding the theoretical concepts, the 

fluid domain is denoted by Ω! and the structural domain by 

Ω!.The Navier Stokes equations, that govern the fluid motion, 

Ω!, are given by 

𝜌! !𝒖
!"
+ 𝒖𝒇𝒍𝒖𝒊𝒅  .∇𝒖𝒇𝒍𝒖𝒊𝒅 − 𝑑𝑖𝑣    𝜎! 𝒖𝒇𝒍𝒖𝒊𝒅, 𝑝 = 0, in  Ω! ,       (1) 

𝑑𝑖𝑣  𝒖𝒇𝒍𝒖𝒊𝒅 = 0, in  Ω! 

In equation (1),   𝜌!  is the fluid density (1010 kg/m3), 𝒖 

represents the velocity of the fluid, 𝑝  the pressure, and 

𝜎! 𝒖𝒇𝒍𝒖𝒊𝒅, 𝑝 = 2𝜇𝑫 𝒖𝒇𝒍𝒖𝒊𝒅 −   𝑝𝑰 corresponds to the Cauchy 

stress tensor, where 𝑫 𝒖𝒇𝒍𝒖𝒊𝒅 = !
!
   ∇𝒖𝒇𝒍𝒖𝒊𝒅 + ∇!𝒖𝒇𝒍𝒖𝒊𝒅    

denotes the strain tensor and 𝐈 is the identity tensor.  To solve 

equation (1) we need to impose an initial condition (t=0 in   Ω!) 

and conditions on the boundaries 𝜕Ω! =   Γ!"  ⋃    Γ!"##⋃    Γ!"#  of 

fluid domain Ω! are needed. 

𝒑 = 𝒑𝟎, [𝜇 ∇𝒖𝒇𝒍𝒖𝒊𝒅 + ∇𝒖𝒇𝒍𝒖𝒊𝒅  
!
.𝒏    𝑜𝑛    Γ!" ⊂     𝜕Ω! ,   (2) 

[−𝑝𝑰 ∇𝒖𝒇𝒍𝒖𝒊𝒅 + ∇𝒖𝒇𝒍𝒖𝒊𝒅     !)   .𝒏 =   −𝑝!.𝒏  𝑜𝑛    Γ!"# ⊂     𝜕Ω!   (3) 

𝒖𝒇𝒍𝒖𝒊𝒅 = 𝟎  𝑜𝑛    Γ!"## ⊂     𝜕Ω! ,     (4) 

   At the inlet boundary,   Γ!", it was imposed a value for the 

pressure and no viscous stress, where 𝒏 is the unit vector 

exterior to   Γ!" and and 𝜇 represents the viscosity, 3.5x10-3 Pa 

.s (equation (2)). At the outlet boundary,   Γ!"#, it must be noted 

that 𝒖𝒇𝒍𝒖𝒊𝒅. 𝑡 =0, 𝑝! ≤   𝑝! and   𝒏 is the outward unit normal  to 

  Γ!"# . (equation (3)). On the wall,   Γ!"##, a no-slip boundary 

condition (equation (4)) has been imposed. 

   FSI (based on an ALE approach) is a coupled problem for 

the fluid equations (system (5)) and the structure equations 

modeled as a linear elastic material (system (6)). This coupled 

problem is closed by appropriate interface conditions stating 

the continuity of the velocities and stresses in the coupling 

boundary  (system (7)) (Figure 1). The ALE system is 

completed by the boundary conditions (2)-(4) and initial 

conditions in the fluid and the structure and we suppose that 

the structure is clamped at the inlet and outlet boundaries, to 

simplify. 

 
Figure 1. Geometrical description31,32. 

𝜌! !𝒖
!"
+ (𝒖𝒇𝒍𝒖𝒊𝒅 −𝒘)  .𝛁𝒖𝒇𝒍𝒖𝒊𝒅 − 𝒅𝒊𝒗    𝜎! 𝒖𝒇𝒍𝒖𝒊𝒅, 𝑝 = 𝟎, in  Ω! ,  

𝒅𝒊𝒗  𝒖𝒇𝒍𝒖𝒊𝒅 = 0,        in  Ω!                           (5) 

𝝈 𝒖, 𝑝 𝒏 = 𝒈, 𝑜𝑛  Γ!
! 

   where 𝒘  is a new term (in relation to equation (1)), 

representing the velocity of the domain (ALE formulation). 

𝜌!   !
!𝒅
!!!

