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Abstract

In this work, we propose both a theoretical framework and a numerical method to tackle shape op-
timization problems related with fluid dynamics applications in presence of fluid-structure interactions.
We present a general framework relying on the solution of a suitable adjoint problem and the character-
ization of the shape gradient of the cost functional to be minimized. We show how to derive a system of
(first-order) optimality conditions combining several tools from shape analysis and how to exploit them
in order to set a numerical iterative procedure to approximate the optimal solution. We also show how
to deal efficiently with shape deformations (resulting from both the fluid-structure interaction and the
optimization process). As benchmark case, we consider an unsteady Stokes flow in an elastic channel
with compliant walls, whose motion under the effect of the flow is described through a linear Koiter shell
model. Potential applications are related e.g. to design of cardiovascular prostheses in physiological flows
or design of components in aerodynamics.

1 Introduction

The efficient numerical solution of PDE-constrained optimization problems is of key importance in many
contexts of applied sciences and engineering. Relevant instances within this broad class of problems are
e.g. heat/flow control, reduction of plant emissions, design of wing profiles for the sake of efficiency, flow
laminarization, and many others [18, 19, 25, 26]. In all these cases, a state system described in terms of
partial differential equations (PDEs) has to be controlled in order to reach a physically meaningful target,
by acting e.g. on distributed/boundary controls, PDE coefficients, or the shape of the domain itself. The
target is usually expressed in terms of minimization of a suitable cost functional, depending on the solution
of the state problem — in this sense the state system plays the role of a constraint — in addition to control
variables.

In this paper, we focus on shape optimization problems, where the shape of the domain 2 on which the
state system is defined plays the role of control variable. In abstract form, a shape optimization problem is
formulated as the minimization, over a set of admissible shapes O4q, of a cost functional J () = J(Q,y(Q));
in our case, this latter also depends on the state variable y(2) € V, which is the solution of a — possibly,
nonlinear and time-dependent — PDE, that is:

J(Q) = min J(Q) st E(Qy(Q)=0 in V.
Q€0qq

Here J : Ouq — R, Ouq is a set of domains which fulfill some (problem-dependent, physically meaningful)
constaints, V' is a suitable functional space (defined over ) and V' its dual; the equation E(2,y(2)) =0 in
V' represents the (abstract) formulation of the state problem.

In particular, we address the case of shape optimization problems arising in fluid mechanics, because of
their relevance in many applied contexts, such as aerospace, naval and biomedical engineering [6, 12]. In
all these cases, a very general problem is represented by the optimal design of aerodynamic/hydrodynamic
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structures in order to minimize e.g. the energy dissipation of the fluid, or resistance forces, or fluid vorticity
and stresses, or again the compliance of the structure itself (and then maximize its deformation resistance).
Nevertheless, in many problems of real-life interest, the goal is to optimize the shape of a flexible structure
within a fluid flow, for which fluid-structure interaction (FSI) phenomena cannot be neglected. In fact, the
interaction of such a structure with the surrounding fluid — such as in the case e.g. of blood flows through
arteries and compliant vessels [10, 9], acroelastic instabilities in aircrafts [14], turbomachinery design [30]
— yield several physical phenomena which may have a strong impact on the solution of the optimal design
problem, too.

FSI problems usually involve a physical system made by a fluid component (e.g. air, water or blood)
close to a solid structural component (such as a wing or a vessel). The interaction between the fluid and
the structure leads to a structural displacement, followed by a deformation of the domains in which both
the fluid and the solid component are defined, thus making the domain of the system an unknown itself.
Solving an optimal design problem in this context thus features additional difficulties, because of the need
to consider shape deformations due to either FSI effects and the optimization pipeline. A possible way to
partially overcome this difficulty is to rely on a fized domain approach, in which the state FSI problem is
rewritten on a fixed reference domain (see e.g. [31, 32, 36]), whose shape is the object of the optimization.

Tackling a shape optimization problem in presence of fluid structure interactions is thus a huge compu-
tational challenge, for which very few results are currently available in literature. Moubachir and Zolésio
present a theoretical analysis of optimal control problems (not a shape optimization problem, though) related
with FSI problems in their monograph [33], where the goal is to minimize the displacement of a compliant
wall pipe in which the fluid is flowing using the inlet velocity as control variable. From a computational
point of view, some ideas related with iterative algorithms for the solution of shape optimization problems
in presence of FSI are addressed in [21] and [41], but relying on a black-box approach and without deriving
explicitly a system of optimality conditions involving the shape gradient of the cost functional. A recent ap-
plication of shape optimization tools to the numerical solution of free-boundary problems has been proposed
in [13].

The main goal of this paper is to present some analytical and numerical methods for the solution of shape
optimization problems when dealing with applications involving FSI effects. We pursue an optimize-then-
discretize approach [38, 5, 23]: first, we derive the optimality conditions related with the PDE-constrained
optimization problem, relying on the Lagrange multiplier approach, and showing how to handle shape vari-
ations and derivatives. To simplify the system of (first order, necessary) optimality condition we introduce a
suitable adjoint problem, whose derivation is not as straightforward as, e.g., in the case of fluid flows in pres-
ence of rigid walls/bodies. Then we set up an efficient numerical algorithm to approximate the solution of
the shape optimization problem, combining (i) a partitioned FSI solver; (i) a descent method for numerical
optimization; (i) a Free Form Deformation (FFD) map to efficiently describe shape deformations at each
iteration of the optimization problem. The application which inspires the analysis reported in this work is
the optimal design of a bypass graft to restore blood perfusion downfield an occluded coronary artery. A
common goal may be, e.g., to minimize the flow vorticity in proximity of the junction between the graft and
the host occluded artery. Many works (see, e.g., [31, 28, 29] and references therein) have focused on such a
problem, typically by acting on the wall shape near the anastomosis by local shape variations. Nevertheless,
FSI effects have never been considered when dealing with this application.

In this work we consider an idealized two-dimensional viscous Newtonian flow at low Reynolds numbers
(modelled by unsteady Stokes equations) in an elastic domain described by means of a mono-dimensional
linear Koiter shell model. This model [8, 16, 34, 35] is based on the assumption that the structure is thin
(compared to the fluid domain) and can be deformed, as a consequence of the interaction between fluid and
solid, mainly in the normal direction to the surface. To deal with the domain motion and formulate the
fluid problem we rely on the so-called arbitrary Lagrangian-FEulerian (ALE) formalism, following a common
approach in the FSI framework (see, e.g., [16]). Although we consider a prototypical example on a simple
rectangular domain in undeformed configuration, theoretical results concerning the well-posedness of the
problem, as well as the derivation of the system of optimality conditions, are of general interest and can
be applied to any optimal design problem including the features above. We remark that we focus on the
case of linear Stokes equations in order to highlight the difficulties related with (i) FSI terms and (i) shape
derivatives, although the proposed framework could be extended to the case of Navier-Stokes equations



without difficulties. From the computational standpoint, to deform the domain, we implement a Free-Form
Deformation (FFD) map based on non rational uniform B-splines (NURBS) [27, 39, 40]; this option enables
to exploit the low dimensionality of the classic FFD map combined with the flexibility on the choice of the
degrees of freedom, typical of NURBS representations.

The structure of the paper is as follows. We introduce a two dimensional FSI problem in Section 2
alongside the abstract formulation of the shape optimization to analyze. An existence result for this problem
is also provided. In Section 3 we derive a system of first order optimality conditions exploiting the Lagrange
multipliers method; in particular, classical differentiation and shape differentiation results are employed in
order to obtain the adjoint problem for the structural subproblem. In Section 4 we describe a partitioned
iterative scheme to solve the state FSI problem based on a Dirichlet-Neumann approach [7, 35]; then, we show
how to suitably modify this procedure in order to solve the (time backward) adjoint FSI problem. Moreover,
we introduce a steepest descent-like procedure based on the gradient method, in order to solve the shape
optimization problem numerically. Numerical results obtained through the proposed framework are shown
in Section 5, in order to assess both the theoretical results provided in the paper and the computational
performances of the proposed algorithm. We also report a comparison with the solution of the same problem
in a rigid geometry, for which existing results are available in literature.

