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EULERIAN MODEL OF IMMERSED ELASTIC SURFACES WITH
FULL MEMBRANE ELASTICITY*

THOMAS MILCENT! AND EMMANUEL MAITRE#

Abstract. We introduce an Eulerian model for the coupling of a fluid governed by the Navier—
Stokes equations, with an immersed interface endowed with full membrane elasticity (i.e., including
shear effects). We show numerical evidences of its ability to account for large displacements/shear in a
relatively simple way, avoiding some drawbacks of Lagrangian representation.

Key words. Level set, fluid structure, Eulerian, immersed interface, Navier—Stokes, membrane
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1. Introduction

In biomechanics of immersed membranes, the ability for a numerical model and
method to handle shear efficiently is a challenging issue. Human red blood cells (RBCs)
are among the simplest animal cells, since they have no nucleus nor organelle. They are
made, like vesicles, of a phospholipid bilayer, plus a protein network (of spectrin), the
cytoskeleton. For simple vesicles, the involved energy is a curvature energy, which is
minimized with an area and enclosed volume constraint. For that case, Eulerian and La-
grangian models were developed in the last decade and proved to successfully reproduce
the dynamics of such objects in flow [5-9,11]. For the red blood cells, the cytoskele-
ton provides extra resistance to membrane shear. Capsules are usually constituted of
a liquid drop protected by a thin elastic membrane. They are used for applications
in cosmetic, food, and pharmaceutical industries. They are more rigid objects than
vesicles, so the curvature energy is small compared to membrane elasticity, including
shear. In the modeling of vesicles or capsules, taking into account shear efficiently is of
paramount interest.

On one hand, the definition of local shear variation on a surface is apparently
easy in Lagrangian coordinates and, in the context of capsules, was formalized decades
ago [2,3,25]. However, when it comes to practical computations, the unavoidable singu-
larity of Lagrangian parametrization of closed surfaces brings high complications [27,28].
Moreover, large deformation and volume conservation in this Lagrangian setting also
raise numerous difficulties, which were studied by several authors in the framework of
the immersed-boundary method [17,21]. On the other hand, interface-capturing meth-
ods using level-set, while more intrinsic and dimension-independent regarding surface
localization, are usually reported as unable to capture tangential motions (see, how-
ever, some connected studies on surface flows and multicomponent vesicles [12,18,29]).
This is due to the fact that the transport equation for the level-set function, namely
Orp+u-Ve=0, while recording some information on the surface area variations (en-
abling a complex fluid formulation of fluid-interface coupling [4,8,9]), just ignore any
tangential component of u, since V¢ is normal to the interface.
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However, full 3D Eulerian elasticity and its coupling with fluid mechanics has al-
ready successfully been studied and implemented numerically by several teams both in
the incompressible [10,19,23,24,26,30] and compressible [13,15] cases. The method relies
on backward characteristics (also called a reference map by some authors) which map
back material points to their initial positions. This concept was also introduced early
for point correspondence in level-set applied to image processing [22] and more recently
to improve numerical accuracy of advection equations (e.g. level-set motions) [16,20].

This article is the first attempt, to the best of our knowledge, to write a full Eulerian
model of an immersed interface endowed with full membrane elasticity (i.e. including
shear effects) and to provide numerical evidences of its ability to account for large
displacements/shear in a relatively simple way.

In Section 2, we recall the basic definitions of interface capturing via level-set and
backward characteristics. In Section 3, we provide simple examples illustrating the
possible drawbacks of a Lagrangian approach to record shear variations. In Section 4, we
build two invariants that will be used to record the full membrane elasticity. The first one
records area change (in both compressible and incompressible settings), while the second
measures shear. In Section 5, we consider the fluid-structure coupling problem: an
immersed membrane into an incompressible fluid. The whole model is reduced, following
[10], to a Navier-Stokes equation with source terms expressed as a combination of
partial derivatives of the backward characteristics, coupled with the vectorial transport
equation giving these characteristics. We provide numerical illustrations of the ability
of the numerical implementation of our model to simulate the dynamic relaxation of
an initially sheared sphere. As the notion of shear is best understood through simple
tests, we provide in Appendix A analytical examples of velocity fields under which the
deformed continuous medium actually experiences a shear, and show that our invariants
behave as expected. Appendix B deals with some technical lemmas.

2. Preliminaries

2.1. Forward and backward characteristics. Let Qo CR? be the reference
configuration of a continuous medium and assume that this medium is deformed by
a smooth map X :R3 xR+t —R3 (the forward characteristics) to ;=X (Q0,t). A
velocity field u:R? x RT — R? is naturally associated with X:

atX(f,t):U(X(f,t),t), X(f,O):f, § €. (21)

We introduce the backward characteristics Y : R? x RT — R? by the formula

Y (X (&,t),t) =& (see Figure 2.1). The physical interpretation of Y (x,t) is the position at
time 0 of a material particle lying in z at time ¢t and moving at speed u. The derivative
of this relation with respect to ¢ and £ in turn, gives with (2.1),

Y +(u-Vy)Y =0, Y (z,0)=u, x €y, (2.2)
and
[VeX(&,8)]=[V.Y (2,t)] 7" for z=X(&1). (2.3)

In the following, we use the notation V, for the gradient with respect to £ and we denote
by V the gradient with respect to x.

