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Abstract
The lattice Boltzmann method (LBM) has been increasingly used as a stand-alone CFD solver in various biomechanical 
applications. This study proposes a new fluid–structure interaction (FSI) co-modeling framework for the hemodynamic-
structural analysis of compliant aortic valves. Toward that goal, two commercial software packages are integrated using the 
lattice Boltzmann (LBM) and finite element (FE) methods. The suitability of the LBM-FE hemodynamic FSI is examined 
in modeling healthy tricuspid and bicuspid aortic valves (TAV and BAV), respectively. In addition, a multi-scale structural 
approach that has been employed explicitly recognizes the heterogeneous leaflet tissues and differentiates between the col-
lagen fiber network (CFN) embedded within the elastin matrix of the leaflets. The CFN multi-scale tissue model is inspired 
by monitoring the distribution of the collagen in 15 porcine leaflets. Different simulations have been examined, and structural 
stresses and resulting hemodynamics are analyzed. We found that LBM-FE FSI approach can produce good predictions for 
the flow and structural behaviors of TAV and BAV and correlates well with those reported in the literature. The multi-scale 
heterogeneous CFN tissue structural model enhances our understanding of the mechanical roles of the CFN and the elastin 
matrix behaviors. The importance of LBM-FE FSI also emerges in its ability to resolve local hemodynamic and structural 
behaviors. In particular, the diastolic fluctuating velocity phenomenon near the leaflets is explicitly predicted, providing vital 
information on the flow transient nature. The full closure of the contacting leaflets in BAV is also demonstrated. Accordingly, 
good structural kinematics and deformations are captured for the entire cardiac cycle.

Keywords  Lattice Boltzmann method (LBM) · Aortic valve biomechanics · Fluid–structure interaction (FSI) · Finite 
element (FE)

1  Introduction

The aortic valve (AV) is a tricuspid valve in the human 
heart between the left ventricle and the aorta. A normally 
functioning aortic valve permits normal physiological 
function, but its dysfunction may result in several clinical 

complications, e.g., left ventricular hypertrophy including 
dilation, decreased cardiac output, arrhythmias, etc. Bicus-
pid aortic valve (BAV) is the most common form of congeni-
tal heart disease and is found in approximately 0.5–1.4% of 
the population (Masri et al. 2017). BAV is associated with 
valvular pathologies such as aortic regurgitation and aortic 
stenosis (Cedars and Braverman 2012). The AV hemody-
namic parameters of normal or pathological function are 
associated and significantly impact diseases diagnostics 
and prediction, e.g., dilatation, aneurysm or atherosclero-
sis (Davies 2009; Dua and Dalman 2010). Over the years, 
three main simulation methods were used predominantly to 
present its hemodynamic and structural behavior; structural-
only models, computational fluid dynamics (CFD) models 
and fluid–structure interaction (FSI) models.

Structural-only models are widely used where a trans-
valvular pressure difference is applied directly to the AV 
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cusps, thus neglecting the influence of blood flow. The finite 
element (FE) method is used extensively in these models. 
For example, simulating the response of bioprosthetic and 
polymeric valves to paravalvular pressure gradient (Sun 
et al. 2005; Liu et al. 2007; Haj-Ali et al. 2008). Conti et al. 
(2010a, b) compared a TAV model to two identical asym-
metric BAV models, with and without a thickened raphe. 
Jermihov et al. (2011) investigated the impact of different 
geometric variations of BAV on the stress distribution in 
the cusps, while created two BAV models with a non-fused 
cusp (NFC) angle of 180°, of type 0 and 1 and two models 
with an NFC angle of 120° type 1, with and without raphe 
and for comparison created a symmetric TAV. Both studies 
agreed that there were higher stresses in the BAV more than 
the TAV, while the opening orifice in the BAV was smaller 
more than that of the TAV. They concluded that the geo-
metrical changes influenced the maximum magnitudes of 
stress–strain than the material differences.

The CFD models that are broadly used assume a weak 
or no effect of the dynamic structure. Ge et al. (2003) simu-
lated a 3D rigid valve by assuming that the cusps were fixed 
for different opening angles. Hellmeier et al. (2018) evalu-
ated biological and mechanical aortic valve prosthesis using 
patient-specific MRI where Weese et al. (2017) compared 
ejection fractions and effective orifice area (EOA) for patient 
anatomies from the heart and aortic valve segmentation of 
CT.

