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❑ Your name & background

❑ Your department & adviser

❑ Your research or your adviser’s research

❑ Why study surfaces and interfaces
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Course Outline
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❑ L1: Course introduction & Foreword

❑ L2: Van der Waals interactions between surfaces

❑ L3: Surface tension/energy/stress? 

❑ L4: Interfacial stress balance & Droplets

❑ L5: Fluid statics: Bubbles, pendant droplets and their stability

❑ L6: Lateral capillary forces, condensation, and nucleation

❑ L7: Elastocapillarity

❑ L8: Literature presentation

❑ L9: Modeling and stability of thin liquid films

❑ L10: Moving contact lines

❑ L11: Coffee stains & Marangoni flows

❑ L12: Rayleigh-Plateau instability or/and dynamic instability of elastic rods

❑ L13: Fracture

❑ L14: Adhesion

❑ L15/16: Project presentations
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The philosophy of the course

14

Not only new knowledge but also the process by which it is created!

A scientist is a professional who conducts 

research to further knowledge in a 

particular area. 

❑ They make observations in nature and 

conduct experiments to test their 

observations. 

❑ They use scientific methods to explain 

the natural world.

❑ They believe that there is a natural 

explanation for most things. 
Galileo Galilei (1638) 



1.1 The project

15

Dante Alighieri's vision of hell, which Galileo attempted to map.

How big is the Hell? How tall is Lucifer?



1.2 The method

16

Brunelleschi's dome
~45 meters in diameter and ~3 meters in thickness



1.3 Conclusion

17

“On the Shape, Location, and Size of Dante's Inferno”, Galileo Galilei (1588)

Hell: ~ 45 km in radius (from Jerusalem 
to Marseille) and thus ~6 km in thickness 

Dome: ~45 meters in diameter and ~3 
meters in thickness



2.1 Make observations

18
Galileo Galilei (1638): Proposition IV of Day 2



2.2 Use scientific methods
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Galileo Galilei (1638): Proposition IV-VIII of Day 2

❑ Galileo’s square-cube Law

❑ CD:KL=KL:MN



3.3 Draw new knowledges

20

Hell: ~ 45 km in radius (from Jerusalem to Marseille) and thus ~6km*2000 in thickness 

Dome: ~45 meters in diameter and ~3 meters in thickness

“The roof would have to be so 
thick that there would hardly 
be any room underneath to 
accommodate all those dead 
souls.”



Scaling
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Elephant

Rat

Whale

Dolphin



The Trinity explosion

22

“What mechanical effect might be expected if such an explosion were to occur?”

G. I. Taylor: 



The methodology of this course

23

❑ Calculus must become a pump and not a filter for the STEM pipeline. 

Robert White, president of the National Academy of Engineering 

❑ From lecture-based practices in which students are passive 

learners to problem-driven in which students are active thinkers 

(two presentations).

❑ The observation-method-new knowledge process.

❑ Not a theocratist or experimentalist but problem/goal-classified.

❑ A combination of mathematical foundations and physical pictures.

❑ From NC and NS equations to reduced theories.

❑ Analytical or asymptotic solutions rather than numerics.

❑ Geared more toward engineering than mathematicians. 
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Surfaces and interfaces

25

Thomas Young
(1773 –1829)

Surface/interface science is the study of physical and chemical phenomena that 
occur at the interface of two phases, including solid–liquid interfaces, solid–gas 
interfaces, solid–vacuum interfaces, and liquid–gas interfaces. Many fields have a 
branch or branches concerned with surfaces and interfaces, including chemistry, 
physics, mathematics, mechanics, materials sciences, biology, energy...

Irving Langmuir 
(1881 – 1957) 

F. Wilhelm Ostwald 
(1853 – 1932) 

Pierre-Gilles de 
Gennes 

(1932 – 2007) 

William 
Thomson, “The 

Lord Kelvin”
(1824 – 1907)

Wolfgang Pauli: “God made the bulk; the surface was invented by the devil.” 
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Statics of fluids
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Gecko

28
Related course lecture: van der Waals forces

Song et al. PRSB (2020)

Gecko Project (Berkely)

How gecko’s stick to 
walls: A natural 

application of van der 
Waals forces
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Dry adhesives

29

Geim et al. Nat. Mater. (2003)

