Shape and topology optimization for piezo-
mechanic-acoustic couplings

Gunter Leugering, Andre Novotny, Gustavo Perla-Menzala and Jan
Sokolowski (for the shape part), Bansch, Kaltenbacher, Wein, Schury, Stingl
(SIMP-part)

Shape sensitivity analysis of a quasi-electrostatic piezoelectric system in
multilayered media

Mathematical Methods in the Applied Sciences, 2010, 33, 2118-2131 and AMO 2011
Optimization of Electro-mechanical Smart Structures
International Series of Numerical Mathematics, Vol. 160, 487-505

2011 Springer Basel AG

On the effect of self-penalization of piezoelectric composites in topology
optimization
Structural and Multidisciplinary Optimization, 2011, 43, 405-417

Benasque, 2.09.2011 Friedrich-Alexander-Universitit

A =mm ENGINEERING I
E i OF ADVAMCED Erlangen-Niirnberg
MATERIALS NG




Geometries

acoustic chambers
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Numerical realization

Objectives are e.g.

» change the topology of the piezo-patch such that the
pressure in the acoustic chmaber is maximized

» use classical methods like SIMP for the Helmholtz problem

e use shape sensitivity calculus for the transient problem
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The coupled system

[ Seu—ADp = f in Q4 x(0,T
Wit — divS = g n QM X (0, T)
< uy — dive = h P
\ _divp = 0 } in QY x(0,7T)
S(w) = Ae(w),
o(u,q) = (u) — Pe(q) ,
U(u,q) = Ple(u)+ De(q),

2 2
AiitaXij X > ao X, CijnaYijYa > coYis, Dijzizy > doz?,
J J J

1
—(Vw+Vw') and e(q) =—-Vq,

Vut+Vu'), e(w)= Viw:= 2(

Friedrich-Alexander-Universitit
Erlangen-Niirnberg R

736
& 5
S




Initial-, boundary- and transmission conditions

Initial conditions

and boundary conditions

. —_— 8 1
{wz _ 8 on 'y x (0,7, a—i:_E@tOHF3X(O’T)’

Finally, we consider the following transmission conditions

u o= w Oy
on = Sn onlyx(0,7) and Wt = 75, onTy x (0,7),
q = qP Sn — —@PtNn
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Shape functions

We consider a shape functional of the form

T
Jn(wt,w)=/ Ja(pi, w) ,
0

with Jo (¢, w) defined as

1

Jalpww)=ag [ (o= =5 [ (@ivwn+w-va),
0A QM

1 N
JQ(@t,w)=a§/ (@t—p)Q—ﬁ w-n,
OA s
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Weak solutions and spaces

aa(p,p) = (Vo,Vp)qaa,
ay (w,w) = (AV:w,Viw)qwm ,
apyy(u,u) = (CVu, Viu)gr ,
app(¢:q9) = (DVq,Vgqr,
avp(u,q) = (P'V°u,Vq)gr,
apy(q,u) = (PVq,Viu)gr ,

and spaces
Wa = H'(QY), War = [H'(Q")]?, Wp = [HY(Q")]?, Wi = H'(Q"),
as well as

W = {(p,w,u,q)(t) € Wa x Wy x Wp x Wg :
u=0onTy,w=wuonT;and g=¢"(t) on Ty, for each t € (0,7},

W o= {(g,w,u,q) € Wa X Wy X Wp X Wg :
u=0onTp,w=uonTyandg=0onTl,}.
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Variation of densities: SIMP

e We introduce a pseudodensity p, s.t. p. < p(x) < 1, we then premultiply the
bilinear forms arp,apy,ane by u(p) = p° (typically)

e We do not consider here the infinite-dimensional setting and rather discretize
using FE

e On the FE-level we have for each FE such a pseudo-densitiy p.,e =1,..., N

e Obtain new local and then global stiffness and mass matrices for the piezo,
the mechanics and the coupling parts.

e Use the engineering approach of structural damping (Rayleigh)

'51("“:} - K + j*—‘-r:C —_ LL’EP"I H_nd Ci = C['K'K —|— Q'ﬂffl,.f_
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Optimal topologies for several frequencies

Objective for Velocity
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Variation of the domain

The perturbed domain is denoted as
Q ={z, Rz, =x+7V,2€Q, 7>0},

Perturbations of the boundary I'y of the electromechanical device and of the
interface I'y between the mechanical and electromechanical devices.

V:OODPQUFSZSQA.

The shape functional defined in the perturbed domain reads

T
j(ZT (@T,taw’r) :/ JQT (@T,tawT) .
0
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Material and shape derivatives

In this section the normal component
vy, =V -n

of the velocity vector field is nonnull only on the boundary I'y and on the
interface I'y. It means that only I'g and I'y are perturbed by an action of the
shape velocity field V.

