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a b s t r a c t
Within the group of immersed boundary methods employed for the numerical simulation
of ﬂuid–structure interaction problems, the Immersed Structural Potential Method (ISPM)
was recently introduced (Gil et al., 2010) [1] in order to overcome some of the shortcomings of existing immersed methodologies. In the ISPM, an incompressible immersed solid is
modelled as a deviatoric strain energy functional whose spatial gradient deﬁnes a ﬂuid–
structure interaction force ﬁeld in the Navier–Stokes equations used to resolve the underlying incompressible Newtonian viscous ﬂuid. In this paper, two enhancements of the
methodology are presented. First, the introduction of a new family of spline-based kernel
functions for the transfer of information between both physics. In contrast to classical IBM
kernels, these new kernels are shown not to introduce spurious oscillations in the solution.
Second, the use of tensorised Gaussian quadrature rules that allow for accurate and efﬁcient numerical integration of the immersed structural potential. A series of numerical
examples will be presented in order to demonstrate the capabilities of the enhanced methodology and to draw some key comparisons against other existing immersed methodologies in terms of accuracy, preservation of the incompressibility constraint and
computational speed.
Ó 2013 Elsevier Inc. Open access under CC BY license.

1. Introduction
The Immersed Boundary Method (IBM) was initially introduced by Peskin [2] with the purpose of studying ﬂow patterns
around heart valves. In this ﬂuid–structure interaction (FSI) method, the interaction of an immersed structure within a ﬂuid
is modelled by means of a body force ﬁeld obtained from an assemblage of simpliﬁed spring elements mimicking the behaviour of the continuum structure. This force ﬁeld is then solved within the Navier–Stokes equations representing the underlying incompressible Newtonian viscous ﬂuid.
Partitioned boundary-ﬁtted methods are the well-established alternative to immersed methodologies. These are based on
the Arbitrary Lagrangian Eulerian approach [3–5] and require mesh updating algorithms for the movement of the referential
ﬂuid mesh. Furthermore, in some cases, where the deformations are extreme and even topological changes emerge, the
introduction of an adaptive remeshing technique becomes necessary, leading to prohibitively expensive numerical simulations, especially for three dimensional scenarios. In these cases, immersed methods become extremely competitive from the
computational point of view.
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From a methodological point of view, immersed methods can all be framed within the so-called Fictitious Domain (FD)
philosophy, introduced by Glowinski et al. in [6] for the resolution of boundary value problems in complex geometrical settings. According to [7], three different FD methods can be identiﬁed in the available literature. Firstly, non-body force based
schemes [8], where the presence of an immersed solid is established by enforcing strongly that the velocity of the surrounding ﬂuid matches that of the immersed structure at the interface (i.e. Dirichlet Boundary Conditions (BCs) on the ﬂuid); in
turn, the movement of the immersed solid is obtained after the equation of motion of the solid is solved subjected to the
force ﬁeld imposed by the surrounding ﬂuid domain (i.e. Neumann BCs on the solid). Secondly, body force based Distributed
Lagrange Multiplier (DLM) methods, originally developed in [9] for the simulation of particulate ﬂows with immersed rigid
particles and subsequently extended in [10,7] to model deformable solids. In this family of methods, the no-slip velocity constraint at the interface between the physics is imposed as an equation for the Lagrange multiplier deﬁned on the solid
boundary. This Lagrange multiplier can be physically understood as a FSI body force ﬁeld imposed on the background ﬂuid.
Thirdly, body force based non-DLM methods, where the no-slip velocity constraint is imposed strongly on the solid (i.e.
Dirichlet BCs on the solid) and a FSI body force is then evaluated and applied to the surrounding ﬂuid (i.e. Neumann BCs
on the ﬂuid). This FSI body force is obtained from the spatial integration of the stress ﬁeld which emerges as a result of
the deformation experienced by the immersed structure.
As pointed in [9], the IBM introduced by Peskin [2,11,14] and Peskin and McQueen [12,13] belongs to the class of body
force based non-DLM FD methods described above. In recent years, there has been a considerable revival of this particular
type of immersed approaches for FSI problems, in particular, for biomedical applications [15]. The methodology is no longer
restricted to modelling simpliﬁed ﬁbre-like solids as in [16–18]. More realistic continuum-like structures can also be analysed due to enhancements introduced in the original methodology which lead to the Extended Immersed Boundary Method
(EIBM) originally presented in [19] and the Immersed Finite Element Method (IFEM) pioneered in [20]. In these approaches,
the immersed structure is modelled by means of the Finite Element Method, where standard piecewise polynomial shape
functions are used to compute the deformation gradient tensor within the immersed structure domain. The nodal displacement ﬁeld of the structure Finite Element mesh is computed after time integration of the nodal velocity ﬁeld, which is obtained after suitable interpolation of the velocity ﬁeld from the background ﬂuid domain with the help of kernel functions
deﬁned on the ﬂuid [19,15,21–24]. Both in the EIBM and the IFEM, the force ﬁeld at the nodes of the deformable solid Finite
Element mesh is computed as a result of the spatial integration of the stress tensor through the use of the spatial gradient of
standard nodal Finite Element shape functions.
In Ref. [1], the authors introduced the Immersed Structural Potential Method (ISPM) where the immersed structure is
modelled by means of a deviatoric strain energy functional. From the spatial discretisation point of view, the structure is
modelled as a collection of integration points which deform according to the kinematics deﬁned by the background ﬂuid.
In this case, no auxiliary Finite Element mesh is utilised to compute the deformation of the immersed structure. On the contrary, the kinematics of the immersed structure is recovered by means of suitable kernel functions deﬁned on the background ﬂuid domain, used to compute the velocity ﬁeld and the spatial gradient velocity tensor directly at an integration
point level. A structure preserving time integration scheme is then used to compute the deformation gradient tensor at every
integration point. This methodology is in line with but distinct from approaches such as the Material Point Method (MPM)
[25,26] or the force-projection method presented in [27].
After introducing the continuum immersed formulation from a variationally consistent point of view, this paper aims to
establish a comparison between the ISPM and other alternative continuum immersed methodologies, speciﬁcally the EIBM
or the IFEM [19,20,15,21,23] where the immersed structure is represented in the discrete setting by means of the Finite Element Method. Aspects such as the inﬂuence of the interpolation methodology on the structural stresses obtained, structure
preserving features of the time–space integrators of each methodology (i.e. conservation of the incompressibility constraint)
and speed of computation of the non-linear coupled algorithm, will be discussed in order to emphasise the advantages of our
new ISPM approach.
In the Immersed Interface Method (IIM) introduced by LeVeque and Li [28], the spatial discretisation of the ﬂuid equations are re-written to minimise the local truncation error of the discrete equations, formulated in this case by using the Finite Difference Method. The correct implementation of the normal and tangential jumps at the physics interface enables the
capturing of the sharp interface. However, this technique is not without computational difﬁculties, discussed in depth in
[27].
Alternative immersed methods (e.g. IBM, IFEM, ISPM, EIBM, MPM) rely upon the introduction of interpolating kernel
functions which are used to transfer information (i.e. velocities and FSI forces) between the immersed structure and the
background ﬂuid domain. The introduction of these kernel functions leads inevitably to the smearing of the solution variables around the interface region, which some authors have addressed by introducing telescopic reﬁnement strategies
[29]. Peskin introduced in [30,12] and revisited in [14] a methodology for the deﬁnition of suitable kernel functions to be
used in conjunction with the IBM. However, these IBM kernel functions are not necessarily optimal when used in conjunction with alternative immersed methodologies such as the ISPM, where not only the kernel functions but also their spatial
gradient must be evaluated as part of the computation of the FSI forces.
In [27], the authors employed piecewise linear ﬁnite elements to describe the kinematics of the immersed solid (i.e. for
the computation of the deformation gradient tensor). As remarked in [27], the lack of regularity of these isoparametric interpolants (discontinuous derivatives across element interfaces) can lead to force singularities in the computation of the FSI
forces. The direct use of this approach would result in the appearance of numerical oscillations in the unknown ﬁelds
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[22] which can lead to numerical instabilities [27] and, subsequently, lack of robustness of the overall technique. In [27], the
authors utilise a posteriori Zienkiewicz–Zhu recovery methodology in the structure domain in order to remove these spurious oscillations from the solution ﬁeld.
Similar numerical oscillations to those described above also emerge in the ISPM when utilising classical IBM kernels due
to their lack of regularity (with discontinuous second derivatives). Furthermore, it is important to remark that the immersed
structure stresses are captured in the Lagrangian description and hence, in order to compute them accurately, it is important
to ensure that these spurious oscillations are not introduced via the kernel interpolation functions. In this paper, the authors
have speciﬁcally designed a new family of kernel functions which do not introduce these spurious oscillations. The kernel
functions are obtained by taking into account discrete reproducibility conditions as originally introduced by Peskin [14]
(in our case, tailor-made for Cartesian staggered grids) and regularity requirements to prevent the appearance of spurious
oscillations when computing derivatives. A Maple computer program has been developed to obtain explicit expressions
for the new kernels.
However, it is also certain that the regularity requirement when designing the kernel function comes at a price, which can
be the widening of the kernel support. The authors have experimented with alternative kernels, with different supports (e.g.
½3=2; 3=2; ½2; 2; ½3; 3 . . .) and regularity conditions (e.g. C2 ; C3 ; C4 . . .), and have elected to use the one showing the most
improved results in terms of absence of spurious oscillations, faster convergence of the ﬁxed point iteration scheme and improved error convergence after using high order quadrature rules whilst maintaining comparable smearing effects to those
shown by classical kernel functions.
This paper is broken down into the following sections. In Section 2, the governing equations of the problem are presented
in a variational format and the underlying incompressible ﬂuid is discretised, taking advantage of a very efﬁcient low order
ﬁnite volume scheme set in a Cartesian staggered mesh. Section 3 revisits the formulation of the immersed structural energy
potential. In Section 4, the methodology used to compute the immersed solid deformation gradient tensor is re-written to
highlight its qualities and allow for an easy theoretical comparison with alternative continuum immersed methodologies, as
is presented in Section 5. Section 6 brieﬂy summarises the algorithms in the form of a ﬂowchart for both the ISPM and an
alternative continuum immersed methodology. Section 7 starts by reviewing the construction procedure originally proposed
by Peskin [11] to deﬁne IBM kernel functions. The method is then generalised for any branch-based kernel. Subsequently, a
new family of spline-branch-based kernel polynomials is introduced, highlighting some aspects in respect to their Fourier
decomposition and their use in conjunction with new quadrature rules. Section 8 presents a range of numerical results in
order to demonstrate the aspects described in previous sections of the paper. Finally, in Section 9, some concluding remarks
will be made.
2. Governing equations
Let us consider the motion of a continuum deﬁned by means of a mapping / established between a reference or material
conﬁguration X 2 X0  R2 and a spatial or current conﬁguration x 2 X  R2 at time t, namely xðtÞ ¼ /ðX; tÞ. The deformation
gradient tensor F is deﬁned as the material gradient of the spatial position as,

