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LTDS’ Context and Issues

~

« Green » technologies— structural weight
reduction

(decrease CO, emission (5-15%), noise control....)

Intensified dynamical environnement
Fatigue and damage : security
Stability problem

Adapted design methodologies

~

FR & EC research strategies, Clean Sky , DREAM EU Project s, AIAA’s Emerging J

Technologies Committee (ETC) ...

New Integrated functionalities
* Vibration Control \_
* Noise Control
e Structural Health Monitoring -SHM-
e NDE, PHM

e Waves trapping

e And more....

Civil Englneerlng Aerospace Meyer et al.: Advanced Microsystems for Automotive Applications 2009 - Smart Systems
for Safety, Sustainability and Comfort, Springer 2009
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Material Architecture for Structural Optimization

Synthesis of generalized Impedance operator using distributed
(low cost, low energy) individual (communicating) cells
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Metacomposites:

Synthesis of functional
constitutive laws inside
hybrid composite
material by using
distributed sets of
smart cells

Scale of interest:
mm -> few cm




LTDS Example :Generalized Impedance operator for acoustics

; p

non reflected wave G. Monseny, LAAS report, Toulouse, 2002

0

\ transparent boundary condition

6(0,y,t) .= v(y,t)

{ 820 — A9 =0 on Qp x R
w(yat) F= 85139(0)ya t)v

Acoustic System )

v = Kw

- (/) - —

Controlled System :
S Pseudo derivative operator




LTS"’ Example : Generalized Impedance operator for beams

A
force
fle:able beam — )
020 + 92 =0, =x€(0,1)
: > 820(1,t) = —8,0(1,t) — v/28/%8,6(1, ¢)
0 . B30(1, 1) = v/287/20(1,t) + 8,8,0(1, 1),
; 8?6 4 8;;19 —0 G. Monseny, LAAS report, Toulouse, 2002 Controlled !\/'eC.hanica| System .
0(z,0) = 0o(z) Pseudo derivative operator

3,0(x,0) = 01(x)

Ava B

< 9(0, t) — O 254 254
8;{;9(0, t) — 0 24 24
829(1 t) — U(t) = 154 c 154
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Figure 3: Beam with feedback Zj

Figure 2: Autonomous beam




LTDS

Material Architecture for Structural Optimization
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Liu Z. et al. “Locally Resonant Sonic Materials” Science, Vol. 289, N. Fang et al., “Ultrasonic Metamaterials With Negative Modulus”

September 2000, pp. 1734-1736. Nature Materials, Vol. 5, June 2006, pp. 452-456

Classical Sonic Métamatérials
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Impact and blast mitigation using locally resonant woodpile metamaterials

Eunho Kim, Jinkyu Yang, HuiYun Hwang, Chang Won Shul
6




Material Architecture for Structural Optimization

Strongly nonlinear discrete systems with unprecedented tenability: chain of tensegrity prisms (@

N
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and lumped masses

F. Fraternali, G. Carpentieri, A. Amendola, R. E. Skelton, and V. F. Nesterenko, Multiscale

tunability of solitary wave dynamics in tensegrity metamaterials, arXiv 1409.7097
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A sequence of images demonstrating the self-folding of a 4D printed multi-
material single strand into the world of MIT

M.D Limaet al Biscrolling Nanotube Sheets and Functional Guests into
Yarns, Science 331, 51, 2011

\

S. Zhang, C. Xia and N. Fang,
“Broadband acoustic cloak for ultrasound waves”, PRL, 106,2,2 4301, 2011

Proc. SPIE 9064, SMS 2014

M. D. Schaeffer; M. Ruzzene, “Wave propagation in 2D magneto-elastic kagome lattices”,




LTDS~ Material Architecture for Structural Optimization

‘ Research in Programmable Matter Directed by Carnegie Mellon
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LTBSE Physics of periodic structures

Crystalline solids  Periodic arrangement of atoms ~ 5 A Electrons (W) Schrodinger eq.  Absence of electron states
Photonic crystal  Periodic modulation of €, u (macro scale) EM (E,B) Maxwell egs. Absence of states of the EM field

Phononic crystal  Periodic modulation of p, E, v (macro scale) Elastic (u) Elasticity eqs. Absence of states of the elastic field

NDT, NDE

___Phoenon frequency (cm’')

Yan et al, PRB 77, 2008 } Brule etal. PRL 112, 2014
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Dynamics of Phononic Materials
and Structures: Historical

064-1995 mmm:.;nwﬂ v s
s semt s Origins, Recent Progress,
oy e | and Future Outlook
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LTDS

1.