We have the following relation between material and shape derivatives, since
in general case the material derivative of a function £ can be written as

E=¢ +(VE V). (1)
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Shape derivative

The shape derivatives satisfy

|
o
=
o,
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X
=
=3

(gAY =
wh, —divS’ = 0 in QM x(0,7)
uy, — dive’ =

—divy)’
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and nonhomogeneous boundary and interface conditions obtained from
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BCson 1y

The homogeneous Dirichlet boundary condition for the displacement field
u = 0 leads to
, ou ou

U =—%V n=—Uno onTy x (0,7), (1)

The homogeneous Dirichlet boundary condition for the normal component
of the vector field ¢ written in the form v, (x,) - n.(z;) =0,

V' -n+wv,n-DY-n—1Yr-Vrv, =00nTy x (0,7), (2)

where we denote by ¢r := 1 — (¥ - n)n the tangential component of the
field ) on the moving boundary I'g x (0,7)

The third condition on ¢ remains for ¢’ since the boundary I's x (0,7") is
independent of the shape parameter 7.
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Transmission conditions on 1’4

e The transmission condition for displacement fields u = w leads to

0 0
u’—|—vn8—z :w’—i—vn% onI'y x (0,7),

e In the similar way the boundary value for the shape derivative ¢’ of the
potential ¢ is obtained

P

0
q'—l—vn;—n =0onTly x (0,7),

e The equality of normal stresses on = Sn on the interface I'y x (0,7") leads

to

o'n—vy, (h+2kSn)+divr (v,or) = S'n—v, (g+2k0on)+divr (v, Sr) on 'y x(0,T) ,
where k is the mean curvatrure of I'y, op = on— (on-n)n is the tangential

stress on I'y, divr is the tangential divergence on I'y, and Spr = Sn— (Sn -
n)n is the tangential stress on I'y.
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Shape calculus

0
We are going to denote by ¢, 1= %7 the time derivative of the function

ot
., which is defined in €2,.

Let us perform the shape sensitivity analysis of the functional Jo_ (¢, ws).
Thus, we need to calculate its derivative with respect to the parameter 7 at
T =0, that is

d

T
| dateuw) = Jalenw) = 4o (prawn)|
0 T 7=0

the shape derivative of the functional Jq (i, w) is given by

Ja(pr, w) = (Da(Ja(p,w)), V) + (Dg, (Ja(pr, w)), ¢1) + (Dw(Ja(pr, w)), w)
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Shape derivative

Thus, since the acoustic chamber remains fixed, we have

T T
Jalprnw) = 6 [ (VuTn+Vnew, VW) -5 [ (div(w)n+w- TndivV)ox
0 0

_ /.5 af(pre — Py, Plaa _/0 B({n, div(w))qm + (Vn, ) qm
+ af(e(T) = p*(T)), o(T))aa -

N
jﬂ(%w)zf (/ ZM-VV+/ zP-vv)?
0 QM QP

where the Eshelby tensors ¥ and X% are respectively given by

Mo = —(wy-w? = S Viw® + B(div(w)n +w - V)T
—(Vw' S+ (Vuw*)'S — (Vw'n+Vnow) ,
P = —(w-vy—o0-Viu+-Vp)I
—(Vu'o® +Vo'o - Vg y* —VpR1),
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Shape and topology optimizaiton
optimization for optical devices

Gunter Leugering, Frantisek Seifrt et.al

Painting by Numbers: Nanoparticle-Based Colorants in the
Post-Empirical Age

Advanced Materials, 2011, 23, 2554—-2570

http://dx.doi.org/10.1002/adma.201100541
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Particles Iin colors

oy -

1 pm EHT = 20.00 kV WD= 4mm InLens lFG
[ 1 Mag = 20.22 K X ref to Polaroid 545 28 May 2008 gLA:GEN

ENGINEERING Friedrich-Alexander-Universitat

0OF ADVANCGED Erlangen-Niirnberg
MATERIALS




Different shapes of particles
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Topology optimization

Minimization of extiction eciency in the VIS @gﬁu——«

-

region

ZnO sphere 80 nm

matrix medium: ethanol

nd optimal distribution of low refr. index
medium - air and ethanol in a 30nm thick

surrounding layer
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Minimizing in the VIS

Extinction & Scattering & Absorption efficiencies

.-Q__init

; ext
--Qinit |
sca
--Q__ init
abs

—Q final
sca

- —C)abS final|

00 350 400 450 500 550 600 650 700 750 800
wavelength A [nm]
A ENGINEERING Friedrich-Alexander-Universitat
F i OF ADVANCED Erlangen-Niirnberg
MATERIALS @




Maximizing in the IR region
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Maximizing extiction in the IR region

Extinction efficiencies
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