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ABSTRACT 

This paper highlights some of the advancements 

enabled by computational physics in the field of 

cardiovascular biomechanics. We briefly introduce 

the numerical methods of the YALES2BIO platform 

before delving into two ongoing studies. The first 

study exemplifies macroscopic scenarios where 

blood is modelled as a continuous fluid. Specifically, 

we examine intracardiac hemodynamics, exploring 

how the design of the mitral valve can alter turbulent 

dissipation. This study demonstrates how such 

simulations can enhance a medical imaging 

technique used routinely in clinical settings. The 

second example addresses situations where the 

physical phenomena occur at such small scales that 

the suspension nature of blood must be considered. 

We discuss the results of a numerical pipeline 

designed to simulate the operation of an industrial 

blood cytometer, illustrating how computational 

physics can provide access to data that is 

experimentally unattainable and useful for 

improving system performance.  

Keywords: cardiovascular biomechanics, 

computational physics, cardiac efficiency, red 

blood cells, cytometry  

1. INTRODUCTION 

The ability to predict blood flow characteristics 

could significantly enhance diagnostic and treatment 

capabilities, given that many cardiovascular diseases 

are related to blood flow features. In this respect, 

computational physics serves as a natural 

complement to theoretical, experimental, and 

medical imaging techniques used to address 

questions related to both microscopic and 

macroscopic blood flows. 

Many medical questions related to blood flow 

pertain to the largest arteries and veins in the 

cardiovascular system. Typical length scales range 

from 1 mm to a few centimeters, and the Reynolds 

number can be as high as several thousand. At these 

scales, blood is often considered a homogeneous 

fluid with either constant viscosity (typically 𝜇 =
3 × 10−3 Pa.s) or characterized by shear-thinning 

behavior. Key challenges include managing the 

highly complex and deformable geometry of the 

blood flow domain, the transitional nature of wall-

bounded blood flow, interactions with thin and 

highly deformable membranes (e.g., valve leaflets), 

thrombus formation due to biomedical materials, and 

validation. 

In reality, blood is not homogeneous but a dense 

suspension (volume fraction ranging from 20-50%) 

of particles sized from 2 𝜇𝑚 (platelets) to 20 𝜇𝑚 

(white blood cells). Over 95% of the cells flowing in 

plasma are red blood cells, which are non-spherical 

particles (equivalent diameter of 6 𝜇𝑚). Given their 

reduced volume of only 0.65, red blood cells are 

highly deformable, with their dynamics resulting 

from the coupling between the inner fluid (cytosol), 

the cell membrane, and the outer fluid (plasma). In 

flow regimes typical of the microcirculation, 

hemodynamics is dominated by suspension-related 

phenomena, such as the non-inertial migration of red 

blood cells towards the center of vessels. 

This paper outlines some of the 

accomplishments and ongoing modelling efforts 

utilizing the YALES2BIO solver 

(imag.umontpellier.fr/~yales2bio/), developed at 

Institut Montpelliérain Alexander Grothendieck 

(IMAG) in Montpellier, France. Section 2 provides a 

brief overview of the numerical strategy employed. 

Section 3 illustrates how macroscopic simulations of 

intracardiac flow can enhance a medical imaging 

technique, specifically echocardiography, and 

deepen the overall understanding of cardiac function. 

Section 4 presents the results of a numerical pipeline 

designed to simulate the dynamics of red blood cells 

flowing through a Coulter-based cytometer, 
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demonstrating its potential to improve the 

cytometer's performance. 

2. NUMERICAL METHOD 

YALES2BIO is a highly parallelized 

multiphysics solver, derived from the YALES2 

solver developed at CORIA in Rouen, France. It is 

specifically designed for simulating blood flows at 

both macroscopic and microscopic scales. At its 

core, YALES2BIO solves the incompressible 

Navier-Stokes equations using a finite-volume 

approach with a fourth-order discretization scheme, 

suitable for unstructured meshes [1]. To maintain the 

divergence-free property of the velocity field, the 

solver employs the projection method introduced by 

Chorin [2]. Namely, the velocity field is first 

advanced in time using a low-storage, fourth-order 

Runge-Kutta scheme [3] during a prediction step. 