F ¼ r0 x ¼

@x
;
@X

J ¼ det F

ð1Þ

where J is the Jacobian of the transformation. In addition, the velocity u ¼ ½u; v T of the continuum is computed as uðX; tÞ ¼ @x
.
@t
The conservation of linear momentum for an arbitrary spatial volume X is expressed in integral form as,

D
Dt

Z

qu dv ¼

Z

X

g dv þ

X

Z

t da

ð2Þ

@X

where g denotes an external volume force ﬁeld per unit of spatial volume and t ¼ rn is the traction vector associated to the
Cauchy stress tensor r and an element of area da in the boundary of the current conﬁguration @ X with outward unit normal
n. Decomposition of the stress tensor r into its volumetric pI and deviatoric r0 components renders,

D
Dt

Z

qu dv ¼

Z

X

g dv 

X

Z
@X

pn da þ

Z

r0 n da

ð3Þ

@X

Application of the Reynolds’ transport theorem (Lie derivative) and the consideration of a Newtonian l-viscous incompressible continuum leads to,

Z
X

@
ðquÞ dv þ
@t

Z

ðqu  u þ pI  l$uÞ  n da ¼
@X

Z

g dv

ð4Þ

X

which represents the conservation of linear momentum for an incompressible Newtonian viscous continuum in an integral
format. Within the framework of low order Finite Volume schemes [31,32], X can be regarded as a control volume where the
above vector equation (4) can be re-interpreted according to an Eulerian variational formulation as the following weak form,

dW X ð/; duÞ ¼ dW Xiner ð/; duÞ þ dW Xint ð/; duÞ  dW Xext ð/; duÞ ¼ 0

ð5Þ
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dW Xiner ð/; duÞ ¼
dW Xint ð/; duÞ ¼
dW Xext ð/; duÞ ¼

Z

du 
X

Z

@
ðquÞ dv þ
@t

Z

du  ðqu  uÞ  n da
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ð6Þ

@X

du  ðpI  l$uÞ  n da

ð7Þ

du  g dv

ð8Þ

@X

Z
X

S
where du ¼ ½du; dv T is an arbitrary piecewise constant virtual velocity ﬁeld with support X ¼ X @ X. Particularising for the
case of a Cartesian staggered mesh, let XuAx and Xv Ay be the control volumes associated with the Cartesian components of the
velocity uAx and v Ay , respectively, with an arrangement similar to that of a Marker And Cell (MAC) grid [33] – see Fig. 1(a) and
(b). Here, Ax and Ay denote ﬂuid cell edges perpendicular to the ox and oy Cartesian axes, respectively, and uAx and v Ay their
corresponding normal edge velocities, for which the above weak form (5) can be split into,

dW XuAx ð/; duAx Þ ¼

Z

duAx

XuAx

dW

X

v Ay

ð/; dv Ay Þ ¼

Z
X

@
ðquÞ dv þ
@t

d v Ay
v Ay

Z

@
ðqv Þ dv þ
@t

duAx F u  n da 

Z

@ XuAx

Z
@X

duAx g  ex dv ¼ 0

ð9Þ

XuAx

dv Ay F v  n da 
v Ay

Z
X

dv Ay g  ey dv ¼ 0

ð10Þ

v Ay

where fex ; ey g is the standard Cartesian basis. Eqs. (9) and (10) represent the conservation of linear momentum variables qu
and qv in a variational integral form with F u and F v their corresponding interface ﬂuxes, namely,

F u ¼ quu þ pex  l$u;

F v ¼ qv u þ pey  l$v

ð11Þ

The convective components of the numerical ﬂuxes, that is quu and qv u, are obtained using a stabilised convective approximation, such as SMART [34], HLPA [35], VONOS [36] or QUICK [37], which minimise numerical diffusion, avoid the creation
of spurious oscillations and reduce the total variation of the solution by accounting for the transportive nature of the ﬂuid
[38].
3. Immersed structural potential
Let us consider an incompressible deformable solid fully immersed within the surrounding incompressible viscous ﬂuid.
Following a numerical immersed strategy [2,11,14], the solid can be modelled as a Helmholtz’s free energy density functional
Ws whose spatial gradient deﬁnes a ﬂuid–structure interaction force ﬁeld which is regarded as an external source term by the
background viscous ﬂuid [1]. In addition, if the background ﬂuid is incompressible and ensuring that the numerical scheme
used to solve the background ﬂuid is divergence-free velocity preserving, only the deviatoric component of the solid stress
will need to be taken into consideration [1]. Hence, the homogeneous (distortional) component of the solid energy density
b s will be deﬁned in terms of the isochoric component of the strain [39–42].
functional, namely W
For spatial semi-discretisation purposes, the solid domain is modelled in a Lagrangian manner as a collection of integration points ap immersed within the ﬂuid, moving from an initial position X ap to the spatial position xap at time instant t,

Fig. 1. Control volumes for staggered Cartesian velocity ﬁeld u and v.
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through the deformation gradient tensor F deﬁned by the motion of the surrounding continuum (i.e. non-slip condition). To
describe the constitutive behaviour of the structure and within the context of hyperelasticity, a potential energy functional
Ps is then introduced as,

Ps ð/Þ ¼

Z
Xs0

b s ð/Þ dV ’
W

X

b s ð/ap ÞW ap
W

ð12Þ

ap

b s is the stored strain energy density functional per unit of undeformed volume Xs and W ap is the material or
where W
0
Lagrangian weight associated with a structure integration point ap . With the purpose of distinguishing the surrounding ﬂuid
s
phase from the immersed solid phase, a superindex ð:Þ will be employed when referring to the latter.
It is important to remark that the integration points’ parameters (i.e. spatial location X ap and associated tributary weight
ap
W ) do not necessarily need to be evaluated from discrete non-overlapping elements after an initial tessellation has been
carried out in the solid domain Xs0 (in the sense of a Finite Element approach). Alternatively, X ap and W ap can be obtained
directly from the use of optimal high order Gaussian quadrature rules. Crucially, the latter approach can ensure accuracy
b s and improve speed of computation.
of quadrature of the immersed potential W
The velocity of the deformable immersed solid can be obtained after suitable deﬁnition of an interpolation operator which
enables to transfer information from the background Eulerian ﬂuid to the Lagrangian solid. Speciﬁcally, the velocity u at any
integration point ap currently at xap can be evaluated as follows,

2

ap

u

ap T

¼ ½u ; v  ;
ap

u

ap

3T
X
X
A
A
a
A
A
a
¼ I ðuÞðx Þ ¼ 4 u x u x ðx p Þ;
u y u y ðx p Þ5
ap

Ax

ð13Þ

Ay

where

uAx ðxÞ ¼ uðx  xAx Þ; uAy ðxÞ ¼ uðx  xAy Þ

ð14Þ
Ax

Ay

are centred at ﬂuid cell edges Ax and Ay , deﬁned by the spatial position x and x , mid-points of their respective ﬂuid cell
edges. For a Cartesian Eulerian mesh, it is convenient to formulate these interpolating functions by means of a tensor product
expansion as follows,

uðxÞ ¼

x y
1
;
/
/
DxDy Dx
Dy

x ¼ ½x; yT

ð15Þ

where / is a one dimensional kernel function [14,43]. Similarly, a virtual velocity ﬁeld vector dus ¼ ½dus ; dv s T evaluated at a
structure integration point ap can also be described as,

du

ap

ap T

¼ ½du ; dv  ;
ap

du

ap

2
3T
X
X
A
A
a
A
A
a
¼ I ðduÞðx Þ ¼ 4 du x u x ðx p Þ;
du y u y ðx p Þ5
ap

Ax

ð16Þ

Ay

where a consistent interpolating methodology is employed as in Eq. (13), to ensure conservation of the overall scheme. The
internal virtual work formulated in the case of the immersed solid domain is deﬁned as the directional derivative of the
Helmholtz’s free energy functional with respect to a virtual velocity ﬁeld vector [40,39] as follows,

dW sint ð/; dus Þ ¼

Z
Xs0

s0s : $dus dV ’

X

W ap s0s;ap : $duap

ð17Þ

ap

where s0s is the Kirchhoff stress tensor. The evaluation of the above formula (17) requires the computation of the spatial gradient of the virtual velocity at integration point ap , which can be easily obtained by making use of the spatial gradient of the
interpolating kernel functions deﬁned above,

2

$duap

3T
X
X
¼ $IðduÞðxap Þ ¼ 4 duAx $uAx ðxap Þ;
dv Ay $uAy ðxap Þ5
Ax

ð18Þ

Ay

After re-writing the Kirchhoff stress tensor in the form s0s ¼ ½s0sx ; s0sy T , Eq. (17) can be reformulated in a continuum manner as,

dW sint ð/; dus Þ ¼

Z

Xs0

ðs0sx  $I ðduÞðxs Þ þ s0sy  $I ðdv Þðxs ÞÞ dV

ð19Þ

Substitution of Eq. (18) back into (19) yields in a discrete manner,

dW sint ð/; dus Þ ¼

X
X
A
duAx fxAx þ
dv Ay fy y
Ax

where,

Ay

ð20Þ
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fxAx ¼

A

fy y ¼

Z
Xs0

Z
Xs0

s0sx  $uAx ðxs Þ dV ’

X a 0s;ap
W p sx  $uAx ðxap Þ
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ð21Þ

ap

s0sy  $uAy ðxs Þ dV ’

