Noname manuscript No.
(will be inserted by the editor)

On the Impact of Fluid Structure Interaction
in the Blood Flow Simulations
Stenotic Coronary Artery Benchmark
Lukas Failer · Piotr Minakowski ·
Thomas Richter

Received: date / Accepted: date

Abstract We study the impact of fluid-structure interactions (FSI) and its
practical consequences in the blood flow simulation regime. We consider blood
flow in a large stenosed artery. The problem is described as FSI in Arbitrary
Lagrangian Eulerian (ALE) formulation and compared to Navier-Stokes flow
on a prestressed domain. The solver is based on a monolithic parallel Newton
multigrid framework. Series of numerical simulations that cover important
hemodynamical factors are presented and discussed.
Keywords Fluid Structure Interaction · Blood Flow · Finite Elements

I Introduction
The application of computational fluid dynamics (CFD) to blood flow is a
rapidly growing field of biomedical research. Currently the development of numerical methods in application to haemodynamics in is evolving from a pure
academic tool to aiding in clinical decision making [21, 6]. In particular the investigation of blood flow in stenosed arteries can help to shape medical treatment. For example virtual/computed Fractional Flow Reserve (cFFR), can
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evaluate the physiological significance of the sclerotic plaque [15, 5]. The physiological significance of the correct reconstruction of wall shear stress (WSS) is
of crucial importance for the cell signalling and in consequence for the stenosis
development or for the assessment of rupture of brain aneurysms [9]. These
two factors are studied in detailed.
Haemodynamic simulations face numerous challenges, that are connected
with measurements, image segmentation, mathematical modelling and development of numerical methods [18]. In this work we confine to an idealized
geometry and a Newtonian fluid, and focus on the comparison between a compliant wall vs. a rigid vessel wall.
In the physiology of the vessel macrocirculation the compliance plays a
crucial role. However for individual arteries the problem is still open and there
is no gold standard that can be adapted into clinical practice. For a discussion
on assumptions in modeling of large artery hemodynamics we refer to [20].
Numerous numerical studies were performed to compare rigid with compliant vessel simulations. The results report the reduction of WSS for compliant
vessels when compared to rigid walls, and in the case of carotid bifurcation
there was no significant change in the flow patterns [17]. Relatively large vessels
can undergo substantial radial wall motion, for example in the case of coronary arteries. The motion consist of bulk deformation and wall compliance
that results in notable changes of flow characteristics [14, 22].
We investigate the impact of fluid structure interaction (FSI) which means
in this context the impact of the elasticity of a vessel wall. As a model example
we have chosen a curved channel that resembles a large human artery. Stenotic
and non-stenotic configurations are considered. The channel is preloaded with
an inflow increased to reach certain pressure before starting the pulsatile inflow. We investigate the aforementioned important clinical hemodynamical
factors as cFFR and WSS.
After the brief introduction in Section I we present modelling that leads to
the monolithic formulation of the FSI problem, see Section II. The setting of
the simulations together is the topic of Section III. The Numerical method is
described in Section IV. Section V is dedicated to present investigated hemodynamical factors and discuss numerical results obtained on relevant test cases.
Finally in Section VI we present conclusion of this work.

II Model description
We consider 3-dimensional domain Ω, that represents a part of a vessel. The
domain is partitioned in the reference configuration Ω = F ∪ I ∪ S, where F
is the fluid domain, S the solid domain and I the fluid structure interface.
The velocity v and the deformation u are split into fluid vf := v|F , uf :=
u|F and solid vs := v|S , us := u|S counterparts respectively.
The boundary of the fluid domain Γf := ∂F \I is split into inflow boundary
Γfin , outflow boundary Γfout . Similarly the solid boundary Γs = ∂S \ I is
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split into inflow Γsin and outflow Γsout boundaries. Boundary conditions are
described in Section III.

II.1 Fluid material model
Although, blood exhibits many unique properties, i.e. in certain regimes blood
exhibit non-Newtonian behaviour, we confine this work to considering an ing
and the dencompressible Newtonian fluid with the viscosity of µf = 0.033 cm·s
g
sity %f = 1 cm3 . The assumption of a Newtonian model for blood rheology is
widely accepted for large and medium vessels, see e.g. [18]. The flow is governed
by Navier-Stokes system:

%f (∂t vf + (vf · ∇)vf ) − %f µf ∆vf + ∇p = 0,

(1a)

div vf = 0.

(1b)

II.2 Solid material model
Arterial walls consist of heterogeneous layers with significant difference in
physical properties. The principle layer construction of arterial wall consist
of Intima (inner layer), Media (middle layer), and Adventitia (outer layer)),
for detail account we refer to [11] and [13]. We briefly describe how the elastic
constitutional law is derived.
Since arteries hardly change their volume within the physiological range of
deformation [7], they can be regarded as incompressible or nearly incompressible materials. This motivates the application of a multiplicative decomposition
1
of the deformation tensor (F) into a volumetric (J 3 ) and a deviatoric part (F̄):
1

F = J 3 F̄, where J = det F.

