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3LOMA, CNRS, Univ. Bordeaux, F-33405 Talence, France

4Sciences et Ingénierie de la Matière Molle, CNRS,
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S1. EXPERIMENTAL PROTOCOLS

A. Substrate preparation

The hydrogel samples studied here were made on ei-
ther silicon wafers or thin glass substrates. The chosen
substrates are cleaned in a freshly prepared “piranha”
solution. 600 mL of this solution is prepared by mixing
200 mL of sulfuric acid (95-97%) and 400 mL of hydro-
gen peroxide (35%). The resulting solution was left to
rest at room temperature for approximately 30 min, un-
til it became a clear solution with no bubbles. The sub-
strates were then immersed in this “piranha” solution
for 1 h thoroughly, rinsed with deionized water, dried
under pressurized nitrogen flow, rinsed with absolute
ethanol, and finally dried again. Freshly cleaned sub-
strates were chemically modified by grafting thiol groups
on their surface in order to allow the hydrogel to at-
tach to the substrate. 200 mL of silane solution was pre-
pared by mixing 196 mL of absolute ethanol and 4 mL of
3-mercaptopropyltrimethoxysilane; this solution was left
to rest for 1 h. Silanization was performed by immersing
the substrates in this solution for 1 h. The substrates
were then rinsed with absolute ethanol, and dried under
nitrogen flow. All substrate preparation steps were done
in a clean-room environment.

B. Hydrogel film preparation

The PNIPAM hydrogel used here [? ] was pre-
pared from a PNIPAM polymer that has been func-
tionalized with ene-reactive groups, its molar mass is
459 kg/mol. The ene-functionnalized polymer solution
was prepared by dissolving the copolymer in a 50/50
mixture of methanol and butanol, at the desired con-
centration (between 0.5 and 10 wt%). The solution was
then left to rest overnight in the fridge. Just before use,
dithioerythritol was added as a crosslinker: the quantity
added was typically 60 wt% of that of the copolymer dis-
solved in solution. The solution was left to rest and ho-
mogenize for 20 min. The prepared solution was coated
on the surface of thiolated substrates by spin-coating,
with a spinning time of 30 s and different angular veloc-
ities in the range 500 to 4000 rpm (in the case of glass
substrates, the solution was filtered with a 0.2µm cal-
ibrated filter prior to spin coating). To remove excess
solvent, the resulting polymer films were soft baked at
65◦C for 1 min or dried under ambient conditions. Fi-
nally, the hydrogel was cross-linked by performing a UV-
irradiation (λUV=254 nm) on the samples, with a flu-
orescent lamp for 0 min to 3 h (n.b. all measurements
reported in the main text were performed on samples
subject to 3 h of UV-irraditation). To remove uncured
polymer and crosslinker excess, the resulting samples
were either washed only with isopropanol HPLC grade,
or first by immersion in deionized water for 4 h, then in
isopropanol HPLC grade for 15 min. Finally, they were

dried under ambient conditions.

C. Influence of polymer concentration and
spin-coating speed on the film thickness

Sample thickness was modified by changing either the
spin-coating speed or the PNIPAM solution concentra-
tion in the initial polymer solution (to modify its viscos-
ity). This last parameter has the greatest influence: as
shown in Fig. S1, modifying the PNIPAM concentration
from 0.5 to 15 wt% allows the film thickness to be varied
over almost three orders of magnitude (from ∼ 10 nm to
8µm), for a given angular velocity of spin coating.

D. Influence of UV-exposure time and substrate
type on ultrathin samples

Ultrathin samples, with thicknesses smaller than
70 nm, did not show any surface patterning either be-
fore or after the rinse step (see main text, Fig. 4). Ad-
ditionally, since the surfaces remained flat, zero depen-
dence on the substrate type or the evaporation rate of
the spin-coating solvent was recorded. Ultrathin samples
did, however, enable investigation of the influence of UV-
exposure time on cross-linking of PNIPAM and the final
thickness of the hydrogel films, as we now describe.

