MAE 545: Lecture 5 (2/21)
Wrinkled surfaces




Compression of stiff thin sheets
on liquid and soft elastic substrates
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10 ym thin sheet of ~10 ym thin PDMS (stiffer) sheet
polyester on water on PDMS (softer) substrate
)\() = 1.6 cm )\() =70 jvant!

L. Pocivavsek et al., Science 320, 912 (2008) F. Brau et al., Soft Matter 9, 8177 (2013)



Buckling vs wrinkling

Compressed thin sheets buckle

e
———
e

Compressed thin sheets on liquid
and soft elastic substrates wrinkle

Liquid substrate Elastic substrate

In compressed thin sheets on liquid and soft elastic
substrates global buckling is suppressed, because it
would result in very large energy cost associated with
deformation of the liquid or soft elastic substrate!
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Compression of stiff thin
membranes on liquid substrates

initial undeformed configuration
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Consider the energy cost for two different scenarios:
1.) thin membrane is compressed (no bending)
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2.) thin membrane is wrinkled (no compression)
+ additional potential energy of liquid
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Compression of stiff thin
membranes on liquid substrates

v E
N B

< >
L
compression energy of thin membrane

U.~AXE, dx ¢

membrane liquid
membrane 3D Young’s strain density
area modulus A
A=WL Ep, ‘=1 P

Note: upon compression the liguid surface also raises, but we
will measure the potential energy relative to this new height!
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assumed profile

h(s) = hgcos(2ms/\)

Compression of stiff thin

membranes on liquid substrates
4
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Compression of stiff thin
membranes on liquid substrates

j > €

wrinkles are
stable above the
critical strain

wavelength of
wrinkles

amplitude of
wrinkles at the
critical strain
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Compression of stiff thin
membranes on liquid substrates
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5 F. Brau et al., Soft Matter 9, 8177 (2013)



Compression of stiff thin
membranes on liquid substrates

How to go beyond the simple scaling analysis to
determine the nonlinear post-buckling behavior?

compression

Find shape profile h(s) that minimizes total energy

L /12
ds kh
=W | — - pgh®y/1 — /2
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9 F. Brau et al., Soft Matter 9, 8177 (2013)




Compression of stiff thin
membranes on liquid substrates

Comparison between theory (infinite membrane) and experiment

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

L. Pocivavsek et al., Science 320, 912 (2008)

F. Brau et al., Soft Matter 9, 8177 (2013)
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Compression of stiff thin membranes
on soft elastic substrates

initial undeformed configuration
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Consider the energy cost for two different scenarios:
1.) thin membrane is compressed (no bending)
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2.) thin membrane is wrinkled (no compression)
additional elastic energy for deformed substrate
dv A
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Compression of stiff thin membranes
on soft elastic substrates

dY A

I
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L
compression energy of thin membrane

| U.~AXE, dx ¢ |

membrane substrate
membrane 3D Young’s strain 3D Young’s
area modulus A modulus
A=WL E., €=7 E,
F. < FE,,

Note: soft elastic substrate is also compressed, but we will

measure the substrate elastic energy relative to this base value!
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Compression of stiff thin membranes

on soft elastic substrates
d4 Al

assumed profile 2hg 4
h(s) = hg cos(2ms/A)

amplitude of A A Ae

wrinkles T\ L T

deformation of the soft substrate decays
exponentially away from the surface
h(s,y) ~ hocos(2ms/\)e 27¥/A

< >
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13 F. Brau et al., Nat. Phys. 7, 56 (2010)



Compression of stiff thin membranes
on soft elastic substrates

v E
assumed profile 2ho $ d A ;
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Compression of stiff thin membranes
on soft elastic substrates

d* A
T Ui Ax B

Uy, Uy ~ Ade (E2E,, )"

stable for
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Compression of stiff thin membranes
on liquid and soft elastic substrates
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F. Brau et al., Soft Matter 9, 8177 (2013)



Compression of stiff thin membranes
on soft elastic substrates

In order to explain period
doubling (quadrupling, ...)
one has to take into account
the full nonlinear deformation
of the soft substrate!
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F. Brau et al., Soft Matter 9, 8177 (2013)



Uniform compression of stiff thin
membranes on soft elastic substrates

critical strain
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hexagonal crystal
of bumps
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S. Cai et al., J. Mech. Phys. Solids 59, 1094 (2011)
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Experimental protocols  All protocols produce
1.) compression equivalent results

for small strains!