2.

4.

Course Outlines

Wave propagation — back to basics

Modeling aspects

a) Wave Finite Elements WFE

b) Shift cell operator for multiphysic coupled metamaterial
c) Plane Wave Expansion PWE

Design functional structures using band gap properties
a) Waves diffusion : Reflection and absorption

b) The boundary : alimit for the band gap efficiency

Beyond the Band —Gap

a) Lensing
b) Reciprocity breaking and diode
c)

12



LIDS

Wave propagation — back to basics

\
1D Rod wave : 4

\
/ |
| \\\"\,~ \,0 ) EA
| [ T N(z,t) = EAZSEL)
a> \\\t ;""(“"‘) S\‘ u(z, ) u(a, t) + 240 g,
I — —
N(z,t) N(z,t) + Bz\fé)(;z,t) iz
. y,
- _ ~
Wave Equation :
0%u(zt) _  9%u(x,t) e . .
IS = pPest) Wave velocity : |nitial Value:|
o= (2)1/2 u(z,0) =U(z) |
Pu(z,t) _ 1 0%u(x,t) P w(z,0) =0 :q
ox2 2 0t 1"
_ u(z,t) = 3[U(z — ct) + Uz + ct)] Y
k I} From M Ruzzene Courses ‘/

13



Wave propagation — back to basics

_

If initial condition :  wu(z,0) = Uy cos(kx)

k : wavenumber - : wavelength

Solution is :

u(z,t) = L cos(kx — wt) + cos(kx + wt)]

1 L 1 1 A
2 03 0.4 0.5 (IR 0.7 0g 09

Dispersion relation:

\

)

From M Ruzzene Courses




LTS“ Wave propagation — back to basics

Representation of the
physical PDE operator

[ Dispersion relation: (w = w(k)

4 )

Non dispersive Media :

Linear frequency/wavenumber

. Constant phase velocity
relation A
AW C

w = ck

k w, k

15



LTS“ Wave propagation — back to basics

/I_et’s consider 2 waves, of equal amplitude and at two frequencies : A
. ) w=w(k)
u(x,t) = Up[sin(kiz — wit) + sin(kox — wot)]
: e
u(x,t) = 2Uq cos(Akx — Awt) sin(kox — wqt) wil o
N ~ AN ~ / /,/\ )
Modulation Carrier wave wlfr’ ‘
Speed of wave packet velocity : = = 8%t + Const cy = A
.. : : __ dw
At the limit one obtains the Group Velocity : |Cg = gL
k " From M Ruzzene Courses \"/
v =0 Pulse propagation v =1
i) u(x,t) 0: A.
f ' 02 ,-'nlt;zr | X t 0402 . 0204 X
. Non dispersive Dispersive y




LIDS
_

Wave propagation — back to basics

* Phase velocity

— speed of the individual waves.: C\l(l) =

* Group velocity

— speed of the wavepacket: Cl,q . ﬁg)/c?k

~

wfk

Non-dispersive wave ¢é¢ =cig

Dispersive wave

N

)

cld #clg

(undamped systemes...)

N

phase vel. = group vel. phase vel. = - group vel. \

s

phase vel. > group vel. phase vel. < group vel.

group vel. = 0 phase vel.= 0

¢

isvr

Taken from http://resource.isvr.soton.ac.uk/spcg/
tutorial/
tutorial/Tutorial_files/Web-further-dispersive.htm /




LT Wave propagation — back to basics

Let’s consider a monoatomic lattice :

’\I\\NQf\\N\M? f)NI\N\QN\\I\ e ONNWN-O

NN Q NN\ My + 2kuy, — k(un+l + Un—l) =0

k Wy, t) = Uy (t) = up, (w)e 7«

Un (w) = U [K,(w)]ej'fl‘n

un (w) - U’O [/J/('u))] ej#‘n _~ ‘From M Ruzzene Courses

First Brillouin Zone \
A -

DiSperSIOn - Bragg Scatterlng: \ Irreducible
°r Brillouin Zone

—w?m + 2k(1 —cosp) =0 2 _ k i
“Wo = m o il _
0?2 = 2(1 — cos ) 0=« ol _

/




LTS’ Wave propagation — back to basics

\
Let’s con5|der a biatomic lattice : —w?mqus, + 2kus, — k(usni1 + tzn—1) =0
Mmaq

