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What are metamaterials?

Metamaterials are artificially structured materials that can have

profoundly unique electromagnetic or optical properties.
http://people.ee.duke.edu/~drsmith/metamaterials.html
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Microstructures Material parameters, (¢, u), that can
describe the macroscopic properties

_E-l A>>a

_E-l () Effective
homogenization  medium

_ both € and u are negative — 5 < () : negative bands

n = ez

T~ only one negative in ¢ and u — n imaginary: gap
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What are elastic waves?

A Type of Classical Mechanical
Wave Vibrations in Solids
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Wave equation: [p

-v. (u)+V [ 5;‘] @ i)

i

shear modulus lamd
N amé constant

=0 for liquids 5
bulk modulus x=4+ —H

mass density

Two types of waves & three material parameters.

longitudinal : n,= \/(/1 +2u)/p transverse : 7, =+/i/p
K,+u,>0 K,+u, <0 K,+u, >0 K,+ 1, <0
u, >0 u, >0 u, <0 u, <0

pe>() n,>0,n,>0 [l:gap, n,>0  n, >0, t:gap I, t: gap
p, <0 I, t:gap n,<0, t:gap  l:gap, n,<0 n,<0, n,6<0
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Previously proposed elastic metamaterials:
(@) p<0, x> 0and u>0 (gap)
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Y. Q. Ding et al., Phys. Rev. Lett. 99, 093904 (2007)
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How about 1< 0 ?

K,+u,>0 K,+u, <0 K,+u >0 K,+u, <0
u,>0 >0 u, <0 u, <0

p,>0 n,>0,n,>0 [l:gap, n,>0  n,>0, t:gap I, t: gap

— o gy, — gy, — gy,

IOe <O l, t:gap Clee<Oa t:gaZQ: CZ:gapa P <§:<Ele<0’ nte<6>

R e e B

— - gy,

¢<_______> bothnandn <0

o - Incompressible-solid-like™: only support
- -~ transverse wave

¢-7 T ~ > “Fluid-like” : only support longitudinal waves

_ e - -
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Methodss— «

* Effective medium analysis : guiding the design

e Numerical calculations

* Multiple-scattering calculation
* COMSOL Multiphysics
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Effective medium theory for elastic metamaterials:
monopolar @
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Y. Wu, Y. Lai and Z.Q. Zhang, Phys. Rev. B 76, 205313 (2007).
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Microstructure Effective medium parameters
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Band structure and transmission
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Exotic SOb'd'S ” i T,

Hard core enhances the
dipolar resonances which

Smm can induce negative mass
lead : density o°

epoxy @

an-we use many hard objects to

to enhance quadrupolar resonances?

Multi-mass locally resonant materials

, - , contributions from Dr. Lai
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System design

model microstructures
\\Foam host
\Steel
Soft Sﬂiéone Hard §licone Rubber

Rubber
can enhance both monopolar

and quadrupolar resonances

Mesoscopic Physics in Complex Media 16



Band structure and states

300 —~—v——r——
s 6000008085858 8080000000

B de
gap with 2 250 monopolar resonaiz,
negative 200
bands

= _
1L 150
=
100
50

Mesoscopic Physics in Complex Media 17



1___Transverse input (—
10 Fr——

—~

h
10°

-_—
o.

1072}
107
10™
107
1 0'6
107

L L

Transmission (I'M

.‘
f
_J‘ n "I‘I\‘ll |l'|||ll

! m1

_—

|L._l

R R

100 120 140 160 180 200 220 240 260 280
flHZ)

10", Transverse mput (—

- (=

N

B

(&)

[ O U (e G
2, S, S, LS < Qe
o

[}

Transmission (I'X)

107 L~

—u---v)

100 120 140 160 180 200 220 240 260 280

f(Hz)

Mesoscopic Physics in Complex Media

10"

107}
107}

10°}
107}
10°}
10‘7;
10°E

Transmission (I

10-3E i

100 120 140 160 180 200 220 240 260 280

Longltudlnal lnput (

flH=\

—_—
o <

Transmission (I'X)

10° L~

—_
QS

IN
™

u---v

100 120 140 160 180 200 220 240 260 280

f(Hz)

18



o ST B G I:> “fluid-like” solid

N FreE T 7 T°*T s, =y “Super-anisotropic” solid:
= ooparsittrrnnnngttiee “incompressible-solid-like” in
h : ! S8 880000000 ! ; : I . . . .
100{ * ¢ Lo e I'M direction and “fluid-like”
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Near p resonance,u<<0,k+pu<<0 @) (b)
If p<0, we get ¢;<0 and ¢,<0, 1.e. two degenerate states at p=-c.

Each state is longitudinal and transverse in different directions.

Symmetry breaking chooses one of them => “super-anisotropic”.
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Conclusie-ns_

» Design elastic metamaterials in two dimensions
»guided by the effective medium theory
» enhance quadrupolar resonance to produce negative

» Exotic solids (two examples):
1) Rubber-coated-water cylinders in a foam host would
produce negative bands for shear wave
2) Multi-mass locally resonant structures would
generate complex bands
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The End
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