2 Definition of the problem

We consider the flow of an unsteady incompressible viscous fluid in a domain Q(t) € R?, ¢t € [0,T). The
boundary portion I'(f) C 9€Q(t) is bounded by a thin deformable wall modeled by means of the Koiter
model; for this reason, the shape of the interface I'(¢) and of the domain Q(¢) are unknown and depend on
the interaction between the fluid and the structure itself. Moreover, we suppose that the portion 9Q(t)\ T'(¢)
is rigid, thus fixed in time. We also assume that structural displacements n are allowed only in vertical
direction, that is, n = (0,7)7. We also introduce a one-dimensional reference domain

Lo ={(z1,22) s 21 € (0,L), 22 = 220},
so that
(1) I'(t) = {(z1,22) : 21 € (0,L), 22 = 20 + n(z1,t)} =Too (I +nes), t>0,

where {e;};=1,2 denote the unit vectors of the canonical basis of R2. For the sake of notation, we set
I'(0) = Ty; in the same way, we denote by Q(0) = Qy the fluid domain at ¢ = 0. Thus, given a forcing
term f(t) € L?(Tg) for all t € (0,T), the structural displacement 1 = 7(-,t) is given by the solution of the
following one-dimensional structural problem:

& 9%n .
pshSﬁ—usaTc%+ﬁn:f(t) in Ty x (0,7)
(2) n(0,t) = n(L,t) =0 te (0,7)
0
U($170):£($1,0)=0 x el

being ps > 0, us > 0 and hg > 0 the density, the viscosity and the thickness of the solid structure, respec-
tively; the coefficient 8 > 0 depends on the physical and geometrical properties of the structure, too (see

e.g. [35]).

To describe the fluid flow, we consider the unsteady Stokes equations for an incompressible Newtonian
fluid. For the sake of simplicity, we focus on low Reynolds number flows (Re < 1), for which nonlinear
advective terms are neglected; nevertheless, extending the proposed framework for shape optimization the
case of Navier-Stokes equations (moderate Reynolds number flows) does not features extreme difficulties
concerning both the derivation of optimality conditions and the setting of a numerical approximation scheme.
To deal with the deformations of the fluid domain, we formulate Stokes equations following the so-called
ALE formalism; for this reason, we introduce a reference computational domain € and the so-called ALE
map

(3) A:QxRY 5 R?, x=A(x1),



which maps each point x € anto the corresponding point x of the current configuration §2(t), for any ¢ > 0.
Furthermore, we denote by A:(-) = A(-,t) and, for any function ¢ : Q(¢) x (0,T) — R, we define its ALE
time derivative as

dq d - . dq
4 =| == t)=— -V
being w : Q(t) x (0,T) — R? the domain deformation velocity and % the standard Eulerian time derivative.

Hence, the Stokes equations in the ALE reference coordinates read as follows:

0
pp—u —prw-Vu+Vp—purpAu=0 in Qp
ot |
V-u=0 in QT
u = u, on I';, x (0,T)
(5) o
—-pn+v— =0 on Iy x (0,7)
on
u=0 on I'y x (0,T)
ll|t:() = Up n QO

being u = u(x, t) the fluid velocity, p = p(x,t) the fluid pressure and Qr = Q(t) x (0,T) the space-temporal
cylinder where the fluid problem is defined.

In order to couple the structure problem (2) and the fluid problem (5), we prescribe some conditions at
the interface I'(t); in particular, we impose the continuity of the velocity and of the normal stress at the
interface, for any t € [0,T), as follows:

c €2,

on <
u|F(t = < oA, >
(6) ANCE r(t)

f= = (" pm)]g e

where n is the unit outward normal on I'(¢), 0¥ (u, p) = pr(Vu+ V7Tu) — pI is the Cauchy stress tensor re-
lated to the fluid and J = /1 + (9n/0z1)? is the Jacobian of the transformation from Eulerian coordinates
to Lagrangian ones.

We are now ready to formulate our shape optimization problem. Our goal is to determine the best
shape Q) of the domain € over a set of admissible shape O,4, such that the energy dissipated by the fluid
is minimized. To this aim, we assume that we can only optimize a portion I'y; C I’y of the bottom part
'y, € 99 of the boundary; we point out that the shape of this boundary portion is rigid, therefore it
can only be deformed during the shape optimization process. In an abstract form, we can write the shape
optimization problem as follows: find O € Q4 so that

(7) J(Q) = nin J(Q),

where the cost functional J(Q) = J(Q, u(f)) is given by

T
(3) @) =5 [ [ e axde
2 Jo Jaw
(u,p,n) = (u(),p(2),n(2)) solve the state FSI problem (2), (5), (6), and the set of admissible shapes
Oua C O is defined as follows:
(9) 0w ={Q€0:T;,, Ul UTqUT, \ T'py C 0N is fixed and Q] = Vp},

being Vy > 0 a prescribed volume. Following a common approach in shape optimization, we introduce
a (bounded, Lipschitz) reference domain €,.s, and we define the admissible shapes as the images of Qs
through the application of a perturbation of identity map. Thus, each admissible shape 2 € O can be written
as

(10) Q={xc¢€ R?:x= T(Xpef), Xpef € Qref} With T(Xref) = Xpep + 0(Xref)
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Figure 1: Graphical sketch of the interplay between shape optimization and the fluid-structure interaction. Admissible
shapes for )y are obtained from the reference domain ..y performing deformations under the form I + 6; during
the solution of the state FSI problem, the domain €2y undergoes geometrical deformations yielding the evolution
{Q), te[0,7)}

being 6 € W1°°(Q,.r;R?) a vector field such that ||0]|yy1. < 1; here W*P(Q,.cr;RY) = {v € (LP(Qes))? -
Dou; € LP(Qpep) Vi € {1,...,d}, VY|a| < k}, with 1 < p < 400, and the usual multi-index notation is
used. This property ensures that the map T = I 4+ 6 induces small deformations, and that also its inverse
is well-posed. Figure 1 shows the relationship between the different kinds of domain introduced so far. In
particular, the map T = I 4 0 transforms the reference domain €2,.¢ into the admissible shapes €}y, among
which € is the optimal one. Recall that the domains Q(t) are defined as a deformation of the initial domain
Qq, as a consequence of the interaction between the structure and the fluid flow. The optimal shape is thus
obtained by iteratively deforming the reference domain, until a suitable optimality criterion is fulfilled.

We can ensure the existence of (at least) one solution for the shape optimization problem presented in
this section, according to the following

Theorem 2.1. Let us consider the shape optimization problem (7)—(9), where (u,p,n) is a weak solution
of the state FSI problem (2)-(6), and let u;, € H%(I‘in;Rz) be a given inflow velocity profile. Then there
exists at least one optimal shape Q € Oqq solution of (7)—(9).

We do not report the proof of this result; this latter can be shown according to a central result of shape
optimization theory (see e.g. [20, 22]) that guarantees the existence of at least one optimal shape provided
(i) Oauq is sequentially compact in O, (ii) the state variables are continuous with respect to the domain
and (i) the cost functional J is lower semicontinuous. A similar proof for the case of unsteady Stokes
equations (without fluid-structure interaction) is reported in [4]. For the case at hand, the only difference
is the proof of the regularity of the solution of the FSI problem with respect to the domain, which can be
proven according to the results in [8, 34].

3 Optimality conditions

In this section we show how to derive a system of (first-order, necessary) optimality conditions exploiting
the Lagrange multipliers method, in the case of a shape optimization problem where the state variables are
solutions of a FSI problem. For a general introduction to the Lagrange multipliers method in optimal control
problems see, e.g., [24, 18]; a detailed characterization to the case of optimal design problems can be found
in [1, 11]. The general idea is to rewrite the problem under the form of a PDE-constrained optimization
problem, and to characterize its solution as the saddle points of a Lagrangian functional £. This latter is
obtained by introducing a set of Lagrange multipliers to penalize the cost functional with the constraints
given by the state equation under weak form, and related boundary and initial conditions. In order to define



the Lagrangian functional, let us introduce the following time-dependent functional spaces:
Xp(Q) ={v e Hf (At);R?) : vIr,, = win}
Vp(Q) = H'(0,T; (H*(Q(t)); R?) N X}) Vo(Q) = H'(0,T; (H*(Q(t)); R*) N Hy, r, (Qt); R?)
Qr(Q) = HY0,T; H (Q(1)) , Vs = H?(0,T5 H*(To) N Higy 11, (o)) -

To couple the weak formulation of the fluid problem and the structure model, we introduce the following
functional space which yields the continuity of the velocity through the interface I'(¢):

S(Q) = {(v,¥) € Vo(Q) x Vs s.t. v(t)|p@y = (o A7 )es Wt € (0,T)}.