X a 0s;ap
W p sy  $uAy ðxap Þ

ð22Þ

ap

In order to guarantee conservation of the scheme, and after comparing Eqs. (9), (10) and (20), it transpires that,

g Ax x ¼

A

fxAx
jXuAx j

A

gy y ¼

;

fy y

ð23Þ

jXv Ay j

A

where g Ax x and g y y represent the ﬂuid–structure interaction force per unit volume which must be applied at the ﬂuid cell
edges Ax and Ay , respectively. As can observed from equations (13), (16) and (18), both the velocity vector and the velocity
gradient tensor are sampled directly at integration points ap within the solid domain. In addition, the Kirchhoff stress tensor
is directly integrated back to the background viscous ﬂuid (21) and (22). This methodology, similar to the Material Point
Method [25,26,44] or the force projection method presented in [27], differs from existing continuum immersed methodologies [19,15,21,27,23] where an auxiliary Finite Element mesh is used to describe the kinematics of the immersed solid domain with the use of standard piecewise polynomials. In the ISPM, both entities describing the kinematics of the solid,
namely velocity v and spatial velocity gradient tensor l, are evaluated directly onto the integration points by means of
the kernel functions set on the background ﬂuid mesh, which removes the need for utilising an intermediate Finite Element
mesh to model the solid and leads to a variationally consistent scheme.
4. Evaluation of the immersed solid deformation gradient tensor F
A key ingredient for the evaluation of the stress tensor s0s (21) and (22) is the deformation gradient tensor F at any location within the immersed continuum. In the ISPM [1], a new methodology for the evaluation of F is suggested in contrast to
alternative immersed methodologies [19,15,21,23]. First, the spatial velocity gradient tensor l must be evaluated at every
integration point ap , for which the following interpolation operator must be recalled (18):

2
l

ap

¼ $u

ap

¼ $I ðuÞðx Þ ¼ 4
ap

3T
X
X
Ax
Ax
ap
Ay
Ay
ap 5
u $u ðx Þ;
v $u ðx Þ
Ax

ð24Þ

Ay

where the spatial gradient of the kernel functions f$uAx ; $uAx g can be explicitly computed. Second, a time integration
scheme is proposed for the tensor system of kinematic differential equations:

F_ ¼ lF ¼ ðd þ wÞF

ð25Þ

where d and w are the strain rate tensor and the vorticity tensor, respectively. An iterative explicit time integration scheme
can be employed with the purpose of obtaining F at time instant n þ 1 and iteration k þ 1 as follows,
nþ1

Dtlkþ1 n
F nþ1
F
kþ1 ¼ e

ð26Þ

Alternative time integration schemes based upon the Magnus’ expansion [45] or a generalised exponential map h-method
[46] could also be used. Following [1], a pseudo-polar decomposition is computed as,

eDtl ¼ eDtðdþwÞ ’ eDtw eDtd

ð27Þ

To compute the ﬁrst factor in (27), which can be seen as an approximation to an increment in rotation DR, we use Hughes–
Winget’s update [47],


1 

1
1
eDtw ’ DR ¼ I  Dtw
I þ Dtw
2
2

ð28Þ

and given the symmetry of d, and hence its normality, we use the spectral decomposition theorem for the second factor, the
increment in stretch DU,

eDtd ¼ DU ¼

X
eki Dt ni  ni

ð29Þ

i

where ki and ni are the eigenvalues and eigenvectors of d, respectively. It is of prime importance to ensure the incompressibility of the solid to avoid numerical instability of the scheme. Two issues must ﬁnally be emphasised: ﬁrst, the velocity
gradient tensor l calculated at an integration point ap followed from the interpolation procedure depicted in Eq. (24) must
be traceless and second, the time-integration algorithm used to solve the tensor system of differential equations (26) must
respect this property, namely J ¼ det F ¼ 1. Suitable projection of l in conjunction with the use of the scheme described
above [1] guarantees that J ¼ det F ¼ 1 when evaluating the immersed structure stresses. The evaluation of F from the time
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integration of l and not from the gradient of the spatial coordinates x enables the ISPM to be understood as a mixed method
where both x and F are unknown variables of the immersed structure problem.
In the ISPM, structure volume conservation errors will be introduced by the computation of the spatial velocity gradient
a
tensor l at every structure integration point when using the interpolation operator l p ¼ $uap ¼ $I ðuÞðxap Þ. The use of a fractional step approach in conjunction with a Fast Fourier Transform (FFT) technique in the background ﬂuid enables the satisfaction of the divergence free velocity ﬁeld to machine accuracy in the ﬂuid cell centres. A linear projection of the tensor l is
carried out to the vector space tr l ¼ 0 in order to eliminate the error brought about by the kernel interpolation.
The construction of the time integration of the deformation gradient tensor F_ ¼ lF preserves the condition J ¼ det F ¼ 1.
Whilst this condition is satisﬁed in the ISPM, given the fact that an auxiliary solid mesh is not used in this methodology, it is
not possible to ensure that the nodes of this auxiliary solid mesh will move in a way that preserves the total volume of this
mesh, as it is proposed in Ref. [27]. However, in order to corroborate that this type of more restrictive incompressibility is
preserved, an ad hoc Delaunay mesh reconstruction based on the position of the solid integration points has been carried out
and the preservation of this ad hoc volume mesh will be shown below to be excellent.
5. Alternative immersed methodology
In alternative immersed methodologies [19,15,21,23], the deformable solid is modelled as a Finite Element Method (FEM)
mesh. This way, an interpolation-spreading strategy based upon kernel functions is established exclusively between the
background Eulerian ﬂuid cell edges and the immersed nodes of the Finite Element solid mesh. The deformation gradient
tensor F is then obtained within the immersed continuum by using standard piecewise polynomial FEM shape functions.
Equivalent internal forces are computed at the nodes of the FEM mesh after suitable numerical quadrature of the stress tensor evaluated at Gauss points. The equivalent nodal forces are then spread back to the Eulerian ﬂuid mesh by means of kernel
functions ensuring conservation of the scheme. Speciﬁcally, the velocity ﬁeld us at the nodes a of the FEM mesh at time step
n þ 1 and iteration k þ 1 is obtained after suitable interpolation from the background Eulerian grid as,
a;nþ1
nþ1
ua;nþ1
Þ
kþ1 ¼ I ðukþ1 Þðxk

ð30Þ

The spatial position of every FEM node a is usually time integrated according to the trapezium rule,
a;n
xa;nþ1
þ
kþ1 ¼ x

Dt a;n
ðu þ ua;nþ1
kþ1 Þ
2

ð31Þ

Making use of the deﬁnition of the interpolation operator, the above formula (31) can be re-written as,
a;n
xa;nþ1
þ
kþ1 ¼ x

Dt
a;nþ1
½I ðun Þðxa;n Þ þ I ðunþ1
Þ
kþ1 Þðxk
2

ð32Þ

Following a standard displacement based formulation, the deformation gradient tensor F is evaluated at every Gauss point g p
for every FEM element as,
g ;nþ1

p
F kþ1

¼

X a;nþ1
xkþ1  $0 Nagp

ð33Þ

a

or as it is customary in a FEM formulation,
g p ;nþ1
F kþ1

"
#1
X a;nþ1
X
b
b
¼
xkþ1 
$n N g p  X
$n Nagp
a

ð34Þ

b

where N a are the standard FEM interpolation functions and $n symbolises the operator gradient with respect to the isoparametric coordinates in the parent domain. Above formulae (33) and (34) can also be viewed as an alternative integration
scheme for the tensor differential equation F_ ¼ lF. Indeed, substitution of Eq. (32) into (33) renders after expansion,
g ;nþ1

p
F kþ1

¼

X
Dt X
Dt X
a;nþ1
xa;n  $0 Nagp þ
I ðun Þðxa;n Þ  $0 N agp þ
I ðunþ1
Þ  $0 Nagp
kþ1 Þðxk
2 a
2 a
a

ð35Þ

The above formula (35) can be re-written in terms of the spatial gradient of the velocity ﬁeld l as,
g ;nþ1

p
F kþ1

¼ F gp ;n þ

Dt gp ;n gp ;n Dt gp ;nþ1 gp ;nþ1
l F
þ lkþ1 F kþ1
2
2

ð36Þ

where the following relationships have been employed.

$0 Nagp ¼ F T $Nagp ;

l

gp

¼

X
I ðuÞðxa Þ  $Nagp
a

Finally, expression (36) can be re-written as,

ð37Þ
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Dt gp ;nþ1 1
Dt g ;n
¼ I  lkþ1
I þ l p F gp ;n
2
2

g ;nþ1

p
F kþ1
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ð38Þ

where it can be observed that the deformation gradient tensor is advanced in time after time-integration of the spatial velocity gradient tensor. It is also worth noting that the time integration of F_ ¼ lF is carried out via an explicit scheme of the form
n
F nþ1
kþ1 ¼ E h F where,


 

Dt nþ1 1
Dt n
Eh ¼ I  lkþ1
Iþ l
2
2

ð39Þ

It is easy to show that det Eh – 1, thus proving Eh is an incompressibility non-preserving time integration approximation to
the exponential eDtl . This issue is overcome by the ISPM [1] presented in the previous section or by employing correction
constraints such as that presented in [27].
Once the deformation gradient tensor F is known, a constitutive law can then be evaluated to determine the deviatoric
Kirchhoff stress tensor in order to compute the equivalent nodal forces at mesh nodes as,

fa ¼

Z
Xs0

s0s : $Na dV 

Xg
J p s0s;gp : $Nagp

ð40Þ

gp

where J gp is the product of the Jacobian and the weight associated with the Gauss point g p . The spreading of nodal forces
T
f a ¼ ½fxa ; fya  onto the Eulerian ﬂuid can be carried out using operators S x and S y suitably deﬁned to ensure the conservation
of the scheme,
A