− 𝑑𝑖𝑣   𝑭 𝒅 𝑺 𝒅 = 𝟎,          in  Ω!   (6) 

𝒅 = 𝟎,     on    Γ!
!  , 

𝐹 𝒅 𝑆 𝒅 𝒏𝒔 = 𝟎,    on    Γ!
!, 

 

u  = 𝒘(𝒅𝒇), on Σ 𝑡                                   (7) 

𝑭 𝒅 𝑺 𝒅 𝒏 =  𝐽 𝒅𝒇 𝝈 𝒖, 𝑝 𝑭(𝒅𝒇)!!𝒏, on  Σ 𝑡  

   In systems (6) and (7), d is the displacement; 𝐹  is the 

deformation gradient, 𝐽  the deformation Jacobian and 𝑆  the 

second Piola-Kirchoff stress.  

   When modeling fluid structure interaction, the fluid is 

described with respect to an Eulerian reference frame (where 

the material moves through the computational domain)21 and 

the structure is described with respect to a Lagrangian 
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reference frame (where the computational domain moves with 

the material)22,23. This problem can be solved using a coupled 

Lagrangian Eulerian formulation called Arbitrary Lagrangian 

Eulerian (ALE) approach, involving three reference systems: 

(i) a spatial reference system (which is fixed, following an 

Eulerian description); (ii) a material reference system (which 

moves with the material, following a Lagrangian description); 

and (iii) a computational reference system (which moves 

according with the prescribed displacement).  

 
2.2. Physical Model 
2.2.1. Acquisition of Aortic Dimensions 

   Santa Marta Hospital provided data corresponding to six 

Magnetic Resonance (MR) exams, from BAV patients (three 

children and three adults) with different ages (from 2 years old 

until 27 years old). MR exams allow precise measurements. 

Using the distance measurement tool it was possible to 

determine the distance between two points in the active 

image provided, for the different regions of interest. This 

procedure can be briefly analyzed in Figure 2, where two MR 

images are represented. The image of the aorta allows the 

observation of the aortic annulus (solid blue line), the sinuses 

of Valsalva (solid white line), the sinotubular junction (dashed 

blue line) and the ascending aorta (dashed white line). Long 

axis four chambers view (FIESTA Cine) shows the aortic root 

components and the leaflets (note the highlighted blue region) 

can be also observed. 

 
Figure 2. MR exam: Procedure performed on a patient to obtain the 

aortic dimensions. (a) Aorta image (b) Long axis four-chambers 

image (FIESTA Cine). 

 
2.2.2. Geometries 

   The construction of the TAV model was possible through 

the assessment of previous studies, explored by Chandra et 

al. (2012), Marom et al. (2012), and Espino et al. 

(2015)12,15,20. The TAV geometry was constructed on 

COMSOL Multiphysics, using tools provided by this software. 

The parametric curve !
!
𝑅 sin(!"

!
𝑅  𝑠) was used to draw each 

sinus of Valsalva. For the leaflets we used quadratic Bézier 

curves were used to construct the leaflets; and rectangles 

were used to describe the rigid channels added to upstream 

(to mimic left ventricle) and downstream (to mimic the aorta) 

to the TAV. To illustrate the thickness across the model we 

used lines. In the TAV model we applied Geometry 

Operations (such as, Intersection, Mirror, Rotate) and Virtual 

Geometry Operations (such as, Ignore Edges and Ignore 

Vertices). The length of the computational domain is 6.11 cm 

and the arterial diameter is 2.4 cm. The entry length and the 

exit length are equal to 1.5 cm. Regarding the valve leaflet, 

the thickness is approximately 0.16 cm (on the leaflet base) 

and 0.06 cm (on the leaflet extremity, tip), and the total length 

is approximately 2.71 mm. The orifice between the leaflets is 

approximately 0.1 cm. The final computational domain (Figure 

3) corresponds to an aortic valve with a symmetric aortic root 

and leaflets.	  

 
Figure 3. Representation of the computational domain: TAV 

geometry constructed on Comsol Multiphysics.  

 

   To construct the BAV models (Figure 4) the aortic 

dimensions of 6 patients with BAV disease (Figure 5) have 

been used. In these models we have: (i) the fused leaflet 

(representing the right and left fusion), (ii) the non-coronary 

leaflet, (iii) BAV leaflets were considered asymmetric, being 

this asymmetry adapted to each patient case.  

 

 
 

Figure 4. 6 BAV created models. Patients: (A). Patient 1 (male, 2 

years old). (B). Patient 2 (female, 6 years old). (C). Patient 3 (female, 

11 years old). (D). Patient 4 (male, 19 years old). (E). Patient 5, 

(female, 22 years old). (F). Patient 6 (male, 27 years old). 
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Figure 5. Bicuspid aortic dimensions for the different patients.  

 

2.2.3. Materials, Boundary Conditions and Solver 
Specifications 

   As already referred, the cusps and the aortic wall were 

modeled as a linear elastic material, nearly 

incompressible20,24. The material properties are presented in 

the next table: 

 

Table 1. Material properties of the different models. 