A\M\{}AN\HWQWW\N —w?mptzn 41 + 2kuzn 1 — k(uzni2 + u2) =0
my ‘.L.‘
(2n) (2n+1)

mp O-NN\N\-e NN N\\\-e Mg . o
}_ a _“ a _‘ U2n+1(w)=ub(w)67 2n+1 =’ub(w)61(2 +1)

’LLQn(Cb‘) — 'U,a,(w)ej“w%‘ — ua(w)eanKn

From M Ruzzene Courses

4 \

[ [ [ [ [ [ [

Optic wave =

i Band Gap —

Acoustic wave -

o

19



LTS Band Gap and other effects — back to basics

. . . . . )
Let’s consider a biatomic sonic lattice :

A\M\Wm
a

1.4 l l l l l l [ ‘\

1.21-

0.8 | Band Gap

0.6~

|l ocallv. Reconant. Band. G.an
LAY TTCATTIV = SATT\A

oAttty ST el o d

(

0.4

0.2~

20



Wave propagation — back to basics

LTDS
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LEDS Wave propagation — back to basics

Wave propagation characteristics in the (infinite) periodic structure

10 mm

=> Solve the parametric eigenvalue problem Uy

T

with « Floquet-Bloch » periodic conditions

-
‘:"A-k\ls—e-‘--‘-ir-ﬂ'-

< =
L NI ————

wWR=el—rkdxrdl wll a VK- :
742 vil .

psrameters: Kb =[0;77/rd1 Jans by =[0;7/rd2 | *

Bene. If structural properties are frequency-dependent, this formulation 22
a nonlinear eigenvalue problem (with eigenvalues at boundaries)...




Wave propagation — back to basics

2}(.1?-... T . e s sle s e
.l.l'o.::::‘;. ' *es, l.'...
181 ) e .o.... ..................... A |
16 oo::::::::!:a- ..... K i
atteeentt BAND GAP -dir|  "*-.. = *.. -
1.4
BAND GAP - omni
5 BANDGABGIC]......opps 512100 _
p= A T U
L ost . o’ . . i
w oot BAND GAP - dir .0
oooooo [ *eee e
I A PPPPY PP PP B )
- BAND GAP - dir |
DQ_B.A:N:?::QSA.E:E:d.!E. :::: ......................... s_
O e
r->X->M->T
[ Band diagram: only for band gap analyses ]
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Freq [Hz]

LTS’ Wave propagation — back to basics

L ]
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06| . ..00.....‘
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02l esps38383883833]
o:'.
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e .
0 100 200 300
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0.1
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LIDS Modeling aspects : Wave Finite Elements WFE

w(x, v, z, iw) = W(y, 2)e” e,

l A — e—ikd

FL WR()}, Z) = }LWLO/, Z)
= | F
Sp o Se _ R FO = F)
Z(iw)B;; Z(iw)Bp; 1+ Z(iw)Dy || Vi 0
Floquet Bloch Conditions }

.

!

=S =S we ] [ Fx
Sef 8 [lawy | [ AF,

Sympletic Eigenvalue problem }

500 1000 1500 2000 2500 3000
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LTDS Modeling aspects : Wave Finite Elements WFE

1D Wave Guide : Diffusion operator}

e
Smfﬁd-""’ Incidentand

_— ——Reflected Waves _—7

wuwig g

26



LIDS Modeling aspects : Wave Finite Elements WFE

1D Wave Guide : Diffusion operator}

- Incidentand S
e
0 171,07 —7 0L -1 7085 NIT [ [at] [0
;71,87 0 6 77,0% —0, 71,0, O o :
RS R S X 0 T o |
@JETJR@Z @éTJnéz _(I)EiT 7, @E 0 NgT ok :
NZT 0 0 NgT 0 e v, |
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1D Wave Guide : Diffusion operator

Ratio of tha traramtted Powar Flow
o 0 0 o o 90 o o
- N W e o u @

o

Modeling aspects : Wave Finite Elements WFE

—NH (
==—=1500 Hz
=-==3000 Hx

[=]
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4
I
L
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04

