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I. INTRODUCTION
Cardiovascular diseases remain the leading cause of mortality
worldwide as highlighted by the World Health Organization. In
recent years, numerical simulations have become powerful tools
for analyzing hemodynamics and vessel deformations, offering
faster and non-invasive alternatives to experimental approaches.
Fluid-structure interaction (FSI) modeling is particularly valu-
able, as it enables advanced research into cardiovascular dis-
eases. Previous studies, such as those of Figueroa et al. [1]
and Roy et al. [2], have shown the importance of vessel wall
deformability in hemodynamic metrics like flow waveforms,
wall shear stress and oscillatory shear index.

Current mesh-based methods for simulating blood flow in de-
formable vessels can be categorized into two main approaches:
(1) frequent updates to the fluid and structural mesh geometry
using formulations such as the Arbitrary Lagrangian-Eulerian
(ALE) method, and (2) direct incorporation of vessel wall
boundary effects into fluid equations, such as in the coupled
momentum method (CMM). Although the ALE method yields
accurate results, frequent mesh updates increase computational
costs. Methods like CMM struggle to the accuracy with large
deformable geometries, limiting its applicability [1]. On the
other hand, Mesh-free methods, such as the smoothed parti-
cle hydrodynamics (SPH) approach, have gained attention in
cardiovascular problems for overcoming challenges related to
fluid-structure interfaces without requiring explicit interface-
tracking techniques [3]. For example, Lu et al. [4] developed
a 3D ISPH-TLSPH (incompressible SPH-total lagrangian SPH)
framework that accurately modeled blood flow in thick-walled
vessels, with results comparable to commercial cardiovascular
software. However, the SPH method requires a kernel support
region at least three times the largest particle spacing, which
introduces modeling distortion in wall thickness and significant
computational costs. To address this, thin structures can be rep-
resented as shells using a single layer of particles, an approach
shown to enhance computational efficiency in solid mechanics
simulations [5].

Accurate boundary conditions are equally critical in hemo-
dynamics simulations. The inlet velocity profiles, such as plug
flow or parabolic flow, significantly affect the value of time-

averaged wall shear stress as shown in [6]. Besides, outlet
boundary conditions, including constant pressure, resistance
model, impedance model, and Windkessel (RCR) model, have
been shown to yield distinct blood velocity and pressure fields
[1], [7].

In this study, we present a comprehensive process for SPH-
based simulations in vessels using SPHinXsys (an open-source
library, https://github.com/Xiangyu-Hu/SPHinXsys). A general
particle generation method is proposed for constructing wall
and shell elements directly from standard triangle language
(STL) and visualization toolkit (VTP) files. Then, we system-
atically evaluate the performance of wall-based and shell-based
boundaries as well as their interactions with fluid. Furthermore,
we impose different outlet pressure boundary conditions and
compare the results with mesh-based methods. Finally, the
proposed methodology is applied to two clinically relevant cases,
i.e. the carotid artery and the aorta, demonstrating its versatility
and robustness in modeling FSI processes in deformable vessels.

II. METHODOLOGY

A. Particle generation for wall and shell boundaries

The geometry of cardiovascular structures is typically pro-
vided in STL or VTP format. To construct vessel wall geometries
from these existing STL/VTP blood flow files, a typical approach
involves suturing the triangular surfaces and extending the
integral surface with a specified thickness in the 3D design
software. However, this process is challenging and may result in
suboptimal wall geometry quality. Furthermore, predicting the
wall thickness during the modeling phase can limit the flexibility
to explore resolution-dependent effects during simulations. To
address these challenges, we directly generate wall and shell
particles with the thickness property in the SPH framework using
the input blood flow geometry files.

The vessel wall or shell geometry is constructed using an
extrusion method based on the STL triangle mesh of the blood
flow geometry in Fig.1(a) and Fig.2(a). The thickness of the
solid is defined as a multiple of the initial particle spacing dp0
(4dp0 for wall boundary in Fig.1(b); dp0 for shell boundary in
Fig.2(b)). This approach constructs a completely enclosed vessel
wall geometry, whose sealed inlet and outlet need to be further
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processed.
For the wall particle generation, a lattice distribution of

particles is initially generated within the domain of the wall
geometry in Fig.1(c). The particle positions are then refined
using a physics-driven relaxation method combined with surface
bounding techniques, as described in [8]. To handle the sealed
inlet and outlet regions, rectangular boxes with a length and
width exceeding the vessel width and a height of 4dp0 are placed
at the inlet and outlet. After the relaxation process is complete,
all wall particles are identified, and the particles located within
the boxes are removed. These removed particles are excluded
from the final particle data saved in the reload file, as shown in
Fig.1(d), which is used in physical simulations.

Fig. 1. Illustration of wall particle generation.