Fluid–structure interaction models (FSI) have been stud-
ied recently. These models consider an elastic structure con-
tacting a flowing fluid that is subjected to a pressure that 
causes deformation in it. Hence, the deformed structure 
affects the flow field. The altered flowing fluid, in its turn, 
exerts another pressure on the structure with repeats of the 
process. The most used FSI simulations related to AV are 
Navier–Stokes approach based, such as arbitrary Lagran-
gian–Eulerian approach, immersed boundary, "Operator 
Split," fictitious domain method and mesh-free Lagrangian 
methods as smoothed-particle hydrodynamics (Marom 
2015). Models of TAV are primarily concerned with predict-
ing the flow across prosthetic mechanical valves with rigid 
cusps, in 2D (Rankin et al. 2008) and 3D models (Borazjani 
et al. 2010) or biological valves (Bongert et al. 2018). In 
addition, FSI simulations of flexible valves have also been 
conducted using hyperelastic models (Chen and Luo 2018). 
Sigüenza et al. (2018) showed experiment vs. simulation 
comparison of pulsatile flow with an AV model. Few studies 
have investigated BAV using FSI analysis. Some studies are 
limited to 2D simulations only. Chandra et al. (2012) created 
2D FSI models of TAV and two asymmetric BAVs, with and 
without calcification. In the BAV, they noticed a strong jet 
toward the NFC during systole peak, with higher shear stress 
more than on TAV. Furthermore, the vortices between the 
sinuses to the leaflets were higher in the fused cusp. Other 

3D models as Katayama et al. (2013) created FSI models and 
compared rare configuration of a symmetric BAV type 1, to 
a healthy and stenotic TAV. Ghosh et al. (2018) performed a 
comparative study between transcatheter and surgical valves 
examining their hemodynamic and kinematic behaviors uti-
lizing FSI. Later, they evaluated transcatheter aortic valve 
replacement procedure's hemodynamic outcomes during 
heart beating (Ghosh et al. 2020). Other studies focused on 
BAV using FSI. Mendi et al. (2020) developed a patient-spe-
cific BAV model and compared to 4D MRI, predicting the 
mechanical and flow-induced stresses. Marom et al. (2012b) 
focused on tissue mechanics and hemodynamics and com-
pared TAV to symmetric type 0 BAV and to asymmetric 
type 1 BAV with and without raphe, using FSI models. They 
noticed that the raphe does not affect the hemodynamics 
and found increased vortices in the BAV sinuses due to its 
asymmetric shape and higher flow shear stress. Our group 
has conducted in recent years, FSI studies of parametric AVs 
models in several clinical and numerical analyses (Marom 
et al. 2012a, c, 2013a; Lavon et al. 2018).

Unlike the traditional CFD methods such as the finite 
difference, the finite volume and the finite element meth-
ods, discretizing Navier–Stokes equations on continuous 
medium, the lattice Boltzmann method (LBM) models the 
fluid as fictive particles. These particles perform consecutive 
propagation and collision processes over a discrete lattice 
grid. LBM has been used to model diverse flows. Recently, 
a wide range of studies in various fields and applications 
like magnetohydrodynamics (Martínez et al. 1994), immis-
cible fluid (Gunstensen et al. 1991), heat transfer problems 
(Han-Taw and Jae-Yuh 1993) and porous media (Bernsdorf 
et al. 2000) have been done. Moreover, in biofluid mechan-
ics, several researches were conducted simulating incom-
pressible steady and unsteady 2D and 3D flow using Chap-
man–Enskog expansion (He and Luo 1997; Lai, Ching-Long 
Lin 2001), viscous flow in blood vessels (Fang et al. 2002; 
Liu 2012) and arterial flow simulation (Boyd et al. 2004), 
thrombosis modeling in intracranial aneurysms (Ouared 
et al. 2008) and computational hemodynamics in patients 
with coarctation of the aorta (Mirzaee et al. 2017). In addi-
tion, FSI models coupling LBM with Lagrangian formula-
tion have studied multiphase flow (Dorschner et al. 2018) 
and polymer filament transport in red blood cell flow (Tan 
et al. 2018). Following the studies that have been introduced, 
very few focused on CFD or FSI models of the aortic valve. 
Pelliccioni et al. (2007) simulated 2D LBM FSI models to 
study bileaflet and monoleaflet mechanical valves where the 
valve motion was calculated as a rigid body motion. Fukui 
and Morinishi (2013) applied the virtual flux method, a tool 
to describe stationary or moving body shapes, to 2D AV by 
regularized LBM with large eddy simulation model. They 
showed an important parameter diagnosing the mechanism 
of the AV movements and the generation of cardiovascular 
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diseases such as aortic stenosis which is the vortices' dis-
tribution in time and space. Krafczyk et al. (1998) and Yun 
et al.(2014a, b) elaborated the same to 3D transient physi-
ological flow CFD in fixed geometry bileaflet mechanical 
heart valve at different opening angles. All the studies gave 
detailed information about the transient valve dynamic his-
tory, resulting stress analysis and temporal shear stress of 
the same order of magnitude as observed in experiments 
of similar in vitro flow problem. During the last years, very 
few researchers have performed a 3D FSI analyses utiliz-
ing LBM and FE for aortic valve models. Gao and Zhang 
(2020), Gao et al. (2019) evaluated the biomechanical states 
of TAV under left ventricular assist device working modes, 
and Kim et al. (2020) investigated the effect of an artificial 
membrane on the valve quicker closure preventing retro-
grade blood flow.