 

   For the blood, we decided to use at the inlet a constant 

pressure of 0 mmHg and at the outlet the physiological 

pressure profile represented in Figure 6. It corresponds to a 

two cardiac cycles, where each cardiac cycle is 0.8 s.  

 

 
Figure 6. Outlet boundary condition. 

 

   Regarding the solver specifications, it was used a time 

dependent solver, with time steps classified as free or strict, 

with the initial time step of 1ms and the maximum time step of 

0.1ms.   

 

2.2.4. Mesh Generation and Convergence Analysis   
   In relation to the TAV model, 5 meshes were created with 

different degrees of freedom (dofs) for the TAV model: mesh 

1 with 38766; mesh 2 with  51124; mesh 3 with 61456; mesh 

4 with 107213 and mesh 5 with 215882. In order to validate 

the finite elements method, on Comsol30, an integral probe 

was used to evaluate the velocity magnitude in all meshes. It 

was verified an evident convergence in temporal instants 

where the valve is closing (in 0.4s, 0.5s, 1.2s, 1.3s). Figure 7 

shows the convergence for the previous created meshes. 

Consequently, we observe that the best results are obtained 

for meshes with more degrees of freedom (mesh 4-mesh 5, 

with relative errors between 6.41% and 14.54%), in 

comparison with less refined meshes (mesh 1-mesh 5, with 

relative errors between 31.9% and 52.4%). 

 
Figure 7. Convergence study: relative errors related with the integral 

probe of the velocity in the fluid domain at 0.4s, 0.5s, 1.2s and 1.3s.  

 
   Note that, according with the previous process, we decided 

that the meshes generated for BAVs geometries must have 

between 50933 dofs and 98404 dofs. 

 

2.2.5. Hemodynamic indicators and Von Mises Stress 

   Hemodynamic indicators are important predictors to obtain 

a better understanding of the vascular diseases that affect the 

blood flow near the wall23. The most relevant hemodynamic 

indicators are the Wall Shear Stress (WSS) and the 

respective derived measure, the Oscillatory Shear Index 

(OSI).  

   WSS takes into account the tangential component of the 

Cauchy stress tensor (𝜎!  ) on the wall,  𝜎! 𝒖𝒇𝒍𝒖𝒊𝒅, 𝑝 = 𝑝𝑰 +

𝝉(𝒖𝒇𝒍𝒖𝒊𝒅), where  𝝉(𝒖𝒇𝒍𝒖𝒊𝒅) is the deviatoric tensor  𝝉 𝒖𝒇𝒍𝒖𝒊𝒅 =

𝝉(𝒖𝒇𝒍𝒖𝒊𝒅 , 𝑫 𝒖𝒇𝒍𝒖𝒊𝒅 ) , with 𝑫 𝒖𝒇𝒍𝒖𝒊𝒅  denoting the symmetric 

part of the velocity gradient. WSS is given by: 

𝑊𝑆𝑆 =   𝝈𝒏  – 𝝈𝒏   ∙ 𝒏 𝒏 = 𝝉𝒏 – (𝝉𝒏    ∙ 𝒏)𝒏             (8) 

   where 𝒏  is the unit normal vector exterior to the wall 

surface, 𝝈𝒏 and 𝝉𝒏 are the normal components of the Cauchy 

stress tensor and deviatoric tensor, respectively.  

   The OSI number is a parameter used for the unsteady 

flows, which measures the cyclic oscillatory nature or the 

directionality of the WSS at each point, having a correlation 

with residence time of the particles near the wall, being 

defined by 

Model 
name 

 
Cusp 

symmetry 

 
Leaflets 

Young 
modulus 

[MPa] 

 
Poisson 

ratio 

TAV  Yes Healthy 
model 

0.37 0.49 
  

BAV  No 
N.C. 0.37 

 0.49 

Fused 
leaflet 0.74 0.49 
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𝑂𝑆𝐼 = !
!
1 −

!""  !"!
!

!""   !"!
!

                               (9) 

where T is one cardiac period. OSI varies between 0 (purely 

unidirectional/pulsatile flow) and 0.5 (purely 

bidirectional/oscillatory flow).  

   Von Mises stress is related with the distortion energy failure 

theory, which compares two energies: (i) distortion energy in 

the actual case and (ii) distortion energy in a simple tension 

case at the time of failure. Von Mises stress is denoted by 𝜎!  , 

and given by  

!!  !  !!   !! !!  !  !!   !! !!  !  !!   !

!

!
! = 𝜎!              (10)  

where 𝜎!  ,𝜎!  ,𝜎!    are principal stresses defined in each 

direction (in relation to the deviatoric plane). 

   Considering the failure theory (equation (11)) in a simplified 

way, failure occurs when the distortion energy in the actual 

case is greater than the distortion energy in a simple tension 

case at the time of failure. 