This predicted velocity field is then corrected by 

applying a pressure gradient, which is obtained by 

solving a Poisson equation for pressure. The Poisson 

equation is solved using the Deflated Preconditioned 

Conjugate Gradient algorithm [4]. For turbulence 

modeling, YALES2BIO performs large-eddy 

simulations using the sigma subgrid scale model [5, 

6]. This model ensures that no eddy viscosity is 

applied in canonical laminar flows and is well-suited 

for wall-bounded and transitional flows [7, 8]. 

Additionally, the solver can handle computations 

with moving meshes by employing an Arbitrary 

Lagrangian-Eulerian formulation [9, 10]. 

YALES2BIO conducts various simulations 

involving fluid-structure interactions at both 

macroscopic [11] and microscopic scales [12-14]. 

For fluid-structure coupling, the solver utilizes 

Peskin's immersed boundary method (IBM) for 

massless structures [15]. In this approach, the fluid 

perceives the structure's action as a force density 

applied during the prediction step. The forced 

Navier-Stokes equations are then solved as 

previously described. Once the flow velocity is 

computed, the structure is convected by the flow 

after interpolating the fluid velocity onto the 

structure. 

Since the deformed structure is massless, it 

remains in equilibrium, allowing for the calculation 

of forces at the nodes of the structure mesh. These 

forces are then regularized, or spread, over the fluid 

mesh. As YALES2BIO employs unstructured 

meshes, the original IBM, designed for Cartesian 

meshes, has been adapted using the Reproducing 

Kernel Particle Method. This method ensures that 

force regularization and velocity interpolation 

impose several mathematical moments of the 

regularization/interpolation function [16-18]. For red 

blood cells (RBCs), the membrane mechanics are 

modeled by combining different models that 

represent either the in-plane [19] or out-of-plane 

resistances of the membrane [20]. More details may 

be found in Mendez and Abkarian [14]. The method, 

initially developed for infinitely thin membranes, has 

also been extended to finite-size yet thin structures 

[11, 21].  

Numerous validation test cases have been 

presented in both 2D [18] and 3D [21], particularly 

for fluid-structure interaction coupling. The 

remainder of this paper describes two ongoing 

applications to illustrate how computational physics 

can address academic, medical, or industrial 

questions relevant to either macroscopic (Section 3) 

or microscopic (Section 4) scales.  

3. INTRACARDIAC BLOOD FLOW 

Chnafa et al. utilized YALES2BIO to simulate 

intracardiac flow that aligns with the time-evolving 

geometry observed through computed tomography 

of an actual patient [9] or magnetic resonance 

imaging of a normal volunteer [10]. In both 

scenarios, the computational domain spans from the 

four pulmonary veins to the root of the aorta, 

encompassing the left atrium and ventricles, as well 

as simplified models of the mitral and aortic valves. 

The simulations employed Large Eddy 

Simulations based on a subgrid scale model well-

suited for representing wall-bounded transitional 

flows [5, 22], and were conducted over more than 50 

cardiac cycles. The analysis revealed that turbulence 

is periodically generated in the left ventricle at the 

end of diastole and dissipates during systole [23]. 

Moreover, the large vortex observed from advanced 

medical imaging techniques [24] during late diastole 

is accurately captured in the phase-averaged 

computational results. This particular flow feature is 

of significant medical interest, as it is believed to aid 

in redirecting blood momentum towards the 

ventricle's outlet, thereby facilitating ejection. For 

cardiologists, the ability to characterize this feature 

using routine echocardiography would be highly 

beneficial. 

To achieve this, it is essential to reconstruct the 

intraventricular velocity field based on the radial 

component measured in colour Doppler mode. The 

numerical database for intraventricular flow [9] has 

been instrumental in developing a reconstruction 

algorithm based on an optimization procedure [25]. 