..
\

2.) stretching and gluing

release
- force

y

—p ——tp
stretch‘_ glue

3.) differential swelling of gels

A

o
4. ) differential growth in blology red gel swells more
5.) differential expansion due to than the green gel

temperature, electric field, etc. 19



Compression of stiff thin membranes
on a spherical soft substrates

Spherical shells are compressed

by reducing internal pressure Phase diagram of
—~ dimples/wrinkles
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N. Stoop et al., Nat. Materials 14, 337 (2015)




Compression of stiff thin membranes
on a spherical soft substrates

Swelling of gels (red gel swells Modifying radius R
more than the green one) (fixed thickness d)
R = 152 pym r—

R =381um R — 428 um
Phase diagram of
dimples/wrinkles

R= 599 pm 805 i

ss stress

e/e. — 1

D. Breid and A.J. Crosby,
Soft Matter 9, 3624 (2013)




Tuning drag coefficient via wrinkling

b) Top view

Air Flow Hollow pipe
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D. Terwagne et al., Adv. Mater. 26, 6608 (2014)



Self-cleaning property of lotus leaves

Lotus leaves repel water (hydrophobicity)
due to the rough periodic microstructure

M. N. Costa et al.,
Nanotechnology 25, 094006 (2014)




Tuning wetting angle via wrinkling
Water droplet on a flat surface
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o4 J. Y. Chung et al., Soft Matter 3, 1163 (2007)



Tuning adhesion via wrinkling

Flat complaint
surface has
enhanced adhesion
(larger contact area)

Wrinkling reduces P
i e o e,
adhesion Ea
(smaller contact area)

stretched condition
-« (flat surface) —

—

25 P.-C. Lin et al., Soft Matter 4, 1830 (2008)




Wrinkled structures can be used for flexible electronics

B. Xu et al., Adv. Mater. 28, 4462 (2016)
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How are villi formed in guts?

lumen vilh

Regions of the small intestine

duodenum

submucosa

villus ——
l — epithelium
plicae circulares /
(valves of

Kerckring)

absorptive cells
(enterocytes)

esophagus

7

microvilli—

goblet cells

brush |
border |

stomach

large intestine
\ ~

endocrine cells

intestinal gland
(Lieberkiihn

land
plica circularis gland)

N ! . o O 4 .
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small intestine v

blood capillaries — cells of Paneth

circular

® 2003 Encyclopadia Britannica, Inc. Iong itUd i nal
muscle layer

muscle layer

Villi increase internal surface area of intestine for
faster absorption of digested nutrients.
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Lumen patterns in chick embryo

Stiff muscles grow slower

DAPI marks cell nuclei
_ than softer mesenchyme
— aSMA marks smooth muscle actin and endoderm layers

E...: age of chick embryo in days A=

Vircle gut li Mes SErd

l Musdie I

AI DAPI/ [ DAY Lumen ES8 ||z

E10

E12

E12 ||

radial compression due
to differential growth
produces striped wrinkles

+ circ. muscle

No muscle

endoderm
mesenchyme

muscle

up until E6 E8-E12
Smooth Ridges

28  A. Shyer et al., Science 342, 212 (2013)
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Lumen patterns in chick embryo

Formation of longitudinal muscles at

No muscle + circ. muscle + long. muscle + long. muscle

J g 4 4
endoderm
mesenchyme
muscle |

up until E6 E8-E12 E13-E15

Smooth Ridges Zigzags
29  A. Shyer et al., Science 342, 212 (2013)




Lumen patterns in chick embryo
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\ Relatively faster growth of valleys

A

Top view

Side view

Villi start forming at E16 because Twisting Bulges

of the faster growth in valleys

O

Zigzag ||Twisting]

® [Zgzaq ] wsing|[Buiges |

The same mechanism for
villi formation also works
In other organisms!

Painted clay

E16 gut lumen

30 A. Shyer et al., Science 342, 212 (2013)



Why are guts shaped like that?

Regions of the small intestine

duodenum

esophagus

Z

- stomach

large intestine\ ‘

small intestine

© 2002 Encyclopaedia Britannica, Inc.

plicae circulares
(valves of
Kerckring

serosa

mucosa

longitudinal
muscle layer

submucosa

circular

muscle layer
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Enlargement of

plicae circulares

lumen

willi

blood capillaries
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Structure of a villus
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absorptive cells
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goblet cells
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intestinal gland
(Lieberkiihn
gland)

cells of Paneth



pa Guts in chick embryo

Surgically removed guts from chick embryo

Tube straightens after Tube grows faster than
separation from mesentery mesentery sheet!
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32 T. Savin et al., Nature 476, 57 (2011)



Synthetic analog of guts

Rubber model of guts

L—L <L
\ ‘/Stretch
L »

. (n =5 here)

What is the wavelength of
this oscillations?

33 T. Savin et al., Nature 476, 57 (2011)



Compression of stiff tube on
soft elastic mesentery sheet
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Wavelength of oscillations in guts

animal data, rubber model,
computer simulations

100

Chick E12 00 Quail E12 FinchE13 Vv  Mouse E16.5 X

35 T. Savin et al., Nature 476, 57 (2011)



