Mechanical Metamaterial

Wikipedia: Metamaterials are artificial
materials engineered to have properties that
. may not be found in nature. They are assemblies of

multiple individual elements fashioned from conventional
microscopic materials such as metals or plastics, but the
materials are usually arranged in periodic patterns.
Metamaterials gain their properties not from their composition,
but from their exactingly-designed structures. Their precise
shape, geometry, size, orientation and arrangement can affect
the waves of light or sound in an unconventional manner,
creating material properties which are unachievable with
conventional materials.

Martin van Hecke, University of Leiden



Metamaterials: Waves

Phys. Rev. Lett. 84, 4184 (2000)

Negative index metamaterial array An acoustic lens made of soda cans
configuration, which was constructed can focus sound waves to a spot as
of copper split-ring resonators and small as 1/25th of a wavelength.

wires mounted on interlocking sheets
of fiberglass circuit board.



Mechanical Metamaterial: UltraLight

Science

MV AAAS

0.9 mg per cm3
0.9 g per liter

Science 334, 962 (2011) 0.9 kg per m3




Mechanical Metamaterials: Responsive

PNAS 107 18809 (2010)

Frictional, simple: compression ~ strength



Mechanical Metamaterials: Auxetic

Science 235 1038 (1987)



Mechanical Metamaterials: Auxetic

Science 235 1038 (1987)



Mechanical Metamaterials
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Mechanical Metamaterials
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Usual Approach
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Can you shape the feel of a thing?




Mechanical Metamaterial

Linear and Nonlinear Response in Marginal Networks
Elastic Instabilities in Holey Sheets

Elasticity
Jamming & Rigidity Percolation
Buckling, Snapback and Snapthrough




Elasticity 101
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Elasticity 101
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Elasticity 101
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Elasticity 101
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Elasticity 101
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Elasticity 101

Stress-Staterretevant | [Jamming

Linear Response Marginal Networks
v>-1/-0.5..v>0 Holey Sheet

Neg. Compressibility?




Mechanical Marginal Rigid
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MvH J Phys Cond Matt 22 033101 (2010)

/1 AJ Liu and SR Nagel,

“1 Ann Rev Cond Matter Phys 1, 347 (2010)

Jamming
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Bolton and Weaire 90, Durian 95, O'Hern et al 03
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Jamming

Ellenbroek et al, 06/09
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Jamming: Special Geometry

& &

Udecompress

W. G. Ellenbroek, Z. Zeravcic, W. van Saarloos and MvH, EPL 87 34004 (2009)



Jamming: Special Geometry
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W. G. Ellenbroek, Z. Zeravcic, W. van Saarloos and MvH, EPL 87 34004 (2009)



Jamming: Special Geometry

Jamming
+
Rig. Percolation

NonAffine:
Part of the Story

Self Adjusting

W. G. Ellenbroek, Z. Zeravcic, W. van Saarloos and MvH, EPL 87 34004 (2009)
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Perturbations
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Perturbations

) L6
i ~y
10"
:':':im 'li it ptt! LI TYTYTIN G
04, '"“""'l'lmll-llmnmlmﬂ' e ‘"'Hnumumuunuumnmnunm"' 14 :'
""1. Witngg,, 6
.Hll L1} %
et Hisrnneng LT TT TP N
" mmnm.ﬂ. h 1.2 w0
4 . ’ 3
1" H & LT S | * L 2
¥l|. W e 11+. f dia ll
o ' o : ' 210 “'1 \ t ‘ I = ! i
: * .J H '.? g i - " 3 | (LT ’
: il : : I | I
LE . L E ¥ b1 1 -; 4 & ¥
=’ "_"m m =10’ M " 3 / é" i
s ‘ i : ! | - { ol It
0 . } I : 04 t l W H? |
07 10 | L | | HITTA H ‘ |
g ", | 4, 1
W f | | Hit
. ' U i
LN 114
00 : ‘ |
5 ] B
3 i 5 ; i 5 b v 1 ® Bertubafionel J
hidiond ’ P Pertubation|e)
Pertubation(e) Pertubation(c)

Bastiaan Florijn



Evolutionary Algorithms

If jamming geometry is so special,
can we mimic it?




Evolutionary Algorithms
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Evolutionary Algorithms
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Evolutionary Algorithms
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Metamaterials: Geometry

Structure Determines Linear Response
Connectivity
Geometry

Design Geometries




Marginal Point

Disorder Rules!

.

Constitution —



Close to falling apart...

Driving —

Linear response fails!
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Constitution —



Close to falling apart...

\ Extreme Physics

\ Shocks
\ NonLin Elasticity

Driving —

Constitution —



Close to falling apart...
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Nonlinear Networks

Young's Modulus 220 kPa

10 cm
Thickness of struts T mm

Bastiaan Florijn
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Nonlinear Networks
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Nonlinear Networks
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Intermezzo: Simulations of Spring Networks

-||:::|_|||

Moduli

W. G. Ellenbroek, Z. Zeravcic, W. van Saarloos and MvH, EPL 87 34004 (2009)



Intermezzo: Simulations of Spring Networks

M Wyart, H Liang, A Kabla and L Mahadevan, PRL 101 215501 (2008)




You Should Be Shocked
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Tension: O ™Y
Slack : 0”7 YB

M Wyart, H Liang, A Kabla and L Mahadevan, PRL 101 215501 (2008)



Intermezzo: Simulations of Spring Networks

Linear: c "~ YAz
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M Wyart, H Liang, A Kabla and L Mahadevan, PRL 101 215501 (2008)




Nonlinear Networks
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State Diagram

Nonlinear
Response
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State Diagram
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Metamaterials: Nonlinear

Nonlinear near Marginal Points
Cross Elasticity?




Holey Sheet

Mullin et al, PRL 99, 2007, 084301

Bastiaan Florijn, Henk Imthorn, Robbin Bastiaansen, Corentin Coulais




Holey Sheet

Kamrin, Priv Comm



Holey Sheet
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Buckling
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Buckling
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Buckling
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Buckling
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Buckling: Beammodel vs Holey Sheet
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Buckling: Beammodel vs Beam
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Biholar Sheets: Breaking Symmetry




Biholar Sheets




Biholar Sheets
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Weak Symmetry Breaking
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Lateral Forcing
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Weak Symmetry Breaking




Metamaterials: Buckling

Buckling in Networks
Tunable Mechanical Response
Other Hole Patterns?




Outlook: G << K: Pentamode Materials
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Outlook: 3D Elastica

2ke 3D Printing
(Soluble Mould)

200k$ 3D Printing




Outlook: 3D Elastica




Outlook: 3D Elastica




Outlook: 3D Elastica




Outlook: Negative Compressibility?
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Mechanical metamaterials with negative
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Outlook: Negative Compressibility?

natre

ARTICLES

MAY 2012 | DOI: 10.1038/MMAT33T] matcrlals

Mechanical metamaterials with negative
compressibility transitions
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Outlook: Snapback and Snapthrough




Outlook: Snapback and Snapthrough
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Outlook: Snapback and Snapthrough
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Metamaterials

Geometry
Marginal Points
Instabilities

Lots of open questions!