𝜎!   ≥ 𝜎!                                      (11) 

 

3.Results and Discussion 
3.1. 2D TAV model 

   Considering the constructed TAV model, two studies were 

done: (i) TAV model 1, with boundary conditions where the 

blood flows through the aortic valve with a peak velocity of 

1.35 m/s53(normal physiological condition); (ii) TAV model 2, 

with boundary conditions where velocities approximately 

23,8% above this value of the peak velocity.  

   Figure 8 (the aortic root model of TAV 2) describes the 

respective aortic valve behavior. At t=0s both TAV models are 

completely close. From this moment (t=0s) the acceleration 

phase is verified, the leaflets open, starting the ventricular 

systole (t=0.024s, the maximum velocity magnitude verified is 

0.47 m/s for TAV 1, and an increase of 27,7%, 0.65 m/s, was 

observed for TAV 2). The valve opens due to the gradient of 

pressure imposed across the valve that contributes to 

increase the flow. At t=0.076s a blood jet is formed from the 

valvular orifice (with the maximum flow velocity of 1.2 m/s for 

TAV 1, and with an increase of 22.6%, 1.55 m/s, for TAV 2). 

Leaflets are completely opened at t=0.116s (the maximum 

flow velocity is 1.25 m/s to TAV 1, with an increase of 26.4%, 

1.7 m/s for TAV 2). At the peak of systole, from t=0.168s until 

0.180s, the jet has as maximum flow velocity of 1.30 m/s for 

TAV 1 and with an increase of 23.5%, 1.7 m/s, for TAV 2. 

There is a decreasing of the velocity magnitude until the 

coaptation moment (t=0.469s). The aortic valve starts to close 

from t=0.469s (maximum velocity magnitude is 0.45 m/s for 

TAV 1, with an increase of 22.4%, and maximum velocity of 

0.58 m/s, for TAV 2) until t=0.557s (maximum velocity 

magnitude of 0.36 m/s for TAV 1, with an increase of 25% and 

maximum velocity magnitude of 0.48 m/s, for TAV2), 

simulating the ventricular filling due to the inversion of 

pressure gradient. From t=0.561s until the t=0.8s the valve 

opens (with maximum velocity magnitudes for both valves), 

originating the blood flow jet from the valvular orifice. 

Regarding the Von Mises stress, the highest values are on 

the base of the cusps (Figure 8, red regions) and the lowest 

stresses towards their respective free edges (Figure 8, green 

regions). At the peak velocity, the highest values correspond 

to 275 KPa (base of the cusps). Similar values, between 243 

KPa and 277 KPa, were observed in Espino et al. (2015) 

study20. As it can be verified in the snapshots sequence 

(Figure 8): (i) the two leaflets deformed approximately in a 

symmetric way in the aortic root model; (ii) the greatest cusp 

deflection occurred at cusp-free edges.  

 
Figure 8. Aortic root model of TAV 2: flow velocity, flow patterns (with 

the red streamlines) and Von Mises stress.  

 

   With respect to the WSS, it was analyzed at the boundaries 

(leaflets and wall), but with more pronounced effects were 

verified on the leaflets to both TAV models. The increase of 

the velocity contributes to evident effects in the WSS on the 

leaflets. For example, at 0.116s, values of velocity magnitude 

are close to 1.25 m/s, the WSS is around 7.13 N/m2 (TAV 1); 

consequently, to velocities around 1.7 m/s to TAV 2, the WSS 

is 10.4 N/m2, having an increase of 31.42% in WSS. The 

maximum values of the WSS are verified at the belly and at 

the tip of the leaflets. Thus, high WSS values in these regions 

can accelerate the calcification process. 
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3.2. BAV 1 (2 years old, male) 