Evaluating the effect of anisotropic properties modeling 
in the AV on stress distribution, valve kinematics and hemo-
dynamic behaviors, few studies examined the collagen fiber 
network specifically using immersed boundary FSI methods. 
Nestola et al. (2021) compared between isotropic and fiber-
reinforced models examining the different valves designs 
using embedded approach based on the mortar method. 
They simulated the full dynamics of prosthetic AV to ana-
lyze its mechanical and hemodynamic performances. Wu 
et al. (2018) considered an anisotropic hyperelastic soft tis-
sue with different fiber orientations with immersogeometric 
FSI and reproduced the anisotropic stress–strain behavior 
of cross-linked bovine pericardium experimental tests. Lee 
et al. (2020) validated the anisotropic models for bulk flow 
rates, pressures, valve open areas and leaflets kinemat-
ics using pulse-duplicator system. Moreover, Abbas et al. 
(2022) reviewed immersed boundary methods for fixed, 

moving and combined grids for AV studies during the recent 
years. None of the previous studies utilized LBM for com-
pliant AV examining its anisotropic properties, structural or 
hemodynamic responses.

It is evident from the above literature review that AV 
models have been proposed and extensively investigated. 
However, most of the FSI models explored the average 
metrics of the flow and did not consider the instantaneous 
variations. Moreover, it is essential to develop efficient mod-
eling approaches due to the need for more refined analy-
ses, such as more accurately predict the transient nature of 
hemodynamic factors, and leaflet deformations and stresses 
anisotropic behavior. To that end, this study examines a new 
hemodynamic-structural co-modeling approach using LBM-
FE to investigate healthy and pathological aortic valves 
under physiological pressure conditions. Various parameters 
have been examined, such as effective orifice area, hemody-
namic metrics and stresses distributions, and were compared 
to available data from the literature.

2 � Methods

2.1 � Aortic valve geometry and structural model

The parametric geometry of the AV was constructed based 
on a previously conducted study by our group (Haj-Ali et al. 
2012). The model describes a 3D geometry of TAV and 
extended to simulating a BAV, including the cusps and the 
root, identifying and presenting the main curves and surfaces 
used to reconstruct the valve geometry (Fig. 1a, b). For bio-
mechanical modeling, the annulus diameter was chosen to 
be 24 mm where any other parameters depend on it. A mesh 

Fig. 1   a TAV parametric 
multi-scale model geometry 
with embedded collagen fiber 
network, b BAV with 140° non-
fused cup angle and embedded 
collagen fiber network paramet-
ric multiscale model geometry, 
c calibrated hyperelastic mate-
rial properties of the aortic root, 
cusps and the collagen fiber 
network
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refinement study of the FE structure model was conducted 
for the root and cusps for shell elements by comparing the 
solutions of a coarse (14,300 nodes) and fine mesh (125,000 
nodes) (Marom et al. 2012a). Briefly, the evolution of the 
radial and axial displacements at the middle point of the free 
edge of a leaflet, the maximal principal stress and strain, 
was investigated under a pressure ramp on the leaflets. The 
maximal difference found to be less than 10%. Given that, 
the shell elements of the coarser mesh were extruded into 
3D elements. This structure mesh was employed in all the 
simulations where a 3D linear wedge elements were used 
with root and cusps thickness of 0.3 and 2 mm, respectively.

The cusps were assumed to have a heterogeneous struc-
ture composed of collagen fibers embedded in the elas-
tin matrix. A symmetric averaged collagen fiber network 
embedded inside the leaflets was mapped and added to the 
aortic valve parametric model leaflet based on our group's 
previous study (Marom et al. 2013b; Mega et al. 2016) 
(Fig. 2) and meshed with beam elements with radii varying 
from 0.1 to 0.4 mm (Fig. 1a, b) (Marom et al. 2012a). The 
material properties of the root, elastin and collagen were 
calibrated using the stress–strain curves published by Gun-
diah et al. (Gundiah et al. 2008) and Missirlis and Chong 
(1978), respectively (Fig. 2c). Ogden's first-order model 
was chosen to fit the above material properties best, and a 
density of 2000 and 1100 kg/m3 was used for the root and 
the cusps (including the fibers), respectively. The structural 
mesh part of the AV for both TAV and BAV models, each 
includes ~ 30,000 wedge elements and ~ 800 beam elements.

2.2 � LBM‑FE FSI: physical and numerical setups

The LBM approach is well established (Pelliccioni et al. 
2007; Macmeccan et al. 2009; Yun et al. 2014a; Dorschner 
et al. 2018). The LBM algorithm and method are derived 

from the Boltzmann transport equation describing the evo-
lution of a rarefied gas employing a one-particle distribu-
tion function. In this study, SIMULIA XFlow (Dassault 
Systemes, Simulia Corp.) commercial code was utilized 
for the fluid part. The Boltzmann equation is discretized 
with each discrete velocity direction, statistically deriv-
ing the macroscopic variables of mass and momentum. 
A multi-relaxation time (MRT) collision operator was 
employed according to central momentum space in a 3D 
Cartesian velocity set using D3Q27 uniform lattice. The 
algorithm is based on equilibrium distributions calculated 
from the macroscopic fields' initial conditions through col-
lision and streaming process (Fig. 3). A summary of the 
major governing equations and algorithmic implemen-
tation of the Boltzmann transport equations is given in 
Appendix A.