2.2. Eulerian representation of surfaces. = We consider a surface I'; captured
by a level set function ¢:R3 x RT — R

Iy={zeR?/¢(x,t)=0}.



The initial position of the interface I'y is associated to a given function ¢q (thus we set
#(-,0) =¢p). We assume that the interface is advected by the velocity field u, such that
¢ verifies

Odp+u-Vo=0. (2.4)
We have, with (2.2), that the solution of (2.4) is given by
¢(z,t) = ¢o(Y (2,1)). (2.5)

Let the normal in the reference configuration be denoted by ng (&) for £ €Ty and the nor-
mal in the deformed configuration by n(z,t) for x €T’y (see Figure 2.1). These normals
are expressed in terms of the normalized gradient of the associated level set:

o Vo) e Vedo(©)
( 7t) |V(Z)($,t)|’ 0(5) |Vg¢0(5>| (26)

The relation (2.5) gives Vo(z,t) =[VY (2,t)]' Vo (Y (x,t)). Therefore, with the defini-
tions (2.6),

VY (z,t)] " Tn(x,t)

Y = . 2.
RN ) e 20
With (2.3), we get the Lagrangian equivalent of (2.7):
[VeX (&) "no(€)
n(X(&,1),t)= . 2.8
HEDD =T X €0 ol %)
Fo Ft
Initial configuration Qg Deformed configuration €2,

Fig. 2.1: Initial and deformed configurations.

3. Can we measure surface shear variation with a Lagrangian description
of the surface?

We present in this section two intuitive methods to measure shear variation with a
parametrization of the surface. The first is based on the angle between two normalized
vectors, and the second uses the invariants of the metric tensor. We will show that, even



in the simplest case of a plane deformed in a shear velocity field, the two methods fail
because the shear variation depends on the choice of initial parametrization. For general
closed surfaces, more difficulties arise from the singularity of Lagrangian parametriza-
tions. The first method cannot be applied because it is impossible to construct the
normalized vectors (hairy ball theorem). We will show that, for a sphere deformed in a
shear velocity field, the invariant of the second method is discontinuous at the poles. In
any case, the definition of shear depends completely on the choice of the parametriza-
tion, and hence there is no canonical reference state. The limitations of these methods
advocate for an immersion of the surface in R3 using a Eulerian description to capture
shear.

3.1. Two Lagrangian methods to capture shear. Let T’y be the initial
surface described by the parametrization Wq:U — R3, where U is an open subset of
R2. A parametrization of the deformed surface I'; is given by ¥:U x Rt — R3, where
U (61,02,t) =X (Po(61,02),t) and the deformed vectors associated to the parametrization
are given by a;(t) =0y, ¥(01,02,t). The first intuitive method to capture shear is to
consider the angle between the two normalized deformed vectors

Cl,l(t) ) ag(t) )
lax ()] laz(t)] )

angle(t) =arccos (

The second is to consider the metric tensor:

ai(t)-ai(t) ai(t)-as(t)
M(t):=
(*) (al(t)-ag(t) as() - as (1)
which is classically used to compute area, angles, and length of curves on the surface.
The trace of M(t) captures shear deformation but also contains information on local
area. Dividing the trace by the square root of the determinant keeps only shear effects,
as will be illustrated below. We thus introduce the following invariants:

21 (t) = \/det(M(2)), Zy(t) = m, (3.1)

where Z;(t) correspond to the local area, and we will show that Z5(t) is a good La-
grangian candidate to capture the local shear. In the following, we are interested in
the local variation of area and shear between time O and ¢. Therefore, we consider
the quantity angle(t)/angle(0) and the invariants Z;(t)/Z;(0). In the following exam-
ples we consider the shear velocity field (see Figure A.10) with the associated forward
characteristics given by

0 &
u(m,y7z,t)= x|, X(£13627§37t): £2+t§1
0 1§

3.2. Case of the plane: orthogonal parametrization. Let I'g be the plane
{(x,y,2) €ER3/2=0} which is parametrized by ¥y:R? — R? given by

cos(a)f; —sin(a)fy
Ug:(01,02)— | sin(a)by 4 cos(a)bs
0



where a €10,27] is a parameter. The deformed surface I'y is still geometrically T'g in
this case, and the deformed vectors are given by

cos(a) —sin(a)
ay(t) = | sin(a) +tcos(a) |, as(t) = | cos(a) —tsin(a)
0 0

At t=0, these vectors are orthonormal and have an « angle with the canonical basis
(see Figure 3.1). We can show that, for this example, we have

angle(t) _ 2 cos t(2cos(2a) —tsin(2a)) (3.2)
angle(0) 7 2¢/(1+tsin(2a) + t2cos(a)?) (1 — tsin(2a) + 2sin(a)?) |

This quantity depends on the angle parameter « (even if all pair of initial vectors are
orthonormal). Hence, this first method is not appropriate to measure the local shear
variation. For the second method, the invariants (3.1) in the case of the plane are given
by

Z(t)
Z1(0)

=1, =14—. (3.3)