   Figure 9 describes the BAV 1 behavior during one cardiac 

cycle. As happens in the previous description, at t=0 s BAV 1 

is closed (as in the next five BAVs to be described). From this 

moment (t=0s), due to the traction condition on the outlet, the 

acceleration phase starts. At t=0.024s, the maximum velocity 

magnitude verified is 1.07 m/s in BAV 1, an increase of 

39.25% in comparison with the maximum velocity magnitude 

verified in TAV 2 (0.65 m/s). Note the formation of a blood 

recirculation area in each sinus (t=0.024s) to promote the 

blood jet genesis. At t=0.076s the blood jet is completely 

formed, with the leaflets completely open, leading to a 

maximum velocity flow of 2.12 m/s (corresponding to an 

increase of 26,88% in comparison with TAV 2). At t=0.076s, 

there are vortices in the region of the ascending thoracic aorta 

causing instabilities in the blood flow. This jet remains with 

maximum velocity magnitudes (between 1.98 - 2m/s) until 

approximately t=0.22s. With the decrease of the velocity there 

is an evident blood flow asymmetry (t=0.116s, the maximum 

velocity magnitude is 2.06 m/s; for t=0.276s it is 1.69 m/s; and 

for t=0.336s, it is 0.91 m/s) in the superior ascending thoracic 

region. These results may be related with the asymmetry 

imposed between the non-coronary and the fused leaflets, 

and with the increased stiffness of the fused leaflet (from the 

0.37MPa to 0.74MPa). Vortices are created since t=0.076s 

(acceleration phase) and remains in the valve until the 

coaptation moment (Figure 9, t=0.453s – 0.469s, where the 

maximum velocity magnitudes are close to 0.56 m/s, with only 

an increase of 14.28% in comparison with TAV 2, 0. 48 m/s). 

At t=0.276s small vortices (previously created) placed close to 

the tip of the leaflets can be observed, but also the genesis of 

a bigger vortex close to the ascending thoracic aorta. 

Coaptation is perturbed by recirculation (the bigger vortex 

placed at the ascending thoracic aorta). The recirculation 

regions (and the respective rolling of the streamlines around 

the vortex) can have consequences in the aortic wall because 

the flow doesn’t have a normal behavior through the aorta20 

and also leads to prevent the effective coaptation of the 

leaflets15. From t=0.573s until t=0.80s the valve opens and 

the blood flows through the valvular orifice. Higher Von Mises 

stresses are on the base of cusps and the lowest stresses are 

located near their respective free edges. At the peak velocity, 

the highest Von Mises stress values value represent an 

increase of 37.5%, 440KPa (Figure 9, t=0.076s), compared to 

the 275 KPa verified for TAV 2.  

   The WSS was analyzed on the leaflets and the wall, with 

effects on the leaflets and on the ascending thoracic region. 

As it was previously explained, velocity magnitude increases, 

promotes effects on the WSS results, but also on the 

recirculation areas verified during the cardiac cycle. As on the 

TAV models, WSS effects on the leaflets are verified at the 

belly and the tip. For example, at 0.076 s, the maximum flow 

velocity is 2.12 m/s, the WSS will be 40 N/m2, representing an 

increase of 77.68% (8.93 N/m2); and, at 0.116s, values of the 

velocity are close to 2.06 m/s, the WSS will be around 26.8 

N/m2, representing an increase of 61.19% comparing with 

TAV 2 (10.4 N/m2). 

 
Figure 9. Aortic root model of BAV1: snapchots of flow velocity, flow 

patterns (with the red streamlines) and Von Mises stress. 

 

3.3. BAV 2 (6 years old, female) 

   Figure 10 shows the BAV 2 behavior. At t=0s the valve is 

closed. At t=0.024s, due to the pressure gradient between the 

outlet and the inlet boundaries leaflets start opening, with a 

maximum velocity magnitude of 0.88 m/s, corresponding to 

an increase of 26.14% % in comparison with the maximum 

flow velocity verified for TAV 2 (0.65 m/s). From this moment, 

there is a constant increase of the velocity magnitude. At 

t=0.076s a maximum velocity magnitude of 1.99 m/s is 

verified and a blood flow jet through the valvular orifice 

(representing an increase of 22.1% in relation to TAV2). At 

t=0.116s, with a maximum velocity magnitude of 1.86 m/s 

(increase of 8.6% in relation to TAV2), the systolic jet that is 

formed is asymmetric due to the fused leaflet, contributing to 

vortices in the end of the inferior sinus. At t=0.176s, the 

maximum velocity magnitude of 2.02 m/s is verified (an 

increase of 35.64% in relation to TAV 2), having vortices that 

migrated from the tip of the leaflets to the ascending thoracic 

region. From this moment, the velocity starts to decrease 

having a constant deceleration phase, with the initial vortices 



	   7 

migration along the BAV geometry (t=0.328s to 0.557s, 

maximum velocity magnitudes of 1.43 m/s and 0.7 m/s, 

respectively). At the coaptation moment, in comparison with 

TAV 2, BAV 2 presents an increase of 31.42% (from 0.48 m/s 

to 0.7 m/s). The created recirculation areas (t=0.557s) have a 

damaging effect on the leaflets. From t=0.568s until 0.80s the 

valve opens, and the blood flows through the valvular orifice, 

at t=0.633s (maximum velocity magnitude of 1.31 m/s), 

t=0.673s (it is 1.82 m/s) and at t=0.745s (it is 1.94 m/s).  

 
Figure 10. Aortic root model of BAV2: snapshots of flow velocity, flow 

patterns (with the red streamlines) and Von Mises stress. 