2.2.1 � Fluid domain

Representative FSI test cases were modeled utilizing the 
LBM-FE approach in a healthy AV and in a pathologi-
cal compliant BAV with an NFC angle of 140°, applying 
physiological pressure conditions. In order to establish the 
flow path and conditions from the left ventricle down-
stream and through the ascending aorta upstream, circu-
lar and rigid tubes were added from both sides in lengths 
of ~ 7 cm (approximately 3 × the root's diameter), compos-
ing the entire fluid domain. These entry and exit lengths 
were established to eliminate boundary conditions and 
pressure waves effects on the region of interest (Fig. 4).

Fig. 2   Computational averaged collagen fiber symmetric map embedded inside the aortic valve's cusp based on images of right, left and non-
coronary cusps from five different porcine valves (Marom et al. 2013b; Mega et al. 2016)
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2.2.2 � Temporal and spatial discretization sensitivity study:

The FSI simulation's fluid domain in XFlow utilizes a 
uniform lattices grid. A grid independence study was 
conducted for the FSI simulation fluid domain, where the 
peak velocity and max pressure gradient metrics conver-
gence were used to calculate the optimal lattice size. No 
local grid refinement was needed in the aortic root or the 
leaflets region of interest. Since the solver is transient and 
compressible and due to the nature of the LBM scheme 
employed, the information (pressure waves) naturally 

travels at the numerical speed of sound Csnumerical
 that were 

calculated according to: 

  where dx is the resolution at a given lattice level and dt 
is the associated time step for the same lattice level. For 
that reason, the numerical speed of sound should not exceed 
the flow thermodynamic speed of sound to prevent pressure 
waves in the domain. Therefore, the time step dt was set to 
satisfy: 

(1)Csnumerical
=

dx
√

3dt

Fig. 3   Schematic solution procedure of a single-time increment using 
lattice Boltzmann method. Starting from an equilibrium distribution 
at the current increment (left). Collision and streaming to the next 

time increment (middle). Calculating the new equilibrium distribution 
(right) to finish the calculated time increment

Fig. 4   a Schematic view of the physical domain of fluid–structure 
interaction model, b 3D (upper) and section view (lower) of the 
numerical domain of FSI model using uniform distribution of unity 
D3Q27 lattices, c the effect of the physical domain length on the peak 

velocity (upper) and grid dependency study examining the effect of 
the spatial to temporal ratio on the peak velocity and max pressure 
gradient (lower), d schematic demonstration of the used bounce-back 
boundary condition



842	 A. Morany et al.

1 3

Hence, the spatial and temporal resolution ratio was fixed 
dt

dx
= 100 according to the sensitivity study (Fig. 4c). Moreo-

ver, mean flow values including stroke volume (~ 70 mL), 
cardiac output (~ 5 L/min) and mean velocity (~ 0.5 m/s) 
were calculated.

2.2.3 � The numerical model

The flow simulation was discretized with ~ 1 M unity D3Q27 
lattices (84 × 84 × 155) with high number of degrees of free-
dom per discrete element of fourth-order spatial discretiza-
tion (Fig. 4b). The coarsest spatial length of 1 mm and a 
temporal 0.05 ms resolution of a constant time step were 
resolved according to the grid sensitivity study (Fig. 4c). 
Given our main interest in predicting large-scale features, 
the flow was assumed laminar. Expected differences due to 
the adoption of a turbulence model would have only a mar-
ginal effect on the current study and its relevance from the 
biomechanical point of view (Halevi et al. 2016). The blood 
was treated as a Newtonian and isothermal at a temperature 
of 37 °C with a dynamic viscosity of 0.0035 Pa and a den-
sity of 1050 kg/m3 (Marom et al. 2012a). Time-dependent 
normotensive physiological pressure amplitude bound-
ary conditions were applied on both sides of the domain 
as outlets pressure boundary conditions to minimize the 
inherent nature of pressure waves when using LBM. All 
other surfaces of the fluid domain were set as wall bound-
ary conditions. This step provides the value of the follow-
ing unknown particle distribution function created after 
the streaming step. Additionally, the bounce-back method 

(2)CsThermodynamics
= Csnumerical

→ dt =
dx

√

3CsThermodynamics

was used to impose a no-slip condition in the vicinity of the 
walls, applied after streaming (Chen et al. 2013).