Hence, there is no area variation and the shear is constant in space and increases with
time, which correspond intuitively to what we can expect of a shear deformation. The
second invariant is independent of «, so this second method seems appropriate to capture

shear.
% /12(0)
‘) B _ai(
Fig. 3.1: Orthogonal (left) and non orthogonal (right) parametrization of the plane.
3.3. Case of the plane: non orthogonal parametrization. Let I'y be the

same plane {(z,y,2) €ER3/2=0} described with another parametrization ¥, :R? — R?
given by

01+ cos(B)02
\IJO : (01,92) —> sin(ﬁ)&z s
0

where 5 €0,27] is a parameter. The deformed vectors are given by

cos(f3)
a(t)=11t], as(t) = | sin(8) +tcos(B)
0 0



At t=0, these vectors are not orthogonal and have a § angle (see Figure 3.1). For the
second method, the invariants (3.1) are given by

Z1(t) Z5(t) 1

Z0) " Zo(0) — 2 (L1 +eos(8)+ (teos(8) +sin(8)%). (34)

There is no area variation, and the shear depends on the parameter 5. Therefore, the
second method fails to capture local shear variation because it depends on the choice of
the parametrization.

3.4. Case of the sphere: orthogonal parametrization. Let I'g be the sphere
{(z,y,2) ER3/2? +y? + 22 =1} which is parametrized by ¥y :[0,7] x [0,27] — R? given
by

sin(6y) cos(6z)
Wy (91,92) — sin(@l)sin(ﬁg)
cos(61)
The deformed vectors are given by
cos(61)cos(2)
a1 (t) = | cos(#y)sin(fz)+cos(61)cos(b2)t |,
— sin(@l)
—sin(67)sin(fz)
as(t) = | sin(f;)cos(fz) —sin(6)sin(02)t
0

At t=0, these vectors are orthogonal (see Figure 3.2). The first method with angle
between vectors also fails in this more complex case. Indeed, it is impossible to construct
a continuous tangent vector field on a sphere (hairy ball theorem). For the second
method, the invariants (3.1) in the case of the sphere are given by

Z1(t)

24,(0)

Zo(t)  1+4sin(61)? +tcos(260;)sin(260-) + g (14 cos(26; ) cos(265))
)

Z,0) (1+sin(61)2)/1—tsin(6;)2sin(205) + t2sin(f;)?sin(62)2 (3.6)

= /1 —tsin(f;)2sin(26;) +t2sin(6; )2 sin(h2)2, (3.5)

The first invariant (3.5) is well defined and represents the local area variation. The
limit at the poles (6; =0 or 6 =) of the second invariant (3.6) is cos(62)? + (sin(62) +
tcos(f2))? and depends of 6. Therefore, there is a discontinuity of the second invariant
at the poles. We can reparametrize periodically the surface, but the algorithms are more
complex. Moreover, the results will always depend on the choice of the parametrization,
even in zones where there is no singularity.

To tackle this problem, we propose immersing the surface in R? and projecting on
it the 3D deformations. In this case, we use the flat metric of R? instead of the metric of
the surface and thus avoid the singularities of parametrizations. Also, the immersion in
R? will allow us to get a reference state, which does not depend on the parametrization.
Furthermore, we will introduce Z;, the Eulerian equivalent of the Lagrangian invariants
Z;. We will show that Z; is the classical and well-known local-area variation. We will
demonstrate with a variety of analytical illustrations in Appendix A that Zs is a good
candidate to record the local shear variation.



Fig. 3.2: Orthogonal parametrization of the sphere.

4. Surface deformation in the Eulerian frame

4.1. The surface tensor A. We want to measure the deformations on the
surface T';. Following the Lagrangian description of [2,3,25], we introduce the tensor

M(X(&,1),t) = [VeX (&1)][I—no(&) @no(&)]- (4.1)

Let v(€) be a vector defined at the point £ €T'g. This vector is first projected with
I—no(§) @no(€)] to v, (&) € Tely, the tangent plane of I'y at &. Then the vector v, (§)
is deformed with X in the vector [V X (,t)]v,(€) at X (&,t). A first property is that
Muv is already in T'x (¢ I'¢, the tangent plane of I'y at X (¢,t). Indeed, using (2.8) and
v (§) np(§) =0, we have

(M (X(&,1),)v(€)) (X (&,1),1) = ([VeX]Tn(X (€,1),8)) -v-(€)) =0
The tensor (4.1) is written in its Eulerian form with (2.3)
M (z,t):=[VY (2,t)]  [T—no(Y (2,t)) @no(Y (x,t))].

The associate Cauchy—Green tensor is defined as follows (I —ny ®ng is a projector hence
involutive):

A:=MMT =[VY] HT-no(Y)2n0(Y)) VY]~ L.
After introducing the right Cauchy—Green tensor
B=[VeX][VeX]" =[VY] 7 [VY] 7, (4.2)
using (2.7), the relation A(v®@v)AT = (Av)® (Av), and |[VY ] Tn|?=(Bn) -n, we get

(Bn)®(Bn)

A=B- (Bn)-n

(4.3)



4.2. Invariants of A.  According to (4.3), we have
An=0. (4.4)

Thus, 0 is an ecigenvalue and det(A)=0. The other invariants are Tr(A) and
Tr(Cof(A)) = 3(Tr(A)? — Tr(A?)). As Ais real and symmetric, there exists an orthonor-
mal basis of eigenvectors. Moreover, A is positive since Az -z =|M7Tx|? >0, so we denote
its eigenvalues by 0, A? and A3. Therefore, Tr(.A) =} + A3 and Tr(Cof(A))= (A1 A2)2.
We introduce the following invariants:

le\/TY(COf(A)):|)\1)\2|, (45)
TI‘(.A) o 1 ( )\1 )\2 ) ) (46)

