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ABSTRACT

Fluid–structure interaction (FSI) is crucial in the numerical simulation of cardiovascular phenomena, where pulsatile blood flow dynamically
interacts with highly deformable tissues. High-fidelity FSI approaches have become essential to enhance the understanding of potentially
lethal pathologies, assisting diagnosis and development of novel therapeutic solutions. This work presents and experimentally validates a new,
totally meshless FSI approach, specifically designed for cardiovascular applications. The method is based on the Lagrangian smoothed particle
hydrodynamics (SPH), employing a unified physics to represent both blood and deformable walls, avoiding FSI interfaces. A key advantage
of this method lies in its ability to overcome the SPH complex issue in contour management, a common challenge that typically increases the
complexity of this methodology in FSI applications. Deformable walls are immersed in the fluid domain, and a buffer region of fluid is
defined to handle the structural deformation. For validation, a new FSI benchmark is proposed and analyzed with the particle image velocim-
etry technique. Tailored to entail the typical complexities of relevant cardiovascular situations, the benchmark involves pulsatile flow interact-
ing with a chamber with deformable curved walls, moving through both filling and emptying phases. Despite its simplified geometry,
designed to allow a reliable experimental validation, the structure experiences a field of three-dimensional strains and large volume variations,
thereby replicating complexities often associated with more intricate models. Numerical and experimental results show good agreement in
terms of fluid velocity field and structural deformation, establishing the proposed totally meshless FSI approach as a reliable tool for complex
cardiovascular modeling.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0315544

I. INTRODUCTION

Fluid–structure interaction (FSI) is a pivotal and ubiquitous mech-
anism in various technological fields, particularly in cardiovascular bio-
engineering.1–3 In the cardiocirculatory system, pulsatile blood flows
dynamically interact with highly deformable tissues, such as vessel
walls, heart chambers, and valves. Recognizing that cardiovascular dis-
eases are the leading cause of global morbidity and mortality,4 accurate
simulation of cardiovascular FSIs has become a priority in biomechan-
ics.1,5 In this scenario, thanks to the increase in computational power

and availability of resources,6 numerical FSI methods are becoming
fundamental tools aimed at improving the understanding of physiologi-
cal phenomena,7 assisting the diagnosis of cardiovascular pathologies,8,9

as well as lead the development and optimization of medical devices
and treatments.10,11 Numerical FSI methods have been widely used
to investigate the hemodynamics of native (healthy and pathologi-
cal)7,12–14 and artificial heart valves,15–20 coronary arteries,21,22 the
progression of conditions like atherosclerosis,23–25 aortic dissections,26

abdominal aortic aneurysm,27–29 and cerebral aneurysm.30–33
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Furthermore, FSI approaches have been employed for assessing the
blood stasis and the associated potential thromboembolic risk in the left
atrial appendage (LAA).8,34

In FSI simulations, computational fluid and structural dynamics
(CFD and CSD, respectively) are coupled using partitioned or mono-
lithic approaches.35–37 In the former, fluid and structural computa-
tional domains are solved separately and the solutions are then
matched using one-way (weak coupling, only fluid influences struc-
tural results, or vice versa) or two-way schemes (strong coupling, fluid
and structure affect each other).38 On the other hand, in monolithic
FSI, a single system of equations is used to solve simultaneously fluid
and structural domains.39

Conventional FSI approaches typically employ grid-based meth-
ods, coupling an Eulerian formulation for the fluid domain based on
the finite volume method (FVM) with a Lagrangian formulation for
the structural domain, generally based on the finite element method
(FEM). The interaction between the two computational domains is
handled with suitable algorithms, among which the most used in car-
diovascular FSI simulations are the arbitrary Lagrangian Eulerian
(ALE)40–42 and the immersed boundary (IB).43–46 The ALE approach,
implemented both in partitioned or monolithic FSI schemes, employs
a boundary fitted mesh that moves with a smoothed and arbitrary
velocity.1,47 The main drawback of ALE is the need for a continuous
update of the mesh and boundary conditions, which leads to heavy
computational efforts.48,49 The IB method, first introduced by Peskin50

to simulate the hemodynamics of heart valves, avoids the mesh regen-
eration issue of ALE and is therefore more efficient in applications
characterized by large deformations.45 The method, typically imple-
mented in partitioned FSI schemes, uses a fixed mesh for the fluid
domain and a deformable mesh for the structure. Overlapping regions
between fluid and structural domains are identified, and a force term is
added in the fluid equations to deal with the presence of the structure.
Both ALE and IB coupling techniques encounter difficulties in the
modeling of phenomena where the domain separates into uncon-
nected regions, such as that occurring with the closing of heart or vas-
cular valves.51–53

