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OUTLINE

Computational metamaterial design
Microscale analysis
Multiscale problem as a macroscopic one with inhomogeneous material
Macroscopic thermanechanical response as a function of microstructure
Material designasan optimizationproblem
Applications
A Optimization of the mechanical response under thermal loads
A Optimization of the thermal response using free material optimization (FMO)
A Heat flux manipulation
A Design of easyo-make devices using discrete material optimization (DMO)
A Design okasiestto-makedevices usingppology optimization
A Advantages of computational metamaterial design
A Perspectives

To To To o Do Ix

2



METAMATERIAL DESIGN

A MATERIAL DESIGHN modify the microstructure of the material in a
macroscopic piece in order to obtain an optimal response of the
piece

A METAMATERIALhe sedesigned material, usually having
extraordinaryeffective properties:

A optical or acoustical camouflage /invisibility
A negative Poisson ratio
A negative thermal conductivity, thermal camouflage, etc.




COMPUTATIONAL METAMATERIAL DESIGN

A Computational Metamaterial Design (CMMD)volves the
computational solution of a series of multiscal®blemsfor
changingmicrostructure

MACRQ
Effective properties SCALE
ANALYSIS

micro-scale
analysis

Macroscopic
response

until findingthe optimal macroscopicesponse




MACROSCOPIC BODY WITH VARIABLE
MICROSTRUCTURE

e Let the microstructure vary
throughout the RVE at X,
macroscopic domain, being
sampled at a series of
points X,

* Each X, hasits own
Representative Volume
Element (RVE)

Body (2
(macroscale)

RVE at X,
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QUANTITATIVELY CHARACTERIZED
MICROSTRUCTURE

* Let the RVE at any sampling point X, € () be characterized by a finite
: (@) ()
number of (micro)parameters p; 7, p, 7/, ...

RVE at X,
characterized by

P '=t,, P, =t;, P, =0

EXx.: Narayana &

{1 02Qa KSI &G ¥Ff dzE
inverter (PRL

2012 X o

RVE at X,
> characterized by

(2)__

p=t,, p, =t,, p; =0

Q host material

—> Effective properties at X, € ) = f(pga),péa), e )




MICROSCALE ANALYSIS



MICROSCALE ANALYSIS

A Goal:determination of the effective properties as analytical functions
of the microparameters

Microscale
analysis

Analytical

eff prop atX,

Experimental _ f(pﬁ“) pga) )

+RSM

+RSM

Numerical




ANALYTICAL MICROSCALE ANALYSIS:
LAMINATE

* Effective anisotropic conductivity
_ dpkg + dpkg + dcke
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EXPERIMENTAL+NUMERICAL MICROSCALE

ANALYSIS: PAPER

A Using upscaling techniques, discrete element

simulations and Xay microtomographyof

the geometry of wood fibers and their bond
and the architecture of the fibrous network,
Marulier (PhD thesis 2013) determined the

homogenized elastic moduli

Cco'th = 1.14 x 10°(¢p — 0,02)2?A(a)
= Cyy = 0(0)C"™ (¢, 0)[0(6)]"

— ¢: fiber content
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Finite ~f

element
mesh for
macrocopic analysis

(20x20 Q1 FE)

L=0.2m

— A(a): fiber orientation tensor (response surface from experiments), a: orientation

intensity

— O(6): serves to rotates from At to xy, 0: angle between the x and A

* Collaboration with S. Le Corre (LTN Nantes) and L. Orgéas (LCNRS Grenoble)

10



NUMERICAL MICROSCALE ANALYSIS
CANCELLOUS BONE

A Using FEM for a geometrically
parameterized cellKowalczyK2006)

iy,
<
R

determined thehomogenized elastic [\ v
moduli: LY

Ciji = f(terty, th)
= Cijkl = RmianRkaqlCr,nnpq

— t,, ty, ty : geometric parameters
— R(Y4,Y¥,,13): 3D rotation tensor

* Collaboration with A. Cisilino & L. Colabella (INTEMA)