 

   Regarding the Von Mises stress, higher values are verified 

in the base of the cusps (when leaflets are opening) and the 

lowest stresses towards their respective free edges. For 

example, in the acceleration phase at t=0.076s and 0.116s, 

the maximum values are 590 KPa and 579 KPa, respectively, 

corresponding to an increase of 43.79% in relation to TAV2.   

As on TAV model, WSS effects on the leaflets are verified at 

the belly and at the tip. At 0.076 s, the maximum velocity 

magnitude is 1.8 m/s, the maximum WSS will be 59 N/m2, 

representing an increase of 85.88% (8.93 N/m2); and, at 

0.116s, values of velocity are close to 1.86 m/s, the WSS will 

be around 57.9 N/m2, representing an increase of 82.03% 

comparing with those for TAV 2 (10.4 N/m2). 

 

3.4. BAV 3 (11 years old, female) 
   Figure 11 displays the BAV3 evolution during one cardiac 

cycle. At t=0.024s the leaflets starts to open (maximum 

velocity magnitude of 0.95 m/s, with an increase of 31.57% in 

relation to TAV 2). At t=0.076s (maximum velocity magnitude 

is 1.99m/s, with an increase of 22.11% in relation to TAV 2). 

At this moment the systolic jet formed is asymmetric. There 

are constant velocity oscillations, at t=0.116s the maximum 

velocity magnitude is 1.77 m/s (velocity decreases of 3.95% in 

relation to TAV 2), at t=0.252s is 1.83 m/s (it increases of 

14.21% in relation to TAV 2) and at t=0.308s it is 1.56 m/s 

(increasing 10.89%). These flow instabilities, with constant 

oscillations, promote recirculation regions, preventing a 

normal coaptation. After t=0.308 s, the velocity peak happens 

at t=0.320 s, the velocity magnitude increases to 2.33 m/s (an 

increase of 40.77% in relation to TAV 2), and after this 

moment starts to decrease slowly until the coaptation moment 

(t=0.537s, with a maximum velocity magnitude of 0.63 m/s - 

an increase of 23.80% in relation to TAV 2). At the coaptation 

moment, recirculation regions amplify the asymmetry of BAV 

flow dynamics. Leaflets open and at t=0.673s (maximum 

velocity magnitude of 2.06 m/s, with an increase of 24.75% in 

relation to TAV 2) the blood flow asymmetry is observed, 

being more evident at t=0.741s (maximum velocity magnitude 

of 1.96 m/s, with an increase of 13.77% in relation to TAV 2).  

 
Figure 11. Aortic root model of BAV 3: snapshots of flow velocity, 

flow patterns (with the red streamlines) and Von Mises stress. 

 

 The highest Von Mises stress is verified at t=0.076 s, 706 

KPa, and at t=0.116s, the maximum value is 597 KPa, 

representing an increase of 53.82% and 41.03% compared to 

TAV2, respectively. WSS effects are evident on the leaflets, 

but also on the sinotubular junction and on the wall of the 

ascending thoracic region due to the recirculation regions that 

are being created during the cardiac cycle. These 

recirculation regions have more effects on the fused leaflet. At 

t=0.076s and t=0.252s, the maximum WSS values are 26.6 

and 27.6 N/m2 corresponding to an increase of 66.42% and 

67.75% in relation to TAV 2, respectively. 
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3.5. BAV 4 (19 years old, male) 

   Figure 12 shows the BAV4 behavior during one cardiac 

cycle. Due to the pressure traction at the outlet boundary, 

leaflets start opening at t=0.024s, with a maximum velocity 

magnitude of 0.76 m/s (an increase of 14.47% in relation to 

TAV 2). At t=0.116 s, with a maximum velocity magnitude of 

1.86 m/s (an increase of 8.6% comparing with TAV 2) leaflets 

are completely opened and blood recirculation regions start to 

be formed inside de sinuses. At t=0.144s, with a maximum 

velocity magnitude of 1.96 m/s (an increase of 13.27% 

comparing with TAV2), a vortex caused by fused leaflet 

contributes to blood jet asymmetry that will have 

consequences on the superior wall. Velocity starts to 

decrease and at t=0.252s, with a maximum value of 1.71 m/s 

(an increase of 8.19% comparing with TAV2), and blood jet 

asymmetry is emphasized. At t=0.409s (maximum velocity 

magnitude of 1.06m/s, an increase of 32% comparing with 

TAV2) both leaflets, but mainly the fused leaflet, are 

responsible for the formation of new recirculation regions that 

will stay until the coaptation moment, at t=0.549s (maximum 

velocity magnitude of 0.93 m/s, corresponding to an increase 

of 43.31%). Due to these vortices, there are blood instabilities 

that prevent a normal coaptation and, consequently, leaflets 

do not close completely. Then at t=0.649s (maximum velocity 

magnitude 1.27 m/s, a decrease of 6.61%, compared to 

TAV2) the blood jet is formed from the valvular orifice, 

presenting asymmetry until the end, with constant increase of 

velocity, at t=0.697s (maximum value 1.81 m/s an increase of 

8.29% comparing with TAV2) and t=0.773s (maximum value 

1.91 m/s, an increase of 10.47% compared to TAV2). Rolling 

of the streamlines around the vortices generated inside the 

aortic root (t=0.409s) are regions where the blood flow is 

stagnant or in turbulence.  