(2)

Its associated modified deviatoric Cauchy Green tensor C̄ then has the structure
C̄ = F̄T F̄.

(3)

Artery and vein walls consist of elastin and colagen fibers. The measurements of stress-strain curve exhibit stiffening effects at higher pressures due to
the collagen fibers, c.f. [11]. Whereas under low loading the artery the properties of elastin dominates. This motivates to model the artery as pseudo-elastic
material. Following [10] and [13] we employ an exponential constitutive law.
By assuming hyperelastic stress response and splitting the free-energy function Ψ in a volumetric and deviatoric part as described in [13] or [12]
Ψ = ΨV OL (J) + ΨDEV (C̄)
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where
ΨDEV (C̄) =

µ
(expγ(tr(C̄)−3) −1).
2γ

For the volumetric part a simple convex energy function

κ1 2
ΨV OL (J) =
(J − 1) − ln(J)
2 2

(4)

(5)
(6)

as stated in stated in [3, 2] is used.
Therefore we obtain the second Piola–Kirchhoff stress Σ s :
∂ΨV OL (J) ∂ΨDEV (C̄)
+
.
∂C
∂C
−2/3
1
tr(FT F)−3)
Σ s (u) = µs J −2/3 (I − tr (FT F)(FT F)−1 )eγ(J
3
κs 2
+ (J − 1)J(FT F)−1 ,
2

Σ s (J, F) =

(7)

(8)

with the material parameters µs = 44.2kPa andγ = 20 as well as κs =
4998kPa. These values we determined in a parameter study to get for the
configuration given in [1] values close to the ones presented therein. Moreover
g
the solid density equals %s = 1.2 cm
3.
II.3 Fluid structure interactions
We formulate the coupled fluid-structure interaction problem in a strictly
monolithic scheme by mapping the moving fluid domain onto the reference
state via the ALE map Tf (t) : F → F(t), constructed by a fluid domain deformation Tf (t) = id +uf (t). In the solid domain, this map Ts (t) = id +us (t)
denotes the Lagrange-Euler mapping and as the deformation field u will be
defined globally on Ω we simply use the notation T (t) = id +u(t) with the
deformation gradient F := ∇T and its determinant J := det(F). We find the
global (in fluid and solid domain) velocity and deformation fields v and u and
the pressure p as solution to


J(∂t v + (F−1 (v − ∂t u) · ∇)v, φ F + Jσ f F−T , ∇φ F
+(%0s ∂t v, φ)S + (FΣ s , ∇φ)S = (J%f f , φ)F + (%0s f , φ)S

JF−1 : ∇vT , ξ F = 0

(9a)
(9b)

(∂t u − v, ψs )S = 0

(9c)

(∇u, ∇ψf )F = 0,

(9d)

where ξ, φ, ψf , ψs are the corresponding test functions. By %0s we denote the
solid’s density.
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The Cauchy stress tensor of the Navier-Stokes equations in ALE coordinates is given by
σ f (v, p) = −pf I + %f νf (∇vF−1 + F−T ∇vT )
In the solid we consider the stress strain relation 8 In (9) we construct the
ALE extension uf = u|F by a simple harmonic extension.
For detailed account of monolithic formulation for fluid structure interactions and on the construction of the ALE extension we refer to [19].

III Simulation setup
We perform pulsatile blood-flow simulations by numerically solving system
(9), note however that in some of the cases the assumption of rigid vessel walls
is employed such that u = 0 and F = I on Ω. Then the system (9) reduces
to the standard incompressible Navier-Stokes equations. In what follows we
distinguish between FSI and NS cases.
The simulation setup that includes geometry and material parameters has
been inspired by the Benchmark paper [1]. We have compared the results in
order to validate our solver in the non-stenotic setting.

Fig. 1 Computational domain

III.1 Geometry
The geometry of the computational domain reflects an idealized coronary
artery. It consists of three parts, two straight and one curved tubes. The
straight parts are aligned with the x− and y− axes for inflow and outflow,
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respectively. The centerline of the curved section is a part of a circle with center in (1.0) and radius R = 1. Inner circle has radius of 0.15cm and thickness of
solid is equal to 0.06cm, that corresponds the dimensions of realistic arteries.
We consider two stenotic and one non-stenotic configurations. Stenosis is
achieved by reducing inner radius on the second part of curved boundary. We
subtract factor 0.02(cos(4(θ − π/2)) − 1) where θ ∈ (π/2, π). Moreover we
proceed twofold. Firstly stenosis is symmetric w.r.t. centreline of the vessel.
Secondly we modify centreline in such a way that stenosis is only on the inner
side of the curve. This procedure allows us to mimic typical patients stenosed
scenario. The resulting reduction of the radius equals 0.04 and the lumen arena
shrinks by 46%. Computational geometries are summarised in Table 1.
Table 1 Summary of computational examples
description
Geometry 1
Geometry 2
Geometry 3