NUMERICAL MICROSCALE ANALYSIS: SOLI
WITH INCLUSIONS Suface at T,

Surface at T,

* Using FEM on RVEs with variable
b and h, we determined the effective
thermomechanical properties

kij =kij(b,h)  GRIDS FROM FEN
PARAMETRI
Cijki = Cijki(b,h) ANALYSIS

99 POLYNOMIAL

— d,:(b, ) -
or Y RESPONS‘ “

SURFACEi

* Fachinotti Toro, Sanchez Bluespe
1JSR015



REDUCTION OF THE MULTISCALE PROBLE

* Once you know the effective material properties as functions of the
microparameters p from the microscale analysis, the multiscale
problem becomes a classic macroscopic problem with
inhomogeneous material properties

k=k(p,)
{C= C(p,)

o —=d(p,)

Macroscopic

body
Y



MACROSCOPIC THERMECHANICAL
RESPONSE AS A FUNCTION OF
MICROSTRUCTURE




THERMOMECHANICAL RESPONSE AS A
FUNCTION OF MICROSTRUCTURE

* Given the microstructure P = [p4, P>, ... | througout Q:

1) solve the steady state FEM heat equation:

fBTk(p)B dvT +f NTgwWall s = 0
Q GO
=T =T(P)
2) solve the FEM equilibrium equation:
f BTC(p)B dv U + f NTgwall gg — f BT o 1(p)AT(P) dv =0
Q 00, Q
= U = U(P)

* The macroscopic thermo-mechanical response is the function
R=fWP)T(P) P)=R(P)



MATERIAL DESIGN AS AN OPTIMIZATION
PROBLEM

* To design a material consists of finding the optimal set

1) 2) (2 opt
port = (p® 5O, p® @, )

that minimizes a given response function (describing the desired
macroscopic task)
R(P°PY) = mpin R(P)

subject to
a<P;<bc(P)<0,dP)=0

* This is generally a nonlinear constrained optimization problem with a
large number of design variables
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MATERIAL DESIGN FOR OPTIMAL
MACROSCOPIC MECHANICAL RESPON:!
UNDER THERMADADS

with
S.Toro,P.Sanchez & AHuespe(CIMEC)




THERMAL DEFLECTION OF A CANTILEVER
PLATE

STEEL

Y-displacement (m)

n=0.3
a=le 5/AC
k=36.5W/MmAQ)

Y-displacement (m)

COPPER 8.86-5
E=1.2el11Pa

n=0.34 ‘
a=1.7e 5/AC 0.017215




OPTIMIZING THE COMPLIANCE/STIFFNESS

* The maximal/minimal compliance problem consists of finding
port = [pW p(D p(2) a2 ]Opt such that

u, (POPY) = mﬁX/mgn(uy)

Periodic RVE




EFFECTIVE PROPERTIES AS FUNCTIONS C
MICROSTRUCTURE

a) k, b)

Grids from
FEM
microscale
analysis

Polynomial
response
surfaces




MAXIMAL COMPLIANCE:
VERTICAL DISPLACEMENTS

Copper beam Optimal beam

Desplazamiento Y

Q.9e-5
-0

Lo
= S = ,’]‘.(“»

~0.012

: —0.02
-.0.016 ;
-0.017213 -0.023432




MAXIMAL COMPLIANCE:
OPTIMAL MATERIAL DISTRIBUTION

Thickness of the vertical layers Thickness of the horizontal layers

RHO_X RHO_Y
0.998746 (100% copper) 0997274

08 0.8

0.6 0.6
04 i ' 04

02 02

3905 (100% steel)