Alternative FSI strategies are based on meshless numerical meth-
ods.54 Among these, smoothed particle hydrodynamics (SPH) stands
out.55–58 This Lagrangian particle-based method was first proposed by
Lucy59 and by Gingold and Monahan60 to simulate interstellar flows,
and afterward applied in various fields of engineering and science.61,62

In FSI modeling, SPH has been combined with FEM63–65 or other
approaches such as the element bending group method,66,67 the
smoothed point interpolation method,68 or particle–spring systems.69

Other FSI approaches have been proposed, where SPH is employed to
describe both fluid and solid domains, using the weakly compressible
(WCSPH)55,70 and the truly incompressible (ISPH)71,72 techniques. In
2024, Monteleone et al.73 proposed a mono-physics FSI approach fully
integrated in the ISPH scheme, where a single algorithm and physics
are employed to solve fluid and structural domains. The mono-physics
FSI method is especially suited for cardiovascular problems, where
structures typically consist of biological soft tissues, and exhibit incom-
pressibility and similar density to blood.51,74–77 Moreover, it offers sig-
nificant advantages over traditional FSI strategies for biological valve
modeling, enabling complete valve coaptation with no need for
remeshing or complex interface management. This method was suc-
cessfully applied to model the dynamics of the aortic valve leaflets,

describing the aortic wall as a rigid boundary.73 In the context of
thrombus formation modeling, the same research group78 also imple-
mented a similar FSI approach, where the structural domain is not pre-
defined (as in Ref. 73) but it is dynamically generated to model the
formation and growth of blood clots. This approach was recently used
in Lo Presti et al.79 to model thrombus formation, growth, and emboli-
zation within the LAA, imposing a prescribed motion on the chamber
walls to model atrial fibrillation dynamics. This necessarily neglects the
dynamic changes in the wall velocity caused by the thrombus presence
as this forms, thus overlooking the direct interaction between the LAA
tissue and the blood flow.

In the present work, the mono-physics FSI approach73 is
extended to the modeling of deformable walls. Both fluid and struc-
tural domains are represented with SPH particles, with spring links
added between the particles belonging to the solid domain to describe
the structural response. The solid domain is immersed in the fluid
domain, which includes a buffer volume larger than the region
expected to be enveloped by the structure during its motion. Three
types of particles are thus defined, depending on the region to which
they belong: effective fluid particles (inside the fluid domain), solid par-
ticles (in the structural domain), and reservoir fluid particles (in the
buffer region). The latter are free to enter in/leave the computational
domain through open boundaries, employing the procedure described
in Monteleone et al.80 Each particle interacts with its neighboring par-
ticle, independently of their type, following the ISPH formulation. This
FSI approach is fully meshless, as it does not require the definition of
FSI interfaces, whose handling represents a very challenging task for
computational methods.2

This method is here validated vs a new benchmark test specifi-
cally designed to simulate relevant challenges in cardiovascular prob-
lems. Specifically, a structure made from a highly deformable
incompressible material is subjected to a pulsatile fluid flow, while
ensuring straightforward experimental replication and analysis. The
structure geometry can be regarded as an idealization of common ana-
tomical structures such as the LAA or an aneurysm, allowing for
relevant, although simplified, FSI studies in complex cardiovascular
settings. Experimental tests are analyzed using particle image velocime-
try (PIV), which is a gold standard in experimental flow characteriza-
tion1,81,82 and is widely used for the validation of numerical
simulations.7,83–85 Reference data of the recommended benchmark
(geometry and boundary conditions), alongside numerical and experi-
mental results (in terms of flow velocity and structural deformation),
are provided to support validation of other computational FSI methods
in this field.

II. METHODS
A. Numerical method

A mono-physics FSI approach73 is adopted in this study, inte-
grated into the PANORMUS (PArallel Numerical Open-souRce
Model for Unsteady flow Simulations) software.86 A concise overview
of the methodology is provided below, specifically highlighting its
novel application, as presented in the current work, for modeling the
interaction between deformable walls and pulsatile flows. The govern-
ing equations and numerical formulation are described only to the
extent necessary to understand the FSI treatment, particle-based struc-
tural modeling, and experimental validation aspects. For the
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comprehensive mathematical details and derivation of the ISPH
scheme, the reader is referred to Ref. 73.