Array of polyimide hairs

2 µm

Carbon nanotube arrays

Qu et al. Science (2008)
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30

Related course lecture: Interfacial stress balance

Soap bubbles

Jean Siméon Chardin (French) ca. 1733–34



Olympiastadion (Munich)

31



Catenary and catenoid

32
Related course lecture: Interfacial stress balance and variational analysis

Catenary: From Galileo, Hooke, to Leibniz, 
Huygens and Johann Bernoulli   



From Brachistochrone to droplets

33

Brachistochrone: From Galileo, Johann Bernoulli, to Newton, Jakob Bernoulli, 
Leibniz, to Euler and Lagrange

Related course lecture: Contact angle, adhesion, elastocapillarity

D.Quéré, C. Clanet, M. Fermigier



Bubble foams

34

Soap films always meet in threes along an edge 
called a Plateau border
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Loss of symmetry

36

Related course lecture: Surface tension forces/Lateral capillary forces

“There's some pretty cool 
physics at work when those last 
few Cheerios clump together in 
the bowl.”



“Cheerios” effect

37
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Guo et al. Cell Rep. Phys. Sci. (2021) Zhang et al. Nat. Commun. (2021)



Asymmetry from geometry

38

Related course lecture: General theory for sessile and pendant droplets

It is all about to reduce the area of the surface/interface! But how to derive the 
driving force?

A juvenile Wilson's phalarope feeding

Prakash et al. Science (2008)

Spontaneous motion of water 
droplets moving on conical surfaces

McCarthy et al. Soft Matter (2019)



The use of asymmetry

39

Photo-induced asymmetric deformation of tubular, liquid crystal polymer actuators.

Lv et al. Nature (2016)



Slippery liquid films

40

Related course lecture: Spreading number/vdW forces/modeling of thin films

Nepenthes pitcher plants 猪笼草

Bohn & Federle PNAS (2004)

Peristome surface with 1st and 2nd 
radial ridges. Arrows indicate direction 

toward the inside of the pitcher



Slippery surfaces

41

Wong et al. Nature (2011)



Dynamics of fluids

42



Tear of wine

43

Related course lecture: Surface-tension driven flow

Dan Quinn, “Why does wine cry?” Tears of wine (J. Bico)

The Marangoni effect (also called the Gibbs–Marangoni effect) is the mass transfer 
along an interface between two fluids due to a gradient of the surface tension. 



When Maotai meets coffee

44
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Beyond Bernoulli's principle

45

Min. area but slowDripping, beading or jetting?

Not min. area but faster

?

?
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J. Bico’s slides

Related course lecture: Rayleigh-Plateau instability and stability analysis of thin films

Greenfeld et al. JMPS (2019)

HW: Dip-coating and equilibrium 



Break a soap film

46
Related course lecture: Dynamic wrinkling of thin sheets

Debregeas, De Gennes and Brochard-Wyart
Science (1998)

Da Silveira, Chaieb and Mahadevan
Science (2000)

Collapse and wrinkling driven by gravity and 
resisted by viscosity?
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Oratis et al. Science (2020)

• Gravity not important
• Surface tension drives the collapse
• Resisted by viscosity



Rupture of a soap film

48

Nucleation of holes on various 
liquid sheets (large We)

Lohse and Villermaux PNAS (2020)

The popping sound of a bursting soap 
bubble 

Bussonni`ere et al. Phys. Rev. Lett. (2020)



Soap film and rubber band

49

Dynamics of an elastic ring in a soap film when part of the film is suddenly removed.
Box et al. Phys. Rev. Lett. (2020)

ring annulus

Related course lecture: Dynamic wrinkling of elastic sheets
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Statics and dynamics of solids



Is flexibility a help or a hindrance?

51
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Leg length-to-radius aspect ratio (exp.)

Critical leg length-to-radius 
aspect ratio (theoretical)~130

D. Vella Annu. Rev. Fluid. Mech. (2015)

Koh et al. Science (2015)



Self-cleaning?

52

Nature 567, 9 (2019)

Duprat et al. Nature (2012)

Bradley et al. Phys. Rev. Lett. (2019)
Prakash et al. Science (2008)



1D rods and beams

53

❑ Smaller, “stronger”

❑ What is meant by “strong”?