03

Ratio of tha traramEted Powar Flow

o
=)

o

7 72 T4 16

//

7 7 18 a 745 7E
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751

P |
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1500 2000
Frequency (Hz)
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Figure IIL.11: Ratio of the transmitted flexural power flux as a function of negative capac-
itance shunt at 30 Hz, 1500 Hz and 3000 Hz
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Modeling aspects : Wave Finite Elements WFE

1D Wave Guide : Scattering
computation

Reflection

Froquency (Hz)

Frequency (Hz)

Coupling

Transmission

Frequency (Hz)

Element
1 —Shunt Circuit 1
==Open Circuit a -
~~ Without Patch 1 |—Shunt Circuit_ | 1t |
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g :% 0.8 048 1
5 808 5 §
a p £
5 S 06t
§ F: § 8 06
3 E o4t : 5
3 z £ g
= 04
g f :
0.2 D2t : o =
0z
(1] et RS S e 0 4
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Frequency (Hz)
b
1 —Shunt Circuit |1 1 b 3 - ]
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0.8 : : - 4 - ne 08 -~ Without Patch
. i ¥
é = s
z 3 08 % 0s 3
3 p 8 c
[ S § .§
= =2
§ § 04t 1 £ 04 g 04
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o E Pod 3
0.2 - 02 02 ¢
ok 4 0 1 i i [ I or H I [ 1 I
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LTDS

Modeling aspects : Shift cell operator

ko
v R g2 _ 7
M

=5
Sevawa ()
BECESANKS
\"\WEaw ||
NOLKY
R
\*k‘\‘
ANVt
Q

|
e
-
w|S
I

I

T kl

g
h
ro=10 mm
<
el

r1=10 mm -2

UL

[ The physics ]

plx)ww(x) + VC(x)V ey (w(x)) = 0 Vo € R

[ Floquet-Bloch modes ]

ik.x
w(w) = ’wn.._k(m-_ k’)€ + « Floquet-Bloch » periodic conditions

[ The ”shifted-cell” formulation ]

9, 0 .
> - + 1k inthecell + symmetric boundary conditions

ox ox

A. Bensoussan, J.L. Lions, and G. Pananicolaou. Asymptotic Analysis for Periodic Structures. North Holland, 1978.
C. Wilcox. Theory of bloch waves. Journal d’Analyse Mathématique, 33:146-167, 1978. ISSN 0021-7670
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LIDS Modeling aspects : Shift cell operator

|§| Ug - T ° X - ka
[ The (shifted) physics W
( p(w)w-n.(k)an.,k(w) + vc(w>vsym(wn,k(w)) A
. , 1 ‘ .
—iC(z)Veym(wy 1 (x)).k — ‘I,VC(w)§(wn_.k(zc).k:T + kw?;,l(a:))
1 . .
+C(x)§(wn,,f(m).kT +kw (x)k =0 Yz Qg
wy p(x—Rn)—w, . (x) =0 Vaxe FR./
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LIDS Modeling aspects : Shift cell operator

ko
VR "
M
g k
=
‘ AAVVA" N g " - .
l ﬁx"&v%u‘ A up = Upg 2 4 _ P Tn g
A"VAAXVA ° L
\
N ,45i4»
r1=10 mm Jgg
VL

\ [ ; ) \
_ 8111(9) COS(@) . M — /QR plx)ws (k)w, ;(x)w, (x)df).
sin(6) sin(o) K — / Enr(x)C(x)e, 1 (2)dS,
cos(f) 2r
vy - L — / —knk(x)C(x)e, (@) +eni(x)C(x) K i (a)dS),
(6) cos(o) On skewfsgmznetgic) +(@) #(@)C () 1 ()

(6) sin(¢) H > / R (@) C (), ()L,

CO.S(Q) \ Qr Symlnetrlc semi-definite pOSltlve /
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LTDS

Modeling aspects : Shift cell operator

ko

M

10 mm

\‘EMAAA“ >
/N

N ‘4%‘&'7‘5';' %%
«%}“iaswg,y <

T2

Weak form => FE formulation ] (K —+ /\L(fl)) — )\QH((I)) — w%(A (IJ)M)’UJ,);‘((I)) =0

fix £#dx and ALy, find a)and] w

Rearrangement | |(K — W M) + N\, (w. ®)L(P) — \2 (w, ®)H(P))w,, 1 ($) =0

fix g and w, find £and w

=> Solve a QEP to characterize wave propagation in any frequency-
dependent (visco, poro, piezo...) periodic structure

33




Some practical issues

J

All wave numbers are complex

=> need for suitable criteria to distinguish

“propagative” and “evanescent” waves
How to track a given wave when parameters
change?