Ultrathin hydrogel samples were prepared from a 1%
PNIPAM solution, as previously described, spin-coated
at 3000 rpm. The samples were subjected to different
UV-irradiation times (exposition carried out using a UV
lamp, power 8 W, wavelength λUV=254 nm) and two
evaporation methods after spin-coating, that lead to two
evaporation rates: soft-baking (2 min at 65◦C) or drying
under ambient conditions (RT drying). These samples
were prepared on two different types of substrate: func-
tionalized silicon wafers and functionalized glass slides.
In these particular experiments, samples were only rinsed
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FIG. S1: Dry thickness of the PNIPAM films as a
function of PNIPAM concentration Sample thickness in
the dry state h after rinsing as a function of PNIPAM solu-
tion concentration (wt%), for different spin-coating speeds as
indicated by the legend.
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with isopropanol. They were observed before and af-
ter rinse and their thickness was measured, using atomic
force microscopy (AFM). When samples were not irradi-
ated with UV (i.e. zero irradiance time) no hydrogel was
observed; the crosslinking network was unable to form,
prohibiting the formation of a substrate-attached hydro-
gel.

Fig. S2 shows the time evolution of the thickness of
samples grafted onto silicon wafers that underwent a soft-
baking process and were exposed to UV irradiation for
different periods of time, before and after rinsing. All the
samples studied here were prepared with a 1 wt% PNI-
PAM solution and were spin-coated at 3000 rpm. We
observe that 35 % to 50 % of the sample thickness to
be removed during the rinse step. We believe that rins-
ing removes excess cross-linker and small polymer chains
that are not attached to the polymeric network, since
the high amount of removed matter is consistent with
the proportional excess of cross-linker (nearly 38 wt%).
UV-irradiation cures the polymer network – decreas-
ing the amount of free unreacted cross-linker and small
unattached chains – accordingly, we see that when UV-
exposure time increases, the thickness of the removed
portion tends to decrease. Additionally, we observed that
the thickness of rinsed samples reaches a plateau at an
exposure time of 1h30, suggesting that the cross-linking
density would be homogeneous along the depth of the film
in the plateau regime. Finally, these results are consis-
tent with previous works, that establish the fabrication
protocol of these type of samples and conducted their
characterization [? ? ].

The results presented in this article were systemati-
cally obtained on samples that were exposed to UV for
3h and rinsed. We thus believe that the observed surface
patterns do not result from any cross-linking gradient
along the thickness of our PNIPAM films, in contrast to
the observations of other works [? ]. However, additional
types of experiments such as small-angle spectroscopy
could be performed to confirm the latter hypothesis. To
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FIG. S2: Influence of UV-exposure time and rinsing
on sample thickness. Sample thickness in the dry state
h as a function of the UV-irradiance time, before and after
rinsing. The samples were prepared using a 1 wt% PNIPAM
solution and spin-coating velocity of 3000 rpm. The values are
averaged on 4 measurements.

understand what is the origin of the pattern formation,
in the next section we exhibit AFM images of PNIPAM
films at different stages of the fabrication process.

S2. EMPIRICAL ORIGIN OF PATTERNS

A. Determinant step for the formation of patterns

Sequential surface examination on dry samples dur-
ing preparation enables identification of the preparation
stage at which patterns appear. In Fig. S3, we show AFM
images of two PNIPAM films, at different key steps of the
fabrication protocol: right after spin-coating and evapo-
ration of the solvent, after UV irradiance, after rinsing
in water and drying, and after rinsing in isopropanol and
drying. For thinner films (see Fig. S3, first row), no pat-
tern appears. For sufficiently thick samples (see Fig. S3,
second row), a surface pattern appears following the first
rinsing-and-drying cycle, suggesting that the surface in-
stability results from the swelling-deswelling process of
the film. Finally, the subsequent swelling-and-drying cy-
cle does not affect the formed pattern, suggesting that
the deformation cycle is irreversible. In summary, the
pattern is formed and fixed during the first rinsing-and-
drying cycle.