fx y ¼ S x ðf ÞðxAy Þ ¼

X
fxa ua ðxAy Þ

ð41Þ

a

fyAx ¼ S y ðf ÞðxAx Þ ¼

X
fya ua ðxAx Þ

ð42Þ

a

Formula (23) is ﬁnally needed to compute the ﬂuid–structure force per unit volume which must be applied at the ﬂuid cell
edges for solution of the Navier–Stokes equations.
6. Algorithmic comparison of the Immersed Structural Potential Method (ISPM) with alternative immersed
methodologies
Two ﬂowcharts are displayed in Figs. 2 and 3 to explain the various computational steps needed in both the ISPM and by
using an alternative immersed methodology, respectively. In both algorithms, for the sake of simplicity, a ﬁxed point iteration scheme is used to guarantee full coupling between the ﬂuid phase and the solid phase within each time step. A residual
norm is computed between the two latest available force terms at iterations k and k þ 1, whereby satisfaction of the coupling
between both phases is assessed, leading to either a new iteration k þ 2 or a new time step n þ 2.
In Fig. 3, the evaluation of the deformation gradient tensor F at every Gauss point g p requires two interpolation stages;
ﬁrst, interpolation of the velocity ﬁeld fuAx ; v Ay g from the ﬂuid mesh to the solid FEM nodes v a and, second, computation of
A
F gp by using the gradient of the FEM shape functions $0 N agp . Similarly, the computation of the immersed forces ffxAx ; fy y g at
every ﬂuid cell edge is carried out after two spatial integration steps; ﬁrst, the deviatoric Kirchhoff stress tensor is integrated
a
at every Gauss point s0gp to obtain equivalent internal FEM nodal forces f and, second, the forces are then spread to the ﬂuid
cell edges.
7. Construction of an improved kernel function for the ISPM
In this section, the construction process of two of the interpolating kernel functions present in the IBM literature [30,43]
will be revisited. The analysis will motivate the discussion of their properties and will also prompt the construction of alternative kernels more suitable for use in conjunction with the ISPM, where the evaluation of the gradient of the kernel functions is also necessary for the computation of the velocity gradient tensor l at the immersed structure integration points.
7.1. Kernel construction procedure proposed by Peskin
Since the inception of the IBM [2], it has been crucial to construct one-dimensional kernel functions /. In the original IBM,
a cosine type of kernel [2] is employed due to its low computational cost and simplicity. In [30] a new kernel is introduced,
setting out some of the key mathematical properties which are necessary for kernels to satisfy when being used with the
IBM. We will review here these properties and comment on the limitations and potentials of this method with the purpose
of extending this approach when employed in conjunction with the ISPM. The key ingredients introduced by Peskin for the
construction of this kernel are as follows [30,14],
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Fig. 2. Flowchart of the Immersed Structural Potential Method.

1.
2.
3.
4.

/ is continuous
suppð/Þ ¼ ½2; 2
P k
j /ðr  jÞ ¼ r k ; 8r 2 R; k ¼ 0; 1
Pj
2
8r 2 R
j /ðr  jÞ ¼ C;

The ﬁrst property is highly desirable; however, for use with the ISPM it is necessary to impose higher regularity on the
resulting kernel in order to approximate derivative ﬁelds accurately. The second property merely requires the resulting kernel to have a compact support, which is extremely useful from the computational point of view in order to reduce the bandwidth of the resulting scheme. The third property is usually referred to as the discrete reproducibility conditions of zeroth
and ﬁrst order, which will be denoted as R0 and R1 (i.e. Rk in general for order k discrete reproducibility), respectively. The
fourth property was introduced with the purpose of establishing an upper bound on the translation dependence of the kernel
in the original IBM, where C is a constant yet to be deﬁned. A complete translation invariant approximation would be ideal,
however, as is shown in [30,14] this condition is incompatible with the second property mentioned above (i.e. compact
support).
The practical procedure for the determination of this kernel function / is as follows. Firstly, the problem is reduced to the
interval ½0; 1. In doing so, condition 3 above can be re-written in the following manner,

Xk
j /j ðrÞ ¼ r k ;

8r 2 ½0; 1; k ¼ 0; 1

j

where the branches /j are deﬁned as,

ð43Þ
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Fig. 3. Flowchart of alternative immersed methodology.

/j ðrÞ ¼ /ðr  jÞ;

r 2 ½0; 1

ð44Þ

Using condition 2 above, it is clear that only four branches remain to be determined, namely /1 , /0 , /1 and /2 . Our aim is to
express all branches as a function of the central branch /0 and then determine the latter in order to obtain the ﬁnal solution
sought /. Unfortunately, note that condition 3 is equivalent to a system of two linear equations involving the four branches
and a polynomial of degree 1. In [30,14], this is resolved by replacing condition 3 for the case of k ¼ 0 by an even/odd reproducibility condition, gaining an extra equation, as follows,

/0 ðrÞ þ /2 ðrÞ ¼ 1=2;

/1 ðrÞ þ /1 ðrÞ ¼ 1=2

ð45Þ

Thus, the resulting three equations for the four unknown branches are,

/0 ðrÞ þ /2 ðrÞ ¼

1
;
2

/1 ðrÞ þ /1 ðrÞ ¼

1
;
2

/1 ðrÞ þ /1 ðrÞ þ 2 /2 ðrÞ ¼ r

which enables all branches to be expressed in terms of the central branch /0 to yield,

ð46Þ

188

A.J. Gil et al. / Journal of Computational Physics 250 (2013) 178–205

/1 ðrÞ ¼

3 r
  /0 ðrÞ;
4 2

1 r
/1 ðrÞ ¼  þ þ /0 ðrÞ;
4 2

/2 ðrÞ ¼ /0 ðrÞ þ

1
2

ð47Þ

Substitution of above formulae (47) into the condition 4 above, yields a quadratic equation involving only the central branch
/0 as,


2

2 
2
3 r
1 r
1
  /0 ðrÞ þ ð/0 ðrÞÞ2 þ  þ þ /0 ðrÞ þ /0 ðrÞ þ
¼C
4 2
4 2
2

ð48Þ

resulting in,

r 3
/0 ðrÞ ¼  þ 
4 8

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4r 2 þ 4r  5 þ 16C
8

ð49Þ

where the constant C remains to be determined. By using the even reproducibility condition for r ¼ 0, it yields,

/0 ð0Þ þ /2 ð0Þ ¼

1
2

ð50Þ

which implies /0 ð0Þ ¼ 12 (as /2 ð0Þ ¼ 0 by construction). Substituting this value of /0 ð0Þ into expression (48) leads to a constant C ¼ 3=8. Finally, a closed expression for the kernel / is reached as follows,

8
0
>
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
>
>
> r þ 5  4r2 12r7
>
>
8
4
8
>
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
>
>
>
4r 2 4rþ1
>
3
r
<8 þ 4 þ
8
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
/ðrÞ ¼
4r 2 þ4rþ1
>
r
3
>

þ
þ
> 4 8
8
>
>
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
>
>
> 5  r  4r2 þ12r7
>
>
8
8
4
>
:
0

r 6 2
2 < r 6 1
1 < r 6 0
ð51Þ
0<r61
1<r62
r>2

As pointed out in [14], this kernel used by Peskin (51) can be very well represented by the original cosine type kernel function [2,14]. Nonetheless, the latter does not satisfy the discrete reproducibility condition of ﬁrst order (i.e. condition 3 above
for k ¼ 1) and will not be considered hereafter.
7.2. Generalisation of the branch-based approach
The above approach for constructing a kernel prompts the following generalisation. The objective is to construct a kernel
function of a certain order of reproducibility m and support ½L; L, where L is a rational number. By introducing bxc as the
largest integer not greater than x, we can write L ¼ qr ¼ bLc þ st where q; r; s; t 2 N and s 6 t and we can then explore a larger
family of branches formulated as follows,

/kj ðrÞ ¼ /ðr  jÞ;


r2


k kþ1
;
;
t
t

k ¼ 0; . . . ; t  1

ð52Þ

where each branch is deﬁned in t possible subintervals of ½0; 1. For example, for the other classical IBM kernel function, the
so-called Roma–Peskin kernel [43], the following parameters were employed t ¼ 2, L ¼ 32 ¼ 1 þ 12 (s ¼ 1, t ¼ 2). For discrete
reproducibility t systems of m þ 1 equations can be considered as,

Xn k
j /j ðrÞ ¼ rn ;

n ¼ 0; . . . ; m;

k ¼ 0; . . . ; t  1

ð53Þ

j

For system k, we restrict ourselves to the branches satisfying kt ; kþ1
 ½0; 1. As the support of /kj ðrÞ ¼ /ðr  jÞ is ½L þ j; L þ j,
t
T k kþ1
only the branches j such that ½L þ j; L þ j
;
–
;
need
to
be
considered, which is equivalent to satisfying one of the
t
t
following two inequalities,

ks
kþs
 bLc < j <
þ bLc
t
t
kþ1s
kþ1þs
 bLc < j <
þ bLc
t
t

ð54Þ

It can be shown that the above inequalities (54) involve from 2bLc up to 2bLc þ 2 branches. The objective is to express for
each system k, all branches (i.e. unknowns) involved in that system as a linear combination of the central branch /k0 . For this
to happen the rank of the reproducibility system must be one less than the number of branches in that system. In this case,
all remaining branches will be of the form

/kj ðrÞ ¼ a/k0 ðrÞ þ Pkj ðrÞ

ð55Þ
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where a 2 R and P kj is a polynomial of degree m in r. The advantage of this approach is that it allows the problem of determining the kernel to be split into two subsequent stages.
The ﬁrst stage involves the solution of k linear systems for the order of reproducibility sought. Once solved, all branches
will be written in the above form as functions of the main branches /k0 . The second stage is the determination of these main
branches, subject to whatever constraints are appropriate for the problem. In the case of the two classical IBM kernels derived above [30,43], the main branches /k0 are the solutions of a quadratic equation. In general, for the branch-based approach for order of reproducibility m, the main branch would be the linear combination of a polynomial of degree m and
a square root of a polynomial of degree 2m.
A graphical representation of Peskin’s classical IBM kernel [30] is displayed in Fig. 4(a) along with its ﬁrst and second
derivatives. The lack of regularity of the kernel is clearly observed (discontinuous second derivative) and similar discontinuities are also observed with alternative IBM kernels, such as the Roma–Peskin kernel [43]. Non-optimal results are obtained
when these kernel functions are utilised in conjunction with continuum immersed methods (e.g. IFEM, ISPM, EIBM, MPM)
where F is evaluated at a continuum level. These effects are even more severe in the ISPM, or similar techniques such as the
MPM [25,26,44] or the force projection method presented in [27], due to the use of the gradient of the kernel functions (or
piecewise linear shape functions equivalent) to determine the structural stresses. In the ISPM, this effect is clearly observable
in stress contour plots and prevents the correct evaluation of the solid stresses. These spurious oscillations, also present in
the kinematic ﬁelds l and F emerge from the artiﬁcial lack of regularity introduced by the use of the standard IBM kernels
(see Fig. 5).
It is worth noting that if more sophisticated formulations are considered involving the modelling of an immersed membrane-shell solid domain where the evaluation of a curvature tensor is required, up to second derivatives of the kernel function might be required for the accurate capture of the kinematics of the solid.
7.3. Spline-branch-based new kernel
In this section, a new spline-based kernel, tailor-made to be used in conjunction with the ISPM, is introduced. Following
the branch-based approach outlined in the previous section, an appropriate general polynomial will be utilised for each of
the selected branches. Crucially, this will remove the spurious oscillations present in the structure stress ﬁeld in comparison
with existing IBM kernels available in the literature. It will also be shown later in Section 8.3 that the use of this new kernel
will allow for the use of high-order quadrature rules to integrate the energy potential, which will lead to faster convergence
in the computation of FSI forces.
This new spline-based kernel function which satisﬁes ﬁrst order reproducibility conditions and yields excellent results
was derived considering a wider support of ½3; 3. While this consideration increases the computational cost associated
with the evaluation of the kernel, particularly for three dimensional problems, it is not necessarily the case in terms of
the overall computation time, as this depends on the number of iterations required for the convergence of the ﬁxed point
iteration algorithm. In the authors’ experience, this number of iterations has been always lower for the kernels introduced
in this section than when using the standard IBM kernels presented above. In this case, seventh degree polynomial branches
will be employed. As before, the equations required for discrete reproducibility of ﬁrst order must be fulﬁlled, namely,