Based on the meshless SPH, the approach represents both fluid
and solid computational domains with a set of particles. Adhering to
the Lagrangian formulation, the particles move transporting their
properties. The field variables at each particle are calculated through
discrete convolution integrals with filter functions, named kernel func-
tions (W), that are characterized by a specific length h (noted as
smoothing length) and constant k. The length controls the influence
domain of each i particle, including all the neighboring particles j hav-
ing a distance from i less than kh. Therefore, a generic function u at
particle i located at position xi can be obtained by interpolating the val-
ues of the neighboring particles j,

ui ¼
XNi
j¼1

mj

qj
ujWij; (1)

where Ni is the total number of j particles neighbor to i;mj and qj rep-
resent mass and density of j; andWij ¼ W xi � xj; h

� �
.

Governing equations, consisting of momentum and continuity
equations for incompressible fluids, are solved employing an incom-
pressible SPH (ISPH) algorithm. The numerical scheme, which follows
the fractional-step technique of Chorin,87 is based on predictor–cor-
rector steps as detailed in Monteleone et al.80,88 In the predictor-step,
the momentum equation is first solved, neglecting the pressure gradi-
ent term, to obtain an intermediate non-solenoidal velocity. Following
this, in the corrector-step, a pressure correction is applied to enforce
incompressibility, adjusting the predicted velocities to ensure mass
conservation. The pressure field is determined implicitly by solving a
system of pressure Poisson equations using the BiConjugate Gradient
Stabilized method.89

The mirror particle procedure86 is used at solid fixed walls to
impose suitable boundary conditions and to overcome the truncation
of the kernel function, while the technique proposed by Monteleone
et al.80 is used at the open boundaries.

Furthermore, the shifting procedure proposed by Xu et al.90 is
used to maintain a more uniform particle distribution during

computation, reducing the well-known tensile instability issue,91–93

which leads to particle clustering/blowing away. This procedure con-
sists of shifting slightly the particles across streamlines, allowing an
ordered particle distribution to be maintained over time. The values of
the hydrodynamic variables are thus adjusted at the new position
through a Taylor series expansion. It should be noted that the proce-
dure of Xu et al.90 is applied only to fluid particles, without introducing
further stabilization algorithms for the structural model when large
deformation occurs.

In the proposed approach, fluid and solid particles share the
same numerical nature and are treated within a unified ISPH frame-
work, whereby a single system of equations is solved for both domains.
The interaction between the fluid and the deformable walls is managed
through an immersed formulation. Specifically, a computational
domain is defined in which the deformable structures are directly
embedded within the fluid, eliminating the need for explicit fluid–solid
interface tracking. Within this immersed scheme, the fluid region sur-
rounding the structure, referred to as the buffer volume, accommodates
structural deformation. Owing to the absence of explicitly defined FSI
interfaces, the method is fully meshless, both in the discretization of
the two media and in their coupling. This feature circumvents a well-
known limitation of partitioned FSI approaches, in which accurate
treatment of the fluid–solid interface is required to ensure consistent
and stable matching of the solutions across the two domains.

The method is three-dimensional and allows for handling com-
plex geometries. However, for the clarity of representation, Fig. 1 illus-
trates a very simple 2D sketch considering a reference state [Fig. 1(a)]
and a general deformed configuration [Fig. 1(b)]. As a first step, the
whole computational domain is discretized with SPH particles that are
categorized into three groups, depending on the domain in which they
fall in the starting configuration. Particles lying inside the structural
domain (whose boundaries are indicated with red lines in Fig. 1) are
identified as solid (red dots in Fig. 1), and spring links are introduced
among them. It should be noted that the boundaries of the structural
domain serve only at the beginning, to identify solid particles in the ref-
erence configuration [Fig. 1(a)]. Subsequently, they evolve with the
solid particle movement without requiring an explicit definition of

FIG. 1. 2D sketch of the immersed FSI
numerical method in the reference (a) and
deformed (b) configurations. Blue dots:
effective fluid particles; red dots: solid par-
ticles; gray dots: reservoir fluid particles; dot-
ted line: open boundary; red lines: reference
(solid) and virtual deformed (dashed) struc-
tural boundaries.
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their position [in Fig. 1(b), the deformed structural domains are
sketched as dashed red lines only for clarity of representation].
Particles lying either inside the fluid or in the buffer regions are defined
as effective fluid (blue dots) or reservoir fluid (gray dots), respectively.
Reservoir fluid particles define a computational region of interest
(CRoI) that accommodates the structural deformation and can enter
and leave the computational domain through open boundaries (dotted
lines) following the procedure described in Monteleone et al.80

Particles interact with their neighbors, including those of different
types, following the SPH formulation [Eq. (1)]. For instance, Fig. 1
highlights the support domain X of three particles (i1, i2, i3): X1 con-
tains only effective fluid particles, X2 encompasses both effective fluid
and solid, X3 includes both solid and reservoir fluid particles. It should
be noted that, thanks to the absence of FSI interfaces, the current
method is entirely meshless both in the treatment of the two media
and in their coupling. Therefore, ghost particles are not required to
handle fluid–solid interactions.