Furthermore, let us denote by (v,v,q) € S(Q) x Qr(2) the Lagrangian multipliers (or adjoint variables)
corresponding to the state variables. Hence, we can define the following Lagrangian functional:
(11)

on 0
L(u,p,n; v, q,9; //Q [Vu| dxdt—/ / (pshsatzwwL s d w+ﬂ 1/)) day dt

—/ / (pp-v—pV-v—l—uFVu:Vv—qV~u>dxdt
0 Ja ot

—&-/OT/FD)\F-(u—uD) dadt—i—/ [)xsn] d?H-/L (/\%7)(0)4‘)\392;7(0)) dey,

where the Dirichlet boundary conditions and the initial conditions, defined in the state problem, are intro-
duced by means of the Lagrangian multipliers Ap, Ag, )\% e )\15 (for further details on this latter point, see
e.g. [1] and [3]). Here we have set

0 on Fb

I'p=T,uUly, and up = { w on T

In order to simplify the derivation of the optimality condition, it is convenient to integrate by parts the term
fOT fQ(t) (pp% . v) dx dt appearing in (11). Note that the domain Q(t) is time dependent, so that we need
to keep track of the boundary deformation velocity in the integration by parts formula, as follows:

/ / — -vdx dt = / / u- —dxdt
2 ot Q)

_/0 /m)(u.v)(uS . n)dgdt+/ﬂ(T) w(T) - v(T)dxdt — /QO up - v(0) dx dt ,

‘31’ on 1) es the velocity of the interface I'(t). Thus, the Lagrangian functional £ can be

(12)

being ug = (

(Equ)ivalently rewritten as follows:
13

L(a,p,n; v,q,9; Q / /Q()IVUIdedt / / (pshsatszr [is5— 1/} +B w) dxy dt
t

/ / ( pru - %—pv v+urVu:Vv—¢qV. u)dxdt
Q(t)

/ / Ar - (u—up) dcrdterF/ / u-v)(ug-n)dodt
I'p

—F/Q(T)um ()dx+pp/ﬂouo v()dx+/ sl dt

w7 (00 + 28 520 )

By deriving the Lagrangian functional (13) with respect to the adjoint variables (v, 1, q) and imposing
that these derivatives vanish, we obtain the weak formulation of the state problem (2)—-(6). By deriving £
with respect to the state variables, we recover the expression of the adjoint problem. Far from being a trivial
task for the case of the problem at hand, we show how to obtain the expression of the adjoint problem in
the following subsections.



3.1 Fluid adjoint problem

We now characterize the fluid adjoint problem. By deriving the Lagrangian with respect to the fluid variables
(u,p) and requiring that the resulting derivatives vanish for every variation (du,dp) € Vp(Q) x Qr(Q), we
obtain

oL r
< 5p> / SpV-vdxdt=0 Vop € Qr(Q),
op’ o Jaw

oL T
—,0u) = —« Au - 5udxdt+oz — -dudodt
Ju 0 Jat) o0(t) (“)n

/ / ( prou - — — ppéu- Av+Vq - 5u> dx dt — / / (MFaV - qn) dudo dt
(1) 5 290(t) 0

+pp/ / 6u-v)(u5-n)dadt+/ / Ap-dudodt=0 Vou € Vr(Q) ,
I'(?) T'p

from which we obtain the following strong form of the fluid adjoint problem:

a@t + pupAv — Vg =aAu in Qr
V v=0 in Qr
(15) v(T)=0 in Q(T)
v=0 onT'p x (0,T)
UF(vq)n:aa—u on L'y % (0,7);
) an ou b b

here (v, q) denote the fluid adjoint variables; note that (15) is an unsteady Stokes problem, backward in
time. To close the previous problem, we need to consider the following coupling conditions:

v=oA ey onT(t)x(0,T)
(16) pr(us -n)v — o' (v,qg)n = — g— on I'(t) x (0,7T)

Ar :JF(v,q)n—aa—z on I'p x (0,7,

yielding the continuity of the velocity, the expression of the normal stress at the interface and the expression
of the Lagrange multiplier Ar used to impose the boundary conditions on the velocity, respectively.

3.2 Solid adjoint problem

The procedure presented in the previous section in order to write the fluid adjoint problem cannot be
straightforward applied to derive the solid adjoint problem as well. As a matter of fact, unlike the fluid
variables (u, p), the structure displacement 7 directly affects the shape of the domain Q(t), given by

(17) Q(t) = {x e R? : x = A;(x0) where x € Qo}, vt € (0,7);
the ALE map (3) for the case at hand takes the following form:

A(x) = X+ n(z1,t)es on Iy
¢ Ext(x + n(x1,t)e2) otherwise.

Hence, we need to take into account the effect on the shape of the domain (t) causes by a perturbation
1 + pdn of the displacement, being p > 0 a positive real parameter. Correspondingly, we denote by

() = {Spe(x), x € QDY p>0

the deformed domain, where S, : Q(t) — Q,(t) is the map given by

{ X+ pdney on I'(¢)

Sp.(x) = Extou)(x +pdne) in Q) \T(t)



and Exto () denotes an harmonic extension of ¢ into Q(¢). We point out that it is always possible to
define a suitable field vector v € W (R?,R?) such as S,;(x) = I + py(x), being I the identity map.
Note that S, ; does not depend on the map chosen to describe shape deformations during the optimization
process. To characterize the expression of the solid adjoint problem, we can now require that

=0.
p=0

d
(18) (dpﬁ(um +p5n,p;v7w7q;9)>

By introducing the displacement perturbation I 4+ pdn, the integration domain appearing in the Lagrangian
functional (18) is the perturbed domain €, (t); since the fluid variables (u,p) are still defined on the domain
Q(t), we need to introduce a second map R = Sp + = I+ pv)~! and define a perturbed Lagrangian £,
to take into account the displacement perturbatlon and deal with properly defined variables, under the form
gp =goR, ;. Hereon we denote by W (D) a suitable Sobolev space — each time chosen so that integrals and
derivatives are well-defined — being D D (£y U ,). The perturbed Lagrangian functional £, is thus given

by
L o1, ;s v, ¥, q; ) = J,( ) dx dt — p) dz dt
) p(a,n+ pdn, p;v, ¥, q; Q2 o A/ﬂ(t X A/ z
T T
- / / 6(p) do dt / be(p) dt — | bs(p)dt — fr(p) — | Fs(p)do,
0 I, (t 0 0 To
where

T
:%/ / IV (u,)|? dx dt
0 JQ,(t)

represents the function cost J defined on the domain Q,(t), being u, =uoR, ¢;

ov,
G(p) = —pru, - 87,‘ —p,V-v,+urVu,: Vv, —¢q,V-u,

includes the weak formulation of the fluid state equation in the Lagrangian functional, defined on the
domain €,(t);

Mw ny W% 1 By + pSn)

is the term involving the solid state equations defined on the reference domain I'g = (0, L), where we
consider the displacement perturbation ;

m(p) = pshs

(20) 6(0) = —pr(up-v,) (W o (n +pan>1eg> -

includes the terms defined on the interface I',(t), being n” the unit outward normal on I',(t);

br(p) = _/ Arp(a, —up) do
I'p
represents the Dirichlet boundary condition of the fluid state problem, defined on I'p;

bs(p) = — [\s(n + pon)|E

results from the imposition of the Dirichlet boundary conditions of the solid state problem;

frto)= D) v D) 5= / oy vel0x

represents the initial and final contributes of the fluid state problem;



Fs(p) = ~X3(n-+ pon)(0) — 25 2L g

includes the initial and the final terms of the solid state problem.

In order to derive the Lagrangian functional £, with respect to the parameter p, we first recall two results
providing the derivative of the map R, ; and of a vector valued function of the form u, = uoR,; see e.g.
[33] for their proof:

Lemma 3.1. Let R, : Q(t) = Q,(t) be given by R, = (I+ p~v)~'; then

dR,+

dp -

p=0

Lemma 3.2. Let R, : Q(t) — Q,(t) be given by R, = (I+ p~v)~'; then

da,
dp

_d(uoR,;)

(21) 7

=—Vur~.

p=0 p=0

Since £, depends on the parameter p through the domain of integration as well, we take advantage of
the following general result of shape analysis to easily express the shape derivative of functionals defined
over parameter-dependent domains/boundaries; see, e.g., [33, 43| for the proof:

Theorem 3.1. Let Qy C R? be a bounded domain locally of class C?, Ty a portion of its boundary 0,
p >0 and define
Q,={xe RY : x = (I+ py)xo0, X0 € Qo},

I,={xeR? : x= I+ py)xo, xo0 € [o}.