MINIMAL COMPLIANCE:
VERTICAL DISPLACEMENTS

Steel beam Optimal beam

splazamiento Y
4.9e-5
=0
0,002
EO'OOA :..7’
-0.006

=-0.008

0.009803 LT




MINIMAL COMPLIANCE:
OPTIMAL MATERIAL DISTRIBUTION

Thickness of the vertical layers Thickness of the horizontal layers

RHO_X
L (100% copper)

=0.75

f E05

~0.25

o (100% steel)




MATERIAL DESIGN FOR OPTIMAL
MACROSCOPIC THERMAL RESPONSE US
FREE MATERIAL OPTIMIZATION (FMO)

with S. Giusti (GIDMA)




FREE MATERIAL OPTIMIZATION OF THE
THERMAL RESPONSE

* FREE MATERIAL OPTIMIZATION (FMO): the design variables are the
effective properties themselves

* ForP = [k;?,k%), kfc?,k%,), ] (with kg),kj(f;,), and k](:;,) = 0 being

the effective conductivities at node n), let us find

P°Pt = arg min Yieap(Ti(P) — 200°C)?

subject to ) ’
<_—e 0.5 W/m’
0.001 < k(n)rk(n) <1 —— /
- Mxx vy

o 0

=

100D
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INITIAL TEMPERATURE DISTRIBUTION

Initial guess: k,, = k,, = 0.5

-
108.6605

100
|
80

60
50




OPTIMAL DISTRIBUTIONS OF CONDUCTIVI

K1
0.384159

|0.3

'jO.2
0.1

0.009784

K2
0.276731

j0.2
QOJ

0.001282




TEMPERATURE FOR THE OPTIMAL SOLUTI

T
272.2383

240
1200




DETERMINATION OF THE MICROSTRUCTU

* Knowing the optimal macroscopic k,, and k,,, at a point of
the mesh, a topology optimization problem is solved to
determine the microstructure we need to achieve such k.,

and kyy

* Topology optimization using the topology derivative
approach



TOPOLOGY OPTIMIZATION AT THE MICROS(




COMPUTATIONAL METAMATERIAL DESI
FOR HEAT FLUX MANIPULATION

with
|. Peralta, ACiarbonetti(CIMEC)




MANIPULATING THE HEAT FLUX

Prescribed
boundary flux

x® 3% g x®

— N

Prescribed
boundary
temperature

* Given ﬁ(‘” as the desired heat flux at X(@, 0 = W25 o gy
you have to find P such that

[—k(p)grad T(P)] ) = g? fori=1,2, oy Ny
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HEAT FLUX MANIPULATION AS AN
OPTIMIZATION PROBLEM

* In order to perform the given task as well as possible, let us solve
the nonlinear optimization problem

fearﬁt?epw—z | =k(@)grad T(P)] o) - q(‘?)||

MSE(P)
subject to constraints accounting for, at least, the feasibility of the
microstructure.

® Maybe, MSE(P) # 0 for all feasible P
© We’'ll find the “optimal” feasible P



DESIGN OF A HEAT FLUX CONCENTRATIOT
AND CLOAKING DEVICE

« To find PPt = [d(V), g . dN) g(N)Jopt (N = 1896 is the # elems
in Qgevice) such that

.1 _ 2
PPt = arg m’}nw_qz:q”[_k(p)grad T(P)]X{Q) - q(Q)”

subiect to the box constraints G
O i
cloak | \d(e)
Q, N
Qe ~__/@
& i g Copper
|| Eﬁ
JH 1 L] PDMS
QE:I())ak El
Steel




HEAT FLUX CONCENTRATION AND CLOAKI
OPTIMAL METAMATERIAL DISTRIBUTION

Fraction of copper Fraction of PDMS Orientation
1 0.87 3.04
0.80 fo.s0 Vo
0.60 0.60 1.88
0.40 0.40 1.26
0.20

0.63
0.1

0.20

0.13 0




HEAT FLUX CONCENTRATION AND CLOAKI
OPTIMALCONDUCTIVITYMSTRIBUTION