B. Influence of the solvent evaporation rate and
solvent type on thick samples

The creasing instability appears following immersion
and rinsing of the cross-linked hydrogel film in a solvent,
as showed in Fig. S3. This confirms that the surface
patterning initially appears as a consequence of volumet-
ric change, associated with imbibition-induced swelling,
of the grafted, laterally-confined hydrogel. To study the
influence of the (re)swelling of hydrogels in successive sol-
vents, fully rinsed hydrogels that exhibited a pattern were
immersed in two different, subsequent solvents – water
and acetone – after preparation. The samples were then
dried under two different conditions; using a nitrogen gun
(which encourages a fast evaporation) and under ambient
conditions (which results in a slower evaporation). Ex-
amples of sequential swelling and drying cycles are shown
in Figs S4A and B, while the table shown in Fig. S4C in-
dicates the samples preparation protocols. The surface
patterning in a particular region-of-interest was observed
on each sample before and after this secondary immer-
sion and drying cycle, and the patterns were compared.
For almost all samples, the exact same pattern can be
recovered, showing that subsequent immersion and dry-
ing cycles had a negligible affect on the initial pattern
features; an example is shown in Figs. S4 A and B. For
two samples only, a slight amplitude decrease was ob-
served, but is not considered to be a systematic effect of
the experiment.
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FIG. S3: Topography of PNIPAM films during the fabrication process. AFM images of two dry PNIPAM films,
at different steps of the fabrication process : after spin coating, after UV-irradiance, after a first rinsing-and-drying cycle in
water and after a second one in isopropanol. Top row : 60 nm thick sample, fabricated using a spin-coating velocity of 3000 rpm
and a PNIPAM solution concentration of 1 wt%. Bottom row : 1.5µm thick sample, fabricated using a spin-coating velocity of
3000 rpm and a PNIPAM solution concentration of 9 wt%.

This experiment shows that irrespective of the pat-
terns shape and amplitude, they seem to be fixed and ir-
reversible once they initially formed (i.e. during the first
swelling and drying process). Our evidence suggests that
the evaporation rate and its quality (related to its nature
and to what extent it can swell the network) of any sub-
sequent solvents seen by the hydrogel do not influence
the surface pattern, contrary to what was evidenced in
[? ]. Instead, in our experiments, the first solvent seen
by the system (i.e. water, during the first rinse step) that
sets and fixes the pattern, induced network swelling and
drying-induced shrinking.

To investigate the influence of evaporation rate of the
first solvent on the surface patterning, hydrogels with
patterns were prepared and rinsed only in water, with
two different evaporation rates: a slow one, allowed by
drying under ambient conditions, and a very slow one,
achieved by drying in a covered beaker containing a wa-
ter reservoir, with a small opening in the lid. In the first
case, the sample dried in ∼ 30 min; in the second case,
drying took a few days. The surface topography of both
samples was then measured by AFM. In Fig. S5A and B,
we respectively show AFM images of the sample dried in
30 min and of the one dried in a few days. Both samples
exhibit similar transition patterns when fully dried, as ex-
pected when considering their measured initial thickness
of 2.02µm. Additionally, we measure similar wavelengths

of λ ≈ 30µm and similar amplitudes of A ≈ 200 nm on
both samples. On the basis of this observation, we con-
clude that, for evaporation on the time scale of minutes
to days, the evaporation rate has no influence on the pat-
tern formation at the surface of our samples.

C. Additional AFM images of volcano patterns

The observation of volcano patterns at the surface of
polymer films in the dry state is reproducible, for sam-
ples with dry thickness approximately equal to or above
the critical threshold hc = lwet

ec /SR ≈ 2µm. In Fig. S6,
we exhibit four additional AFM images of thick samples
in the dry state, which thickness increases from left to
right. We observe four volcano patterns with increasing
wavelength and amplitude.