=> need for correlation criteria
Computation of the group velocity for periodic
damped structures?
Clg=00w/dk )1??
* For an homogeneous material with
E(w)=f(w)EI0 one has
Clg=real(jpliT! TT | f(w)(—L40 +
LIOTT +244i HIO )| @diTr /PLiT! TT [ew T2

086 _—~ I 4ttt ++
04 MM

A
o3P

Modeling aspects : Shift cell operator

Vitesse de groupe [m/s]

(0f/0w /f(w) )—2w]MPiiTr )

Fréquence [Hz] |

Band diagram

x10° viayianinie us uispeiDivi
[ XX 1'— .
%000 %
R m,g;"‘x)‘ T
L -
)X XX
18 ,ooot""
o XX
“ _nrad'xxx* XXX
++HHH-

S R ++++++W

W
p |

vl r+*_|: o+ -|-,++++++ +
! 150
Nombre d'onde (k) [m7] l
\ a

Group velocity

Freq [Hz]

[

M. Collet, M. Ouisse, M. Ruzzene et M. Ichchou : Floquet-bloch decomposition for the computation of dispersion of two-dimensional periodic, damped
mechanical systems. International Journal of Solids and Structures, 48(20):2837-2848, 2011. 10.1016/].ijsolstr.2011.06.002.

J
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: Shift cell operator

Modeling aspects

LIDS

ighly evanescent

All waves are h

1z

=
4
—
\

[ Directivity in terms of evanescence

270

35

Some waves are highly propagative




Modeling aspects : Shift cell operator

Dampen Medium J

o Shift Cell n=10% ¢=0° Real(k,)
o Shift Cell n=10% ¢=0° Imag(k,)
=-==Floquet-Bloch n=0% ¢=0°

200 3500
‘ i - * real(dw/ok)
0 + real(l/E)
2500’5‘ K
150 N ; :
g 2000 o N
1500 B
N &) \* N
= e
100 + 1000 F ** %
= < M,
- °
500 ¥ :
o . , .
” 0 50 100 150 200
d f [kHz]
3 o o R R e e 1
* ‘—b Pl = e = e o = = = = E R ]
0 1
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LTDS Modeling aspects : Shift cell operator

Group velocity in dampen medium ]
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[I\"Iuschiet.ti L and Dumb C T 1993 Phys. Fluids B 5 13831397 J
37




LTDS Modeling aspects : Plane Wave Expansion PWE

Example : Time varying beam system } 'ﬂ"

X

E(x,f)=E(x+A ,t+T) p(x,t)=p(x+A,,t+T,)

) g
km wm
[Time varying longitudinal motion }
0 du(x,t), o du(x,?
5, 20 2y 280

ax o o ot



LTDS Modeling aspects : Plane Wave Expansion PWE

Outline of Plane Wave Expansion method }

* Fourier expansion of material parameters: }

p=+
'S A il XY A (k)
E(x,t)= E Epezp(wmt ) o(x,t) = E €
p=-® p=-%
Ep,lbp . Fourier coefficients
[- Bloch expansion of the solution: }
+N .
u(x,t) = o/(@tkx) E U 4@tk N : Truncation order
q

q=—N



LTDS Modeling aspects : Plane Wave Expansion PWE

Outline of Plane Wave Expansion method }

[- Quadratic Eigenvalue Problem (QEP): }
Z (L + q]‘m)(lL + nk’m)En—qL’Tq ( T nu’m) pOLn
g=—00

!

+ i, . 2 wWH+qwm )t A++ ls.m X
(x,t, k] ZUnq [(wtqwm )t— (ki +qkm)a]
q——'\
I — z[(w+qu)t (ky +qkm)x]
u (z,t k, Z Uina)©

g=—N



LIDS Modeling aspects : Plane Wave Expansion PWE

Example of obtained wave dispersion 1
< .