Springs connecting solid particles can be stretched or compressed,
generating internal elastic forces that attempt to restore their resting
length. In Fig. 1(b), the force f sj between the solid particles s and j is
indicated. The total internal force per unit mass, f s, on each solid parti-
cle s can be expressed as a vector sum of the forces from all spring cou-
plings it forms with its neighbors,

f s ¼
ke h
ms

XNs

j¼1

d0;sj � dsj
� �

x̂ sj; (2)

where Ns is the total number of solid particles connected to s, ke is
the spring constant normalized over the smoothing length (h), d0;sj and
dsj are the resting and current spring lengths, respectively, and
x̂ sj ¼ xs � xjð Þ=dsj is the unit vector directed from s to j. This total
force is included in the momentum equations and thus integrated in
the fractional-step scheme.73 Specifically, it is added in the predictor-
step equation as the mass force per unit mass. After calculating the
updated velocity field, solid and fluid particles are moved at the end of
each time step using the mean value of the new and old velocities.

The relationship between the spring constant and the Young’s
modulus was determined from simulations of uniaxial tensile tests on
a solid cube, as described in the work of Monteleone et al.73

The pairs of solid particles linked by springs are defined at the
beginning of the simulation [as shown in Fig. 1(a)] and maintained
throughout the analysis. Therefore, while the support domain of the
fluid particles changes as a result of the particle movement [i.e., particles
i1, i2, and i3 in a general configuration, Fig. 1(b), may have different
neighbors from the reference state in Fig. 1(a)], each solid particle main-
tains the same list of neighboring solid particles in all configurations.

B. The proposed benchmark test case

To validate the immersed FSI method, a new three-dimensional
benchmark test case was devised. Figure 2 shows a 3D visualization of
the whole system [panel (a)] and a longitudinal cross section with the
dimensions of the model [panel (b)].

The system consists of a cylindrical tube terminated by a hemi-
spherical end-cap [hereafter referred to as the hemisphere-capped cylin-
der (HCC), and highlighted in red in Fig. 2(b)] made of an elastomeric
deformable material, positioned coaxially around the nozzle at the distal
end of a syringe. The cylindrical section of the HCC has an inner

diameter of 20mm and a constant wall thickness of 2mm, while the
hemispherical end-cap has the same inner diameter as the tube but a var-
iable wall thickness, increasing from 2mm at the junction to 3mm at the
distal tip of the dome. The CADmodel in initial graphics exchange speci-
fication (.iges) format is provided in supplementary material 1.

To ensure optical access inside the HCC, the chamber was fabri-
cated by injection molding, using Transil 40 silicone. This is a
two-component platinum-cured room-temperature-vulcanizing
(RTV) silicone rubber which, for thicknesses up to few millimeters, is
optically clear.

The test fluid consisted of 75% propylene glycol (Carlo Erba
Reagents) by volume, with the remaining 25% composed of phosphate-
buffered saline (Sigma-Aldrich). This solution was specifically formu-
lated to match the refractive index of the HCC material at room tem-
perature, measured as n¼ 1.4095 using an Optika Abbe bench
refractometer. The selected test fluid has a density of qf ¼ 1.0445 g/ml
and a dynamic viscosity of lf ¼ 0.013 478Pa s, measured using a peak
hold test on a Discovery Hybrid Rheometer HR10 (TA Instruments,
New Castle, DE, USA) at a shear rate of 10 s�1, employing a stainless-
steel conical geometry with a diameter of 60mm and an angle of
2.016�. Since the HCC structure has inner and outer curved walls, the
silicone chamber was enclosed within an external box with flat, trans-
parent, parallel windows filled with the test fluid, in order to minimize
optical distortions.94,95 The external box was 3D printed in black resin
(Formlab) and closed with acrylic windows. A pipe, connected to an
open tank exposed to the atmosphere, was incorporated to allow fluid
to freely enter and exit the box, thereby accommodating the volume
changes of the HCC. Figure 3 illustrates the deviation from rectilinear
projection of a regular grid placed behind the external box–HCC sys-
tem when filled with water [panel (a)] and with the test fluid [panel
(b)]. The results clearly show that the selected setup effectively elimi-
nates optical distortion, restoring the grid pattern.