An elastocapillary length-scale

Related course lecture: Elastocapillarity

Bico et al. Nature (2004)



Feather and oil

54

One of reasons for why most heave 
losses of birds due to oil pollution 

happen in winter.

500 µm

Hartung, R. J. Wild. Mgmt (1967)

Duprat et al. Nature (2012)



Capillary coil

55

The capillary forces exerted by a liquid drop can be strong enough to make a thin 
elastic fiber buckle and coil within it. When the ends of the fiber are brought 
together, it therefore spontaneously starts spooling inside the drop.

http://paulgrandgeorge.com/



Self-assembly of fibrous structures 

56

Tokyofashion.com

Application to self-assembly of carbon nanotubes

M. D. Volder and A. J. Hart. Angew. Chem. (2013)



Topological transformations in cellular structures

57

Elastocapillarity-induced topological transformations of cellular microstructures 
made of liquid-crystalline polymer.

Li, Deng et al. Nature (2021)



2D thin sheets

58

Related course lecture: Elastocapillarity/Variational analysis

Maximize the volume V wrapped by a sheet of radius W
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Kumar et al. Science (2018)



Origami cross various scales

59

Legrain, Tas et al. (2013)

Cho & Gracias Nano Lett. (2009)

Py et al. Phys. Rev. Lett. (2007)



The intrinsic difference of 2D from 1D

60
Huang et al. Science (2007)

King et al. PNAS (2012)

Exploring the novel wrinkling 
behavior of thin sheets that is 
controlled by capillary forces.



From coil to wrinkle 

61

A thin fibrous membrane is wicked (infused) with a wetting liquid. The membrane 
is thin enough to buckle and wrinkle inside the liquid film. 

Grandgeorge et al. Science (2018)



3D solids

62

Related course lecture: Surface tension forces/Elastocapillarity (partially covered)

P
a

rk
 e

t 
a

l. 
(2

0
13

)

Neumann’s law:

Andreotti & Snoeijer (2019) 

Undeformed

deformed

Singh & Pipkin (1965)

A logarithmical singularity 
that can vanish by 

integration.Together with a 2nd BC about (dis)continuity 
in strain. 



Durotaxis

63

Durotaxis is a form of cell migration in which cells are guided by rigidity gradients, 
which arise from differential structural properties of the extracellular matrix. 

Style et al. PNAS (2013)

Water droplet
Glycerol



Solid-vapor interfaces 64

Bico et al. Annu. Rev. Fluid Mech. (2018)



Solid-solid interfaces: Peeling a sticky tape

65

Related course lecture: Adhesion

Wilting et al. EPL (2021)



Peeling and tearing a sticky tape

66
Related course lecture:  Fracture

Hamm et al. Nat. Mater. (2008)

Tearing as a test for mechanical 
characterization of thin adhesive films

Kruglova et al. Phys. Rev. Lett. (2011)



Self-tearing/peeling & Self-rotating of 2D materials

67

1 µm

Self-assembly of graphene ribbons by 
self-tearing/peeling from a substrate

Annett and Cross Nature (2016)

After the rotation, two thermally 
stable configurations of graphene on 

h-BN with a relative lattice twisting 
angle of 0° (most stable) and 30° 
(metastable), respectively, were 

found. 

Wang et al. Phys. Rev. Lett. (2016)



Condensation on surfaces

68

Condensation figures, historically called "breath figures“, are arrays of liquid drops 
that form upon condensation of vapor onto a solid surface.

Lopez et al. Science (1993)

A surface patterned with different chemical components Cu surfaces with several graphene nanoflakes 

Xia et al. Adv. Mater. Interfaces (2016)



Condensation at nanoscale

69

Condensation transition in weakly 
hydrophilic (graphite) capillaries

Yang et al. Nature (2020)



Water under confinement

70

Confined water is found to form square ice 
at room temperature – a phase with 

symmetry principally different from the 
conventional tetrahedral geometry of 

hydrogen bonding. Algara‐Siller et al. Nature (2015)
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Goals
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Questions?



❑ Your name & background

❑ Your department & adviser

❑ Your (proposed) research area 

for M.S. or Ph.D.

❑ Which part do you feel 

particularly interesting (What 

do you want to learn)?



Thanks!
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