2 /2 ðrÞ  /1 ðrÞ þ /1 ðrÞ þ 2 /2 ðrÞ þ 3 /3 ðrÞ ¼ r

ð56aÞ

/2 ðrÞ þ /1 ðrÞ þ /0 ðrÞ þ /1 ðrÞ þ /2 ðrÞ þ /3 ðrÞ ¼ 1

ð56bÞ

Fig. 4. (a) Peskin’s (C1 ) kernel, support ½2; 2 and (b) proposed new C5 kernel with ﬁrst order of discrete reproducibility, support ½3; 3. Note the jumps in
second derivative for Peskin’s kernel.
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Fig. 5. Alternative IBM and spline-based kernels.

These are two equations involving six unknowns, leading to four indeterminate branches /0 , /1 , /2 and /3 , while the remaining two can be expressed as follows,

/2 ðrÞ ¼ r þ 2 /1 ðrÞ þ 3 /2 ðrÞ þ 4 /3 ðrÞ þ /0 ðrÞ  1

ð57aÞ

/1 ðrÞ ¼ r  3 /1 ðrÞ  4 /2 ðrÞ  5 /3 ðrÞ  2 /0 ðrÞ þ 2

ð57bÞ

Thus, the expression for a general kernel of support ½3; 3 will be of the form,
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1 < r 6 0
0<r61

ð58Þ

1<r62
2<r63
3<r

Substituting each of the unknown branches by a general polynomial of degree seven and imposing C6 regularity at r ¼ 0, ±1
and C5 regularity at r ¼ 2, ±3 we arrive at the following unique kernel,
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Fig. 4(b) displays the graph of this new proposed kernel along with its ﬁrst and second derivatives. As it can be observed, the
new kernel remains an even function without negative tails and it shows higher regularity than that of Peskin’s kernel [30].
The spline-branch-based approach was extensively used in conjunction with the symbolic algebraic computer package
Maple [48] leading to the deﬁnition of an entire family of new kernel functions with desirable regularity properties, yet satisfying discrete reproducibility conditions. For the numerical examples presented in this paper, the kernel formulated above
(59) was preferred due to its accuracy whilst still remaining computationally efﬁcient.
The new spline-based kernel functions are characterised by their support, the order of regularity (Cp ) and the order of
reproducibility (R1 ). The spline-based kernels (with support ½2; 2, ½3; 3 and ½4; 4) have a much faster decaying Fourier
transform than the non-spline-based kernel functions, which translates to quicker dampening of spurious high frequency
modes present in the solution. This is particularly relevant when trying to approximate derivatives using these kernels. With
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Peskin’s [30] and Roma–Peskin’s [43] kernels, as the high frequencies still carry an important component, very high oscillations appear in the approximation of magnitudes such as the spatial velocity gradient tensor l and, hence, in the structure
k
k
stress ﬁeld. In general, if a function f ðxÞ and its derivatives up to the (k  1)-th order are continuous and d f ðxÞ=dx is piecewise continuous, then the Fourier coefﬁcients cn decrease as 1=nk , so that limn!1 nk cn ¼ 0 [49].
Widening of the support whilst respecting the regularity assumption (i.e. support ½4; 4, p ¼ 7, C5 ), results in a more
favourable spectrum. However, the computational cost associated with the evaluation of the kernel starts to become prohibitive, especially in three dimensional applications. Analogously, increase in the regularity order of the interpolating polynomial while maintaining the same support might be thought of as desirable; for instance, achieving C6 regularity with support
½3; 3 requires order p ¼ 8. However, the corresponding kernel has a slightly less favourable spectrum for very high
frequencies.
Table 1 displays a summary of the most relevant kernel functions described in this section. After extensive numerical
experimentation, the best performing kernel for the ISPM (i.e. removing spurious oscillations in the structure stress ﬁeld)
was found to be the one with support ½3; 3, p ¼ 7 and ﬁrst order of reproducibility, which will be used in subsequent
numerical examples. The procedure presented for the construction of spline-based kernels shares some common elements
with B-splines [50,51], but the key difference between the two approaches is the satisfaction of the discrete reproducibility
conditions, that B-splines do not meet.
To conclude this section, a ﬁnal remark on numerical quadrature is vital, especially in connection with the new splinebased kernel functions deﬁned above. A key aspect of the success of immersed methodologies is the accurate description
of the immersed structural domain. In the case of the ISPM, this relies upon the accurate spatial integration of the immersed
structural potential and, crucial to this is the quadrature rule employed as well as the number of integration points used. In
the original IBM or in alternative immersed methodologies constructed on the basis of the Finite Element Method
[19,15,21,23], a sufﬁciently high degree of discretisation of the immersed structure mesh is vital to ensure the accurate computation of interaction between the physics of the problem. Existing references [14,20] propose a heuristic criterion of two
discrete structural elements per each underlying discrete ﬂuid element.
In the original introduction of the ISPM [1], a simple procedure was employed for the construction of a low-order quadrature rule for an arbitrary immersed solid domain. Given a solid domain Xs0 , a classical simplicial mesh is constructed with
any of the many existing mesh generator computer packages, and the corresponding dual mesh is considered (see Fig. 6).
Using this approach, the integration points are taken as the nodes of the original mesh, and the integration weights as
the tributary areas/volumes of the corresponding dual element to that integration point.
While the above composite prism rule is simple enough and has allowed for validation of the methodology, there exists
the possibility of using more efﬁcient approaches, such as high order quadrature rules, that produce more accurate results
with fewer integration points. The introduction of such quadrature rules (e.g. tensorised Gaussian, high-order quadrature
rules for n-simplices, mapped quadratures, etc.) is optional, but allows for the correct integration of the immersed structural
potential in a more efﬁcient manner. Note that if the immersed potential is not integrated accurately, regardless of the type
of quadrature rule, it cannot be guaranteed that the presence of the immersed structure will be accurately modelled by the
coupled FSI system, which might lead in turn to the so-called ‘leakage’ phenomenon reported in numerous references
[14,20,24].
For the examples presented later in this paper, two different high order quadrature rules have been adopted. In the case of
a solid rectangular domain, a composite Gauss quadrature rule is adopted, of degrees ½a; b and subintervals ½m; n, which is
deﬁned by tensorising composite rules of degree a (uniform) with m subintervals in the x-direction and degree b with n subintervals in the y-direction (see Fig. 7(a)). In the case of a solid circular domain, a composite Gauss–Legendre quadrature rule
is adopted, of degrees ½a; b and subintervals ½m; n, this time deﬁned with respect to a polar coordinates’ parametrisation
ðr; hÞ (see Fig. 7(b)).
For more general geometries where a FE mesh is available, it is also possible to consider high-order quadrature rules, as
they would be normally used in the context of high-order FEMs [52] (see Fig. 7(c)). It is important to note that the ISPM only
needs the position of the integration points and their weights, not the connectivities of the original elements that were used
to deﬁne them.

Table 1
List of relevant spline-based (SB) and non-spline-based kernel functions. Degree denotes the maximum degree (if applicable) of the polynomial branches that
deﬁne each kernel. Reproducibility of order k is understood at a discrete level and denoted as Rk .
Kernel name/reference

Code-name

Degree

Regularity

Reproducibility

Support

Peskin cosine [2]

k1

–

C1

R0 , quasi R1

½2; 2

Peskin [14]

k2

–

C1

R1

½2; 2

Peskin–Roma [43]

k3

–

C1

R1

½3=2; 3=2

SB kernel (p ¼ 5, C2 , ½2; 2)

k11

5

C2

R1

½2; 2

SB kernel (p ¼ 7, C5 , ½3; 3)

k15

7

C5

R1

½3; 3

SB kernel (p ¼ 8, C6 , ½3; 3)

k16

8

C6

R1

½3; 3
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Fig. 6. Construction of dual mesh and assignment of integration point position and weight. Left: classical FEM unstructured triangular mesh. Right:
corresponding dual mesh (in dashed line) and associated dual element of the integration point.

Fig. 7. (a) Composite tensorised Gaussian quadrature for a rectangle; (b) mapped (polar) Gauss–Legendre/Gauss–Lobatto quadrature for a circle; and (c)
high-order (degree 7 in the case shown) quadrature rule obtained from a FE mesh.

8. Numerical results
In this section, a variety of numerical examples will be presented in order to illustrate the performance of the proposed
methodology. The ISPM will be compared against alternative immersed methodologies in terms of accuracy and numerical
efﬁciency. In addition, a comparison analysis will be drawn between classical IBM non-spline-based and the proposed
spline-based kernel functions when used in conjunction with the ISPM.