S3. QUANTITATIVE CHARACTERIZATION OF
THE SAMPLES

A. Dry and wet PNIPAM film stiffnesses

Force spectroscopy measurements were performed us-
ing AFM on both dried and wet films to extract their
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FIG. S4: Comparison of surface topography before and after a swelling/drying cycle in different solvents. A)
Topography measurement of a dry PNIPAM film, before (A1) and after (A2) immersion into water and drying. B) Same, in
acetone. The films were prepared using experimental parameters indicated in panel C. The white bar represents 15µm. The
three white crosses are placed on remarkable spots to guide the eye in the comparison. C) Table of immersion experiments and
observations. The images showed in panels A and B correspond to two samples, as indicated in the right column.
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FIG. S5: Comparison of two similar samples with dif-
ferent drying times. AFM images of two samples pre-
pared in the exact same conditions, with initial dry thickness
h = 2.02µm, and different rinsing times. A) 30min. B) A
few days. The white bar represents 5µm.

Young’s modulus, as represented in Fig. S7. Prior to
the spectroscopy measurement, the deflection sensitiv-
ity was calibrated for each probe on a hard surface, and
the spring constant was measured from thermal noise [?
]. The AFM measurements on dry and wet films were
performed respectively using a sharp and standard tip
(Nanosurf, model Dyn190Al, nominal stiffness 48 N/m)
in tapping mode, and using either a thin cone-shaped
tip (Nanosensors, model qp-BioAC-Cl, nominal stiffness
0.06 N/m) or a thin pyramidal-shaped tip (BudgetSen-
sors, model Tap150GD-G, nominal stiffness 5.0 N/m),
adjusting the stiffness effectively measured. The indenta-

tion range was kept small compared to the sample thick-
ness and the drive approach velocity was slow to mini-
mize the influence of Stokes drag. The AFM data were
treated using the AtomicJ software [? ], based on JKR
model, taking into account the probe geometry and the
finite thickness of the samples. In Figs. S7A and B we
show respectively a typical AFM image of a patterned
dried PNIPAM film and the measured Young’s modulus
as a function of the position of the measurement. On
Fig. S7C, we show a histogram of the measured values of
Young’s modulus, we finally retain Edry ≈ 700±100 MPa
to be the Young’s modulus of dried PNIPAM films. In
Fig. S7D we show an AFM image of the same sample
as in Fig. S7A but in the swollen state, which exhibits a
creased pattern. In fig. S7E we show the measurement
of the Young’s modulus as a function of the position. In-
terestingly, the pattern shown on the AFM image can be
guessed on the Young’s modulus map. Unlike for dried
films, we observe that the Young’s modulus varies with
the topography: the swollen gel is softer on the top of the
bumps than in the depth of the dips. The latter observa-
tion may be due to an inhomogeneity of solvent fraction
at the surface due to the crease-induced expulsion of sol-
vent, and is consistent with a higher strain close to the
creases [? ]. Lastly, in Fig. S7F we show the histogram
of the measured values of Young’s modulus. We finally
retain Ewet ≈ 35 ± 5 MPa as the Young’s modulus of
swollen PNIPAM gels.

In order to check the dependency of the Young’s mod-
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FIG. S6: Volcano patterns. AFM images of thick samples, with initial dry thickness such that h > lwet
ec /SR, with increasing

thicknesses from left to right. A) h = 1.80µm. B) h = 2.69µm. C) h = 2.95µm. D) h = 4.55µm. The white bar represents
5µm.

ulus on the thickness, we also investigated thicker and
thinner samples, with and without a pattern, and we
show in Fig. S7G-L the measurements realized on two
thinner ones. In Fig. S7G and H, we respectively show
an AFM image of a swollen PNIPAM film that exhibitq a
brain pattern when dry, and the measured Young’s mod-
ulus in wet conditions as a function of the position of
the measurement. On Fig. S7I, we show a histogram
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FIG. S7: Measurement of the Young’s modulus of
PNIPAM films Left: AFM images of the investigated re-
gion. Middle: Measured Young’s modulus E as a function
of the position of the measurement. Right: histograms of the
measured values of Young’s modulus. A-C) For a PNIPAM
film of dry thickness h = 950 nm, in the dry state. D-F) For
the same film as in A-C), but in the swollen state. G-I) For
a film of dry thickness h = 320 nm in the swollen state. J-L)
For a film of dry thickness h = 25nm. The white bar repre-
sents 5µm.