 
Figure 12. Aortic root model of BAV4: snapshots of flow velocity, flow 

patterns (with the red streamlines) and Von Mises stress. 

   Higher Von Mises stresses are verified at t=0.116s and 

t=0.144s, with 576KPa and 554 KPa, respectively, 

representing an increase of 38.8% and 38.4% comparing with 

TAV2. Leaflets due to the contact with the blood are more 

affected to high velocity values; walls were affected by the 

recirculation regions and the blood flow jet is asymmetric. For 

example, at t=0.116s and t=0.144s, the maximum WSS is 

32.3 N/m2 (an increase of 67.88% comparing with TAV2) and 

28.6 N/m2 (an increase of 65.03% comparing with TAV2). 
 

3.6. BAV 5 (22 years old, female) 

   Figure 13 shows the BAV5 behavior. At t=0.024s leaflets 

are opening and there is a blood jet formation with the 

maximum velocity magnitude of 0.79 m/s (with an increase of 

17.72% comparing with TAV2). Velocity increases from 

t=0.076s, with a maximum value of 1.68 m/s (an increase of 

7.74% comparing with TAV 2) until t=0.116s with a maximum 

velocity magnitude of 2.11 m/s (an increase of 19.43% 

comparing with TAV2). Recirculation regions are created 

since t=0.076s. The systolic jet is totally asymmetric due to 

the fused leaflet, and it causes a vortex with larger 

proportions, close to the sinotubular junction, which 

propagates along the BAV geometry. At t=0.148s a velocity 

peak of 2.48 m/s is verified. From this moment until the 

coaptation, there is a deceleration phase, at t=0.553 s with a 

maximum velocity of 0.76 m/s (an increase of 36.84%). Initial 

generated vortices gives rise to the formation of new vortices 

that prevent a normal coaptation of the leaflets. After the 

coaptation moment, there is a successive increase of the 

velocity magnitude, generating again an asymmetric blood jet: 

at t=0.625s, t=0.673s and t=0.729s with a maximum flow 

velocity of 1.07 m/s (same value to TAV2), 1.68 m/s (an 

increase of 7.74% comparing with TAV2) and 2.07m/s (an 

increase of 16.43% comparing with TAV2), respectively. 

   Maximum Von Mises stress values are verified when blood 

flow has high velocity magnitudes at t=0.076s and t=0.116s, 

with 808 KPa and 835 KPa, respectively. WSS was analyzed, 

for example, at t=0.076s, where the maximum velocity is 1.68 

m/s, the WSS is 31.7 N/m2 (representing an increase of 

71.82% comparing to TAV2); and, at 0,116s, values of 

velocity are 2.11 m/s, the WSS is around 37.0 N/m2, 

(representing an increase of 71.84% comparing to TAV2). 



	   9 

 
Figure 13. Aortic root model of BAV5: snapshots of flow velocity, flow 

patterns (with the red streamlines) and Von Mises stress.  

 

3.7. BAV 6 (27 years old, male) 

   Figure 14 describes the BAV 6 behavior during one cardiac 

cycle. At t=0.036s leaflets are opening, with the maximum 

velocity magnitude of 0.8 m/s, an decrease of 18.37% in 

comparison with the maximum velocity flow verified on TAV 2. 

At t=0.116 s the blood jet is completely formed, with the 

leaflets completely open, leading to a maximum velocity flow 

of 1.7m/s (equal velocity on TAV 2). At t=0.3s there is a 

velocity peak of 1.96 m/s (an increase of 28.57% comparing 

to TAV2) with vortices close to the ascending thoracic aorta 

that causes instabilities in the blood flow until the coaptation, 

t=0.348s and t=0.557s. Due to the gradient pressure 

reversion, the velocity magnitude decreases: at t=0.348s, 

maximum velocity of 1.43m/s (an increase of 17.48% 

comparing to TAV2) and at t=0.557s, maximum velocity 

magnitude of 0.64 m/s (an increase of 25%, comparing to 

TAV2). Due to the aortic root dimensions, the leaflets 

asymmetry, respective calcification applied to fused leaflet, 

and the vortices effects, at t=0.557s leaflets do not close 

completely, having regurgitation. At t=0.669s and t=0.733s, 

there is a constant increase of the velocity magnitude, with 

the blood jet genesis. Comparing with TAV2, at 0.699 s there 

is a maximum velocity of 1.33 m/s (a decrease of 12.5%) and 

at 0.733 s there is a maximum flow velocity of 2.14 m/s (an 

increase if 19.15%). At the peak velocity, higher Von Mises 

stress values are verified: at t=0.116s, t=0.3s, t=0.733s, wih 

maximum values of 485 KPa, 378 KPa and 532 KPa, 

respectively, corresponding to an increase greater than 

27.25%, comparing with TAV2.  