-®-

Repetition axis
N

N7
" u- “ew

372 :

Real(yu)

e 0 02 04 06 08 1

0 0.2 0.4 0.6 0.8 1




Example of obtained
nse .

t=504,/c,

t =1354,,/c,

0.384

t=3004 /¢,

t=3504, /¢,

m

u; u u;
F() — - O
— ‘m&space modulated ben_ §
- -+ 4\/__\
- - 1
U, u, u,
10[]
. —R=4
3 - -R=8
= 1072
Q. '
= sl
o107 '
5}
N
©
g 10—[1
Q
=z
1078 : : : :
0 0.2 0.4 0.6 0.8
Only standard Bragg Effect
\v)
10°
u
g
=
Q-2 0
£10
[3+]
]
(5}
N
TES lO 4 .
= Stop }?a"d:f Stop band of
Z Yo Moce < ug mode
1076} ' .
0 0.2 n4a 0 A B

Modeling aspects : Plane Wave Expansion PWE

LSS

Modulating Beam




LTBSE Design functional structures using band gap properties : Waves
diffusion

PZT-Aluminum Composite 1\

Interface with two configurations ]
\

[ Vibration damping ]

N
...a distributed control device with no
computation: combination of analog

S structural/electrical loops communicating
through the structure

. y,
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Design functional structures using band gap properties : Waves

LTDS’ diffusion

r N

» Efficient tool for computation of dispersion diagrams

P Multiphysics damped system

. How to choose Z(w) for specific functionnalities? )
4 \

Minimize group velocity of flexural
waves: vibration & acoustics limitation

Case REFL: Stop propagation of flexural waves \'[ Elementary cell }
Maximize electric energy dissipation Optimization procedure:
in shunt find optimal Z(w)

Case ABS: Maximize dissipation ]
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LT Design functional structures using band gap properties : Waves

Propagative part of kx 1 s [ Propagative part of kz ]—\
(a) Propagative part of Kx \ (c) Propagative part of K,
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LT Design functional structures using band gap properties : Waves
ki — diffusion

/ 1 ) - - \
- BT PR B P B T N P D R A I OO0 o
ot il and
ey
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o0
e
v
Y

::_ f: *.v"
2 Reactive circuit (cancels
L structural damping)
a® 4l —e—1/20
—e—1/10
—— 31/20
-5 —é—1/5
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—6 | T
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m
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/
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LTDS

Design functional structures using band gap properties : Waves

Propagative part of kx La
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LTDS” Design functional structures using band gap properties : Waves
e 1O diffusion

~

—0
——11/20
—e—1/10
——371/20
—d—T71/5
/4

= Dissipative circuit
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L-':DS: Design functional structures using band gap properties : Waves
diffusion

[ ‘ \
Boot Mean Sqeare vebocky (dog scake) Foot Mean Sqeare vebocky (log scake) ol
»

ooooooOoooooo
o o o o o o o
OoooooOooooooo

y

_ Uncontrolled structure @ 2.5 & 8 kHz /

* Non-resonant shunt 9 \ y
e AO wavelength @ 5 kHz =30 cm 4 N
* Length of active interface : 35 cm
e Reconfiguration: only change
the value of resistance in shunt
circuit
g [ Case ABS @ 2.5 & 8 kHz } J
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LT DS’ Design functional structures using band gap properties : Waves
diffusion

Controlled plate

—A—‘ T Ry
= -« = Electric
'circuit'

Semi-active system:
* No control loop => robustness
* Need only to power Op-Amps




LT DS’ Design functional structures using band gap properties : Waves

diffusion

Ctrl off Ctrlon Case REFL Ctrl on case ABS )
» | + 9 .
9 —
®
S
&
v
>
S

,

\[ Measurement @ 3000 Hz }/




L-':DS"’ Design functional structures using band gap properties : Waves

(oY

A beam with two interfaces: Low Frequency I |

\ ol -
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L-':DS: Design functional structures using band gap properties : Waves
diffusion

N

7

A beam with two interfaces: High Frequency

S
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Design functional structures using band gap properties :

The boundary

excitation
M

o=,

powe

Nearfield

Periodic substructure

Farfield

e s e e Far field e \

~” Far field .-~ = N

2 ,// ,,(V/—\} \\\ \
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/ ( N \ |
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— 7
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n\ ﬂexlble (Z)J I nergy /
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— uniform