2.2.4 � FSI setup

The FSI simulation was solved by a partitioned approach 
with a two-way coupling utilizing the XFlow and Abaqus 
(Dassault Systemes, Simulia Corp., Providence, RI) solvers 
for the fluid and structure, respectively. SIMULIA Co-Sim-
ulation Engine (Dassault Systemes, Simulia Corp., Provi-
dence, RI) managed the data transfer between the solvers. 
The explicit flow solver directly solves the flow equations 
and transfers the traction load on the leaflets, including 
fluid pressure and shear stress, to the structural solver. The 
implicit structural solver calculates the displacements by 
iteration until convergence and transfers the new geometry 
back to the flow solver. This process is repeated all over 
again for each step until the end of the simulation. The simu-
lations were performed on a local workstation with Intel(R) 
Core(TM) i9-10980XE CPU @ 3.00 GHz. Eight cores were 
allocated for both solvers, each on its turn, and the simula-
tion required ~ 75 h to be solved. A master–slave contact 
algorithm was employed between the leaflets assuming a 
non-friction contact in the structural solver.

3 � Results

3.1 � Flow field

Figure 5 presents the flow velocity field evolution using FSI 
LBM-FE at representative time instants for TAV on the XZ 
symmetry plane and the corresponding variation of the EOA. 
At the beginning of the systole phase (50 ms) the flow field 

Fig. 5   FSI models using cou-
pled LBM-FE: flow velocity 
at representative time points 
during TAV cardiac cycle
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starts to develop and peaks during the systole peak phase 
(100 ms), with the flow characterized as a symmetric cen-
tral jet flow with a maximum 1.00 m/s jet velocity. Toward 
the end of the systole phase (267 ms), a backward flow due 
to pressure decrease results in leaflets' partial to complete 
closure at the end of the systole (300 ms). Throughout this 
period, because the fluid is forced to change direction or stop 
abruptly, a pressure surge propagates through the valve and 
velocity fluctuations are observed. At the diastolic phase of 
the cardiac cycle (300–870 ms) the velocity drops approxi-
mately to zero through decaying small flow fluctuations, spe-
cifically at mid-diastole phase (500 ms). Accordingly, the 
EOA, which is directly affected by the flow field, increases 
from the early systolic phase (50 ms), to its peak during the 

systole peak phase (100 ms), then decreasing gradually until 
leaflets' full closure at the end of systole (300 ms).

The evolution of the velocity was quantified at a rep-
resentative point in the vicinity of the valve (0.5 diameter 
distance above the leaflets' coaptation on the XZ symmetry 
plane) as shown in Fig. 6. The velocity profile increases 
gradually until its peak at peak systole and decreases after-
ward. In between, starting with the leaflets partial closure, 
diastolic flow oscillations are distinctly captured until the 
complete decay toward the end of the cardiac cycle (seen 
in red in Fig. 6).

Figure 7 presents the flow velocity field evolution using 
FSI LBM-FE at representative time instants for BAV. At 
the beginning of the systole phase (50 ms) the flow field 
starts to develop and peaks during the systole peak phase 

Fig. 6   TAV velocity field 
through the cardiac cycle at XZ 
symmetry plane quantified at 
0.5D height from the cusps' tip 
for LBM-FE FSI model. In red: 
diastolic velocity oscillations 
phenomenon which is explicitly 
observed using LBM-FE FSI 
model

Fig. 7   FSI models using cou-
pled LBM-FE: flow velocity 
at representative time points 
during BAV cardiac cycle
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(100 ms), where the flow is characterized as an asymmetric 
jet flow with a maximum of 1.50 m/s jet velocity. Toward 
the end of the systole phase (267 ms) the pressure decrease 
creates a backward flow, resulting in the leaflets' partial until 
complete closing at the end of systole (300 ms). The clos-
ing phase is asynchronous because of the BAV morphol-
ogy that mainly blocks the backward vortices and diverts 
them to the NFC side. At the diastolic phase of the cardiac 
cycle (300–870 ms), the velocity drops approximately to 
zero with no fluctuations. Accordingly, the EOA, which is 
partial and asymmetric in BAV, increases from the systole 
early start (50 ms), peaking during the systole peak (100 ms) 
and decreasing gradually until the leaflets' full closure at the 
end of systole (300 ms).

3.2 � Mechanical stresses distribution

The maximum principal stresses are shown from the aortic 
view at systole peak for the cusps only and in addition for 
the CFN at mid-diastole—for both the TAV and BAV mod-
els (Fig. 8). For the TAV, the maximum principal stresses 
in the cusps are developing moderately ~ 10 kPa around the 
leaflets' contact edges at systole peak, with maximum prin-
cipal stresses of ~ 270 kPa that are developing dominantly 
symmetrically along the leaflets' belly at mid-diastole. Simi-
larly, for the BAV, maximum principal stresses ~ 80 kPa are 
developing around the leaflets' contact edges and mainly 
on the raphe region at systole peak. Maximum principal 
stresses of ~ 300 kPa are developing along the leaflets' belly 
at mid-diastole on the NFC and in the vicinity of the raphe 
on the FC. Yet, in the CFN, the fibers play a negligible role 

in both models during the systole, and the developed stresses 
are concentrated mainly in the cusps. For that reason, we 
focused on the stresses developing in the CFN during the 
mid-diastolic phase where the leaflets' coaptation causes 
highly induced mechanical contact and hence increased 
stresses. The developed stresses in the CFN with a maxi-
mum value of ~ 3 MPa are elevated during this period and 
are three orders of magnitude larger than those developed in 
the cusps—for both models.