As illustrated in Figure 1, the Computational Fluid 

Dynamics (CFD) recirculation zone is well retrieved 

by the so-called intraventricular Vector Flow 

Mapping (iVFM) technique. Several enhancements 

to the original algorithm have been proposed to 

better incorporate the divergence-free constraint [26] 

and to represent the three-dimensional structures of 

the flow more accurately [27]. Recently, a 

methodology based on machine learning has proven 

to be both robust and efficient in retrieving 

intraventricular flow features from 

echocardiography [28]; a physics-guided neural 

network was trained using a database produced at 

IMAG, which included a variety of sizes, heart rates, 

and mitral valve designs [29].   
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Figure 1. Top: A virtual echocardiography exam 

is performed on the numerical intracardiac flow. 

Bottom: The flow structure reconstructed from 

the virtual echocardiography image (top) is 

compared to the exact flow structure from the 

numerical database (bottom) at three different 

time points. 

In addition to supporting the development of 

reconstruction methods for echocardiography, 

detailed simulations of intracardiac flow can enhance 

the overall understanding of heart function. As 

previously mentioned, the large vortex observed 

through advanced medical imaging techniques [24] 

during late diastole is of particular medical interest. 

It is believed to help redirect blood momentum 

toward the ventricle's outlet, thereby facilitating 

ejection [30]. This mechanism and its implications 

for the heart's pumping efficiency were recently 

studied computationally using simulations similar to 

those conducted by Chnafa et al. [9] enriched by a 

parameterized model, allowing for the investigation 

of the mitral valve shape's effect on intraventricular 

flow. Four cases considered are illustrated in Figure 

2, which displays the vortical structure of the 

intraventricular flow at late diastole. 

 

 

 

 

 Figure 2. Phase-averaged velocity field at mid-

diastole, the phase during which a large vortex, 

supposedly favourable for blood ejection through 

the aorta, is expected to be present. Green regions 

denote the different vortices within the ventricle, 

while red markers indicate their respective 

centres. The red lines depict the intersection 

between the mitral valve and the plane of view. 

Top left (C01): Physiological mitral valve with 

normal opening and orientation. Top right (C02): 

Normal opening with anterior orientation. 

Bottom left (C03): Normal orientation with wider 

opening. Bottom right (C04): Posterior 

orientation with smaller opening. 

The expected large vortical structure is 

accurately captured in the reference case (top left), 

where the mitral valve opening and orientation are 

physiological. In cases where the valve opening is 

enlarged (bottom left) or reduced (bottom right), a 

vortical structure is still present, although its size and 

position are altered. The modifications are even more 

pronounced when the orientation of the mitral valve 

is changed (top right). In this scenario, the expected 

clockwise-rotating vortex (top left) is replaced by a 

pair of counter-rotating vortices. It is evident that the 

details of the mitral valve geometry significantly 

impact the flow organization within the ventricle. 

To determine whether these modifications result 

in a significant change in cardiac pumping 

efficiency, the balance of ventricular kinetic energy 

has been recently studied [29]. This balance is 

obtained by integrating the kinetic energy equation 

over the time-dependent ventricular domain and 

applying the Reynolds transport theorem. The 

different contributions are displayed in Figure 3, 

which provides a physical interpretation of each 

term. In all the cases considered, the contributions 

sum up to approximately zero within a small fraction 

(approximately 3%) of the ventricle's power. This 

indicates that the simulations can be reliably used to 

further analyse the energy balance within the 

ventricle. As illustrated in Figure 4, this balance is 

dominated by the three pressure terms 𝑃𝐴𝑃 , 𝑃𝑀𝑃 and 

𝑃𝑚𝑢𝑠𝑐𝑙𝑒  (see Fig. 3), regardless of the specifics of the 

mitral valve. 
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Figure 3. Main contributions to the balance of 

kinetic energy within the control volume defined 

by the cardiac muscle (blue) and two fixed planes 

located near the mitral annulus (red) and the 

aortic valve (green). In addition to energy storage 

(which cancels out after time integration due to 

time periodicity of the cardiac cycle), the two 

volume terms include the power of the mitral 

valve leaflets (violet) and the viscous dissipation 

(black). The latter accounts for turbulent effects 

through subgrid scale viscosity 𝝁𝑺𝑮𝑺.  