FIG. 2. Benchmark test: (a) 3D visualization; (b) longitudinal cross section of the
geometry with dimensions.
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The syringe, with an internal diameter of 16mm, was operated by
a syringe pump in cyclic reciprocating motion with a triangular wave-
form. The forward plunger stroke produced a 25% volume increase
in the HCC (1.883ml) over 5 s, corresponding to a flow rate of
22.60ml/min; the return stroke used the same flow rate. To account for
plunger seal elasticity, manufacturing tolerances, and syringe pump
response, the effective syringe motion was measured experimentally by
tracking the plunger flange with a camera using the vision.PointTracker
algorithm in MATLAB. This yielded a period of T¼ 10.476 s and an
effective flow rate of Q¼ 27.62ml/min. Detailed syringe motion data
are provided in supplementary material 2 for reproducibility.

The liquid injected into the HCC induces a variation in the vol-
ume contained inside the chamber, and the presence of the central
nozzle is expected to generate a vortex ring during the ejection.

Despite its simplicity, the system exhibits features common to
complex cardiovascular models, such as large 3D strains of wall struc-
tures made from hyperelastic incompressible materials as a result of
the interaction with dynamically pulsatile fluid flows.

The proposed benchmark was analyzed experimentally using par-
ticle image velocimetry (PIV) and modeled using the proposed
immersed fluid–structure interaction (FSI) method. Despite the three-
dimensional nature of both the experimental and numerical models,
results comparison was conducted on a 2D diametral plane. This sim-
plification is effective, considering that the test case is axisymmetric.
Accordingly, a 2D-PIV measurement was performed on the same
diametral plane from which the FSI numerical results were analyzed.

C. PIV analysis

Experimental analysis of the proposed benchmark was conducted
using phase-resolved 2D-PIV, a non-intrusive optical technique that
allows capturing velocity information of the whole flow field.96 In brief,
the fluid is seeded with small tracer particles, which are illuminated in
a plane of interest with a laser sheet and acquired as pairs of images
captured in rapid succession with a high-speed camera. The images in
each couple are then compared using cross correlation algorithms,
determining the flow parameters across the entire region of interest.

The experimental setup described above and used for the test is
sketched in Fig. 4.

Neutrally buoyant hollow glass spheres, 10lm in diameter, were
used to seed the fluid in the HCC chamber and syringe. Unseeded solu-
tion was used to fill the external box [through the red stopcock in

Fig. 4(a)] to ensure continuous refractive indexmatching. This outer fluid
could flow into an external open chamber exposed to the atmosphere
[see the syringe at the top of Fig. 4(a)] to allow free HCC expansion.

The PIV test was performed using a 2D phase-resolved TSI sys-
tem, composed of a double-pulse Nd:YAG laser of 300mW and wave-
length of 532 nm, and a CCD camera with 2048� 2048 square pixels
and a frame rate of 15Hz. The laser was connected to a collimator and
a cylindrical lens of 15mm, converting the laser beam into a light sheet
approximately 1mm thick. The camera and laser were synchronized
with a laser-pulse synchronizer. The experiment was run projecting
the laser sheet orthogonal to an external box window, along a sagittal
symmetry plane of the HCC. The camera was placed orthogonal to the
laser sheet, facing one of the adjacent external box windows. A photo-
graphic view of the experimental setup is provided in Fig. 4(b).

While the syringe pump was operating, 208 pairs of PIV images
were acquired (each couple every 0.2 s) in the Insight 4G software, with
a time step of Dt¼ 0.05 s between pairs of images. These settings allow
capturing three complete cycles, with over 50 image pairs per cycle.

PIV images were processed using Insight 4G. After spatial cali-
bration, a mask was applied to define the region of interest. A standard
PIV algorithm was employed with the image deformation plugin, using
the fast Fourier transform as the correlation engine and a Gaussian
peak estimator.97 The input images were first divided into interroga-
tion regions (IRs) of 64� 64 pixels to obtain an initial vector field. In a
subsequent step, each IR was refined to 32� 32 pixels and deformed
to improve vector accuracy. Post-processing included a sequence of
local validation steps and vector conditioning to ensure data quality.
During local validation, vectors within a 5� 5 IR neighborhood were
compared to identify valid and invalid vectors. In the vector condition-
ing step, invalid vectors were removed and recursively replaced and
smoothed using the surrounding valid vectors.

The resulting flow maps were then selected at characteristic time
instants for comparison with corresponding numerical solutions.

D. Numerical setup

In the numerical simulation, the fluid was modeled as incom-
pressible and Newtonian, with a density and dynamic viscosity as
determined for the experimental liquid (described in Sec. II C).