3.3 � Wall shear stress distribution

Figure 9 describes the wall shear stress (WSS) distribution from 
ventricular view at systole peak and mid-diastole, as it is well 
established that the unidirectional flow during these phases is 
prone to generate higher WSS more than caused by the recircu-
lating flow on the aortic side (Thubrikar 1990). WSS magnitude 
of ~ 1 Pa at systole peak and mid-diastole is observed for the TAV. 
At the systole peak, the WSS is higher around the coaptation of 
the leaflets and decreases gradually toward the belly and is more 
uniformly distributed along the leaflets' surface at mid-diastole 
due to the small velocity fluctuations. However, for BAV, WSS 
magnitude of ~ 1 Pa at systole peak is observed where low WSS 
at mid-diastole was perceived.

4 � Discussion

This study used the LBM-FE method to perform FSI simu-
lations of AV dynamics with an embedded collagen fiber 
network in TAV and BAV models. The flow patterns and 

Fig. 8   Maximum principal stress distributions (aortic side view) at peak systole and mid-diastole on TAV (upper row) and BAV (lower row) 
cusps with zoom on the collagen fiber network
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the structural responses were analyzed and presented. By 
comparing the LBM-FE models' hemodynamic and hetero-
geneous structure anisotropic behavior with the available 
data from the literature, we aim to examine these LBM-FE 
models suitability for AV biomechanics simulations.

FSI analyses for TAV and BAV models were utilized 
and presented. Figure 5 illustrates TAV flow field pat-
terns where the EOA at systole peak was calculated and 
found to be 3.38 cm2, developing a max jet velocity of 
1.0 m/s. The flow pattern appeared parabolic and central. 
The peak velocity and EOA adequately correspond to the 
published range of values in the literature (0.9–2.3 m/s) 
from in vivo (Mirabella 2014; Mahadevia et al. 2014; Rod-
ríguez-Palomares et al. 2018), in vitro (Yap et al. 2011; 
Saikrishnan et al. 2012; McNally et al. 2017), in silico 
(FSI and CFD) (De Hart 2003; Kuan and Espino 2015; 
Mei et al. 2016; Cao et al. 2017; de Oliveira et al. 2020) 
studies and clinical guides (Akins et al. 2008; Grimard and 
Larson; Baumgartner et al. 2009). The predicted maximal 
principal stresses along the surface of the leaflets (Fig. 8 
upper row) are concentrated around the belly region at the 
systole peak (~ 10 kPa) and are elevated at mid-diastole, 
mainly sustained by the CFN. The values of the stresses 
cannot be verified and are assumed to be directly affected 
by the different validated metrics of the flow field and 
the EOA. WSS of ~ 1 Pa is generated around the leaflets' 
coaptation region and gradually decreases toward the 
belly at the systole peak. However, during mid-diastole a 
uniform distribution of the same value is observed under 
the coaptation region (Fig. 9 upper row). Exploring the 
LBM-FE flow field (Fig. 5), it can be seen that the vorti-
ces on the ventricular side need more time to decay distal 
to the sinuses, increasing the WSS at mid-diastole near 

the leaflets' surface. The WSS using LBM-FE falls within 
the expected range of values (0.43–5.0 Pa) reported in 
the literature from in vivo (Barker et al. 2012; Rodríguez-
Palomares et al. 2018) and in silico (FSI and CFD) (Cao 
et al. 2017; Liu et al. 2018) studies.

A BAV model was studied as a test case of a pathologi-
cal valve with irregular geometry; the flow field patterns 
and velocities (Fig. 7), mechanical stresses (Fig. 8 lower 
row) and WSS (Fig. 9 lower row) were examined. The BAV 
morphology led to partial opening during the systole. The 
EOA at the systole peak was calculated and found to be far 
smaller more than in TAV (1.19 vs. 3.38 cm2), and conse-
quently, the developed jet had a greater maximum velocity 
as compared to the TAV (1.50 vs. 1.0 m/s). The flow pattern 
appeared asymmetric and eccentric, and tilted toward the 
NFC wall side. Utilizing LBM-FE, the BAV model devel-
oped a higher jet velocity and a smaller EOA as expected 
compared to TAV (de Oliveira et al. 2020). At the systole 
peak, the maximal principal stresses along the surface of 
the leaflets were concentrated around the belly and raphe 
regions (~ 80 kPa). At mid-diastole, the raphe formed a 
protruding bulk that blocked the backward flow, causing a 
higher leaflets' resistance for the leaflets closure dynamics. 
Hence, the mechanical stresses in BAV were slightly higher 
more than in TAV (300 kPa vs. 270 kPa). Furthermore, the 
WSS at systole peak reached a high value around the leaflets' 
coaptation region that gradually decreases to zero toward the 
belly of the FC. At mid-diastole the WSS was almost negli-
gible. Unlike the WSS in the TAV, the FC geometry partially 
blocked the backward vorticity in the closing phase and led 
to their faster decay, resulting with a lower WSS in the BAV 
at mid-diastole as compared to the TAV.