However, the dissipation term is highly 

dependent on the valve opening, reaching a value 

three times larger when the valve opens less (case 

C04) compared to the wider opening (case C03) — 

see Figure 4. Despite this variation, the amount of 

energy dissipated over one cardiac cycle remains a 

small fraction (1-2%) of the energy involved in 

pumping blood from the atrium to the aorta. From 

this perspective, the energy efficiency of the 

pumping mechanism remains very high (greater than 

98%), independent of the mitral valve design and 

flow structure within the ventricle. Note that this 

conclusion may not hold in cases where valve 

leakage is present, causing some blood to flow back 

into the atrium during systole. 

 

         

Figure 4. The top plot illustrates the time 

evolution of the main contributors to the kinetic 

energy balance for the normal case C01. The 

acronyms are defined in Figure 3. Very similar 

evolutions are obtained for the other cases 

displayed in Figure 2 (not shown). The bottom 

plot shows the time evolution of the dissipation 

term.  

4. COMPUTATIONAL CYTOMETRY 
IMAGING 

Taraconat et al. [31] examined the impedance 

measurement of red blood cells (RBCs) in an 

industrial hematology analyzer. The setup consists of 

a polarized micro-orifice through which red blood 

cells are aspirated one at a time, as illustrated in 

Figure 5. This constriction ensures a high electrical 

field in the aperture, such that the presence of an 

RBC increases the electrical resistance, detectable as 

a voltage pulse. Counting these electrical signals 

provides a tally of cells passing through the micro-

orifice, and the amplitudes of these perturbations are 

assumed to be proportional to the particle sizes [32]. 

Commonly known as ‘Coulter counter’ [33], this 

system measures RBC volumes and concentrations. 

Although Coulter counters have been integral to 

blood analyzers for decades, some measurement 

artifacts remain poorly understood. Near the aperture 

walls, inhomogeneities in the electrical field and 

complex RBC dynamics lead to measurement errors. 

Investigating particle dynamics in the detection area 

to understand these edge effects is challenging due to 

accessibility issues in industrial systems. 

Consequently, numerical simulation was chosen as 

the preferred method for these investigations. 
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Figure 5. Principle of counting and sizing (red 

blood) cells using a Coulter counter. The diluted 

blood sample flows into the tank through the inlet, 

and each circulating cell generates an electrical 

perturbation, supposedly proportional to its 

volume, as it passes through the aperture. The 

cells then exit the system through the outlet. Note 

the significant separation of scales between the 

tank (𝒄𝒎) and the cell (𝝁𝒎) size. 

 

Simulating deforming cells in a Coulter counter 

presents a multi-scale challenge that has been 

addressed through a specific sequence of simulations 

[31]. Essentially, the flow domain is conceptually 

divided into three distinct parts, each requiring a 

different type of simulation to accurately represent 

the physical phenomena occurring within them. 

1. Passive Transport Region: In the largest 

part of the domain, red blood cells (RBCs) 

behave like passive tracers. They are 

transported by the flow without undergoing 

deformation. 

2. Stretching Region: In an intermediate 

region, the RBCs continue to follow the 

streamlines of the baseline flow but begin to 

stretch as they move. 

3. Deformation and Rotation Region: 

Finally, as the RBCs flow through the 

micro-orifice, they experience deformation 

and may rotate, thereby disturbing the 

electrical field. 

The varying durations of these phases—on the 

order of 50 seconds, 20 milliseconds, and 20 

microseconds, respectively—highlight the multi-

scale complexity inherent in this type of analysis. 

The numerical simulation of the electrical pulse, 

which corresponds to the experimental 

measurements taken during each cell passage, is 

computed under static conditions. This involves 

solving the Laplace equation for the electrical 

potential across a series of cell positions and shapes. 

The proposed simulation method was 

benchmarked against experimental data derived 

from both healthy blood samples and latex bead 

samples. Figure 6 demonstrates that the numerical 

results not only replicate the experimental findings 

but also offer deeper insights into the complex 

behaviors observed when particles traverse near the 

wall regions. 

