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Contact 
Line

Needle 
Tip

5 mm

Wet
Dry

Water in 500 µm gap between 2 acrylic plates



Re ~ 0.01
Ca ~ 2 × 10–6



Stroboscopic Imaging
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One frame per cycle

1 mm



Cyclic driving is ubiquitous

• Can change systems that don’t relax
• Can form memories
• Can reveal new behaviors & prompt new questions

Keim & Nagel PRL 2011
Keim & Arratia PRL 2014
Keim et al. in preparation
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Use amorphous solids to develop these ideas



Water

Polystyrene 
microspheres
3.8, 5.8 µm

Oil

Dipole-dipole 
repulsion

100 µm

Aveyard, Clint, Nees, & Paunov. Langmuir (2000)
Masschaele et al., Phys. Rev. Lett. (2010)
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2D Amorphous Solid

Long-range repulsion
➔ Mechanically over-constrained 

(jammed)
Particles not touching
Negligible thermal motion

Keim & Arratia, Soft Matter 2013



Shear at 0.05 Hz Strain amplitude 0.055

100 µmgithub.com/soft-matter/trackpy



Find rearrangements

Falk & Langer Ann Rev CMP 2011, Keim & Arratia, PRL 2014; Soft Matter 2015

10 µm



Find rearrangements

10 µm

D2min

0

0.12

D2min = locally non-affine

github.com/nkeim/philatracks
Falk & Langer Ann Rev CMP 2011, Keim & Arratia, PRL 2014; Soft Matter 2015



Self-Organization in Jammed Solid

Strain  
amplitude

100 µm

Keim & Arratia, Soft Matter (2015)



Self-Organization in Jammed Solid

Strain  
amplitude

100 µm

Keim & Arratia, Soft Matter (2015)

Focus on 
periodic 

steady state



Steady State = repeating rearrangements
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Steady State = repeating rearrangements
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Steady State = repeating rearrangements
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0.002

0.004

0.006

Strain
0 0.01 0.02 0.03 0.04 0.05

Trained @ 3%

Trained @ 4%
Steady state 
encodes strain 
that prepared it

Fiocco et al. PRL 2014

Keim et al. in preparation

Reading out a memory

Compare trained state w/ each snapshot



Results

Kinetics of rearrangements consistent  
with return-point memory
Arises from hysteretic subsystems + cooperative interactions

Keim et al., in preparation

Regev et al. Nat Comms (2015)

Large strain amplitude ➔ Too many subsystems + interactions  
➔ Depinning ➔ No periodic steady state

Are these ideas relevant to contact line?



Contact 
Line

Needle 
Tip

1 cm

Wet
Dry

Water in 500 µm gap between 2 acrylic plates



Stroboscopic Imaging
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Approach to steady stateApproach to steady state



Transition from Periodic to 
Fluctuating
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Transition from Periodic to 
Fluctuating

Compare with n + 1
Compare with n + 2
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5 µL amplitude 6 µL amplitude

Binary difference images show transition



Disordered landscape of pinning & wetting
Maximal extent at each amplitude 
1 µL increments

1 mm



Contact line is rich in 
hysteresis

• Metastable; disordered 
substrate


• Hysteretic subsystems


• Cooperative interactions

de Gennes, Rev. Mod. Phys. (1985)

P. G. de Gennes: Wetting: statics and dynamics 833

or absence of the film can, in some cases, lead to hysteret-
ic effects. In many cases the film, once formed, is stuck
on the solid surface. See, for instance, Chappuis (1984).

2. Models with parallel grooves

FIG. 7. Definition of the advancing (0,) and receding (8„) an-
gles for a liquid on a nonideal solid surface.

gle) is measured when the contact area shrinks (Fig. 7).
The interval 8,—8, may be 10 or more for surfaces that
have not been specially prepared.
What is the source of this hysteresis? Three major

causes have been invoked.
(a) Surface roughness Ea. rly observations by Trillat

and Fritz (1937) showed that the triple line W was easily
trapped when parallel to a system of grooves. Among the
more recent experiments, those by Dettre and Johnson
(1964) deserve special mention because they were per-
formed with a series of solid surfaces of increasing rough-
ness. A typical set of data is shown in Fig. 8. It exhibits
a remarkable, nonmonotonous variation of 6I, with the de-
gree of roughness, to which we shall return later. Further
systematic studies were carried out by Mason (1978).
(b) Chemical contaminations, or inhomogeneities, in the

solid surface may als6 play an important role. Some of
the experiments of Dettre and Johnson (1964) were made
with glass beads immersed in paraffin wax, and the
differences in wettability between glass and paraffin may
have contributed to the hysteresis. But systematic studies
of purely chemical effects at a smooth surface are still
lacking.
(c) So!utes in the liquid (surfactants, polymers, etc.)

may deposit a film on the solid surface, and the presence

JL EE ( OEEIIEES )
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Early discussions on the effects of surface roughness
were restricted to periodic surfaces—for instance, with a
parallel set of grooves (Johnson and Dettre, 1964; Mason,
1978; Cox, 1983). These systems have some reality —a
classical example is a phonograph record (Oliver et al. ,
1977).
When the triple line W is parallel to the grooves, it

may have a number of pinned positions (described in Fig.
9), and it is possible to compute numerically the magni-
tude of the energy barriers between two such positions.
Some aspects of these calculations are very artificial (the
energy barriers are proportional to the total length of line
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FIG. 8. Advancing and receding angles for water on fluorocar-
bon wax: a rough surface is obtained by spraying the wax. It is
then made smoother by heating in an oven. The numbers n on
the horizontal scale (0,1.0, 10) refer to the number of successive
heat treatments. Notice the abrupt jump of O„between n =6
and n =7 (after Dettre and Johnson, 1964).

FIG. 9. (a) Equilibrium positions of a contact line W (normal
to the sheet) on a system of grooves. M&, W&, are locally
stable, while W' is unstable. 0, is the thermodynamic contact
angle. 0, is the macroscopic angle. (b) The creep process for a
contact line M moving from position W~ to position M2. C
stands for "crest" and T for "trough. "

Rev. Mod. Phys. , VoI. 57, No. 3, Part I, July 1985



What happens during training? An hypothesis.
Below critical amplitude,

1. Pinning: Below critical amplitude, discrete jumps mean 
system is trapped in finite set of states

2. Self-organized limit cycle: Each piece of the contact 
line stops changing when its motion becomes periodic.

Coppersmith, Phys. Rev. A (1987)
Regev et al., Nat. Comms. (2015)

Keim & Arratia, PRL (2014)



What happens during training? An hypothesis.
Below critical amplitude,

1. Pinning: Below critical amplitude, discrete jumps mean 
system is trapped in finite set of states

2. Self-organized limit cycle: Each piece of the contact 
line stops changing when its motion becomes periodic.

Above critical amplitude, 

– Jumps encourage more jumps, depinning large regions 

– System “flows” among many more states  
➔ Never periodic.

Coppersmith, Phys. Rev. A (1987)
Regev et al., Nat. Comms. (2015)

Keim & Arratia, PRL (2014)



Memory?



Conclusions

• Contact line motion has self-organized  
limit cycles, memory

• “Depinning physics” at its most literal.

• Could comparison w/ other systems tell us 
about microscopic physics?
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