(o)A
(22) 4 ( /. y<p>d0> - [ (v (10 + %) (r-w) i

where H =V - n is the mean curvature of I'y.

Then

y(p) dX>

dx + / y(0)(v - n)do,
p=0 990

p=0

A further result we have proved (see Appendix A) is required to derive the term involving the function
¢(p) defined in (20):

Lemma 3.3. Let ¢(p) be the function defined in (20), then the following identity holds:

d /T / T ou ov
— o(p)do = / / <~V+~u> -n)do dt
dp ( 0 JT,(t) (v) > ’po pr o Jre ot ot (v-mn)

+PF/O /F(t)[(u V)((Vr@n + N) ug) - y]do dt — pp /F(T)(u V)(T)(v - n)do

+pr /Fo (llo -V(O))(’Y . n)da + PF/O A(t) [(Vu'y) -V 4+ (Vv ’Y) . u] (uS . n)dU dt

being Vrn the tangential gradient of n = (n1,n2)T in T'(t) and N the diagonal matriz defined as follows:
N;; = n;0;;, where §;; denotes the Kronecker delta.



By using Theorem 3.1, Lemma 3.2 and Lemma 3.3, we can now calculate the derivative (1

Lagrangian functional with respect to the parameter p:

4L =Ao+ = // |Vul?(y dadt+pp// (u-v)(Wo-n)dodt
p=0 r'(t)

dp
/ / [ ppa u—pV-v4+purVu:Vv—-¢qV. u] (v -n)dodt
(t)

+/ V- (pr(u-v)ug)(vy - n)dodt
(23) I'(t)

—pF/ /I"(t) [(Vuy)-v+ (Vv7y)-u](us -n)dodt )

- / pe(a(T) V() y 0o+ pr [ (o ¥(0) - mider + [ Drstl;

2 o L
/ / (pshsaat(in gw 00 +ﬂ1/1> dxq dt+/0 (Agan(O) +Ag%

being
(24)

T T
AQ:—a/ Vu:V(Vu'y)dxdt—/ / PF [av-(VU'y)—l-u-a(VV’Y)] dxdt
o, Jae) Q(t) ot ot

8) of the

(0)> dz, .

/ V- (Vvy)+ (Vp-4)V- V]dxdt+up/ / V(Vvy):Vu+ Vv :V(Vuy)|dxdt
Q(t)

Q(t)

[(Vuv) v+ (Vvy)-u)(T )dx—pF/ ug - (Vv)(0) dx
Q(T) Qo

_/0 /1“ (Ar-(Vuy)+ (VApy) - (u—up)) dodt.

A further simplification of the term Ag is possible thanks to the following result, whose proof is reported

in Appendix B:
Lemma 3.4. Let Aq be the functional defined in (24),then the following identity holds:

AQ=/OT/F(t)<pF<us-n><u~<va> (Vuy)- dodt+// ) (Vvoy) do dt.

Thanks to this lemma, the expression of the derivative (23) of the Lagrangian functional is given by:

(25) o / / ) (at -v> (v mydade+ | (Asam )+ 2520 >) i,

Tk 926 o O T
—/ / (Pshs at;?i/)-i- S@il +51/)> 1dt+/ Nsdnlg dt
0 0 0

/ / Vu2(y - n) do dt — pF/ / uv)(Vron + N) ug) -~ do dt
I'(t) I(t)
L

Finally, by requiring that at the optimum this derivative is vanishing — so that condition (18) holds — yields

the following solid adjoint problem under strong form:

2 2
pshs G — s + A0 = ot) on Ty x (0.7)
(26) ¥(0,t) = ¢(L,t) =0 te (0,T)
w(l‘l,T):%(xl,T):o XEFo,

where g is defined as follows, for any ¢ € (0,7T):

(27) g(t) = ((;|Vu|2n2 — pr ((,;l; -v> ny — pr(u-v)((Vrn + N) ug) -ez)

I'(t)
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Problem (26) yields nothing but the expression of a linear Koiter model backward in time, for the adjoint
displacement . This problem depends on the solution (u,p,n) of the state FSI problem and on the fluid
adjoint variables (v, q). We also point out that the fluid and the solid adjoint problems are coupled, thanks
to conditions (16) and (27) which, similarly to the case of the state FSI problem, impose the continuity of
both velocity and stress, respectively, on the interface T'(¢).

3.3 Shape derivative of the cost functional

The last quantity to derive in order to set a system of first-order necessary optimality condition is the
shape derivative of the cost functional J (or, equivalently, of its shape gradient). Together with the state
and the adjoint problems, the shape gradient of J is indeed required to characterize the solution of the
shape optimization problem and, from a practical standpoint, to set up a descent method for its numerical
approximation.

According to the Lagrangian multipliers method, we can treat the state and the adjoint variables as
independent from the domain €2(¢) and, therefore, we can derive the Lagrangian functional £ with respect
to the shape in order to evaluate the shape derivative of the cost functional J. This is achieved by applying,
to the case at hand, two classical results of shape analysis, which we report for the sake of completeness (see,
e.g. [1] or [11] for the proof):

Theorem 3.2. Let Qo C R™ be a bounded domain locally of class C?, f € WHH(R"™) and g € WL(R™).
Then:

1. the functional J(2) = / f(x)dx is differentiable in Qy and
Q

7(9)(8) = /an @-n)fdo, ¥OeWL®(R"RY),

being n the unit outward normal on 0Q;

2. the functional J(Q2) = / g(x)do is differentiable in Qo and
a0

7(0)(6) = [

o 8n

where H =V - n denotes the mean curvature of 0.

(0 -n) (89 + Hg) do VO € WHoo(R™; R"),
Qo

Applying the results above, it is possible to calculate the derivative of the Lagrangian functional £ defined
by (11) with respect to the domain, evaluated at € in the direction of 8 € W>°(R? R?). Let us assume
that I'py C Ty is the only boundary portion on which we can act during the optimization process; then, the
admissible displacement fields are such that

(28) 0cO={0cW"(R*R?) : =0  on I\ Ty}

Thus, for any 8 € ©, the shape derivative of the cost functional J defined by (8) reads as follows:

J'(920)(0) = <§(§),0> = /OT /FM (HAF ~(u—up) + Or (8“_“”))> (6 - n)do dt

(29) "

T
0
+// <a|Vu|2+pFu~v—v-Vp—HmAu-v—i—qV-u)(B-n)dadt
o Jry \2 ot

By exploiting the boundary conditions of the state and adjoint problems — we have that u = v = 0 on
I, — and recalling the expression (16) of the Lagrange multiplier Ag, the shape derivative J'(£20)(0) takes
the following form:

7(00)(0) = /OT /FM (gwug N ((e"(v,q) r;; aVun) - u)) (0 -n) do dt

T T
= MF/ / (Vu:Vv)(0-n)dodt — 2 / / |Vul|*(0 - n)do dt.
0 Tar 2 0 T

11
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See, e.g., [4] for further details on how to recover (30) from (29).
Hence, we require that the optimal shape fulfills the following optimality condition (which is nothing but
the expression of a minimum principle for the shape optimization problem at hand):

J(Q)(8) >0 Voco.
We point out that, for a generic domain €2y, the shape derivative can be equivalently expressed as follow:

J'(Q0)(0) = (VJ(Q0), 0) where  VJ(p) = [[LFVU(Q()) 2 Vv(Q) — %|Vu(Qo)|2 n

being VJ = V.J(Q) the shape gradient of J evaluated at 9. As we will see in the following section,
evaluating this quantity (once the state and the adjoint problems have been solved) is a cornerstone in order
to setup a suitable descent method for the solution of the shape optimization problem.

4 Numerical approximation

In this section we describe a numerical procedure to approximate the shape optimization problem we have
analyzed so far, based on the system of optimality conditions we have derived. First, we recall how to solve
the state FSI problem relying on a Dirichlet-Neumann approach; then, we suitably modify this method
to tackle the solution of the adjoint problem backward in time; at last, we describe a steepest descent-like
method to address the optimization problem. We recall that we rely on an optimize-then-discretize approach,
thus discretizing (both in space and time) the system of optimality conditions derived so far. We first focus
on the time discretization with finite differences, then we provide some details about the spatial discretization
operated through a finite element method.

4.1 Numerical approximation of the FSI state problem

By exploiting the low dimension of the structural problem, it is possible to describe an efficient iterative
procedure (see Algorithm 1) to solve the FSI problem, where the coupling conditions are imposed at the
interface I'(t) through a Dirichlet-Neumann approach. In particular, at each time step, we solve iteratively,
until a suitable stopping criterion is satisfied,

- a fluid sub-problem where the velocity continuity on I'(¢) is imposed as a Dirichlet condition;
- a solid sub-problem where the stress continuity on I'(¢) is imposed as a Neumann condition.