Specifically, the analysis reveals two distinct 

types of edge effects: 

1. Electrical Edge Effects: These occur when 

particles pass through areas with highly 

non-uniform electrical fields, particularly 

near the corners of the aperture. This 

phenomenon is visually indicated by blue 

circles in Figure 6. The non-uniformity in 

the electrical field leads to variations in the 

electrical signals detected. 

2. Dynamical Edge Effects: These involve 

the rotation of cells induced by significant 

velocity gradients near the aperture walls, as 

shown by black arrows in Figure 6. The 

shear forces in these regions cause the cells 

to rotate, which in turn affects their 

orientation and the resulting electrical 

signatures. 

The simulations effectively distinguish between 

these two types of artifacts, providing a clearer 

understanding of their individual impacts on the 

electrical measurements. This separation is crucial 

for accurately interpreting the data obtained from 

Coulter counters and improving the precision of 

blood analysis techniques. 

. 

 

 

 

 

 

 

Figure 6. The left column illustrates the simulated 

dynamics of red blood cells (RBCs) in the micro-

orifice, while the right column displays the 

associated electrical perturbations. In the right 

column, electrical pulses derived from 

simulations are superimposed with experimental 

observations. The top, middle, and bottom rows 

correspond to an RBC on a centred trajectory, an 

RBC on a near-wall trajectory, and a rigid sphere 

on a near-wall trajectory, respectively. Electrical 

field isolines are shown over the cut view of the 

fluid domain in the particle dynamics images of 

the left column. Electrical and dynamical edge 

effects (EE) are highlighted by blue circles and 

black arrows, respectively. 
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The cell rotation that occurs for cells flowing 

close to the wall of the aperture artificially increases 

the shape factor of the cell and thus the amplitude of 

the electrical perturbation [32]. This explains the 

right-skewed probability density function of the cells 

volume often observed in practice. Leveraging this 

knowledge and a numerical database built from the 

numerical pipeline developed in [31], two strategies 

were recently proposed [34] and patented [35] to 

correct the sizing error in Coulter-based cytometry. 

These strategies are based either on signal processing 

of the electrical pulse or on a neural network capable 

of detecting whether the cell has experienced 

rotation. Detecting and rejecting rotation-associated 

pulses have been shown to provide results 

comparable to hydrodynamic focusing [36], which 

forces cells to flow in the centre of the orifice, the 

gold standard implementation of the Coulter 

principle. 

In the computational studies cited above, the 

membrane of red blood cells was modeled as purely 

hyperelastic, despite experimental evidence 

indicating viscoelastic behavior. Enhancing the 

physical description of membrane rheology  [37] 

provides an even more accurate description of cell 

dynamics as they flow through the apparatus [38]. 

This improvement paves the way for Coulter-based 

detection of cellular pathologies. 

5. DISCUSSION 

Computational physics is now recognized as a 

complementary tool that, alongside experimental and 

theoretical approaches, can provide relevant answers 

to practical blood-related questions. This paper has 

discussed two examples, focusing on macroscopic 

intracardiac flow and the counting and sizing of red 

blood cells.  

Over the past years, many other applications and 

scientific questions have been addressed at IMAG. 

On the macroscopic side, notable studies include the 

interaction between turbulent flow and aortic  [21] or 

venous [39] valves, he robustness of computational 

representations of jet-like flows such as in the Food 

and Drug Administration cannula test case [40], and 

the modelling of intra-vascular medical devices like 

flow diverters or WEBs [41, 42]. Regarding the 

microscopic scales, successful studies have been 

conducted on the dynamics of a single red blood cell 

in shear flow [13], which have been compared to 

theoretical [43] and experimental [44] data, as well 

as the self-organization of cells in a microfluidic 

channel [45]. Modelling the thrombosis phenomenon 

requires both macroscopic [46, 47] and microscopic 

[48] computational capabilities, as well as a reliable 

and efficient description of the biochemical reactions 

involved in the coagulation cascade [49-51].  As a 

final note, let us mention a recent and active research 

topic at IMAG where computational physics is used 

to mimic the medical images obtained from actual 

Magnetic Resonance Imaging systems [52]. This 

aims to better understand the limitations and 

optimize the sequences used in clinical routines [53]. 
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