A2 A

In the reference configuration (usually at initial time in our case), we have that A4(0) =
I—no®ng so Tr(A(0)) =2 and Tr(Cof(A(0))) = 1. Under the smoothness assumption on
u, there exists a time T that for t <T', Tr(.A) and Tr(Cof(A)) do not vanish. Therefore,
the invariant Z5 is well defined. We have that Z;=75=1 at initial time and the
inequalities Z; >0, Z5 > 1. Note that Z; and Z are both Eulerian fields, and in 5.2 we
will derive equations to compute them. We will prove in Appendix B that 7 is exactly
equal to the local area variation of the surface (even if incompressibility is not assumed
on u). We will demonstrate in Appendix A that Z, is a good candidate to record the
local shear variation.

*7 9 /Te(Cof(A)) 2

5. Immersed membrane in a fluid

In this section, we apply the above considerations to build an Eulerian fluid-
structure model of an immersed elastic interface, which accounts for the full membrane
elasticity through an energy involving invariants Z; and Z5. We derive Eulerian equa-
tions verified by the two invariants, and the forces induced by the energy variation
during the structure motion. The final model is recast as a Navier—Stokes system with
a source term, the latter depending on space derivatives of Z; and Zs, coupled with
their Eulerian equations. This is a generalization to full membrane elasticity of a simple
level-set formulation of the immersed boundary method that was introduced previously
and that we recall now.

5.1. Mathematical model. We consider an elastic membrane I'; immersed
into a fluid governed by, for example incompressible Navier—Stokes equations, lying in
a bounded domain © of R?, for a time interval [0,7]. The interface I'; is captured by a
level-set function ¢: € x [0,7] —R. Based on previous works on Eulerian description of
immersed interface [8,9], we write the coupling between the immersed surface and the
surrounding fluid under the formulation

drutu-Vu— g-Au+Vp=f(¢) on Qx[0,T]
divu=0 on Qx 0,77
Op+u-Vo=0 on Qx[0,7]

where f(¢) accounts for the elastic force imparted on fluid by the immersed surface.
Dependence on ¢ means here dependence on ¢ and its derivatives. We have shown that,
in the incompressible case, |V¢| captures the local area variation and that the force
associated to the regularized energy

e[ E<|v¢|>i<<f) da (5.1)



can be expressed by the formula

so)=div |E(voDIvel (1- Tm? ) 2 (2] (52)

9 S

where 7 — E(r) is the elastic constitutive law, ¢ is the width of the interface, and ( is a
cut-off function used to spread the interface near {¢ =0}. However, in order to capture
the full membrane energy, the function ¢ is not sufficient. Indeed a velocity field u
tangential to I'y would verify u- V¢ =0 and therefore would not change the value of ¢ in
its evolution equation. In order to capture some information on how points are moving
on the surface, one way is to use the backward characteristics Y of the velocity field u.
We propose the new model:

Outu-Vu— - Au+Vp=Fi(¢,Y)+ Fa(,Y) on Qx[0,T]
divu=0 on 2 x[0,7] (5.3)
0Y +u-VY =0 on 2 x[0,7]

where Fj is the force associated with the invariant Z;, which expressions will be derived
in the next section. In most cases, equations (5.3) will be supplemented with homoge-
neous initial and boundary conditions on the velocity, and with initial condition on Y
given by the identity

u=0o0n 90 x[0,T], u=0o0onQx{0}, Y(0,z)=z on Q.

Under such initial and boundary conditions, characteristics remain for all time inside €.
Thus the initial and deformed whole continuous medium (fluid and structure) always
occupies the same domain of R? (thus there is no need to introduce an initial and
deformed configuration as in 2.1).

Moreover, with such initial and boundary conditions, there is no need to solve an
equation on ¢, since the knowledge of Y and ¢ is sufficient. Indeed, the solution to the
transport equation on ¢ is given by the following (see (2.5)):

Qb(z?t) = (bO(Y(x’t))'

However if we consider an initially deformed interface (see (5.20) in the numerical tests),
we could choose to set Y(0,-) to some maps not equal to the identity. In that case, we
need to solve the transport equation on ¢

Orp+u-Vo=0. (5.4)

REMARK 5.1.  One could wonder about the optimality of our representation, regarding
the number of fields to capture full membrane deformation. Note that, to capture the
interface position itself, we need one field (a level-set function ¢). In the general case, to
record the area change, we need to compute Z; (or |[V¢| and J; see (B.1) in Appendix B),
and therefore an extra field to get the shear. Thus, as we solve for Y, which has three
components, and obtain ¢, Z; and Zs from it, we are optimal. In the incompressible
case, area change is recorded by |V¢| alone. We are not able, for the moment, to express
shear by only introducing another field that we could compute without involving Y.



5.2. Eulerian equations on Z;. In order to build an Eulerian model, we need
to find evolution equations associated with Eulerian invariants.