Figure 5 shows a schematic of the system with the different SPH
particle types and the employed boundary conditions. As discussed in
Sec. II A, the computational domain is defined larger than the effective

FIG. 3. Refractive index mismatch between
the HCC model made in Transil 40 silicone
and (a) water; (b) 75% propylene glycol
solution.
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domain dimensions (dimensions are provided in Fig. 2), so as to
include a buffer volume of particles (reservoir fluid particles displayed
as gray dots in Fig. 5), maintaining the deforming structure within the
CRoI. The fluid domain, which includes the syringe and the liquid

volume within the HCC, is filled by effective fluid particles (depicted as
blue dots in Fig. 5). Solid particles occupy the region of the deformable
HCC structure (red dots in Fig. 5). An enlargement of the boxed
region at the base of the HCC describes the boundary condition at the
fixed region of the deformable structure. To this end, a flange of fixed
solid particles (represented as white dots with red contour in Fig. 5) is
defined, where the position is maintained throughout the simulation.
For the fluid domain, adherence boundary condition with null velocity
(black continuous lines) is imposed at fixed walls (syringe and nozzle
walls). The displacement of the syringe (orange curve in the graph of
Fig. 5), measured in the experimental test (see Sec. II C), is imposed at
the syringe plunger using adherence condition with the moving
boundary (orange line in the sketch of Fig. 5).

A constant null pressure value is imposed at the open boundary
of the buffer domain (dotted black line), allowing reservoir fluid par-
ticles to enter/exit, allowing the structure deformation following the
procedure described in Monteleone et al.80

In the simulation, a smoothing length, h, equal to 0.4mm is used,
corresponding to an initial total number of particles equal to 453 214
(subdivided as 187 793; 84 616; and 180 805; for the fluid, the struc-
ture, and the buffer domains, respectively). This value was selected
based on a particle-resolution study, considering three smoothing
lengths (0.67, 0.5, and 0.4mm). Given the small differences in struc-
tural wall displacement and velocity profiles, h¼ 0.4mm was chosen
to maintain a particle density consistent with the PIV experiment.
To ensure stability within the explicit integration scheme, the
time step was determined by two primary constraints. First, it
satisfied the Courant–Friedrichs–Lewy (CFL) condition for SPH:
DtCFL � kv h=umaxð Þ, where umax is the maximum particle velocity
magnitude and kv ¼ 0:4:98 Additionally, the time step was limited by
the maximum force magnitude experienced by the springs (fmax),

FIG. 4. (a) Sketch of the experimental
model; (b) PIV setup.

FIG. 5. Sketch of the boundary conditions and SPH particle types in the proposed
HCC benchmark (at the undeformed reference configuration). Blue dots: effective
fluid particles; red dots: deformed solid particles; white dots with red contour: fixed
solid particles; gray dots: reservoir fluid particles.
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defined as Dtf � kf
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h=fmax

p� �
;99,100 where kf is a constant factor

set equal to 0.25.98,100 Based on these conditions, a time step of
Dt¼ 0.002 s was employed in the simulation. Three consecutive pis-
ton strokes were performed, verifying that the periodicity was reached
at the second cycle.

The simulation was carried out on an AMD EPYC GHz pro-
cessor with two sockets and 24 cores per socket. The central proc-
essing unit (CPU) wall-clock time spent to advance the solution in

time in serial mode is about 32 s (thus, 46.5 h is required to simu-
late a whole period with the employed time step). Future develop-
ment will be aimed at reducing computational costs, extending the
parallelization algorithm of Monteleone et al.101

III. RESULTS AND DISCUSSION

Four characteristic time instants were selected to analyze and
compare numerical and experimental results in terms of fluid velocity

FIG. 6. Experimental (left column) and
numerical (right column) velocity maps at
four time instants: (a) minimum stroke; (b)
half stroke forward, (c) direction inversion
at the maximum stroke; (d) half stroke
back.
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and structural deformation. Specifically, the bottom dead center
(BDC), the top dead center (TDC), and the two intermediate instants
at the middle of the forward and return strokes were selected. The
numerical results were analyzed at the second cycle, as it was verified
that the periodicity had already been reached.

Figure 6 shows the experimental and numerical velocity maps
(left and right columns, respectively) at the analyzed instants.
Velocity vectors are represented in white, with constant length. For
clarity, the velocity scale used at the dead centers [Figs. 6(a) and
6(c)], when the flow inversion is associated with slower flow
dynamics, range between 0 and 1.5mm/s; while the instant at half
strikes, characterized by faster motion [Figs. 6(b) and 6(d)], is rep-
resented in a velocity scale ranging from 0 to 5mm/s and when it
proceeds with constant velocity.

At the BDC [see Fig. 6(a)], the velocity is maximum at the exit of
the nozzle, and drops close to the HCC wall. This region is character-
ized by the lowest velocities observed during the cycle and is, therefore,
associated with the largest experimental errors.102,103 Moreover, the
clear vortex ring observed in the numerical results is only partially visi-
ble in the PIV analysis due to its proximity to the lower mask edges.