Let us consider a partition of the time interval [0, 7] in N subintervals, being t" = nAt, n = 0,..., N,
At a fixed time step and tN = T. Then, let us denote by ¢g" the value of the function g(-,t) at t = t"
and by g; the value of the function g(-,t) at the j-th iteration of the FSI iterative scheme. Furthermore,
let us consider a suitable approximation of the reference solid domain I'g. For the time discretization, we
employ a first-order backward difference scheme for the structure and an Implicit Euler scheme for the fluid.
The numerical approximation of the state FSI problem is as follows. Given a fixed tolerance 7, an initial
displacement 1%, let us initialize the value of the displacement in the FSI iterative process as follows: 19 = n°.
Thus, for each time step j =1,..., N we need to (see Algorithm 1):

- given (u™,p”,n™), the configuration Q" = Q(t") whose boundary is I'"* = I'(t"), solve the fluid sub-
problem: find (u;,p;) such that:

n

u; —u )
PFJT —prw" - Vu; + Vp; —pupAu; =0 in Q7
V.ou; =0 in Q"
Mj—1 = 1"\ j-1 n
(31) u; = (() o A, ) - e onT
/ At n
u; = uj, on I';,
u; =0 on I,
ou.
—p;n" + V—azi =0 on oyt ;
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- solve the solid sub-problem: find 7}; such that:

i —2n" +n" ! Piy | pe
pshs e — Hs 922 + Bi; = f; on(0,L)
(32)
fi=—=J" (a(uj,pj)n")|.. - e on (0,L)

13(0) = 7;(L) = 0;
- update the structure according to a relaxation parameter v € (0,1), as follows:
(33) nj =0 + (1 =)nj-1;

- perform a convergence test: if |[n; — nj_1|/r2(0,) < 7, then set n™ ' =1; and u"*™! = u;; otherwise,
set 1 = j + 1 and go back to step 1.

At the end of each time step, the domain Q" is deformed into the domain Q"*!, by exploiting the weak
solution n™*! of the solid sub-problem. A schematic description of the whole procedure is provided in
Algorithm 1.

Input: a tolerance 7 and 7y
1: forn=1,...,N do

2: j—1

30 1Mo — L

4:  while ||n; —n;_1|| <7 do

5: (u;,p;) «— fluid sub-problem (31)

6: n; <— structural sub-problem (32)

L L O DUTESERN Il A
8: end while

9 (u",p" ") «— (u;,p;,7;)

10: QU «— AQ")
11: end for

Algorithm 1: State FSI problem solver

We point out that the fluid sub-problem (31) at ¢t = #"*! is solved in the fixed and known domain
Q".  Moreover, unlike the continuous formulation of the FSI problem, which is highly nonlinear because
of the coupling conditions and the definition of the domain €(¢), the fluid sub-problem (31) and the solid
sub-problem (32) are linear in their arguments. Furthermore, a really important step in Algorithm 1 is
represented by the relaxation step (33) for the structure updating. As a matter of fact, it can be proved
(see, e.g., [7, 15]) that there exists ¥ < 1, such as, for v < 7, the numerical procedure converges.

The procedure above can be easily modified in order to solve the adjoint FSI problem as well, by recalling
that (i) both the fluid and the solid adjoint problems are backward in time, with initial conditions at t = T,
and (i) the domains Q™ now are known by the solution of the state FSI problem. Hence, given a fixed
tolerance 7 > 0, the solution of the state problem at t" (u™,p™,n™; Q") and the solution of the adjoint
problem at t" 1 (vl g™+l pnF1) to solve the FSI adjoint problem at t", we need, for each j = 1,..., N,
to (see Algorithm 2):

- solve the fluid adjoint sub-problem: find (v}, g;) such that:

Vn+1 _ Vj " ) N
PR A7 Vg; + prAv; = aAu™ in Q
(34) V-v;=0 . in
v = (%'71 o A; ) . - €9 on I'"
v; =0 onl;, Ul
v
_ann + VaZi =0 on Fout 5
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- solve the solid adjoint sub-problem: find z/~1j such that:
pehg B2 A 9%
sns — Ms
(35) § AP a2
$;(0) =4(L) =0
being g; a suitable approximation of the forcing term g of the solid adjoint problem, defined in (27);

+BY;=g; on(0,L)

- update the structure according to a relazation parameter w € (0,1) as follows:
(36) Vi =wi;+ (1 —w)jir;

- perform a convergence test: if ||1); — wj—1HL2(0,L) < 7, then set ¢ = 9; and v" = v;; otherwise, set
j =7+ 1 and go back to step 1.

Input: a tolerance 7 and (u™,p™,n")Vn=20,...,N
1: forn=N-1,...,0do

2: j — 1

3 o — P!

4: while Hd)] - Q/Jj_lH <71 do

5: (vj,q;) «— fluid adjoint sub-problem (34)
6: 1; — structural adjoint sub-problem (35)
T U =wipj+ (1 —w)ja; je—j+1

8: end while

9: (Vn7qn71/)n) A (VjaLIjij)

10: end for

Algorithm 2: Adjoint FSI problem solver

Algorithms 1 and 2 provide the time approximation of the state and the adjoint equation, respectively. In
order to obtain the fully discrete solution, we consider a space approximation of these problems by means of
the Galerkin-Finite Element (FE) method; for the sake of simplicity, we limit ourselves to the state problem,
the treatment of the adjoint problem being indeed very similar. In particular, denoting by A the mesh size,
let us introduce two meshes 7;LF’”, 7;{5' , approximating respectively the fluid domain Q2™ and the solid domain
'y = (0, L) by nonoverlapping triangles or segment. Moreover, let us introduce the following FE spaces:

X = {vy € COQ%R?) : vy|gr € P, VKT € TP},

Vit ={an € COQ") s anlier € P, VKT € T L Zyn = {6 € C°(0,1) : &l s € By, VK € T,
being r,l,k the degrees of the polynomials approximating the variables u,p,n, and P, the space of the
polynomials with global degrees equal or lower than r. Finally, let us denote by VhF’” - Xf’"OVF (Qm),Qn C
YN Qr(QM), VS C ZF N Vs and V,fé" =X 5 N Vo(2%), in which homogeneous Dirichlet conditions
are imposed. By introducing the variables u, € VhF’", pn € Q7 and m, € V¥ approximating u;, Dj, T4
respectively, the Galerkin-FE approximation of problems (31), (32) read as follows:

e given the velocity w} of the computational domain and the solution uj evaluated in t", find uy, € VhF’n
and pp € Q} such that uj|p~ fulfills the Dirichlet boundary conditions in (31) and
(37)
u, —uy
PF/ hTth‘<Pth—PF/ (Wi - V)up] - ¢, dx

n

f/ phV'(pth+,uF/ Vuy : Vrdx =0 Ve, € V}f(")",

¢hV~uh dx V¢h < QZ,
Q‘IL

e given the approximation f;f“ of the forcing term f defined in the coupling condition (6), and the

numerical solutions 1} and n,’f*l, find 7, € V¥ such that n,(0) = n,(L) = 0 and
(38)

—2np + ! oy, O
pshs / T T ¢, day + ps / O O g+ 8 [ mnen das = / [Hende, Ve, € VS,
Ty At r, 071 011 o I

Further details about the algebraic formulation of these problems are provided in Appendix C.
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4.2 Numerical approximation of the optimization problem

We are now ready to combine all the methods described so far in order to set up a numerical procedure
for the solution of our shape optimization problem. To compute the optimal shape, we rely on a descent
method based on the shape gradient of the cost functional; see, e.g., [1, 20] for further details. In particular,
let us denote by ¢(®) the value of the generic function g(+) evaluated at the k-th iteration of the optimization
scheme. Thus, starting from an initial configuration Q) of the domain, at each step k = 0,1,... of the
descent algorithm we need to:

1. solve the state problem, by setting Q(0) = Q%) to compute yglk) = (uglk),pglk), n,(lk));

2. evaluate the cost functional Jj,(Q*)) = J(Q(k),ygc));

3. solve the adjoint problem to compute sz) = (vék), qék), ;Lk));

