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Metamaterial Design and Optimization
(as seen by a Computer Scientist)
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Material In Simulation

Simulation objects at single scale with a homogeneous material




Structured Materials In Nature

Materials are not only defined by the composition, but also their
small-scale structure.

A Microscopic structure drives macroscopic properties
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Bone: lightweight structural support Wood: structural support and nutrient transport Butterfly wings: structural coloration
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Man-made Structured Materials

Materials with taillored small-scale structures are metamaterials.

Aerogel Vantablack, Surrey Nanosystems Noise cancelling metamaterial




Mechanical Metamaterials




Mechanical Metamaterials

Looking for a tailored elastic response for
A High stiffness-to-weight ratio

A High durability

A High energy absorption

A Negative Poisson's ratio

A Controlled buckling

A ..




Mechanical Metamaterials

A Applied g4 load

Axial
Stress

D Applied ‘Ioad
—

€
pr

[Zheng et al. 2014]

[Schaedler et al. 2011]
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Mechanical Metamaterials

Motivation
A Create tailored material properties possibly not found in nature

A With sufficient control during fabrication: allow for various
macroscopic material properties with a single material




Additive Manufacturing




Computational Design of Metamaterials

Automatically designed metamaterials

Topology Optimization [Yamada et al. 2011]

Problem: Large design space (printer resolution)

Key observation:
Small-scale structures are repetitive and extensive




Computational Design of Metamaterials

Design based on unit cells that can be tiled to create a metamaterial




Homogenization

Target: Macroscopic material properties from microscopic geometry
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Homogenization of Elastic Properties

For linear materials with linear strain:

A Elastic properties can be captures based on 6 characteristic
deformations (3 for two-dimensional structures)




Homogenization of Elastic Properties

Problem: Regular simulation does not consider tiling




Periodic Boundary Conditions

Have to enforce tiling through periodic boundaries

A Simulate a unit cell as if it were surrounded by identical copies
of itself

A Introduce dependencies between boundary vertices
I Shape of boundaries has to match
I Boundaries can still deform

base
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@ free vertex
O constrained vertex




Homogenization of Elastic Properties

Periodic boundaries create a tileable deformation

Characteristic deformations define homogenized material properties




Inverse Homogenization

Target: Microscopic geometry from macroscopic material properties
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Microstructure Optimization




Microstructure Optimization

Standard deformable FEM approach

Optimization variables:
activation/density | in each cell
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Microstructure Optimization

Objective

{ EfA A | }

Matching specific material stiffness
tensor

Alternative targets:
A Maximal stiffness
AMi ni mal Poi ssonbd
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Microstructure Optimization

Objective
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binary penalty

checkerboard penalty —

smoothness penalty

similarity penalty







Microstructure Synthesis Pipeline
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Sampling
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Interpolation

Distance field interpolation for smooth transitions
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Sampling
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Interpolation

Interpolation between dissimilar structures fails




Metamaterial Family
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Poisson's ratio

Young's modulus




Metamaterial Family
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Metamaterial Space
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Metamaterial Space

Poisson’s ratio [—]
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Relative Young’'s modulus [-]




Overview

optimization sampling
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Synthesis




Results
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Topology Optimization for Microstructures

Advantages
A Combines structures from multiple families
A Smoothly interpolates between structures

Disadvantages
A Large design space is computationally expensive
A Constraints needed to ensure feasibility of structures

Alternative:
Simplified parameterization of unit cells




Elastic Textures for Additive Fabrication [Panetta et al. 2015]

Elastic Textures
A Beam-based parameterization

A Fixed topology
A Variable node position and beam radii

A Families are defined by connectivity




Elastic Textures for Additive Fabrication [Panetta et al. 2015]

A Change structure parameters to create database of homogenized
material parameters
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Elastic Textures for Additive Fabrication [Panetta et al. 2015]

A Change structure parameters to create database of homogenized
material parameters
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Elastic Textures for Additive Fabrication [Panetta et al. 2015]
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Worst-Case Stress Relief [Panetta et al. 2017]

Follow-up: Multi-objective optimization
Find microstructures with target material properties and minimal
local stress.

Topology 0646, E = 0.5MPa, v = 0.00




Nonlinear Metamaterial Design and Exploration

Drawbacks
A Linear model does not capture all interesting deformations

A Complex material models are unintuitive for non-experts
A Aesthetic component of structures so far neglected

Improvements
A Choose intrinsically aesthetic parameterization

A Use an intuitive representation of material properties




Tilings

Inspiration from Tiling Theory
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Isohedral Tilings
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Fabricated Tilings




Rod Network Mechanics

Force

Strain




Mechanical Characterization

Same idea as homogenization: Small-scale structure defines
macroscopic behavior

Mesoscopic Macroscopic

. ar

Rod simulation model Shell simulation model




Mechanical Characterization

Same idea as homogenization: Small-scale structure defines
macroscopic behavior

Nonlinear material response and large deformation
A Homogenization is no longer exact, only approximate
A More characteristic deformations lead to better fit







Mechanical Characterization




