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OUTLINE 

Å Computational metamaterial design 

Å Microscale analysis 

Å Multiscale problem as a macroscopic one with inhomogeneous material 

Å Macroscopic thermo-mechanical response as a function of microstructure 

Å Material design as an optimization problem 

Å Applications: 

ÅOptimization of the mechanical response under thermal loads 

ÅOptimization of the thermal response using free material optimization (FMO) 

ÅHeat flux manipulation 

Å Design of easy-to-make devices using discrete material optimization (DMO) 

Å Design of easiest-to-make devices using topology optimization 

Å Advantages of computational metamaterial design 

Å Perspectives 
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METAMATERIAL DESIGN 

ÅMATERIAL DESIGN: to modify the microstructure of the material in a 
macroscopic piece in order to obtain an optimal response of the 
piece  

 

ÅMETAMATERIAL: the so-designed material, usually having 
extraordinary effective properties: 

Åoptical or acoustical camouflage /invisibility  

Ånegative Poisson ratio 

Ånegative thermal conductivity, thermal camouflage, etc. 
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COMPUTATIONAL METAMATERIAL DESIGN 

ÅComputational Metamaterial Design (CMMD) involves the 
computational solution of a series of multiscale problems for 
changing microstructure 

 

 

 

 

 

 until finding the optimal macroscopic response 
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MACROSCOPIC BODY WITH VARIABLE 
MICROSTRUCTURE 
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QUANTITATIVELY CHARACTERIZED 
MICROSTRUCTURE 

Ex.: Narayana & 
{ŀǘƻΩǎ ƘŜŀǘ ŦƭǳȄ 
inverter (PRL 
2012) 
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MICROSCALE ANALYSIS 
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Microscale 
analysis 

 
 
 
 
 
 
 

ÅGoal: determination of the effective properties as analytical functions 
of the microparameters 

 

MICROSCALE ANALYSIS 
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Experimental 
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ANALYTICAL MICROSCALE ANALYSIS: 
LAMINATE 
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EXPERIMENTAL+NUMERICAL MICROSCALE 
ANALYSIS: PAPER 

ÅUsing upscaling techniques, discrete element 
simulations and X-ray microtomography of 
the geometry of wood fibers and their bonds 
and the architecture of the fibrous network, 
Marulier (PhD thesis 2013) determined the 
homogenized elastic moduli: 
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NUMERICAL MICROSCALE ANALYSIS: 
CANCELLOUS BONE 

ÅUsing FEM for a geometrically 
parameterized cell, Kowalczyk (2006) 
determined the homogenized elastic 
moduli: 
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NUMERICAL MICROSCALE ANALYSIS: SOLID 
WITH INCLUSIONS 

 
GRIDS FROM FEM  
PARAMETRIC 
ANALYSIS 
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SURFACES 
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* Fachinotti, Toro, Sánchez & Huespe,      
 IJSS 2015 
 



REDUCTION OF THE MULTISCALE PROBLEM 
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MACROSCOPIC THERMO-MECHANICAL 
RESPONSE AS A FUNCTION OF 

MICROSTRUCTURE 
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THERMOMECHANICAL RESPONSE AS A 
FUNCTION OF MICROSTRUCTURE 
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MATERIAL DESIGN AS AN OPTIMIZATION 
PROBLEM 
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MATERIAL DESIGN FOR OPTIMAL 
MACROSCOPIC MECHANICAL RESPONSE 

UNDER THERMAL LOADS 
 

with  
S. Toro, P. Sánchez & A. Huespe (CIMEC) 
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STEEL 
E=2e11Pa  
n=0.3 
a=1e-5/ÁC 
k=36.5W/(mÁC) 

COPPER 
E=1.2e11Pa 
n=0.34 
a=1.7e-5/ÁC 
k=384W/(mÁC) 

THERMAL DEFLECTION OF A CANTILEVER 
PLATE 

3 m 

0.3 m 

T=50ÁC 

T=0ÁC 
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uy 

OPTIMIZING THE COMPLIANCE/STIFFNESS 

Copper 

Steel 

Periodic RVE 
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EFFECTIVE PROPERTIES AS FUNCTIONS OF 
MICROSTRUCTURE 

Grids from 
FEM 
microscale  
analysis 

Polynomial 
response 
surfaces 
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MAXIMAL COMPLIANCE:  
VERTICAL DISPLACEMENTS 

Copper beam 

uy = 1.361 uy,copper 

Optimal beam 
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MAXIMAL COMPLIANCE:  
OPTIMAL MATERIAL DISTRIBUTION 

Thickness of the vertical layers 

(100% steel) 

(100% copper) 

Thickness of the horizontal layers 

22 



MINIMAL COMPLIANCE:  
VERTICAL DISPLACEMENTS 

uy = 0.527 uy,steel 

Steel beam Optimal beam 
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MINIMAL COMPLIANCE:  
OPTIMAL MATERIAL DISTRIBUTION 

Thickness of the vertical layers 

(100% steel) 

(100% copper) 

Thickness of the horizontal layers 
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MATERIAL DESIGN FOR OPTIMAL 
MACROSCOPIC THERMAL RESPONSE USING 

FREE MATERIAL OPTIMIZATION (FMO) 
 

with S. Giusti (GIDMA) 
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FREE MATERIAL OPTIMIZATION OF THE 
THERMAL RESPONSE 
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INITIAL TEMPERATURE DISTRIBUTION 
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OPTIMAL DISTRIBUTIONS OF CONDUCTIVITIES 

kxx 

kyy 
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TEMPERATURE FOR THE OPTIMAL SOLUTION 
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DETERMINATION OF THE MICROSTRUCTURE 
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TOPOLOGY OPTIMIZATION AT THE MICROSCALE 
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COMPUTATIONAL METAMATERIAL DESIGN 
FOR HEAT FLUX MANIPULATION 

 
with 

I. Peralta, A. Ciarbonetti (CIMEC) 
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MANIPULATING THE HEAT FLUX 

Prescribed 
boundary 
temperature 

Prescribed 
boundary flux 
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HEAT FLUX MANIPULATION AS AN 
OPTIMIZATION PROBLEM 
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DESIGN OF A HEAT FLUX CONCENTRATION 
AND CLOAKING DEVICE 
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HEAT FLUX CONCENTRATION AND CLOAKING: 
OPTIMAL METAMATERIAL DISTRIBUTION 

Fraction of copper Fraction of PDMS Orientation 
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HEAT FLUX CONCENTRATION AND CLOAKING: 
OPTIMAL CONDUCTIVITY DISTRIBUTION 
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