4. evaluate the shape gradient V.J,(Q*)) = VJ(Q(k),yELk), zglk)) of the cost functional;
5. update the shape of the domain and obtain Q*+1),

until a suitable stop criterion is satisfied; a possible choice is to require the difference between two subsequent
values of the cost functional to be under a small, fixed tolerance 7 > 0. Concerning the shape update, let us
we recall that, thanks to the Hadamard’s Structure Theorem (see, e.g., [11]), the shape gradient VJ can be
expressed as

VJ = g(@lry, n

being I'p; C T'y the only boundary portion on which we can act during the optimization process. Thus,
similarly to the steepest descent method for finite-dimensional optimization, we can in principle deform the
boundary of Q*) to obtain Q**1 as

(39) QD — T QW) = (T4 a,0:)(QP) ,  where 6, = — g(QF)n*) |

being n®) the unit outward normal on Q") and «a; a suitable (small) step size; this techniques usually
goes under the name of local boundary variation (LBV). The definition of the displacement 8y can be easily
extended to the whole domain Q(*), through an harmonic extension (or Dirichlet-to-Neumann map) [1, 2]
in order to prevent lack of regularity of the deformation map. To deal with the volume constraint in (9) we
introduce a suitable Lagrange multiplier I(*) € R, following the approach introduced in [2]. Hence, at the
k—th iteration, the descent direction in the gradient method is given by

J(QR)(61) + 10 v/(QR)(8y),

being V' (€2)(0) the shape derivative of the volume || of the generic domain €2, evaluated in the direction of
0. The Lagrange multiplier I(%) is selected by imposing the volume constraint (at least in the average sense)
on the optimal domain, and it is updated according to the following rule:

Je=1) _ 7D —(k—1) frg’;*” 9()do

1) — Q=D _ v ith I =
5 + «( |=V) wi fonds
M

being V the reference domain volume and € > 0 a chosen parameter.

For the case at hand, we exploit instead a NURBS Free Form Deformation (FFD) map [27, 39, 40] to
handle domain deformations by dealing with a small number of design variables, instead than the whole set
of nodes lying on the boundary to be deformed. Then, the deformation is extended to the whole domain
through an interpolation with B-splines functions. The following subsection is devoted to the description of
the NURBS-FFD map; the whole procedure for the solution of the shape optimization problem at hand is
sketched in Algorithm 3.

4.3 Free Form Deformation map based on NURBS

Deformation techniques based on FFD maps are often used in shape optimization problems for their low
dimensionality: indeed, a FFD map yields a deformation for the whole domain by interpolating the dis-
placement of a small set of control points. Such a map is defined on a bounding box (e.g., a rectangle or
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Input: reference domain Q(O), Jnew = J(O), tolerance 7 > 0
1: k<+—0
2: while |Jnew — old| <7 do
3: Jold — Jnew
4 solve the FSI state problem; evaluate the cost functional Jye,, = J (Q(k))
5:  solve the FSI adjoint problem
6:  evaluate the gradient of the cost functional V.J(22(*)) according to (30) on each design variables
7. Q0D F(Q®) according to the NURBS-FFD map (see Sect. 4.3); k «— k41
8: end while

Algorithm 3: Steepest descent method for shape optimization

a parallelepiped in two or three dimensions, respectively), including the shape being deformed; this allows
to solve shape optimization involving involved geometries, too. In the last decades, many extensions of the
FFD map originally introduced in [42] have been proposed; we focus on the the FFD map based on NURBS
that combines the low dimensionality given by FFD with a major regularity and flexibility typical of the
NURBS representation. See e.g. [31] for further details about the use of FFD maps in shape optimization.

The FFD map based on NURBS (Non-Uniform Rational B-Splines) is different from the classic one for
the types of polynomials used in the deformation process (B-Splines instead of Bernstein polynomials) and
for the chance to define a set of control points freely within the bounding box, rather than on a tensor
lattice as in the classical FFD map. Besides the small dimension of the design variables set, FFD-based
deformations allow to preserve the regularity of the domain boundary better than the LBV method. Our
NURBS-FFD algorithm to handle shape deformations proceeds as follows:

1. initialization: we first introduce an initial bounding bor parametrized with suitable B-Splines. In
particular, given a grid of control points {P; j}i=1,  nj=1,..m € R2 and two knot vectors U € R™ and

V € R™, it is possible to define a NURBS surface S(u,v) as follows:
n m

S(u,v) =D > Nip(u)Njo(v)Pi,
i=1j=1

where N; ,(u), Nj,(v) represent the B-Spline bases® of degree p (resp. ¢) related to the knot vector
U (resp. V), see e.g. [37] for further details. Furthermore, given the deformation d; ; of the control
point P; ;, we define the deformation of a generic point p = (%, ) € S as follows:

m

(40) F(p)=p+ Y Y Nip(@)N;4(0)d; ;.

i=1 j=1

The nodes and the control points of the NURBS surface are such that (40) results in the identity map
when zero displacement is imposed over the volume; see e.g. [39] for the detailed description of the
strategy adopted to individuate the position of the nodes and the control points;

2. displacement definition: we introduce a set of design variables {ps}s=1,.. 4, With ps = (us,vs), on
which we define a desired deformation, by imposing that {ps}s=1,...4 are moved to {qs}s=1,.. 4 under
the action of the map F. Thus, we need to find a deformation expressed under the form (40), in order
the Euclidean distance between F(ps) and qs to be minimized. To this aim, we apply an iterative
procedure in which the deformation of the point ps at the iteration ¢ reads as

IThe basis N of grade 0 is defined as follows:

_ 1 ifu; <u<Luip
Nio(u) = { 0 otherwise,
being u; the knots in the vector U. The basis N; , are defined recursively through the Cox-de Boor formula as
u— u; u; 1—u
Nip(w) = ————Nip1(u) + — Ny 1 (u).
Uitp — Uj Witp+1 = Uit1
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Figure 2: Test cases 1, 2 and 3. Reference configuration used as starting point of the optimization process.

n m

F(t)(pS) = F(t_l)(pS) + Z Z Nip(us)Njq(vs) dg,tg)

i=1 j=1

To define a FFD map it is sufficient to describe its effects over the control points used to parametrize
the NURBS initial volume; therefore, the minimization problem above is equivalent to find the vector
d® of control points displacements by solving the following least-squares problem (see [40] for further
details about the computational procedure):
d n m 2
d® = argmin Y {1 (Nip(us) Njg(vs) X4,5) — (@5 = F D (py))|
xX€R™MXM 1 ||i=1 j=1 )
3. deformation: by using the position d;; of the displaced control points P;; found at the previous
step, we can finally apply the evaluate the action of the map F(-) defined in (40) on each node of the
computational mesh 2, and therefore obtain the deformed domain F(2).

5 Numerical results

We now show some numerical results obtained on simplified two-dimensional geometries. The goal of the
proposed test cases is threefold, since we want (i) to verify the feasibility of the proposed algorithm; (i)
to compare the optimal shape of a simple structure in presence of FSI with the results obtained for a rigid
geometry, showing that we recover the results of the rigid case as the stiffness of the structure increases; (i)
to show the effectiveness of the adjoint-based procedure in the optimization framework.

Let us consider the two-dimensional reference domain 2y shown in Figure 2, discretized with a computa-
tional mesh made by 2313 nodes, as fluid domain, and the one-dimensional domain 'y = (0, L) approximated
with 240 nodes. The portion I'y; C I’y is the portion of the boundary on which we can act for the sake of
optimization. Concerning the time discretization, we subdivide the time interval (0,0.03s) with a time step
At = 0.001s. To deform the fluid reference domain we use a NURBS-FFD map with an initial FFD volume
described with 40 x 10 control points and B-splines with order 2 in each dimension x1,x2. To define the
deformation, we introduce 100 design variables lying on the boundary I'j; of the reference domain, which
can be displaced along the vertical direction.

Geometrical and physical parameters (for both the fluid and the structure) are chosen according to
typical values of fluid and structural properties in haemodynamical applications — such has blood density
and viscosity, arterial wall Young modulus, etc. — according to the motivation that has inspired this work;
their values are listed in Table 1. Regarding the inflow boundary condition of the fluid problem, given a
maximum velocity U, = 75 cm/s the inlet velocity profile u;, takes the form

dumaz Yy
0 for ¢ > 0.01s,

being R = 0.5 c¢m the length of the inlet T';,.