 
Figure 14. Aortic root model of BAV 6: snapshots of flow velocity, 

flow patterns (with the red streamlines) and Von Mises stress.  

 

 The WSS has effects on the leaflets and on the ascending 

thoracic region, but this is the BAV with less WSS effects for 

the same boundary conditions (justified by the respective 

model dimensions). Maximum WSS values are between 8 

and 29.5 N/m2. At 0.116 s, the maximum velocity magnitude 

is 1.7 m/s (same velocity on TAV2), the WSS will be 26.8 

N/m2 (representing on increase of 61.19% comparing with 

TAV 2); and, at 0.3 s, values of the velocity are close to 1.96 

m/s, the WSS is around 20.8 N/m2, (representing an increase 

of 65,14%, comparing with TAV 2).  

 

4. Study Findings 
   The results obtained from the current 2D study allow an 

understanding of the blood flow behavior on each BAV when 

compared to TAV 2. We noted that the resultant 

hemodynamic effects are dependent of the type of geometry 

considered geometries: (i) with or without cusp symmetry 

(TAV and BAVs, respectively) and (ii) the dimensions of each 

aortic root component (considering the BAV models).  

   In fact, we realized that the blood flow behaviour is highly 

sensitive to the valve geometry. Heterogeneous recirculation 

regions are observed in the different BAV models (due to the 

leaflets asymmetries), compared to the TAV model (the 

symmetric model). We conclude that the BAVs amplify the 

“flow effects” (recirculation regions and the asymmetric blood 

flow). These “flow effects” are caused by the geometrical 

asymmetry (due to the larger and the longer fused cusp). In 

the BAVs cases, these recirculation regions will interfere with 

the blood flow, particularly in the region of the ascending 

thoracic aorta, with higher WSS effects verified in these 

region. We assume that turbulence effects are observed in 

this region, due to the existence of the flow vortices. This 

turbulence promotes the calcification process on the leaflets 

of the valve, leading to a cycle of deterioration of the valve.  
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   The peak stresses were placed on the cusp base and the 

lowest stress was placed on their free edges. The fused 

leaflet suffered a greater deflection, compared to the other 

leaflet. Higher velocities values imply higher Von Mises 

stresses.  

   Regarding the WSS, the fused leaflet was more affected 

compared to the non-coronary leaflet, due to its properties. 

The WSS was concentrated along the leaflets, particularly on 

the belly and on the tip region, but also along the ascending 

thoracic region. In contrast, the wall of the aortic sinus had a 

minimum WSS value.  

   We think that this data allow an understanding of the 

mechanical stress concentration in the different created 

valves. Thus, a possible application is the improvement of the 

BHV design. 

 

5. Conclusions and Future Developments 

   Numerical simulations were performed to obtain results of 

blood flow profile (with maximum velocities for all BAVs 

around 2 m/s that have important consequences in other 

parameters, such as Von Mises Stress, WSS, OSI). Von 

Misses stresses on the cusps and on the wall presented 

maximum values of 1.0x106 Pa. BAVs show a particular 

hemodynamic behavior (according with the respective 

geometry) with abnormal WSS concentrated on the leaflets 

(higher WSS on fused leaflet) that affect the aortic root during 

the valvular function. OSI presents values (in average) 

between 0.34 and 0.44. 

   The challenges of this work include the implementation of 

the FSI method (based on an ALE formulation) to perform 

physiologically realistic and accurate simulations, with 

additional difficulties. During the FSI simulations large 

structural displacements are verified and this implies the 

change of topology, making difficult the use of the ALE 

approach, specially in the 3D case. This was the main reason 

to develop our 3D TAV simulation (Figure 15, a 3D 

experience) only for t=0.2s. With realistic boundary 

conditions, our simulation presents higher velocity values, but 

with the leaflets contact there are problems of convergence. 

In relation to the future developments, they can be 

summarized on the following topics: (i) the inclusion of an 

aortic arch in our 2D BAV models could be useful; (ii) the 

expansion of the current models to 3D models, studying the 

same parameters and hemodynamic indicators adding 

realistic boundary conditions; (iii) extension to realistic BAV 

geometries reconstructed from medical images. 

  

 
Figure 15. 3D TAV model. 
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