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Image from Tanaka et al. (Nature, 1987)
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• Wrinkles form when swelling in confined geometries

• Sometimes appear, sometimes coarsen, sometimes disappear after some time, 
sometimes persist – why?

+ water
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• We limit our attention to cases where wrinkles arise from mechanical confinement 
and not differential swelling

• Wavelength of patterns grows like           (at least at early times) 

• Seek both the mechanism of wrinkle growth and wavelength selection

 Spherical beads just after immersion

Swelling of a cube 



Understanding swelling
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• Consider all deformation and swelling relative to a ‘fully-swollen’ base state where               
      then define a Cauchy strain tensor. Linearise around small deviatoric strains.

Webber & Worster and
Webber, Etzold & Worster
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Understanding swelling
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Initially, when effect of 
base is not seen, 



Instabilities
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Non-dimensional 
time



Early times – elastic buckling
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Compressive stress

Anchoring from base

• Treat the swollen layer as a linear-elastic beam 
or plate of thickness           attached to an elastic 
base of unswollen gel.

• Solving the linear elastic incompressible 
problem selects a finite unstable wavenumber 
where buckles form on the inertial timescale.

• Note, at early times 

Shear parameter
Dry polymer fraction, 
scaled by
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Early times – elastic buckling
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Figure from Tanaka et al., Phys Rev Lett 68:2794-2798, 1987



Late times – diffusive wrinkling
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Stable

Unstable

• At late times, base state approaches a uniform polymer fraction, so stiff base + swollen 
interface model can no longer apply

• Perturb displacement field and carry out a linear stability analysis on uniform state



Healing of instabilities
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• At intermediate times, perturb a ‘frozen-in-time’ base state to connect the two 
regimes of pattern formation

• At early times, see ‘peaks’ corresponding to the elastic buckling, which smooth out, 
and result in eventually-stable or unstable situations

Non-dimensional 
time



Healing of instabilities
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Swelling instability

Instabilities only grow 
slowly by drawing in 
water

Buckling instability

No instability

Stable to both buckling 
and swelling wrinkles
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Time since introduction of water

No dependence on 
compressive strain: pure 
elastic buckling



Conclusions
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• Wrinkles form via two distinct mechanisms at 
different times in the swelling process

• At early times, we see elastic buckles that form quickly 
and the wavelength evolves like the square root of 
time (cf Biot instability of an elastic half-space)

• At late times, the only mechanism is diffusive in 
nature, and this only occurs if there is sufficient 
compression, explaining the healing that is sometimes 
seen
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