For the shell particle generation, the total number of shell
particles to be positioned on the surface is calculated as:

N = ⌈areaSTL

dp20
⌉, (1)

where areaSTL represents the total surface area of the STL
or VTP geometry. The number of particles assigned to each
triangular face of the mesh is determined based on the proportion
of the face area to the total mesh area. Within each selected
face, the particle positions are evenly distributed relative to the
triangle’s vertices, as depicted in Fig.2(c). Then, the bounding
method for surface relaxation constrains shell particles directly
onto the geometry surface by identifying the closest points on
the surface. Additionally, particle normals are smoothed within
their support domain following the approach proposed in [9].
After the relaxation process, the inlet and outlet particles for
the shell boundary are removed using the same box detection
method as in wall particle generation, as shown in Fig.2(d).

B. Fluid-structure interaction equations in SPH discretization

In this study, blood is modeled as a weakly compressible
Newtonian viscous fluid. The pressure is calculated using an
artificial equation of state:

p = c2(ρ− ρ0), c = 10Vmax, (2)

where c is the numerical sound speed. The SPH discretization
of continuity and momentum equations with a low-dissipation

Fig. 2. Illustration of shell particle generation.

Riemann solver for the hemodynamics can be written as

dρi
dt

= 2ρi
∑
j

mj

ρj
(vi − v∗) · ∇iWij , (3)

dvi

dt
= −2

∑
j

mj
p∗

ρiρj
∇iWij+2

∑
j

mj
ηij
ρiρj

vij

rij

∂Wij

∂rij
+fs:pi +fs:νi .

(4)
For solid mechanics, the total Lagrangian formulation is

employed. The density and momentum equations are

ρi = ρ0
1

det(F)
, (5)

dva

dt
=

∑
b

mb

ρaρb
(PaB0

a + PbB0
b)∇0

aWab + ff :pa + ff :νa . (6)

Here, subscript a refers to a solid particle. B0
a is the correction

matrix for spatial homogeneity, and F is the deformation tensor.
The smoothing length for fluid and solid discretization are ex-

pressed as hf and hs, and hf ≥ hs. For this study, hf = 1.3∆x
and hs = 1.15∆x, where ∆x is the initial particle spacing. The
forces exerted by the solid walls on the fluid are integrated into
the fluid’s momentum equation, and the forces exerted by the
fluid on the solid walls are equal and opposite:

fs:pi (hf ) = −2
∑
a

ma
p∗

ρiρa
∇iW (ria, hf ), (7)

fs:νi (hf ) = 2
∑
a

ma
ηia
ρiρa

vi − vd
a

|ria|+ 0.01h

∂W (ria, hf )

∂ria
. (8)

The fluid-shell interaction follows similar principles but with
specialized formulations. These details, part of ongoing research,
will be published in the near future work.

C. Inlet and outlet boundary condition implementation

To impose velocity and pressure boundary conditions at the
inlet and outlet(s), we adopt the four-layer bidirectional buffer
approach proposed in [10]. At the inlet, a time-dependent
velocity profile is imposed, while at the outlet(s), various pres-
sure boundary conditions including constant pressure, resistance
model, and Windkessel model are implemented.
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For the resistance model, the outlet pressure is determined as

p = p0 +QR, (9)

where p0 is the base pressure, Q is the outlet flow rate and R
is the resistance parameter.

For the Windkessel model, the outlet pressure is governed by
the following ordinary differential equation (ODE):

dp

dt
+

p

CRd
=

Rp +Rd

CRd
Q+Rp

dQ

dt
, (10)

where Rp and Rd are the proximal and distal resistances,
respectively, and C is the vascular compliance. The estimation
of the RCR parameters is based on the principle outlined in [11].

The flow rate Q in the above two equations is calculated as an
average value over a predefined time period to ensure simulation
stability, instead of using the transient flow rate. The pressure in
(10) is solved using a modified Euler’s method, as described in
[4], ensuring numerical stability and precision in the simulations.

III. RESULTS AND DISCUSSION
This section presents a part of the results and findings of this
study.

Fig.3 presents the hemodynamic simulation results for the
carotid artery under two boundary conditions: wall boundary
and shell boundary. The velocity fields exhibit similar patterns at
identical time points, while the shell boundary approach signif-
icantly reduces computational time, underscoring its efficiency.

Fig. 3. Hemodynamics simulations of the carotid artery with velocity inlet and
constant pressure outlet.

Fig.4 illustrates the fluid-shell interaction results for the
carotid artery, including the velocity field of the blood flow and
the corresponding stress and deformation of the shell induced
by hydrodynamic forces.

IV. CONCLUSION
This study presents a comprehensive approach for SPH-based
simulations of fluid-structure interactions in vessels. A general
particle generation method is introduced to construct wall and
shell elements directly from VTP and STL files, streamlining
the modeling process. The comparative analysis of wall-based
and shell-based boundaries for hemodynamic simulations is

Fig. 4. Fluid-shell interaction of carotid artery with velocity inlet and constant
pressure outlet.

conducted. Additionally, the effects of varying outlet pressure
boundary conditions are systematically examined. The proposed
methodology is further validated through fluid-shell interaction
simulations within the carotid artery, demonstrating its capability
in patient-specific vessels.
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