PROPOSITION 5.1.  Under the smoothness assumption made on u, the invariants verify

BtZl—ku-VZl :Z1 [VU]ZCl, Cl :]I—TL@TL, (55)
2A
atZQ+U'VZ2:Z2 [VU]ZCQ, CQZW—(H—H(@TL) (56)

Proof.  We first focus on the equations related to A. Taking the gradient of (2.2),
we get

X[VY]+u-V(VY])=—[VY][Vu],
and its inverse verifies
(VY] ) +u-V(IVY] ™) = [Vu[VY] L. (5.7)
The equation (4.2) on B is then given by
OB+u-VB=[Vu]B+B[Vu]". (5.8)
Using (2.2) we get that
O(I—no(Y)@n0(Y)) +u-V(I[—no(Y)@ne(Y))=0.
This relation together with (5.7) gives
M +u-VM =[Vu]M, IMT +u- V(M) =MT[VuT.  (5.9)
Using the relations (5.9), we get
O A+u-VA=[Vu)lA+AVu]T, (5.10)

where the initial condition is given by A(0) =I—no®mng. Note that B verifies the same
equation (5.8) with a different initial condition B(0)=1I. Following (5.10), we get

O, Tr(A) +u-VTr(A)=2[Vu]: A (5.11)
and
9, Tr(Cof(A)) 4+u-VTr(Cof (A)) = 2[ATr(A) — A% : [Vu]. (5.12)
Using (5.12), we get
[ATr(A) — A%

8tZl+u-VleZl [VU]

Tr(Cof(A))

We show in Lemma B.1 of Appendix B that ATr(A)— A% =Tr(Cof(A))[[—n®n]. Using
(5.11) and the equation on Z;, we get the equation for Z5. We have that C;n =0 because
An=0 (see 4.4). We will prove in Proposition B.3 of Appendix B that Z; captures the
local area variation. In Appendix A, we provide many illustrations to explain why Z5
is a relevant measure of shear variation. ]



5.3. Computation of the elastic forces F;. We introduce the regularized

energy
_ 7yt ¢
51’*/QE1(21)€C (E) dz. (5.13)

Here, E; is the constitutive law associated to the invariant Z;.

PROPOSITION 5.2.  The time variation of &;, using the principle of virtual power
87551‘:—/Fi'ud$ (514)
Q

corresponds to the following force:

F,=V (Ei(ZZ-)iC (f)) +div (Eg(Zi)ZiCiig‘ (‘f)) . (5.15)

Proof. The derivative with respect to t gives

[ mizvzy e (@ (Lo (@
6t5i_/QEi(Zz)(Zz)t6C<E) d$+/QEl(Zz)52C <€>¢tdx

Using the transport equation on ¢ and (5.5), (5.6) we get

até'i:/QEz’»(Zi)(—u-VZi+[Vu}:ZiCi)ég (f) dz

+/§2Ei(zi)€i2<’ <¢) (—u-Vo)da.

3

Integrating the second term by parts gives the following (the integral on 02 vanishes
since C(?) =0 on 090):

0,E; = —/QwV(Ei(Zi))%C (“b) +div (E{(Zi)ZiCiiC (f)) u

5 etz (2e(2)) e

Grouping the first and last term and using (5.14) leads to the expression (5.15). O

In the incompressible case, the gradient can be forgotten up to a redefinition of
pressure and Z; =|V¢| thanks to (B.1). Therefore, we find the previous result (5.2).
We have that

3

The last term vanishes because C;n=0. With the identity div(Av)=div(AT) v+ AT
Vv and the symmetry of C;, we get



With the definition of C; in (5.5) and with (5.6), we find the normal part of forces F;
(without the pressure term):

Fron=- (VB (2) 7126 (2). (5,16
With the relation 27, Zs =Tr(A) (see (4.6)), we get
Fy-n=—(2Tr(A[Vn]) —Tr(A)Tr([Vn]))%Zf)éC <f> . (5.17)

In the previous formulas we used the relation [I—n®mn]:[Vn]=Tr([Vn]) (where
[Vn]Tn=0 since |n|?>=1) which is by definition the surface mean curvature. Hence
the normal force associated to the area variation (5.16) only depends on the geometry
through the surface curvature. The normal force associated to the shear variation (5.17)
not only depends on the geometry but also on the deformations on the surface through
A. In the general case, the normal part of the shear force does not vanish.

5.4. Numerical method. The fluid-structure equations (5.3) and (5.4) are
discretized with finite difference schemes on a staggered grid (see Figure 5.1 for a 2D
configuration) with the classical projection method.

AIl

U2 Axo

U1
P9, Y

Fig. 5.1: Staggered grid with position of unknowns.

Let At be the time step and u™,p™,¢™, Y™ the time discretization of the variables
at t, =nAt. The semi-discretization in time is given by

*__.m 1
Step 1: uAtu —HL"-VU"—FAun:F1(¢n7Yn)+F2(¢naYn)
e

div(u*)

Step 2:  Apttl=—1—2
€p P At
Step 3:  w"tl=u*—AtVp" L
n+l_ in ynt+l_yn

Step 4: u—l—u”“~V¢":0 — tu"tl.vYy"=0

At At

In Step 1, a prediction of the velocity is computed with an explicit Euler scheme
in time and classical central staggered velocity-pressure schemes of order two for the



convection, the diffusion, and the source terms. An explicit scheme in time is used
for the diffusion because the Reynolds number is large enough. In Step 2, the Poisson
equation for the pressure is performed with the Fishpack library [1] (we use homogeneous
Neumann boundary conditions). In Step 3, the the velocity is corrected to enforce the
incompressibility condition. In Step 4, the transport equations are discretiezd with an
explicit Euler scheme in time and a WENOb5 scheme in space [14].