— infinite scatterer damped
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Beyond Band Gap

Design Graded Time Variant and Non-Linear architected Materials for Finite structure J

Adaptive
Metacomposnte

P 1‘2‘.”@" YS@D'G@L‘
|, : Distributed Control
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Beyond Band Gap : Adaptive Lens
N

Refractive index

n(y) =sech[a(y = y,)]

-,/\

“FIRIE
|
INEEEE
N

—&

-2. -2 -1.5 -1 -0.5
Applied capacitance (F) v 1 -8
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LTDS’ Beyond Band Gap : Adaptive Lens

Tunability of the focal point

focal length: 04 m focal length: 05 m

0.8

1086

Y (m)
¥ (m)

04 0.4

0.2 0.2

0

0

0.4 0.2 0 02 0.4 06 0.6 -0.4 -02 0 02 0.4 06

X (m) X (m)
focal length: 0.3 m focallength: 0.4 m focal length: 0.5 m
[1 ! : 12 [ [ ! z z 12 [] [ ! z z
H s without lens H H s without lens H H s without lens
i focal point with reference lens i H focal point with reference lens : H focal point |~ with reference lens
o H — with piezoclectric lens || o 1f E E — ith piezoelectric lens | o 1 E E X o] == with piezoelectric lens -
E : ; H H : :
' L] L] '
g g : : £ : :
08 08 ] 08 ] '
Z F-y i 2 ' H
H 8 : 8 : :
I 3 ' 2 '
E 087 g 08 E Toef
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Focal length: 0.3 m Focal length: 0.4 m Focal length: 0.5 m
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LTDS’ Beyond Band Gap : Adaptive Lens

Tunability of the focal point

Tocus abhove central axis

0.2
X (m)
focus on central axis

At 2000 Hz

0.2

X (m)
focus below ceniral axis
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LTDS; Beyond Band Gap : Adaptive Lens

Energy Concentration zones at different frequencies

0.1

| | ' ——1000 Hz
——3000 Hz
| | 5000 Hz
£ ——7000 Hz
= I 3
E 0 )
> |
| |
01t -
0 0.5 1
X (m)

O At higher frequencies, the energy concentration zone shifts
to the right.

O An overlapping zone after the designed focal point can be
observed.
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L-[DS: Beyond Band Gap : Adaptive Lens

Model: focal length=0.3 m

Tone burst excitation:

Amplitude
'I- o Pt

f. =2000H=
0 1 2 3 4 5 6 7 = ~
Time (ms) fmax 2286H"
0.4
U
3
£0.2
£
<
00 AZOLO(;A 40A00 60A00 8000 10000

Frequency (Hz)
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LTDS’ Beyond Band Gap : Adaptive Lens

« Transverse response at focal point and input power:

c 2 . ;
€ 158 o e ——with piezo-lens|"
58 11— A - x- -H- - —--—-without lens
v © :
S22
o
£
o w
Zg
>

Time (ms)
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Beyond Band-Gap : Reciprocity breaking and diode

/—

Incidental Waves’

’U,(I, t) - _[)071:‘71 (‘T.\ t)

Controlled reflected

Y N
Active Skin
xr
Ky
. Naturally reflected Waves
Waves ) .
Acoustic Medium

~N

4 )
2
%%%—Ap:() on R, x R, x R+
Op(x,0,t) __
y(w,t) = p(x,0,t)
\_ .
[ The physics ]
-
Control law that guarantees kx<0:
’ Ca ot ox
Finite difference estimation of 1st-order derivatives
f
. Rigid skin A
c.\/\\\ ol 7 x-"\,-n f;,v’”/-\-h\;w'/ 'VJT\\\'\./- '\)‘ \M(\/V ‘ \A\'rl/ﬂ"v‘r\v';"”\_\
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f P. David, M Collet et al., SMS, 19(3), 2012
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12000 Hz
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LTDS' Beyond Band-Gap : Reciprocity breaking and diode

\ / alpha(2)=1 freq(192)=1000 Hz Surface: Champ de pression acoustique total (Pa) \

0.8.02

/ freq(12)=1000 Hz Surface: Champ de pression acoustique total (Pa) \

0.8.02
_za “0.02
\;\:\‘»\




LTDS

need more details?
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