of the measured values of Young’s modulus. We mea-
sure a higher value as compared to the previous film,
Ewet ≈ 80 ± 10 MPa but on the same order. Finally, in
Figs. S7J,K and L we show the same as in Figs. S7G, H
and I, but for an ultra-thin sample without a pattern. As
opposed to the previous cases, we measure an increase of
the Young’s modulus by a factor 20. This observation
is rationalized by recalling that the ultra-thin samples
swell less, which is also why they exhibit no patterns.
This may be a result of an increased crosslinking den-
sity close to the substrate, which does not have a higher
density of functional groups than the polymers [? ? ].
For ultra-thin samples, swelling in insufficient to reach
the critical threshold in strain associated in the unstable
regime. As a result of this lesser swelling, the solvent
concentration in the formed hydrogel is lower than in the
case of thicker samples. Recalling that the Young’s mod-
ulus varies with the solvent concentration [? ] and that
below a given solvent fraction the polymer films turns
glassy [? ], we thus expect to measure a significantly
higher Young’s modulus in ultra-thin samples.

In summary, we have verified that the measured
Young’s modulus is independent on the pattern, having
cross-checked on brain-like and volcano samples. How-
ever, for ultra-thin sample, we do observe a significant
increase of the Young’s modulus, demonstrating that the
smaller solvent volume fraction rends closer to the glass
transition.

B. Precision of the estimation of the dry
elastocapillary length

Based on observations, the wavelength of surface pat-
terns in the swollen state λwet is expected to follow a
period-doubling hypothesis:

λwet =

{
2λ for h ≤ lwet

ec /SR,
λ 2for h ≥ lwet

ec /SR,
(S1)

with λ the wavelength in the dry state, and lwet
ec /SR the

observed thickness transition between brain–like and vol-
cano patterns. With this assumption, the wavelength in
the wet state as a function of the thickness is fitted with



S-7

103 104

103

104

105

FIG. S8: Estimation of the dry elastocapillary length
Wavelength in the wet state λwet as a function of the wet thick-
ness SRh, using the period-doubling hypothesis as formulated
in Eq. (S1). The dark blue dashed line represents the fitted
curve based on Eq. (S2) [? ]. The shaded zone accounts for
a ±50% of the fitting parameter α2, that gives an estimate of
the dry elastocapillary length.

Dervaux and Ben Amar’s model, as:

λwet = α14πh/ln(44.953h/α2), (S2)

with α1 and α2 being two fitting parameters, as repre-
sented on Fig. S8. In particular, α2 gives a lengthscale,
that estimates the elastocapillary length computed in the
initial dry state, ldryec . We obtain a prefactor of α1 = 3.46
and a dry elastocapillary length of ldryec ≈ α2 = 150 nm.
To indicate the precision of the estimated lengthscale in
the dry state, the shaded area in Fig. S8 indicates how
the fitted curve would be affected by a change in the in-
terval ldryec ± 50 %. Indeed, the non-linear fit on Dervaux
and Ben Amar’s model does not provide a precise value,
but an estimate for the dry elastocapillary length, and
thus for a dry shear modulus of Gdry ≈ 280 kPa. The
latter shear modulus would correspond that of the dry
polymer films and would seem perfectly reasonable for a
dry polymer film, if the PNIPAM did not undergo a glass
transition upon drying. However, the estimate of ldryec is
reasonable enough to validate the use of Dervaux and
Ben Amar’s thickness-wavelength relation to explain our
experimental data. As a conclusion, creases are formed
at the free surface in the wet state with a prescribed spac-
ing, which scales with the thickness albeit a logarithmic
correction.