We do not perform the redistancing. Instead, we use the renormalization ﬁ

to measure the distance to interface. Thus, |V(/)|%C (?) is replaced by ég(ﬁ)

This approach was proved in [9] to be efficient from the point of view of both volume
conservation and interface force calculations. For the cut-off function, we considered
the expression ((r)=3(1+cos(rr)) on [~1,1] and ((r)=0 elsewhere. We use in our
simulations the linear elastic laws

Ei(r)=Xr—-1) Ey(r)=pu(r—1), (5.18)

where A and p are the elastic stretching and shear modulus (however the model is still
strongly nonlinear due to the geometric nonlinearities and the coupling with Navier—
Stokes equations).

5.5. Numerical tests. In this section, we provide evidences of numerical
convergence of our method on the illustrative test case of a sheared elastic sphere. The
domain Q = [—1,1]? is discretized on a Cartesian mesh with 128 points in each direction.
We choose in our simulation a Reynolds number R, =100, an elastic stretching modulus
A=1, and a shear modulus ;1 =0.1. The parameter ¢ is equal to 3.5Ax in the simulations
where Az is the grid size. We take the time step At=1.310"3s. We impose zero velocity
for the initial and boundary conditions. The immersed initial surface is a sphere, so
that

oo(x,y,2) =/ 22 +y?+22—-0.5, (5.19)

but which is not in its rest state, since material points have been moved, so that
Y(x,y,2,0) = (xcos(toz) +ysin(toz), —xsin(tz) +ycos(toz),z). (5.20)

This corresponds to a deformation of the sphere when a 3D circular shear (see the
expression of Y for TC4 in Table A.1 and Figure A.8) is applied on opposite directions
on the north and south poles (with respect to the z-axis) until t=ty. Here, we take
to=m. While this initial deformation was (artificially) imposed with no area variation
(actually, the sheared surface is still geometrically a sphere), the area will change when
it starts to relax, so the force F} is also involved. The motion is however driven by F5.
The numerical results at different time steps are presented in Figure 5.2. For plotting
purposes, we represented on the deformed surface a checker board pattern which was
tracked with markers to visualize the shear relaxation. In Figure 5.3, we plot the velocity
magnitude at t=0.5s while the relaxation takes place. Due to the large imposed shear,
the surface undergoes a complex deformation involving some small folds. These kinds
of ripples were also observed in [28] in the simulation of a capsule in a simple shear
flow. A nice feature of our numerical code is its ability to relax toward a stable solution
without any curvature energy. Some grid effects are, however, present for large time
(see the last image of Figure 5.2). The use of an unstructured mesh and finite-element
solver to remove this effect is presently under study.



Fig. 5.2: Numerical simulation of the relazation of a sphere due to shear force at times
t=0,0.5s, 1s,1.5s,2s,2.5s,3s,3.5,4s,4.5s,5s,9s. Lagrangian markers are used for plotting a
checkered pattern coming back to an undeformed state when shear decreases.

To provide more quantitative results, we plotted in Figure 5.4 and Figure 5.5 pres-
sure slices following the z- and z-axes during this relaxation for ¢t=0.1 and t=1.2.
The computations were performed with NV points in each direction for three resolutions
with N =64,128,256. Accordingly, we chose € =1.75Axz,3.5Axz,7Ax, where Az is the
corresponding grid size, so that the numerical interface width remains constant. We
observe numerical convergence. Likewise, Figure 5.6 depicts the variation of vertical
radius through time.

As the flow is incompressible, the map Y'(-,t):Q— Q) conserves volume; that is,
detVY =1 in the continuous case. However, after time and space discretization, and
due to numerical errors introduce while solving for the transport equations on Y, such a
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Fig. 5.5: Pressure along the z-azis at time t=0.1 (Left) and t=1.2 (Right) for N =64,128,256.

nonlinear combination of derivatives will not fully respect this constraint. On Figure 5.7
and Figure 5.8, we depict the RMS (Root Mean Square) of det VY —1 as a function of
time, both for the whole domain and on the interface. Thus, the plotted quantities are,
respectively,

RMSo(t) = <|;2|/Q|detvy(x,t)1|2dx>2
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Fig. 5.8: footnotesize Time evolution, for N =64,128,256 of t — RM Sr, (t) defined in
(5.21).

1 2

and RM S, (t) = (|1“| |det VY (x,t) —1)? ds) . (5.21)
tlJr,

While N =64 is clearly under-resolved, the figures show numerical convergence of those

RMS as N increases.