8.1. Contact of a ﬂapping leaﬂet in pulsatile ﬂow
This numerical example is introduced to demonstrate that the methodology performs very well against other methods
presented in the literature [53,54] within the context of biomedical applications. This problem consists of a rectangular domain ﬁlled with a Newtonian incompressible viscous ﬂuid of properties (q ¼ 103 kg/m3, l ¼ 4  103 Pa s) and a thin rectangular incompressible neo-Hookean membrane, attached to the top wall, with density qs ¼ 103 kg/m3 and shear modulus
ls ¼ 1:2  106 Pa). Fig. 8 displays a geometrical representation of the problem.
For the top and bottom boundaries of the ﬂuid domain, non-slip and symmetry boundary conditions are imposed, respectively. On the left boundary, a Poiseuille (half) proﬁle inﬂow with pulsatile amplitude of the form (u ¼ a sinð2pt=TÞ, a ¼ 0:2,
T ¼ 1) is considered, whereas on the right boundary, an outﬂow condition is imposed. This choice of boundary conditions
pretends to simulate the closure and total inversion of a two dimensional mitral valve with no chordae tendinae under sinusoidal pulsatile ﬂow. The numerical simulation is carried out by making use of classical IBM and the new spline-based kernel
functions (see Table 1) and the discretisation parameters shown in Table 2. The quadrature rule used for the ISPM is constructed from the dual mesh of the FE mesh deﬁned in the Table. Comparisons drawn with the EIBM are performed using
the same meshes.
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Fig. 8. Geometry for model problem 8.1.

Table 2
Discretisation parameters for problem 8.1. Nodes and elements relate to the FE mesh used to deﬁne the solid phase. For the ISPM this mesh will be used to
construct a dual-mesh quadrature rule (see Section 7.3). The EIBM can use the mesh as it is. Nodal density is deﬁned as the average number of (solid) nodes per
ﬂuid cell.
Run

ðnx ; ny Þ

1

(128, 32)

Nodes
243

Elements
320

Dt
1:875  105

Nodal density
12.5

2

(256, 64)

1206

2000

4:6875  106

15.5

3

(512, 128)

4509

8000

1:1719  106

14.5

4

(1024, 256)

17,017

32,000

2:9297  107

13.6

As can be seen in Fig. 9, during the ﬁrst half of the sinus cycle, the ﬂuid ﬂows from left to right. This forces the leaﬂet to
move towards the right (see t ¼ 0 s, t ¼ 0:0825 s), eventually closing the channel (at around t ¼ 0:1 s). During a very short
time interval, the valve is closed and the leaﬂet slides along the symmetry wall until it opens (t ¼ 0:15 s). Due to the elastic
energy stored in the deformed leaﬂet, this sliding motion is not smooth (i.e. snap-through response), and the leaﬂet pushes
against the wall, vibrates and allows some ﬂuid to slip through the gap. Past t ¼ 0:15 s the leaﬂet fully opens, until t ¼ 0:25 s,
the time when the ﬂow slows down and it partially goes back towards the left. During the second half of the cycle, an analogous behaviour can be observed, with closure, vibration and fully opened valve in reverse. In terms of the ﬂuid dynamics of
the problem (Fig. 9), no differences were observed when the analysis was carried using classical IBM kernels or the alternative EIBM.
Let us now focus on the structural membrane for the solution obtained with the ﬁnest ﬂuid and solid discretisations (labelled run 4 in Table 2) for t ¼ 0:14 s. At this stage, the membrane is fully open and highly deformed. The objective is to show
the removal of spurious oscillations in solid stresses when the ISPM is used. In Figs. 10(a) and 11(a), a closeup of the principal
direction associated with the maximum (signed) principal stress is displayed when using the ISPM. A smooth distribution of
this vector ﬁeld is achieved by means of the ISPM (specially, when used in conjunction with the new kernel ‘k15’). Note that
for the particular section of the membrane shown, the left part is under tension (positive normal stress) whereas the right
part is under compression (negative normal stress). This explains the sudden change of orientation of ninety degrees observed in the vector plot.
The corresponding vector ﬁeld obtained with the EIBM (see Figs. 10(b) and 11(b)) shows a signiﬁcantly different behaviour. For the particular snapshot shown, the vector ﬁelds displays spurious oscillations, regardless of the kernel function utilised. This is clearly an undesirable unrealistic feature which prevents the capture of the smooth transition between the
sections in tension and compression of the membrane.
In Fig. 12, the proposed enhancement of the ISPM (using kernel ‘k15’) is compared to both the EIBM using Peskin’s kernel
and the original ISPM using Peskin’s kernel. Two different kinematic entities are chosen for the sake of comparison, namely
the components F 12 and F 22 of the deformation gradient tensor. A series of mesh reﬁnements are shown to illustrate convergence of all three methodologies to a common solution (only mesh reﬁnement cases for ISPM/k15 and EIBM/k2 are included
to avoid cluttering the ﬁgure). While for component F 12 there are no substantial differences among methodologies, both the
ISPM and EIBM show spurious high frequency modes when using Peskin’s kernel in F 22 . As it can be observed in the ﬁgure,
the new spline-based kernel ‘k15’ captures the solution, while minimising the appearance of these spurious modes. Results
obtained with EIBM and the new kernel ‘k15’ have not been included in the ﬁgure to also avoid cluttering the exposition. As
it will be shown in Fig. 15 in Section 8.2, the spurious oscillations that appear in the EIBM cannot be removed by using the
new kernel. Therefore the authors do not recommend using the new kernel ‘k15’ with the EIBM, as it will only increase the
computational cost and not improve the quality of the solution.
8.2. The deformation of an elastic wall by ﬂow
The purpose of this section is to validate solutions obtained with the ISPM in combination with the new kernel ‘k15’ and
highlight its improved properties in terms of (i) capture of solid shear stresses when compared to alternative immersed
methodologies and (ii) computational efﬁciency when used in conjunction with high order quadrature rules. The benchmark
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Fig. 9. Streamlines and evolution over time for model problem 8.1 using the new spline-based kernel ‘k15’.

problem selected has been already analysed in the literature [27]. The computational domain is the unit square ½0; 1 ½0; 1,
where the upper half is assumed to be ﬂuid of density q ¼ 1 and viscosity lf ¼ 102 , whereas the bottom half is an elastic
incompressible neo-Hookean solid with shear modulus G ¼ 0:25. The solid is attached to the bottom of the domain, and the
top wall of the ﬂuid has a periodic velocity proﬁle given by

u ¼ 0;

v ¼ ðcosð2ptÞ  1Þ sinð2pxÞ

ð60Þ

Periodic boundary conditions are speciﬁed at left and right boundaries. The ﬂuid is discretised using a Cartesian staggered
grid with 256 256 cells. In all cases presented below Dt ¼ 1:5895  104 . The discretisation parameters of the elastic wall as
well the various quadrature rules employed are covered in Table 3.
In Fig. 13 the velocity ﬁeld and deformation at t ¼ 1:0 s can be observed, which matches solutions present in the literature
[27]. Fig. 14 shows that the pressure along the vertical line x ¼ 0:25 at time t ¼ 0:75 agrees well for a combination of immersed methodologies. More importantly, in the same ﬁgure, it can also be observed that the spline-based kernel ‘k15’ does
not introduce any signiﬁcant additional smoothing of the pressure jump near the interface, regardless of having a larger support. In Fig. 15, both rxx and rxy can be observed along the vertical cut X ¼ 0:25 at t ¼ 0:75 in the solid. As it can be observed
from the ﬁgure, consistent results are obtained for rxx for the four cases compared, but a stark difference can be observed for
rxy . Shear stresses show very high frequency oscillations for the EIBM, regardless of whether ‘k2’ or ‘k15’ are used. Notice
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Fig. 10. Closeup of the principal direction for the maximum principal stress (as seen with respect to the material coordinates) for t ¼ 0:14 s for model
problem 8.1 using Peskin’s kernel ‘k2’.

Fig. 11. Closeup of the principal direction for the maximum principal stress (as seen with respect to the material coordinates) for t ¼ 0:14 s for model
problem 8.1 using the new regular kernel ‘k15’.

that in the case of the EIBM with kernel ‘k15’, even the use of a very ﬁne solid mesh (an approximate equivalent nodal density of 9) does not remove the spurious oscillations. For the ISPM, results obtained with Peskin’s kernel ‘k2’ show noticeable
oscillations with smaller frequency. However, the combination of the new kernel ‘k15’ with the ISPM (even for a very coarse
solid discretisation of approximate nodal density 1.5) removes all oscillations in the shear stresses while not introducing any
further smoothing or smearing of the solution.
In Fig. 16, a comparison is made in terms of computational cost for solid discretisations presented above in Table 3. The
average number of time steps executed per second (deﬁned as the number of current time-step divided by elapsed wall time
since start of computation) is shown as a function of the physical simulation time. Note that each time step requires a (possibly) different number of ﬁxed point iterations for convergence, depending on the complexity of the nonlinear problem and
the immersed methodology employed. This average number serves as a measure of performance. Clearly, its value at the end
of the simulation multiplied by the total number of timesteps gives the total (wall) run time.
In this Fig. 16, the EIBM and ISPM (red1 and blue lines, respectively) are compared using the same interpolating kernel ‘k2’
and solid discretisation (an approximate equivalent nodal density of 4). Similar comparisons have been reported by the authors
in [1]. The small difference between these two cases is due to the different number of ﬁxed point iterations required for convergence and the different cost in the evaluation of the FSI forces between the EIBM and ISPM. A third graph (green line) has
been included with the use of high order quadrature rules for the ISPM with ‘k15’. As it can be observed in the ﬁgure, regardless
of its wider support, this new kernel in conjunction with high order quadrature is able to substantially outperform the other
diagrams (i.e. EIBM and ISPM without the use of high order quadratures). The main driving factors for this save in computational
time are the reduced number of ﬁxed point iterations as well as the use of optimal quadrature rules, which reduces considerably
the number of integration points required (equivalent nodal density of 1.5).
1

For interpretation of colour in Figs. 4, 5, 7, 12–16, and 18–24, the reader is referred to the web version of this article.
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Fig. 12. Cuts along the leading edge of the membrane for: (a) F 12 at t ¼ 0:05; (b) F 22 at t ¼ 0:05 s (as seen with respect to the material coordinates) for model
problem 8.1. Thick lines represent solutions obtained with the ISPM and kernel ‘k15’ for different mesh reﬁnements (runs 2, 3 and 4 in increasing order of
reﬁnement). Thin lines represent corresponding solutions obtained with the EIBM and Peskin’s kernel (‘k2’). The solution obtained with the ISPM and
Peskin’s kernel and the ﬁnest mesh has also been added to allow for comparison with the original ISPM. Discretisation cases are detailed in Table 2. Note
that equal line colours correspond to the same discretisation level. Convergence and consistency among solutions can be clearly observed. From the closeups it can also be noted how the combination of the ISPM with the new kernel ‘k15’ removes most of the oscillations present in F, which are present in both
the EIBM and ISPM while using Peskin’s kernel.