5.1 Test case 1

As first test case, we compare the optimal shapes obtained with (i) the proposed procedure based on the
NURBS-FFD map and (i) the LBV method. Although the value of the cost functional at the optimum
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Geometrical parameters

Domain radius R 0.5 cm
Domain length L 6 cm
Fluid parameters
Density PF 1 gem ™3
Viscosity Wr 0.63 P
Structural parameters
Density ps 1.1 gem ™3
Thickness hg 0.1 cm
Viscosity us  2.5-10% P
Reaction coefficient 3 4-10°  dynem™3
Young modulus E 0.75-10% dynem™?2
Poisson coefficient v 0.5 -

Table 1: Physical and geometrical parameters in the FSI problem.

is indeed very similar — J(QFFD) = 44.953 in the NURBS-FFD case vs. J(QLBV) = 44.956 in LBV case,
starting from an initial shape for which J(€2y) = 46.364 — the optimal domain obtained with the two methods
are quite different.

As shown in Fig. 3, the boundary of the shape deformed by the NURBS-FFD map results more regular
than the one obtained with the LBV method, although the number of design variables in this latter case is
twice as large as the one in the former. Moreover, the algorithm based on the NURBS-FFD map converges in
16 iterations, whereas the one based on the LBV method takes 30 iterations to reach the optimum. For these
reasons, in the following test case we rely on the NURBS-FFD map in order to handle domain deformations
during the optimization process.

0.14 0.14

(a) NURBS-FFD map (b) LBV method

Figure 3: Inferior boundary of the optimal shape, varying the domain updating method.

In Figure 4 and 5 the fluid velocity and pressure at different time-steps, in the reference domain 2y and
in the optimal configuration, are shown.

5.2 Test case 2

In the second test case, starting from the initial configuration already considered in test case 1, we compare
the optimal shape Q rs1 obtained in the case of a deformable structure — whose wall indeed moves under the
effect of the fluid flow — with the one, {0g, obtained by considering a rigid structure; in this latter case, we
set the Dirichlet condition u = 0 on the interface I'(¢) in the fluid equations. In Figure 6, the optimal shapes
obtained in these two scenarios are shown; even if we are dealing with a linear Stokes flow, the difference
between the optimal shapes obtained in these two cases is not negligible. By evaluating the solution of the
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Figure 4: Fluid velocity at different time-steps (from top to bottom: ¢ = 0.005,0.01,0.015,0.02) in the reference (left)
and the optimal (right) domain.
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(left) and the optimal (right) domain.



FSI problem in the two optimal configurations, we obtain that 44.956 = J(Qpgr) < J(Qg) = 44.988. From a
computational point of view, dealing with a deformable structure entails a CPU cost which is more than 50%
higher with respect to the case of a rigid structure: each iteration of the optimization procedure takes about
120 s in the rigid case and about 210 s in the FSI case with a Intel Premium P6100 processor with 2.00 GHz
of clock speed and 4GB RAM. Furthermore, we can show (see Figure 7) that the optimal shape obtained
in the rigid case can be obtained as the limit of the optimal shapes in presence of FSI, when increasing the
stiffness of the wall. In fact, the higher the value of the Young modulus F, the closer the optimal shape to
the one obtained in the case of a rigid wall.

0.14 T T 0.14 T
Undeformed Domain -------- E=0.75e6
FSI E=1.15e6
Stokes E=1.5e6
0.12 0.12 Stokes

0.1
0.08
0.06 0.06
0.04 0.04

0.02 0.02

Figure 6: Optimal shapes obtained in the FSI case (in  Figure 7: Optimal shape obtained for different values of
blue) and the case of a rigid structure (in red). the Young Modulus E.

5.3 Test case 3

As seen in Sect. 3.2, dealing with the adjoint problem for the structure (26) is a difficult matter, for the
sake of both its derivation and its numerical approximation. For this reason, we compare the optimal shape
obtained by relying on the solution of an adjoint problem for both the fluid and the structure, with the one
obtained by considering only the fluid adjoint problem. We report in Figure 8 the results obtained with
an adjoint-free method, in which the full FSI state problem (2), (5), (6) is solved, whereas the only fluid
adjoint problem (15) is considered: the optimal configurations in these two cases are clearly different, thus
indicating that each optimality condition is indeed important; the adjoint-based procedure thus cannot avoid
to include the structural adjoint problem.

0.14 T

'FS
Only Fluid Adjoint
Stokes

Figure 8: Optimal shape obtained with the adjoint-free method (in red), the adjoint-based method involving the
solution of the structural adjoint problem (in blue) and assuming that the structure is rigid (in black).
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5.4 Test case 4

In this last test case, we show the results obtained by considering as initial configuration in the optimization
process the one described in Figure 9, that is, by assuming (unlike the previous tests) that the whole inferior
boundary domain can be deformed for the sake of optimal design. In Figure 10 we report the optimal
shapes obtained by admitting that the whole inferior boundary can be optimized, either in the FSI case
or by considering a rigid wall. Note that for z € (1.5,4.5) the optimal profile resembles the one shown in
Figure (6), where only the portion of the lower boundary with « € (1.5,4.5) was optimized. Close to those
points where the reference domain is not C!, also the optimal shape shows less regularity; such a behavior
is a well-known problem (see e.g. [37]) in the application of the NURBS-FFD map e.g. for the sake of
optimal shape design. Nevertheless, the enlargement of the sections of the optimal domain close to the inlet
boundary can be found in similar results obtained when dealing with shape optimization problems of Stokes
flows with rigid domains, see e.g. [17]. Regarding the decrease of the cost functional, a better result is
obtained (as expected) when allowing the whole lower boundary to be deformed. In the FSI case, the cost
functional evaluated in the optimal shape is equal to J (Q) = 42.228, a much smaller value than the one
(44.956) obtained when only the central portion of the lower boundary could be deformed.

Ty

rin QO Faut

Figure 9: Test case 4. Reference configuration used as starting point of the optimization process.

Finally, in order to show that the lack of regularity was induced by the local C° regularity of the reference
configuration, we investigate the regularity of an optimal configuration obtained by considering a reference
domain with a C'* lower boundary. By solving the shape optimization problem in the FSI case and imposing
that the whole lower boundary can be deformed, we obtain the optimal shape reported in Figure 11, which
preserves the regularity of the initial one; the cost functional in this case decreases from the initial value

J(Qp) = 42.45 to the optimal value J(£2) = 40.92.

0.1

0.05

-0.05

-0.1

015 . . . . I 015 L . . . I
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Figure 10: Optimal shapes obtained in the FSI case (in Figure 11: Optimal shapes obtained in the FSI case by

blue) and with a rigid structure (in red) by considering considering as initial configuration a reference domain
as initial configuration the one in Figure 2, where the in which the lower boundary (dashed) is globally C*,
whole bottom boundary I'g U I'ys is subject to design. and the whole bottom boundary is subject to design.
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6 Conclusions

In this paper we have developed an adjoint-based method for the numerical approximation of shape opti-
mization problems in presence of fluid-structure interaction. In particular, we have characterized the optimal
solution as the saddle point of a suitable Lagrangian functional, showing how to derive a system of first-
order necessary optimality conditions, where the most difficult task is the recovery of a suitable solid adjoint
problem for the structural subproblem. The procedure described to address the difficulties arising from the
FSI coupling is fairly general, although we have focused on unsteady Stokes flows for the sake of simplicity.

Based on this optimality system, we have implemented a numerical solver for the shape optimization
problem, involving a Dirichlet-Neumann approach for solving the state FSI problem. An additional difficulty
tackled in this work is given by the numerical solution of the adjoint FSI problem, for which only few results
are indeed available in literature. We have implemented an efficient solver of the adjoint FSI problem taking
advantage of the numerical scheme used for the state FSI problem. Finally, we have exploited a steepest
descent-like method for the sake of numerical optimization, where the optimal structural configuration is
obtained by taking advantage, at each step, of the shape gradient of the cost functional. To deal with domain
deformations efficiently, we have implemented an algorithm based on the NURBS Free Form Deformation
map, which ensures higher boundary regularity of each deformed domain, as well as a faster convergence to
the optimum than the local boundary variation method.

We have tested the proposed procedure by performing a sensitivity analysis with respect to the elastic
parameter of the structure, showing that the stiffer the material, the closer the optimal shape to the one
obtained by considering a rigid structure. Finally, we showed the importance of the solution of the structural
adjoint problem, by comparing our results obtained with those obtained through an adjoint-free method.
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Proof of Lemma 3.3

In this Appendix we prove Lemma 3.3, yielding the expression of the derivative

d T
(42) ch </0 /Fp(t) o(p)do dt> »
being
(43 o0) = =prtupvy) (P o 4 pon) e ) .
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We recall some results (see, e.g., [33] for their proof) useful to evaluate the expression above:
Lemma A.1. Let Qy C R? be a fized domain and Iy a subset of its boundary 0. Let us denote
T,={xeR? : x= I+ py)xo0, X0 € '},
where v € WH°(R™;R™) and let E(p) be a field vector defined on D with D > (IgUT,), then the following

identity holds:
d / OE
el E(p) - n’do — / o=
dp<rﬁ v >| F<app—0

being n” the unit outward normal on T,.