6. Conclusion

In this paper, we introduced a way to account for membrane shear in a completely
Eulerian framework. The idea was to build two invariants from algebraic combinations of
the space derivatives of the backward characteristics of the continuous medium velocity
field. The first invariant accounts for changes of local area of the membrane, while the
second records the local membrane shear. We showed how to compute those invariants in
an Eulerian way and produced some evidences that the second invariant indeed captures



the membrane shear. The fluid-structure coupling is therefore rephrased as a Navier—
Stokes equation with source term involving the two invariants, coupled to a vectorial
transport equation for the backward characteristics. The formulation is therefore very
versatile since it could be implemented as an add-on to a preexisting fluid solver. In
this first work, we presented outputs of a 3D numerical code using finite differences and
a projection method on a staggered mesh, which simulate the relaxation of a spherical
membrane which has been sheared from its poles. Our model and code are able to
capture ripples due to the bucking of membrane in a stable way without any extra
smoothing curvature energy. Future work will focus on the application of this method
to model red blood cells and capsules in 3D flows.

Appendix A. Analytical illustrations for Z,.

We present some analytical illustrations to show that Zs is intuitively a good measure
of the local shear variation of a surface. In all the test cases, we define an initial surface
T'o={¢o =0} and a velocity field u which will move material points of this surface. Then
we compute the backward characteristics Y and the invariants Z; and Z5 to see how
these Fulerian quantities could record this motion. The test cases and the results are
described in Table A.1.

TC ¢0($,y,2) u Y(Jf,y,Zﬂf) Z1 Z
x ze~t
1 z ay ye~ ot et(1+a) ch(t(1—a))
0 z
Bo\ | /eh(tVB) — D) )
2 z z ||| — Z5sh(tVB) +ych(tv/B) 1 1+ 858 5n2(1/B)
0 z
—yz zcos(tz) + ysin(tz) )
3 2 +y?2—1 rz —axsin(tz) +ycos(tz) 1 1+ % (2 +y2)
0 z
—yz zcos(tz) + ysin(tz)
4 z24y? 422 -1 zz —xsin(tz) +ycos(tz) 1 1+ ;:%7?’2)2
0 5 z2+y?+22)
T el
5 22 4y?+22-1 y ety et 1
z etz
0 T
6 max(|z|,|y|,|z]) — 1 x y—tx See (A.1)-(A.3)
0 z
0 r See
7 22 +y?+22-1 x y—tx (A.4) See (A.5)
0 z
Table A.1: Table of test cases.
A.1. Deformations where I'; =1'. In this first series of test cases (TC1 to

TC4), while material points could have moved, globally the initial and deformed surfaces
are the same (I'o=I";). Moreover, the deformations are uniform in space in the sense
that the invariants Z; on the surface do not depend on the spatial variables (except for
TC4).

What we refer to as the @ and 8 deformations (TC1 and TC2) are 2D, and the
initial surface is the plane z=0. The velocity field of each deformation is plotted in
the figures below with the corresponding values of Z; and Z,. The 8= —1 deformation
is a rotation, and, as expected (slipping from hyperbolic to circular functions with /3
identified to i€ C), there is no area variation and shear variation (see Figure A.1l).
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The aw=1 deformation is a pure dilatation, and, as expected, there is only area variation
(see Figure A.2). The =0, f=1, and a=—1 deformations correspond to different
shear transformations, and, as expected, there is only shear variation (see figures A.3,
A4, and A.5). Note that, for the 8=0 test case, we take the limit §— 0 the results
for Y and Z;. Moreover, for the §=0 deformation, we found the same invariants as
in the Lagrangian case (see (3.3)). The a=0 deformation is an uniaxial deformation
and there is area and shear variation (see Figure A.6). It can be quite surprising at
first sight, but, when a surface is stretched in two directions with different magnitude
(aw#1), we do have shear and therefore as expected Zs =ch(t(1—a))#1. In the “3D
circular shear” test cases the initial surfaces are a cylinder (TC3 see Figure A.7) and
a sphere (TC4 see Figure A.8). In each plane {z=a}, the velocity is a rotation of
magnitude a. In these test cases, there is no area variation but pure shear variation.
For TC3, Zy=1+ % is constant on the surface (22 +y? =1 on the cylinder). This test
case is clearly a 3D generalization on a cylinder of the 2D =0 deformation, and this
is why we found the same invariants. For TC4, Zy =1+ %(1 —22)2 on the surface and
depends only on the height z which is intuitive (2 +y%+22=1 on the sphere).
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A.2. Deformations where I'; #1. We present now three test cases (TC5h-
7) where the deformed surface I'; is different from the initial shape I'y. For the 3D
dilatation deformation (TC5 see Figure A.9), the initial surface is a sphere. In this test
case we have only area variation, as expected.

In the last test cases, the same shear velocity field (see Figure A.10) is applied on
a cube and on a sphere. For the test case TC6, the deformed shape of the cube (see
Figure A.11) is given by the zero level set of

gb(:z:,y,z,t) :max(|x\, |y7t:c|, |Z|) -1
The calculations are done independently on each plane that composes the cube. We
have the following results:
On the faces {xr==+1} Z1=1, Zy=1 (A1)

2412
On the faces {y —tx =21 Zi=+\1+1t2 Jy=——— A2
{y ' ! /it (4-2)
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----- Initial configuration

Deformed configuration

Fig. A.11: Initial and deformed shape of the cube (TC6).
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2
On the faces {z==+1} Zy=1, ZQ:1+% (A.3)

On the faces corresponding to {x ==+1}, there is no area and shear variation (the faces
are just translated). For the faces of equations {y —tx=+1}, the faces are stretched in
only one direction and there is area and shear variation as in the 2D =0 deformation.
For the faces {z=+1},there is only shear variation as in the 2D 5=0 deformation.