Fig. 9   Flow wall shear stress 
distributions (ventricles side 
view) at peak systole and mid-
diastole on TAV (upper row) 
and BAV (lower row) cusps



846	 A. Morany et al.

1 3

Consequently, the significance of the instantaneous mes-
oscale data using LBM-FE, both for structural and the flow 
field, is exemplified by inspecting the BAV closure phase. 
From the structural and AV kinematics point of view, the 
leaflets reach a complete closure immediately following the 
end of the systolic phase, the same as expected for TAV. 
Despite its asymmetric morphology, non-stenotic BAV is 
expected to reach full closure even though asynchronously 
and not suffer from regurgitation (Mendi et al. 2020). The 
closing phase in asymmetrical morphology as BAV is a very 
fine process numerically, which could face instabilities and 
divergences in the closing phase (Lavon et al. 2018). This 
fine closing contact is explicitly captured by utilizing LBM-
FE, based on the local instantaneous solution.

The FSI simulations are utilized to investigate the AV 
behavior and allow for exploring different geometry, mate-
rial and interaction factors. The comparison of the hemody-
namic metrics to the literature is used to confirm some of 
the predictions provided by the FSI models and thus testify 
their overall reliability. Given that the hemodynamic met-
rics and the structural responses have reciprocal interplay, 
this plays a major role in determining the accuracy of the 
stresses on the leaflets and sufficiently support the reliability 
of the results in the absence of in vivo experimental data. 
Therefore, the suggested anisotropic heterogeneous model 
of the AV leaflets better represents its anatomical structure 
and the developed predicted stresses. Furthermore, the CFN 
is responsible for stabilizing and positioning of the leaflets, 
sustaining the load during the valve's opening and closing 
phases. The maximum principal stresses in the leaflet elastin 
matrix are significantly reduced both for tensile and com-
pressive stresses, where the CFN carries most of the load. 
This appears in all the parts of the leaflets, where the col-
lagen bundles are much stiffer more than the surrounding 
soft tissue; they would carry most of the stress in the specific 
bundle orientation. The maximum stress magnitudes in the 
CFN during diastole are significantly higher more than dur-
ing systole by orders of magnitude as compared to those of 
the elastin matrix. The advanced modeling technique, both 
for the structure that include the CFN and the fluid, reveals 
the importance of accurate tissue modeling to simulate its 
hemodynamic performance. It can also guide how to achieve 
better load distribution in prosthetic aortic valve design for 
example.

From the hemodynamics point of view, the diastolic 
velocity oscillations phenomenon, related to late systolic 
leaflets vibrations, is well captured by using the LBM-FE 
FSI. This phenomenon occurs when there is rapid retarda-
tion of the flow with the closure of the aortic valve. In the 
aorta, significant regurgitation of the blood flow transpires 
during the valve closure and gradually decelerates, until it 
totally vanishes (approximately between 200 and 350 ms of 
the cardiac cycle). This causes a high fluid momentum to be 

propagated backward along the aorta, which interacts with 
the compliant leaflets and generates large oscillations in the 
velocity (Bluestein and Einav 1993, 1994, 1995; Moore and 
Dasi 2014; Lee et al. 2020). These oscillations were numeri-
cally quantified at a representative point in the vicinity of the 
valve (0.5 diameter distance above the leaflets' coaptation on 
the XZ symmetry plane), as can be seen in red in Fig. 6. It 
demonstrates that the diastolic flow oscillations are distinctly 
captured using the LBM-FE FSI approach. This phenom-
enon's highly transient nature further supports utilizing the 
LBM-FE FSI approach that is better suited for capturing 
such fast oscillations.

Regarding numerical discretization, no adaptive and local 
grid refinement during the solution in LBM-FE approach 
was needed to capture the global or local hemodynamic 
metrics. The unvaried determined grid by the mesh study 
in Fig. 4c was suitable for each interval of the solution. In 
contrast, when using a traditional finite volume approach, 
during the solution a dynamically adaptive local refinement 
near the walls and the moving parts is usually utilized [38]. 
Using a uniform grid through the LBM-FE FSI solution 
shortens the initial post-processing procedure, reduces com-
puter resources during the incremental solution and easily 
handles complicated geometries.

