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Capillary origami MATERIALS
NewScientist

By Etienne Cliquet, Flotille Spring 2019


https://www.youtube.com/watch?v=n51Vi3rv_kA

First observations:
Elastocapillary aggregation

First observations took place when high aspect ratio microfabricated pillars aggregated
during drying.

Elasto-capillarity was considered nuisance to microfabrication of thin beams and pillars.
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Tanaka T, Morigami M and Atoda N 1993 Mechanism of resist pattern collapse Mastrangelo C H and Hsu C H 1993 Mechanical

during development process Japan. J. Appl. Phys. 1 32 6059-64 stability and adhesion of microstructures under
capillary forces-part ii: experiments J.

Microelectromech. Syst. 2 33-43
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Elastocapillary nuisance MATERIALS
- Interesting patterns

Interesting patterns were observed after wetting and drying of CNT forests

Chakrapani N, Wei B, Carrillo A, Ajayan P M and Kane R S 2004 Capillarity-driven assembly of two-
dimensional cellular carbon nanotube foams Proc. Natl Acad. Sci. USA 101 4009-12
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Mechanism of formation of interesting

patterns
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Mud cracks e
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MIT News

ON CAMPUS AND ARCUND THE WORLD

A recolored optical image obtained by
MIT researchers shows a heari-shaped
carbon nanotube cell. A version of the
image is featured on the cowver of the
Feb. 14 print edition of Physical
Chemistry Chemical Physics.

Image: Ashley Kaiser and Hai Stein/MIT

B .

Getting to the heart of carbon nanotube clusters

MIT researchers create predictable patterns from unpredictable carbon nanotubes.

Denis Paiste | Materials Research Laboratory
February 14, 2018 RELATED

Integrating nanoscale fibers such as carbon nanotubes (CNTs) into commercial applications, Papsr: "Procass-morphology scaling relations

from coatings for aircraft wings to heat sinks for mobile computing, requires them to be quantify self-crganization in capillary densified
nanofiber arrays

produced in large scale and at low cost. Chemical vapor deposition (CVD) is a promiging

cales, but it produces CNTs that are
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g CNT= Iz an casy,
e their stiffness, but uni
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Opportunity: CNT densification by MATERIALS
Immersion

Low density vertical CNT pillars: high density, strong and more electrically conductive pillars
for interconnects
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solvent—

immersion

Liu et al. IEEE Trans. Nanotech 8(2):196-203, 2009. Spring 2019



CNT forest as a (stronger) mechanical KINETIC
material
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How Is scales?
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Process control: immersion vs. condensation @<
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Condensation can be used
to densify, shape and form
very delicate
nanostructures.

Forces encountered

during “piercing” a liquid

Iinterface are avoided
Immersion

Condensation

o —— — -

Collapse Grouping

De Volder* and Tawfick* et al. Advanced Materials, 2010. Spring 2019



How to control elastocapillary self-assembly?

Immersion

#h

Directed immersion

il n

Dipping

W

Condensation

Lt

De \Wolder and Hart, Angewandte Chemie 2013
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Capillary forming: Complex 3D nanostructures’!!
by elastocapillary self-assembly

Tawfick et al. MRS Bulletin 2015.
Spring 2019



Slide by J. Bico

Elasticity vs. Capillarity
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Py et al. PRL 98, (2007)


https://www.youtube.com/watch?v=6gYb2fOnMvM

Py et al. PRL 98, (2007) Spring 2019



Grabbing an air bubble

o

Reis et al. Soft Matter (2010) Spring 2019



https://pubs.rsc.org/en/content/articlelanding/2010/sm/c0sm00895h
https://www.dropbox.com/s/gpkig98vb87kxtk/reis_Supplementary_Movie_S1.mov?dl=0




Grabbing a liquid droplet

Reis et al. Soft Matter (2010) Spring 2019


https://pubs.rsc.org/en/content/articlelanding/2010/sm/c0sm00895h
https://www.dropbox.com/s/yy3jyjxhtgmkzmb/reis_Supplementary_Movie_S2.mov?dl=0




Slide by J. Bico Wet hairs
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Nature 2004



Slide by J. Bico 2 flexible lamellae
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Slide by J. Bico

Sticking length <= Fracture

Griffith's criterion (1921):.
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Slide by J. Bico
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Size Limits For Void-Free Structures W
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Py et al., EPL 77(4):44005, 2007. cluster
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De Volder M., Tawfick S. et al., J. Micromech Microeng., (2011) Spring 2019



Slide by J. Bico

g 8 g Euler buckling
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full calculation: F. .= 4 12
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Slide by J. Bico
Piercing hairs
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post-buckling: complex!

with Benoit Roman & Sébastien Neukirch
JMPS 2007
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Capillary buckling of CNTs

KINETIC
MATERIALS
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Horizontally Aligned CNTs
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Capillary buckling dynamics