witout stenosis
symetric stenosis
non-symetric stenosis

III.2 Boundary conditions
The inflow of the fluid we prescribed parabolic profile with the maximum value
vmax (t) presented on the plot in Figure 2. It consists of there stages:
– Ramp phase (0 < time < 0.1) increasing inflow rate.
– Steady phase (0.1 < time < 0.3) constant inflow rate.
– Pulsatile phase (0.3 < time) pulsatile inflow corresponding to heartbeats.
For the outflow of the fluid in the FSI case we apply absorbing boundary
condition [16]. The condition is equipped with the reference pressure in such
a way to achieve vascular pressure of 80mmHg for the ramp phase. Moreover,
note that the absorbing condition explicitly disallow elastic wave to enter
the domain. The structure is fixed in x − z−plane at the inflow and in the
x−direction at the outflow boundary.
In order to compare both rigid and elastic computations, in the case of
rigid walls we prescribe the reference pressure at the outflow boundary that
comes from corresponding FSI simulations.

IV Numerical Method and Software
We employ a novel Newton approach that is based on two essential ideas: First,
a condensation of the solid deformation by exploiting the discretized velocitydeformation relation dt u = v. Second, the Jacobian of the fluid-structure
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Fig. 2 Inflow profile

interaction system is simplified by neglecting all derivatives with respect to
the ALE deformation, an approximation that has shown to have little impact.
The resulting system of equations decouples into a joint momentum equation
and into two separated equations for the deformation fields in solid and fluid.
Besides a reduction of the problem sizes, the approximation has a positive
effect on the conditioning of the systems such that multigrid solvers with
simple smoothers like a parallel Vanka-iteration can be applied.
The implementation is based on the finite element toolkit Gascigne3D [4].

V Simulations
The assessment of medical procedures relies of several hemodynamical indicators. In this work we study WSS and FRR, that are defined below.

V.1 Wall shear stress
WSS is as a tangential component of the surface force at the vessel wall. By
means of the Cauchy’s theorem we have
WSS = (σ f (v, p) · n) · τ,

(10)

where n is a unit outward normal vector to the vessel wall and τ is corresponding tangential vector. Note that WSS is a vector and its often confused
with its magnitude |WSS| which is a scalar quantity denoted by wss.
The plots of wall shear stress are showed on the boundary of fluid domain,
see Fig. 3, Fig. 4, and Fig. 5.

V.2 Computational fractional flow reserve
Computed Fractional Flow Reserve is the ratio of maximum blood flow distal
to a stenotic lesion to normal maximum flow in the same vessel. It is calculated
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Fig. 3 Wall Shear stress

using the pressure ratio
cFFR =

pd
,
pa

where pd is the pressure distal to the lesion, and pa is the pressure proximal to
the lesion. We put pa = p(0, 0, 0) and pb = p(1.7, 1, 0) Computational aspects
of cFFR are covered by recent benchmarking paper [8]. Let us recall that ub
the medical practice if the cF F R of a particular stenosis is cFFR > 0.8, this
stenosis is considered as functionally nonsignificant and no stent was placed.
The results of cFFR computations are presented in Tab. 2.

V.3 Pressure amplitude
Another quantity of interest is a pressure amplitude. We compare how the
pressure behaves before after stenosis. The measurement points correspond

On the Impact of Fluid Structure Interaction in the Blood Flow Simulations

9

Fig. 4 Wall Shear stress
Table 2 Results of cFFR

Geometry 1
Geometry 2
Geometry 3

description

FSI

NS

witout stenosis
non-symetric stenosis
symetric stenosis

0.9887
0.9579
0.9578

0.9575
0.9465
0.9469

Table 3 Pressure Amplitude in mmHg

Geometry 1
Geometry 2
Geometry 3

FSI ampl. prox.

FSI ampl. dist

NS ampl. prox.

NS ampl. dist

32.1
35.8
35.8

31.4
30.5
30.4

39.2
41.0
41.3

32.7
33.4
33.6

to pa and pd and the focus is on the dumping effect. The pressure waves are
presented in Fig. 6 and the values are summarized in Tab. 3.
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Fig. 5 Wall Shear stress

VI Conclusions
For all situations the NS model gives |WSS| beyond the scale of FSI model.
Important observations is that in the inner turn |WSS| for NS case is lower
and in outer turn is higher when compared to FSI. Therefore NS model is
more likely to suggest plaque growth or vessel rupture.
We observed no significant difference between symmetric and non-symmetric
stenosis configurations.
Although studies covers only idealised geometry and boundary conditions,
the proposed regime corresponds to physiological blood flow. Therefore we
stress that the complacence of the vessel has significant impact of the clinical
hemodynamical factors as cFFR and WSS. In medical practise one have to be
aware of the difference in the results from CFD with FSI and NS models and
the limitations of the later.
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Fig. 6 Pressure waves for one cardiac cycle
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