Lemma A.2. Letn € H*(0,T; H*(L'(t))), then:

d (9(n+ pén) 1
dp< 5 ©(n+pon)

-n + divE (v - n)) dt.

p=0

(44) WO =

_Anon") [/
p=062— 5 e; —V 5 on e | 7.

Lemma A.3. Let F be a vector field defined on the domain D such as Q(t) C D ¥Vt > 0; then the following

idenitz’ty holds:
577 0 77 )
(45) F eydodt = — (divpyus) F — VF ug |- ydodt + F~do
r(t) I"(t) T(t)

We are now ready to prove Lemma 3.3.

T

0

Proof. We first point out that the term ¢(p) can be written in the form ¢(p) = E(p) - n?, where E(p) is

defined as follows: a( o)
1+ pon _
E(p) = —pr(u, - v)) (atp o (n+ pdn) 1) e .

Thus, by using the Lemma A.1 and the Lemma A.2, the derivative (42) reads:

T
4 / o(p)dodt :—pp/ / u-v)(Wy-n)dodt
dp \Jo Jr,u ()

+pr / / (Vuy) v+ (Vvy) - u (us - n)do dt

—pF/ / [V(u-v) -us+ (u-v)divug|(y-n)dodt.
0o Jre

The expression above can be simplified again by recalling the definition of the term W and by suitably
erasing the time derivative of the variation é7. Thus, by setting F = ps(u - v)n in Lemma A.3, we have:

d T T du v
— dod = —. = -n)dod
i ([ ] o) o] < v Gy )

+pF// ) us) -y — V(u-v)(y - m)do dt
e [ o V)(T)(y - n)do + pr /F0<uo-v<o>><~/~n>do

+pp/0 /F(t) [(Vuv) v+ (Vvy)-u](us - n)dodt.

We now seck to semplify the term (V((u-v)n)ug) -~ — V(u-v)(y-n). For the ease of the reader, let
us denote f = (u-v), ug = (0,u5)” and n = (n1,n2)7; then, the following identities hold:

pr(Vf-us)(y-n)= PFg&? ug N2,

dy
o o o
pr(V(fn)us) -~y =pr (QZZ)US on = pr (aﬁng + 822f> us o1,
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We now subtract the two equations above and we recall that the tangential gradient of the unit normal n is
given by
Vp(t)n =Vn—-N

being N the matrix defined as N;; = n;0; ;. Thus, we have:
(V((u-v)n)ug)-v—V(u-v)(v-n) =pp(u-v)(Vrepn+N) ug) - v,

which concludes the proof of the lemma. O

B Proof of Lemma 3.4

The proof of Lemma 3.4 is based on the so-called shape derivative kernel identity (see, e.g., Lemma 8.14,
[33]), which for the case at hand reads as follows:

Lemma B.1. Let (u,p,v, ¢,Ar) € Vr(Q) x Qr() x Vo(Q) x Qr(Q) x L2(0,T; H'(R?)) be a saddle point
of the Lagrangian functional L defined in (13). Then the following identity holds:

/ / Vu: V(Vu~y) dxdt+pp/ / (vm a(v”))dxdt
) ot at

+/ / (pdiv(Vvay) + qdiv(Vu=)) dxdt — up/ (Vu:V(Vvy)+ V(Vuy) : Vv) dxdt
o Jaw Q(t)

—pp/ (Vav) -v+u- (Vva))(T) alx—kpp/Q ug - (Vv(0)~)dx

+pp/ / (usg-n)(u-(Vvy)+ (Vuy) - -v)dodt
I'(t)

+/ [ Ar-(vu) // Yn) - (Vv y)do dt

/ / ((Vp-~)divv+ (Vq-v)divu) dxdt—i—/ / (VAFpv) - (u—up)dodt =0.
Q(t)

Proof. (of Lemma B.1) Let us define a Lagrangian functional £? as we did for the Lagrangian functional £ in
(13), except for the fact that in £ we consider test functions (v,v) € V5(£2) x Vs and therefore discontinuous
on I'(t), note that in £ test functions (v, ) € S(Q) are chosen to be continuous on the interface I'(¢). Hence,
the Lagrangian functional £¢ assumes the following form:

T
Ed(um,p;v,d),q;Q) = ﬁ(U,WaPEWdJaq;Q) +/ /( (UF(uap) n) : (V - 1/) © 777192) dO’dt,
0 T(t

where £ is the Lagrangian functional defined in (13). Since by assumption (u,p,v, q) is a saddle point of
the Lagrangian functional £, the following identity yields:

(47) oL (5u,8p,6v, 8¢, 6AF) ) = 0
a(u>p7V7QaAF)’ P o " B

Since (47) is fulfilled for any (du,dp, v, 6qdAr) € Vr(Q) x Qr() x Vo(Q) x Qr(Q) x L2(0,T; H (R?)),
we can select the following perturbations:

du=Vu~, ov=Vvy,
dop=Vp-v, d0q=Vgq-v,
(48) OAR ZV)\F’)’.

Hence, computing the derivative (47) of the Lagrangian functional £¢ in the direction (48), and exploiting
the continuity of the test functions enforced through the choice of the functional space S(€2), we obtain the
shape derivative kernel identity (46). This concludes the proof of Lemma B.1. O
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Lemma B.1 allows to prove Lemma 3.4. As a matter of fact, by summing up the expression of the
functional Agq given in (24) and the shape derivative kernel identity stated in (46), we obtain the following
identity:

AQ:/OT/F(t)<pF<us~n><u-<vVv> (Vu)- dodt+// Ym) - (V) dodi.

which indeed proves Lemma 3.4.

C Algebraic formulation of the Galerkin problem

The algebraic formulation of the Galerkin approximation of the fluid sub-problem (37) and the solid sub-
problem (38) in the state equation of the FSI process is briefly sketched in this Appendix. Firstly, let us

denote by {goJ }] 1 19 }j s {cpJ }Nsl the Lagrangian bases of the spaces V " Q1 and V%, respectively,
and express the spatial approximation of uy, pp, 7, as

Ng Nq Ns
x) = ZUiSOf(X), pr(x) = ZPiqSi(x), nr(x) = ZAigpf(x),

respectively. By introducing the following matrices:

(AT, :MF/Q V! : V] dx, (MF)ij:PF/Q @i -] dx,

B)y = [ & dive, dx, (T)i; = pr / (W) V)ef] - o dx,

Qn
0P 057 s / S, S
—- dz M»);; = > pPdxy,
ro 32 82 X1, ( )] Ty Pi %0_7 Z1
we can rewrite the Galerkin approximation of the fluid sub-problem (31)as the following linear system
aMF-T+A" BT |[U]_[ gmMU”
B 0 P 0 '

Similarly, the Galerkin solid sub-problem (32) can be equivalently rewritten as

pshs s s S Pshsyrsan  PSPSy rsan— 1
[(AtQ +5)M +A}A F +2A2MA _A2MA

(A®)ij = ps

where

(Fs)j = . fh(pjsdl'l.
0

Similar results yields for the Galerkin approximation of the fluid sub-problem (34) and the solid sub-problem
(35) in the numerical scheme to iteratively solve the adjoint FSI problem.

D Numerical definition of the domain deformation velocity

Here we provide further details about the way the Eulerian velocity w" of the domain Q" can be numerically
approximated. We recall that the velocity w of a domain deformed via an ALE map A; can be expressed
as follows: -

0A,;

ot
For the case at hand, the deformation of the domain — and, as a consequence, the definition of the ALE map
— is given by the vertical displacement of the solid structure on the boundary I'(t), as shown in (1). Hence,
the following identity yields:

w(-,t) = oA, t>0.

w=(u-ez)es on I'(¢).

To extend w = w(t), for any ¢ € (0,T), to the interior of the domain Q(¢), we can compute an harmonic
extension by solving (e.g. through the FE method) the following problem:

—Aw =0 in Q(¢)
w=(u-ez)ey sull(t)
w=0 su 0Q(t) \T'(¢t) .

Finally, w can be used to solve the fluid equation (31) in the state problem.
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