-

Dry VA-CNT Capillary rise Densification and tilt Buckling Dry HA-CNT
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Tawfick S et al, Langmuir 27 (10) (2011) Spring 2019



Design for Stable Structures MATERIALS

RESEARCH GROUP

" Elastocapillary buckling limit

E I = ([ * El
IB = | = |— Buckling — E 12 100
W CNT

V
X
Oheight 10 + X X )>§
A X X
. \ - XX X X
N X A X x
,'II';' y \% l ? x A A x
; oy A A A A
G h;, CNT & X A
.I'.I',' A
L, / i 0.1 T f | : 1
hom 2] |I|| 0 X no fold tj
C 11
Y __.--if;jf.-"' 1\ e\ A fold l¢ w N
' t 001 + i
0.003 0.03 0.3
t/w

Neukirch S, Journal of the
Mechanics and Physics of
Solids 55 (6) 1212-1235 2007.

Tawfick et al, Langmuir 27 (10), 6389-6394 2011. Spring 2019



Capillary bending MATLRIALS

RESEARCH GROUP

Devolder *and Tawfick* et al. Advanced Materials, 2010.
Zhao, and Tawfick et al. Physical Review E, 2010.
Tawfick and Hart et al. Nanoscale 2012. Spring 2019



Multi-directional 3D architectures MATERIALS

Devolder, Tawfick, et al. Advanced Materials, 2010. Spring 2019



Structural analysis of capillary forming KINETIC
transformations

diameter diameter

. Small inner o Largerinner O

short
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arge arrays of 3D hierarchical KINETIC
nanostructures
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A manufacturing process

a 2D 2.5D 3D
Nano-imprinting/DRIE/
Molding/CNT synthesis
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Observing capillary forming MATERIALS

Tawfick et al., Langmuir 2013 100 ,V..Jg 2019



https://pubs.acs.org/doi/suppl/10.1021/la4002219

Observing capillary forming
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Tawfick et al., Langmuir 2013 Spring 2019



Shrinkage during liquid evaporation CINETIC
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When will densification stop?
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Watching the Kinetics of Capillary Twisting

High-speed __ [~
camera o K

Beaker

Linear

| L=1

Drain rate,V

stage

Shin and Tawfick Langmuir (2018) E]

Kovanko and Tawfick, in preparation oprrhg 2019
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Threshold and Scaling of Capillary Twists
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Kinematics of Capillary Twists
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Threshold of Capillary Twists

Capillary work rate ~ ZAvlat

S

Volume conservation

Kovanko and Tawfick, in preparation
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Forces Inducing Twists MATERIALS
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Anisotropic forces

- Stiff in the radial direction, soft in the tangential direction

Spring 2019



Modeling Capillary Twists

Fiber densification

Spring forces
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Polymorphic elastocapillary self-assembly

Shin and Tawfick, Langmuir (2018) Spring 2019


https://www.dropbox.com/s/x58pc3kp020uctn/S2-2018.avi?dl=0




Polymorphic elastocapillary self-assembly

Shin and Tawfick, unpublished Spring 2019
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Si,N, substrate

b) CNT pillars CNT bridge CNT-hydrogel

-

De Wolder and Hart,
Angewandte
Chemie, 2013
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De Wolder and Hart,

Angewandte
Chemie, 2013

b)

Electron-beam exposure

PaTTERNING w& ‘,// /MM
se::ume ”:,/ ” , g

Develop, rinse, and dry
(resist collapse)

KINETIC
MATERIALS

RESEARCH GROUP

Spin-coat Thermal curing

Raman Intensity

“ nanafinger
ﬂﬁPEsﬂn
e <33 BPE
o carbon
® pitrogen
I‘lﬂm!nl
1200 , 1400 1600 1800
Raman Shift jem’)
IIII.OOI! cps
1200 1400 1600 1800

Raman Shift (cm™)

d)g

2 mm

capillary force induced
clustering

e)

Im [ ——— e e
ey - LAl - v v

Spring 2019



Capillary actuators MATERIALS

RESEARCH GROUP

Slide by J. Bico, ESPCI France
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Borno et al. J. Micromech. Microeng. 16 (2006) Spring 2019



Capillary origami: wrapping droplet
-> Drug delivery!

Paulsen et al. Nature Materials (2015) Spring 2019


https://www.youtube.com/watch?v=nfu9AjacvtY

Elastocapillary spooling

u=mc A [N ClIS % OxFoRD

Elettro et al. PNAS (2016) Spring 2019


https://www.youtube.com/watch?v=NUGI5VW4frI

Capillary elasticity: wicked membranes

Grandgeorge et al. Science (2018) Spring 2019
pring


https://youtu.be/CXJletDh4N8

Summary

Elastocapillarity: elastic energy ~ surface free energy

- self-assembly from the nano- to the millimeter scales
- Complex programmable geometries

-> Unusual behavior such as spontaneous twisting or spoolin
-> Shape morphing

Spring 2019
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