5 � Limitations

This study has several limitations which should be consid-
ered when interpreting the results. Healthy material proper-
ties were assumed for the BAV FE model because of the lack 
of experimental data for BAV valves and specifically the 
raphe region. Furthermore, the initial simulation conditions 
were assumed for an almost closed valve with no residual 
stresses in the tissue. This assumption is based on prior stud-
ies showing reasonable behavior of the overall kinematics 
(Marom et al. 2012a; Lavon et al. 2018). Regarding the flow 
regime, the LBM can be viewed as a direct numerical simu-
lation (DNS) method for solving fluid flow (Chikatamarla 
et al. 2010). Turbulent results are expected to emerge from 
the proposed LBM modeling when one resolves all scales in 
the flow with the proper refinement. A refined mesh to the 
mentioned scale can be qualified as a DNS. Our LBM model 
does not qualify (a mesh of many millions of elements is 
needed). The aim was to perform FSI simulation that strikes 
a balance between the structural and fluid grids yet be able to 
carry the simulation for the entire cardiac cycle. To perform 
advanced DNS-FSI modeling requires a highly refined and 
computationally intensive computational grid able to resolve 
all the scales. In addition, it can be argued that turbulence 
models are needed. The flow regime in the LBM models is 
in the laminar-transitional field and intermittently turbulent 



847Fluid–structure interaction modeling of compliant aortic valves using the lattice Boltzmann…

1 3

only. Moreover, studies have raised doubts regarding the 
benefits of applying turbulent models for aortic valve FSI 
modeling, compared with the inaccuracy cost of laminar 
assumption (Yoganathan et al. 2005; Cao and Sucosky 2017; 
Zhang and Zhang 2018; de Oliveira et al. 2020). Therefore, 
in our case, the turbulence model might not result in con-
siderably improved outcomes compared with the laminar 
assumption.

Moreover, the FSI simulation should be further improved 
by modeling the entire heart geometry where the LV and 
the aorta dynamic responses directly affect the aortic root 
and leaflets' kinematics, and as a result the hemodynamic 
response (Morany et al. 2021). Finally, this research focuses 
on a numerical study rather than experimental or clinical 
measurements. The above-mentioned results were compared 
to previously published numerical models, and the conclu-
sions focus on a comparative study rather than absolute 
values.

6 � Conclusions

A new FSI framework integrating the LBM-FE is presented 
and used for the analysis of TAVs and BAVs. The coupled 
LBM-FE FSI is very effective and yields good correlations 
with existing resolved results reported in the literature. We 
have shown that LBM-FE FSI model can predict the flow 
and structural properties of TAV, and adequately handles 
irregular geometries such as BAV. The dynamic behavior of 
the flow has been captured, providing vital information on 
the flow structure and their transient nature. The significance 
of the stress distribution and the interplay between the CFN 
and the elastin matrix in the leaflet through the cardiac cycle 
is demonstrated. The coupled LBM-FE FSI framework of 
the structural and the flow behaviors, that bridges the cross-
scales of the AV, has a potential to produce new insights into 
its complex multi-scale dynamics.

Appendix A

The LBM algorithm and method are derived from the Boltz-
mann transport equation:

where f = f (x, t, e) is a particle distribution function that 
depends on space vector x , time t  , velocity direction unit 
e and the collision operator Ω . The equation describes the 
evolution of a rarefied gas by means of one-particle distribu-
tion function, under the assumption that only two particle 
collisions happen in a time interval and the particles lacking 

(3)
�f

�t
+ e ⋅ �f = Ω

a mutual relationship or connection before the collision. 
The Boltzmann equation is discretized with each discrete ei 
velocity and on the lattice:

The macroscopic variables, mass and momentum, can be 
derived from the statistical moment of the particle density 
function f  as follows:

The collision operator models the particle collision step 
and based on the relaxation of the particle distribution func-
tion toward the equilibrium state. The proposed collision 
operator is the multi-relaxation time (MRT) suggested by 
D'Humières et al. (2002). This operator relaxes each moment 
individually and calculates the moments according to cen-
tral momentum space. In the mathematical form, the equi-
librium state f eq  is set according to Maxwell–Boltzmann 
distribution:

and obtained by a truncated small velocity expansion of 
often called low Mach number approximation by 2nd-order 
Taylor series:

 where wi are weighting constants built to preserve the isot-
ropy, cs is the speed of sound, R is the ideal gas constant, 
T  is the temperature where c2

s
= RT  , u is the macroscopic 

velocity, � is the microscopic velocity of a particle, � is the 
Kronecker delta, � and � sub-indexes denote the different 
spatial components of the vectors appearing in the equation 
and Einsteins' summation convention over repeated indices 
have been used. Analogically to Eqs. (3), the raw moment � 
of the particle distribution function f  can be expressed in a 
more general form by the relation:

where k, l,m are, respectively, the orders of moments taken 
in x, y, z directions. Denoting �i as a raw moment �xkylzm   of 
a given combination of(k, l,m) , the relation between the 
particle distribution functions and the raw moments can be 
expressed in the following matrix form using the transforma-
tion matrixMij:
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MRT collision operator can be calculated as a relaxation 
in momentum space followed by the inverse transformation 
to distribution function space:

where Sij is the diagonal relaxation matrix and μeq
i

 is the 
raw moment at equilibrium. Once the post-collision μi is 
obtained, its particle distribution function can be recovered 
from inverse transformation matrix:

The WSS using the LBM was computed using the shear 
rate relation 𝜏 = 𝜇𝛾̇ , where the shear rate 𝛾̇ is obtained 
through the derivatives of the velocity field: 
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