Table 3
Discretisation parameters for the deformable elastic wall by ﬂow problem (Section 8.2). In the table, CG stands for composite Gauss quadrature rule, and ‘deg
½a; b sub ½m; n’ denotes a composite rule formed by tensorising composite rules of degree a (uniform) with m subintervals in the x-direction and degree b with n
subintervals in the y-direction. By a uniform FEM mesh deﬁned by nx , ny we understand the mesh of triangles obtained by uniform subdivision into nx intervals
in the x-direction and ny in the y-direction and further splitting of the corresponding quadrilateral into two triangles. Such meshes can be used like that for the
EIBM, but for the ISPM the corresponding quadrature rule for the dual mesh has to be computed. Note in the table that nodes are interpreted as integration
nodes for the case of the ISPM and as mesh nodes for the EIBM. Element numbers are only representative for the EIBM. In the case of the ISPM, elements are
only used in visualisation, not computation. Nodal density is deﬁned as the average number of (solid) nodes per ﬂuid cell.
Name

Nodes

Elements

Quadrature rule/mesh type

Nodal density

EIBM/k2
EIBM/k15
ISPM/k2
ISPM/k15

131,841
296,065
131,841
50,176

262,144
589,824
262,144
99,234

Uniform FEM mesh, nx ¼ 2 256, ny ¼ 2 128
Uniform FEM mesh, nx ¼ 3 256, ny ¼ 3 128
Uniform dual-FEM mesh, nx ¼ 2 256, ny ¼ 2 128
CG, deg ½7; 7, sub ½64; 8

4.0235
9.035
4.023
1.5313

8.3. Tensorised Gaussian quadratures
To illustrate the effect that different quadrature rules in conjunction with a given kernel function have on the quality of
the numerical solution, the following two dimensional simple model problem is considered.
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Fig. 13. Streamlines and elastic wall deformation for model problem 8.2 at t ¼ 1:0 s. Colours in the ﬂuid/solid denote horizontal/vertical components of the
velocity ﬁeld respectively.

Fig. 14. Elastic wall deformed by ﬂow; pressure along x ¼ 0:25 at t ¼ 0:75 s. Left: results with the ISPM/EIBM with different kernels are indistinguishable.
Right: closeup of the pressure cut. As it can be observed, the new kernel k15 does not introduce signiﬁcant smoothing of the jump in pressure near the
interface when compared to existing immersed methodologies and kernels. In the legend, ‘‘SB (p ¼ 7), C5 , ð3; 3Þ’’ is the spline-based kernel ‘k15’.

Fig. 15. Elastic wall deformed by ﬂow; stress along X ¼ 0:25 at t ¼ 0:75 s. Left: rxx (ryy shows similar smooth behaviour in this case). Right: rxy . Results
show that the new regular kernel k15 is able to capture a smooth shear stress ﬁeld, in contrast to existing immersed methodologies. In the legend, ‘‘SB
(p ¼ 7), C5 , ð3; 3Þ’’ is the spline-based kernel ‘k15’.
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Fig. 16. Average time steps executed per second as a function of the physical simulation time. As it can be observed, the combination of the new kernel k15
is faster than alternative methodologies. Performance changes over simulation time due to the evolving complexity of the nonlinear problem. The small
difference in cost between the ISPM and EIBM for Peskin’s kernel is due to the different number of ﬁxed point iterations. The new kernel k15 is more
expensive per interpolation, but beneﬁts from the use of high order quadrature rules, vastly reducing the number of integration points required to ensure
accurate results, rendering the overall scheme more computationally efﬁcient. In the legend, ‘‘SB (p ¼ 7), C5 , ½3; 3’’ is the spline-based kernel ‘k15’, ‘gq’
stands for Gaussian quadrature and ‘nogq’ stands for standard dual-mesh quadrature rule (see Section 7.3).

Let X ¼ ½0; 0:025 ½0; 0:02 m2 be a rectangular domain ﬁlled with a Newtonian incompressible viscous ﬂuid with properties (l ¼ 0:004 Pa s, q ¼ 103 kg/m3). For the top and bottom boundaries of the ﬂuid domain, non-slip and symmetry
boundary conditions are imposed, respectively. Pulsatile Poiseuille inﬂow boundary conditions are imposed on the left
boundary (half proﬁle with unit velocity at the symmetry line y ¼ 0 modulated by amplitude function
U ¼ 0:2 sinð2pðt þ 104 ÞÞ m/s) and outﬂow boundary conditions on the right boundary. A deformable thin membrane is attached to the top wall. The membrane is modelled using a neo-Hookean material model with density qs ¼ q, and shear modulus G ¼ 1:2 GPa. Fig. 17 shows a depiction of the geometry of the problem.
In this example, the error in the evaluation of the FSI forces is computed for the following numerical test cases: (a) One
ISPM iteration (see Fig. 19), in order to study the effect of quadrature rule and kernel on the accuracy of computation of FSI
forces; (b) 50 fully converged ISPM time steps, with ﬁxed-point iteration until convergence to a set tolerance (see Fig. 20);
and (c) 1000 fully converged ISPM time steps, in order to study longer term effects of quadrature rule and kernel, particularly
when integration nodes cross kernel deﬁnition boundaries (see Fig. 21). The purpose of this numerical experiment will be to
quantify the errors incurred in the computation of the FSI forces in the ﬂuid with respect to the degree of the quadrature rule
and the kernel function in use. A composite Gauss quadrature rule is adopted for the immersed solid, of degrees ½a; b and
subintervals ½m; n, as described above.
At ﬁrst, we will restrict the analysis by considering a series of composite rules aligned with both the x- and y-ﬂuid cells.
This initial constraint requires that we have as many subintervals for the composite rule as x- and y-ﬂuid cells are being
intersected by the membrane. This will ensure that an optimal quadrature rule is used in an interval where the kernel does

Fig. 17. Geometry for the model problem used to test the inﬂuence of different quadrature rules. The width a of the membrane is 7:77  104 m for the case
of aligned quadrature rules and 8:8  104 m for the misaligned. All dimensions in the ﬁgure are in metres.
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not change deﬁnition and also that the membrane ﬁlls a whole number of ﬂuid cells. We then utilise in each ﬂuid cell tensorised quadratures constructed from one dimensional Gaussian quadratures from orders 2 to 16. This will translate to an
overall composite rule in the membrane with a number of integration points ranging from 1440 to 92,160. The importance of
this constraint lies in the fact that the kernels used in the interpolation are piecewise functions, with changes of deﬁnition at
known places. Aligned rules in this sense are those that respect the change of deﬁnition of the kernels. As it will be shown
later on, this restriction can be lifted for the new spline-based kernels, providing more ﬂexibility on the construction of quadrature rules.
The relative error in L1 norm of the FSI forces evaluated in the ﬂuid cell edges is computed as a function of the number of
integration points for both non-spline-based kernels and spline-based kernels. As there is not a closed form solution to this
problem, the solutions obtained with the ﬁnest solid discretisation for each different simulation are used to compute the
error norm in each different graph. As can be seen in Fig. 19, there is a clear advantage in the use of tensorised quadratures,
as the error decreases rapidly. For the spline-based kernels presented here, ‘k15’ and ‘k16’, one dimensional rule of order 4
(corresponding to 5760 integration points for the membrane) or higher are sufﬁcient to guarantee relative errors in the order
of 108 . In contrast, non-spline-based kernels, ‘k2’ and ‘k3’, require rules of at least order 7 in each dimension (leading to
17,640 points) to achieve similar levels of accuracy. Roma–Peskin’s kernel ‘k3’ requires rules of at least order 9, raising
the cost to 29,160 integration points.
Note that these quadrature rules are also compatible with the changes in deﬁnition of the non-spline based kernel ‘k3’.
Peskin’s kernel changes deﬁnition in whole multiples of the mesh size, whereas Peskin–Roma’s kernel changes in half-multiples. See Fig. 18 for a pictorial representation of the changes of deﬁnition for several kernels.
Spline-based kernels ‘k15’ and ‘k16’ beneﬁt more from the use of high-order quadrature rules than the non-spline-based
kernels ‘k2’ and ‘k3’. This is clearly due to the fact that both kernels ‘k15’ and ‘k16’ are at least C5 , whereas kernels ‘k2’ and
‘k3’ are only C1 . Crucially, if these quadrature rules are to be used for a structure domain of arbitrary geometry (i.e. in rectangular subdomains contained within the structure domain), then there is a clear advantage in using the newer spline-based
kernels as they incur a cost that is 3–5 times smaller (merely in the number of integration points) than classical IBM nonspline-based kernels.
Let us now consider the effect of these type of quadrature rules after 50 fully converged timesteps. A full timestep in the
ISPM involves a ﬁxed point iteration to ensure coupling of both ﬂuid and structure to a given set tolerance. In the following
computations, we will consider a tolerance in the relative error in the L1 norm of 109 . Each iteration in the ﬁxed-point loop
will then require the evaluation of the FSI forces, which will be subjected to the integration errors described above.
Fig. 20 shows the convergence pattern after 50 fully converged timesteps, where the regularity of the new spline-based
kernels poses an advantage with respect to those that lack regularity. An additional comparison with low-order (uniform
spacing) quadrature rules has been included in the same ﬁgure, which highlights the vast difference in computational cost
between using high-order and uniform spacing quadrature rules. Finally, Fig. 21 shows the convergence pattern after 1000
fully converged timesteps. Note that after this number of time steps the membrane has deformed considerably and the nodes
used to integrate the energy potential have crossed kernel deﬁnition boundaries (see Fig. 18). As it can be observed in the
graph, the new spline-based kernels are far more stable and achieve far greater accuracy than non-spline-based kernels even
when the quadrature rule is unaligned. The misalignment of the quadrature rule will be the general norm as the movement
of the structure through the ﬂuid will produce changing misalignment with respect to the ﬂuid cells. The other interesting

Fig. 18. Change of deﬁnition (branch) for each kernel. Each colour-ﬁlled cell denotes a region of the computational domain where the kernel is deﬁned by
the same functional branch. Boundaries between colours are therefore the locations for possible lack of regularity. Left blocks: kernels centred at vertical
edges. Right blocks: kernels centred at horizontal edges. From top to bottom row: Peskin’s kernel, Peskin–Roma’s kernel and new kernel ‘k15’.
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Fig. 19. Relative error in L1 -norm in the computation of the FSI forces for model problem 8.3 for one iteration. Continuous lines denote errors in the x
component and dashed lines in the y components. Left: errors with respect to the overall number of integration points in the membrane. Right: errors with
respect to the degree of the Gaussian quadrature rule (in each coordinate direction).