For the test case TC7, the deformed shape of the sphere I'; is given by the zero
level set of

o(x,y,2,t) =%+ (y —tz)* + 2% - 1.

We have that

12(x? —22) =2ty
Zy =4 [1+12 A4
1 ¢+ NG .
12 222 —2txy 1
Zo= (14— —. A5
2 (+2+2(z2+(y—tx)2+22))Z1 (A-5)

In Figure A.12, iso-contours of Z; and Zs are plotted on the deformed surface T';.
The results are intuitive: the area variation reaches its maximum on points that are
orthogonal to the y=tx plane while the shear variation is larger along the z-axis. The
deformation and the initial surface are the same as in the Lagrangian test case in Section
3.3. In the formula (A.5), there are no discontinuities at the poles (2 + (y —tz)? +2%2 =1
on the surface I';), unlike in the Lagrangian formula (3.6).

Appendix B.

B.1. Technical lemma.
LEMMA B.1. The following identity holds:

ATr(A) — A2 = Tr(Cof (A)[I—n®n].

Proof. It is equivalent to prove the lemma in any basis of R3. We consider
the orthonormal basis of R? B’ = (e}, e},e5) = (11,72,n), where (71,72) is an orthonormal
basis of the tangent plane orthogonal to n. Let A’ be the matrix of the tensor A in the
basis B’, and we denote by Aj; its coefficients. We have with (4.4) that .An=0; hence
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we have Aj;=0. Since A is a symmetric tensor and B’ is an orthonormal basis, the
matrix A’ is symmetric, and its structure is given by

I i O
N
A= 12 220,
0 0 0

and therefore

- (A1)?+ (Alp)? Aj Al + AjpAY, 0
(A)? = | A A+ Al Ay (Al)*+(AD)? 0

0 0 0
In the basis B’, we have
100
I-n®n=(010
000

A’ and A have the same invariants so

Tr(A) =Tr(A") = A}y + A
TH(Cof (A)) = Tr(Cof(A')) = A}y gy — (A1a)?.
It is now easy to check that A Tr(A")— (A')? =Tr(Cof(A'))[I—n®n], and the lemma
is proved. 1]

B.2. Equivalent expression for Z;. In this subsection, we give an equivalent
expression of Z; which links the present formulation with our previous work [9].

PROPOSITION B.2. Let J=det(VeX)=det(VY)™! be the volume ratio. Then

Vol
I1=J ——F—.
L Vo (Y)]

Proof.  The invariant Z; is defined by (4.5)

7y = /Tr(Cot(A)). (B.2)

With the definition (4.3), we get

Tr(A)? = (TF(B)‘ my

and

B (B%n)-n (B%n)-n ?
Tr(A?%)=Tr(B?) -2 (Br)n +< (Bn).n> .

Using the Cayley—Hamilton theorem B3 —Tr(B)B?+Tr(Cof(B))B —det(B)I=0, we
get

1
(Bn)-n

((B3n) -n—Tr(B)(B*n)-n+Tr(Cof(B))(Bn)- n) = (d];:l()B?)fl

Tr(Cof(A)) =
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The gradient of (2.5) gives the relation Vo= [VY]TV¢o(Y), so

! [Voo(Y)?
Vol

_r V¢
Vol

We have the relation det(B)=.J?, so the expression of Z; (B.2) reduces to (B.1). This
recovers the result of [9], where the area variation captured by |V¢| in the incompressible
case (J=1). O

(Bn)-n= ‘[VY]

B.3. Proof that Z; is the local area variation.
ProrosiTiON B.3.  Let I'y a smooth surface, deformed with smooth forward charac-
teristics in I'y =X (Ig,t). We denote by u the associated smooth velocity field. Let a
parametrization of the surface Ty be given by (01,02)— W(01,02,1), where ¥:U x RT —
R3? is smooth on an open set U of R%Z. The local area variation verifies

|\If’1(91,92,t)/\\1172(91,92715” Zl(\IJ(Hl,Hg,t),t) Zl($7t)

(B.3)

U 1 (01,02,0) AW 5(01,0,0)] — Z1(¥(61,02,0),0)  Z1(Y (x,t),0)

for x="(01,02,t) and with the notation U ;(01,02,t) := g, ¥(61,02,t).

Proof. Let f:R3>xRt — R be a smooth function. The Reynolds formula for
surfaces reads

d

Let g:R?®—R be smooth function and let f(x,t)= gggf))) The expression in the
previous integral becomes
1
A

g(Y)

(@@Wﬁ+%V@W”%-%V

(OZ1+u-NZy—Z1[Vu]: [I-n®n]). (B.4)

—~

The first term vanishes with (2.2). The second term is also zero with (5.5). Therefore,

% (/Ft mds> =0. (B.5)

Since, U(01,02,0) =Y (¥ (61,02,t),t) the equation (B.5) becomes

|W 1 (01,02,6) N 5(61,02,t)] dO1dO2

T(01.0.0
:/ Zg (01,02,0) |4 (91.0,0) AW 5(81,02,0)| d61 6.
U

This result holds for all function g. Therefore, (B.3) holds, and Z; measures the local
area variation (in the compressible and incompressible cases). a
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