During the forward stroke [see Fig. 6(b)], fluid is pushed into the
HCC, which expands. At this instant, velocity vectors are significantly
higher in magnitude and reversed in direction with respect to the BDC
instant, showing a fast jet at the nozzle exit progressively reducing
toward the chamber walls.

At the TDC [see Fig. 6(c)], both numerical and experimental
maps show a velocity peak of about 1.5mm/s still directed toward the
hemisphere, but now above the nozzle (where the mean velocity
becomes negligible). This is accompanied by a concentric vortex ring,
clearly observable in both studies.

In the return stroke [see Fig. 6(d)], the velocity fields exhibit char-
acteristics analogous to the respective forward case [see Fig. 6(b)], but
with inverted vectors direction (these are now directed toward the noz-
zle), and slightly flatter in magnitude, a consequence of the increased
fluidic resistance encountered during the passage of the flow from the
HDC volume into the nozzle.

The velocity maps presented in Fig. 6 demonstrate close agree-
ment between experimental and numerical outcomes.

To enable a more quantitative comparison, velocity profiles were
extracted at all analyzed instants along a diameter located 6mm above
the nozzle, corresponding to the center of the vortex ring generated at
TDC [Fig. 6(c)]. The resulting profiles are shown in Fig. 7. The experi-
mental standard uncertainty of the selected velocity profile was evaluated
at a 68% confidence level, representing the interval within which the true
velocity values are expected to lie.97,104 The mean standard uncertainty
bound of each profile was compared with the mean velocity magnitude
in the central 50% of the velocity profiles. The uncertainty bound of the
velocity profiles ranged from 4% to 16% of the mean velocity magnitude.

Excellent agreement was observed between the numerical and
experimental curves across all instants, with the maximum percentage

FIG. 7. Comparison of velocity profile between experimental (dashed lines) and numerical (continuous lines) results at four time instants: (a) minimum stroke; (b) half stroke for-
ward; (c) inversion at the maximum stroke; and (d) half stroke back.
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difference of 11%, occurring at mid return stroke [Fig. 7(d)]. This value
was calculated as the mean absolute relative error of the numerical
result with respect to the experimental data within the central 50% of
the velocity profiles.

Furthermore, the deformation of the HCC walls was assessed.
Figure 8 shows the solid particles (red dots) superimposed on the
raw PIV images at the selected instants. As the HCC volume
increases by 25%, the numerically predicted wall deformation
closely matches the experimental observations at all instants, con-
firming excellent agreement. The video of the numerical results vs
experimental images of one cycle is made available in supplemen-
tary material 3.

The diameter variation (DD/D) measured at the midpoint of the
HCC cylindrical region [see Fig. 9(a)] is reported in Fig. 9(b), showing
good agreement between experimental (dashed line) and numerical
(solid line) results. Both experimental and computational outcomes

achieve a peak variation of about 14%, exhibiting a mean variation dif-
ference below 5%.

The proposed benchmark, simple to implement both experi-
mentally and numerically, successfully reproduced a highly deform-
able chamber with curved walls interacting with a pulsatile flow.
The resulting flow field was characterized by the formation of vortex
rings during flow reversals [see Figs. 6(a) and 6(c)], a hydrodynamic
feature valuable for quantitative experimental validations. This setup
therefore provides a simplified yet representative emulation of
hemodynamic conditions occurring in complex cardiovascular sce-
narios, such as the filling and emptying of the left atrial append-
age—an anatomical protrusion of the left atrium extensively
investigated through computational approaches due to its elevated
thromboembolic risk.8,34,79,105–107

This benchmark may then serve as a practical reference for
validating computational methods in cardiovascular scenarios,

FIG. 8. Comparison of the HCC deforma-
tion between experimental (PIV images)
and numerical (red points) results at four
time instants: (a) minimum stroke; (b) half
stroke forward; (c) inversion at the maxi-
mum stroke; and (d) half stroke back.
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which are often assessed by comparison with other numerical
approaches.108–111

The proposed immersed FSI approach proved highly effective in
simulating these scenarios, as demonstrated by the strong agreement
between numerical and experimental results (Figs. 6–9). A key advan-
tage of the proposed method lies in its fully meshless nature, which
eliminates the need for explicit FSI interface definitions and enables
the use of a unified physical formulation for both fluid and solid
phases. Within this framework, the shared fluid–structure computa-
tional domain prevents truncation of the kernel support and avoids
particle penetration at the interface, without requiring additional cor-
rective algorithms that would otherwise increase computational cost
and methodological complexity. Crucially, this approach effectively
addresses a long-standing challenge of boundary treatment in SPH
methods, which often necessitates the introduction of mirror or ghost
particles to enforce interface conditions.58,63,64,68,69

This experimentally validated immersed FSI approach could be
used in several cardiovascular applications characterized by complex
patient-specific geometry and large deformation, e.g., to simulate the
deformation of the left atrial appendage or the formation and effect of
aneurysms.