Fig. 20. Relative error in L1 -norm in the computation of the FSI forces for model problem 8.3 for 50 timesteps. Continuous lines denote errors for the high
order quadrature rules, while dashed and dotted lines represent errors when using a quadrature rule with uniform spacing and a dual-mesh based one (see
Fig. 6). As it can be observed from the ﬁgure, errors in the computation of FSI forces converge substantially faster when high order quadrature rules are
employed. Left: errors with respect to the overall number of integration points in the membrane. Right: errors with respect to the degree of the Gaussian
quadrature rule.

Fig. 21. Relative error in L1 -norm in the computation of the FSI forces for model problem 8.3 for 1000 timesteps. Continuous lines denote errors in the x
component and dashed lines in the y components. Left: errors with respect to the overall number of integration points in the membrane. Right: errors with
respect to the degree of the Gaussian quadrature rule (in each coordinate direction).
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Fig. 22. Streamlines and evolution over time for model problem 8.4 using the new spline-based kernel ‘k15’ for G ¼ 0:1 and spatial discretisation case Q1 in
Table 4. Dots in blue are integration points used in the ISPM, line in red is the reference solution obtained with the EIBM and matched against the literature
[27]. The small angle in blue has been added to the contour to aid visualisation of the rotation of the disc.
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fact that can be observed is that there is faster decay in the error for the spline-based kernels. This is to be expected, as a
higher order quadrature rule can exploit the higher regularity of the newer kernels. For arbitrarily complex geometries,
including three-dimensional cases, the optimal procedure for construction of quadrature rules is an open problem, but
the authors have opted for the initial tessellation of the geometry by rectangles/prisms, which can be efﬁciently integrated
using the tensorised quadrature rules described above, and an additional mesh of n-simplices for the remaining geometry,
which can be in turn integrated using high-order quadrature rules customary in the FEM.
Classical IBM non-spline-based kernels are only able to maintain the relative error in the computation of the FSI forces
within a tolerance of 104 , but with a great computational expense. The spline-based kernels ‘k15’ and ‘k16’ still show excellent convergence properties.

8.4. A deformable cylinder in a lid-driven cavity
In this section we consider a common benchmark in the context of solvers for ﬂuid–structure interaction problems
[27,24,55]. The main objective of this section is not only to show that the ISPM is able to successfully solve the problem
and match existing results in the literature, but that it is capable of preserving the volume of the cylinder in a similar
way to alternative immersed methodologies. A combination of immersed methodologies will be applied to simulate the motion and deformation of an elastic cylinder in a ½0; 1 ½0; 1 lid-driven cavity (with l ¼ 102 , q ¼ 1). The stress-free cylinder
of radius 0:2 is initially centred at ð0:6; 0:5Þ, zero velocity is imposed at all walls, except the top one, where a horizontal
velocity U ¼ 1 is applied (corresponding to Re ¼ 100). Two cases will be considered, the ﬁrst where the cylinder is highly
deformable (G ¼ 0:1) and the second where it is almost rigid (G ¼ 10). The ﬂuid is discretised using a 128 128 Cartesian
staggered grid.
The ﬂow streamlines and solid deformation for the deformable and rigid cases using the ISPM and spline-based kernel
‘k15’ can be visualised in Figs. 22 (spatial discretisation case Q1 in Table 4) and 23 (spatial discretisation case Q3 in Table 4),
respectively. As it can be observed from Fig. 22, for the case G ¼ 0:1, a considerable deformation can be observed, whereas for
G ¼ 10, (see Fig. 23) the cylinder appears almost rigid. In both cases, an almost perfect agreement can be observed with results present in the literature [27,55] and those obtained using the EIBM (red outline in both ﬁgures). Results obtained with
all the other spatial discretisation cases are almost indistinguishable. It is worth noting that the rigid case can be solved with
a coarser spatial discretisation than the highly deformable one.
A thorough parametric study has been performed to quantify the dependence of overall preservation of volume on several
factors, namely: time step Dt, nonlinear coupling tolerance e, reﬁnement of solid and type of solid discretisation. It is possible
to show that both Dt and e play a negligible role in volume preservation in both the highly deformable and rigid cylinder
cases, since the largest contribution to the error in volume preservation is produced by spatial discretisation. The errors
introduced by temporal integration of the position of nodes/integration points are negligible in comparison due to the small
size of the time step since the scheme employed is explicit. The nonlinear coupling tolerance e plays no role in volume preservation if chosen to be less than 105 .
A series of spatial discretisations have been considered in order to assess their inﬂuence on volume preservation. For the
case of the EIBM, several meshes with various degrees and type of reﬁnement have been chosen (see entries M1–M4 in Table 4). Note how cases M1 and M3 are almost uniform meshes (M1 ﬁner, M3 coarser), whereas M2 and M4 have been purposefully reﬁned near the boundary of the cylinder. For the ISPM and kernel ‘k15’, high order quadrature rules can be used
(see entries Q2 and Q4 in Table 4). A composite mapped quadrature (polar coordinates mapping) from the square to the cylinder (circle) is considered (composite mapped Gauss–Legendre rule in both radial and angular coordinates). The combination of the ISPM with Peskin’s kernel (‘k2’) has to resort to either mapped low-order composite quadrature rules (see entries
Q1 and Q3 in Table 4) or one constructed from the dual-mesh of a FE mesh. For all immersed methodologies, the same time

Table 4
Discretisation parameters for deformable/rigid cylinder in a lid driven cavity ﬂow (Section 8.4). In the table, CGL stands for composite Gauss–Legendre
quadrature rule, ‘deg ½a; b’ denotes (uniform) degrees a and b in the parametric space, and likewise, ‘sub ½m; n’ denotes m and n subdivisions in parametric
space ðr; hÞ for the composite rule. Note in the table that nodes are interpreted as integration nodes for the case of the ISPM and as mesh nodes for the EIBM.
Element numbers are only representative for the EIBM. In the case of the ISPM, elements are only used in visualisation, not computation. Nodal density is
deﬁned as the average number of (solid) nodes per ﬂuid cell.
Name

Nodes

Elements

Quadrature rule/mesh type

Q1
Q2
Q3
Q4
M1

7500
10,000
2700
3600
13,023

14,602
19,502
5162
6902
25,623

CGL,
CGL,
CGL,
CGL,

FEM mesh, 210 contour points, hmax ¼ 4  103

3.64
4.857
1.3114
1.7485
6.3262

M2

5587

10,441

FEM mesh, 719 contour points, hmax ¼ 5  103

2.7137

M3

3329

6405

FEM mesh, 126 contour points, hmax ¼ 8  103

1.6176

M4

5798

10,589

FEM mesh, 503 contour points, hmax ¼ 8  103

2.8162

polar
polar
polar
polar

mapping,
mapping,
mapping,
mapping,

deg
deg
deg
deg

½1; 1,
½5; 5,
½1; 1,
½3; 3,

Nodal density
sub
sub
sub
sub

½50; 150
½10; 40
½30; 90
½10; 40
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Fig. 23. Streamlines and evolution over time for model problem 8.4 using the new spline-based kernel ‘k15’ for G ¼ 10 and spatial discretisation case Q3 in
Table 4. Dots in blue are integration points used in the ISPM, line in red is reference solution obtained with the EIBM and matched against the literature [27].
The small angle in blue has been added to the contour to aid visualisation of the rotation of the disc.

Fig. 24. Volume conservation for model problem 8.4 using different immersed methodologies. See Table 4 for the details of spatial discretisation.
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integration scheme is used with Dt ¼ 3:1789  104 and nonlinear coupling tolerance e ¼ 107 , a choice that is optimal (in the
sense of minimising the total number of iterations) and produces independent volume preservation results from Dt and e.
In Fig. 24, the evolution over time of the relative error in volume conservation for the cylinder is depicted. In the case of
the ISPM, quadrature points have been deliberately placed on the boundary of the solid domain in order to calculate in an ad
hoc manner (using an auxiliary Delaunay mesh which connects these integration points) the volume of the immersed structure. A comparison is made between the ISPM and EIBM with Peskin’s original kernel and the new spline-based kernel ‘k15’
for both methodologies and several spatial discretisations, as it has been remarked earlier that neither Dt nor e have any signiﬁcant inﬂuence in the above curves. As it can be observed for both cases, the ISPM preserves the volume of the structure in
an order of magnitude similar to that of the EIBM for this particular problem. The comparison with the EIBM in combination
with the new kernel ‘k15’ has been included just for completeness. It is important to remark that this kernel has not been
designed for the EIBM, and as it has been shown in other examples: the EIBM does not beneﬁt from it.
9. Conclusions
In this paper, the Immersed Structural Potential Method recently introduced in [1] is further enhanced and optimised by
means of two new updates. First, a key improvement is the introduction of a new family of spline-based kernel functions
satisfying prescribed reproducibility conditions but with improved order of regularity. These new kernels show excellent
numerical results by removing spurious oscillations within the solution ﬁeld (and its spatial derivatives) in comparison with
those obtained through alternative classical non-spline based IBM kernel functions. Second, this new family of kernels can
take full advantage of the use of highly efﬁcient high-order quadrature rules for the numerical integration of the immersed
structural potential, rendering optimal convergence pattern (even for low order of quadrature). The methodology has also
been presented from a complete variational point of view (i.e. both ﬂuid and structure) making reference to existing immersed methodologies, in order to draw some comparisons in terms of accuracy, preservation of the incompressibility constraint and computational speed. In the authors’ opinion, a more efﬁcient coupling algorithm, replacing the existing ﬁxed
point iteration method, is the ﬁnal aspect necessary to optimise the performance of the methodology. This new coupling
methodology within the context of three dimensional applications is the objective of a subsequent publication.
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