Furthermore, the proposed FSI approach could be highly valuable
in hybrid techniques, such as EMRI,85 which aim to correct 4D flow
MRI data with numerical filtering. Its key advantage in this context is
that it does not require any mesh definition or time-dependent mesh
updates, a major bottleneck for the application of such procedures to
patient-specific geometries with moving walls.112

Some limitations of the proposed FSI method should be noted. In
particular, it requires the use of uniform discretization for both fluid
and structural domains, meaning that the modeling of thin structures
dictates the choice of the smoothing length value, which can lead to a
large number of particles in specific problems. This issue, however, can
be substantially mitigated by employing procedures already imple-
mented for the same code, such as parallelization schemes101 or multi-
domain techniques.88 Additionally, the material is modeled as incom-
pressible, with density equal to that of the fluid, due to the employed
ISPH approach. Although this assumption is effective for cardiovascu-
lar soft tissues76,77 (and for elastomers such as the silicone employed in
this study), it may not be applicable to synthetic biomaterials

commonly used in prosthetic devices. The model is based on a basic
description of the material constitutive laws, which currently does not
model nonlinearity, viscoelasticity and anisotropy. The implementa-
tion of nonlinear strain-energy responses, viscoelastic, and anisotropic
behaviors represents a planned future development. A further concern
is tensile instability, which induces particle clumping during computa-
tion and has consequently become one of the major barriers to the
broader adoption of SPH in practical applications.92,93 As mentioned
in Sec. II A, this work employs the shifting procedure proposed by Xu
et al.90 to ensure a more uniform particle distribution throughout the
simulation. While this procedure mitigates the issue, tensile instability
can still lead to numerical instability and unreliable results in long sim-
ulations (e.g., if a large number of cycles are required to achieve period-
icity). Moreover, although the shifting procedure is essential in ISPH
simulation,113 it could introduce physical inaccuracies.

Finally, as mentioned in the Introduction, the present approach
has already been successfully used to model thrombus formation, where
convection-diffusion equations were included to model the evolution of
biochemical species of the coagulative cascade.78,79 These could be
adapted in future studies, including reaction terms to model electro-
physiology effects.

IV. CONCLUSIONS

An entirely meshless FSI approach is presented for modeling car-
diovascular problems. The method is based on the ISPH algorithm
and uses a unified physics framework to represent both fluid and
structure. Structure is handled by linking SPH particles via spring laws,
leading to an implicit FSI coupling where both fluid and solid particles
are solved together in the same system. This overcomes a well-known
FSI challenge related to the handling of fluid–solid interfaces. The
absence of FSI interfaces is in fact a key advantage of this approach,
making the method entirely meshless. This feature greatly simplifies
the handling of large deformations and complex geometries inherent
in cardiovascular simulations.

A key aspect of the present work is the rigorous experimental val-
idation of the proposed FSI method. To this end, a novel benchmark
test was introduced, designed to facilitate experimental validation
while remaining highly relevant for modeling complex cardiovascular
phenomena. Despite its simplified geometry, the benchmark captures

FIG. 9. (a) Longitudinal cross section of
the geometry with indication of the loca-
tion of the diameter measurement (dashed
blue line); (b) comparison of the HCC
diameter variation (DD/D) during the sec-
ond cycle. Experimental (dashed line) and
numerical (continuous line) results.
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essential features present in physiological hemodinamics problems,
including pulsatile flow, deformable curved walls, high three-
dimensional strain, and large volume variation during alternating fill-
ing and emptying phases. The experimental investigations were con-
ducted using the PIV technique, widely recognized as the gold
standard for in vitro flow analysis. Reference data of the benchmark,
such as geometry, boundary conditions, and experimental results, are
shared to enable the scientific community to validate FSI computa-
tional approaches vs relevant experimental data.

The comparative analysis of numerical and experimental results
demonstrated a very good match in both velocity fields and struc-
tural deformation. The experimentally validated FSI tool enables
obtaining reliable numerical simulations in the cardiovascular frame-
work and could be used in the future to provide deeper insights
into blood and soft-tissue dynamic interaction and cardiovascular
diseases.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following: (1) fluid and
structural geometries of the FSI benchmark; (2) experimental syringe
displacement used as a boundary condition of the numerical FSI bench-
mark; and (3) video of the numerical results vs experimental images.
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