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We experimentally study the formation of surface patterns in grafted hydrogel films of nanometer-
to-micrometer thicknesses during imbibition-driven swelling followed by evaporation-driven shrink-
ing. Creases are known to form at the hydrogel surface during swelling; the wavelength of the
creasing pattern is proportional to the initial thickness of the hydrogel film with a logarithmic
correction that depends on microscopic properties of the hydrogel. We find that, although the char-
acteristic wavelength of the pattern is determined during swelling, the surface morphology can be
significantly influenced by evaporation-induced shrinking. We observe that the elastocapillary length
based on swollen mechanical properties gives a threshold thickness for a surface pattern formation,
and consequently an important change in morphology.

Introduction — Smart hydrogels that respond to ex-
ternal stimuli enable the design of adaptive surface coat-
ings [1, 2]. For example, grafted films of temperature-
responsive hydrogels [3-5] have been used in switchable
microfluidic valves with rapid, reliable, and repeatable
actuation [6, 7] and to trap single cells [8]. These ap-
plications harness volume changes for functionality by
exploiting the ability of polymers, in these cases poly(N-
isopropylacrylamide) (PNIPAM), to swell in water, by
about a factor 4, at room temperature [9]. The result-
ing hydrogel exhibits a temperature-controlled transition
between a swollen state, showing hydrophilic properties
and elastic moduli in the kilopascal range, and a collapsed
state, caracterized by a hydrophobic behavior and a 100-
fold stiffness increase [9-12]. The switchable physico-
chemical properties of PNIPAM led to design media for
controlled release in drug delivery systems [13]. Further-
more, biocompatibility of PNIPAM is exploited by using
films as substrates for cellular cultures and protein ad-
sorption, as a bioscaffold in tissue engineering applica-
tions [14].

Many of these applications require grafting the poly-
mer to a substrate. Such grafting can constrain the
swelling of hydrogel films and lead to surface patterning.
Indeed, volumetric expansion associated with osmotic
pressure is inhibited laterally by substrate-attachement.
This geometrical frustration generates an in-plane com-
pressive stress that can destablize the flat surface of
the hydrogel [15-19]. This nonlinear instability [20-22]
renders the surface topography non-uniform, with sharp
‘creases’ (localized regions of large strain/curvature [23])
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separating smooth peaks [15, 24, 25]. Such creases are

schematized in Figs. 1A and B.

To date, the majority of the reported surface pat-
terns occurred in wet hydrogel films of micrometric-to-
millimetric thickness [3, 15, 26-30]. Here, we report on
a morphological transition on nanometric-to-millimetric
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FIG. 1: surface patterns in a ul-
trathin hydrogel films undergoing irreversible
swelling /shrinking deformations. A) and B) Schematics
of observed patterns, for nanometric (A) and micrometric
(B) initial thicknesses. C) and D) 3D reconstruction of the
surface topography of two PNIPAM films, with initial dry
thicknesses of h = 232nm (C) and h = 4.5 um (D), that were
(i) crosslinked and grafted to a rigid substrate, (ii) swollen
by immersion in water, (1) dried via evaporation and (C
and D) imaged using AFM ; colors in C and D correspond to
relative surface height (colorbars).



gels that occurs upon drying, as illustrated in Figs. 1A
and B schematically, and in C and D from atomic force
microscopy (AFM).

Surface patterns in soft cross-linked gels were first re-
ported over a century ago [31] and in swollen rubber
in the 60’s [32]. A first theoretical prediction for sur-
face instabilities occurring under in-plane compression
was made by Biot [33]. In this prediction, on the condi-
tion that the in-plane strain exceeds a threshold of 0.46,
an elastomeric half space deforms in a sinusoidal pat-
tern, referred to as ‘wrinkles’ [33, 34]. Later, Tanaka
and co-workers investigated the formation and evolu-
tion of creases at the surface of synthetic gels during
swelling [26, 27]. Unlike wrinkles that exhibit a sinusoidal
shape, creases are characterized by localized regions of
large, in-depth, surface curvature.

From the first observations of creases at surface of
gels and elastomers, further theoretical and numerical
works [16, 22, 35] as well as experimental works [15, 21]
showed that the creasing instability occurs at a criti-
cal strain threshold of ¢, ~ 0.30 — 0.35. We note that
this latter threshold is lower than Biot’s earlier pre-
diction, suggesting that creases appear before wrinkles
as strain increases [18, 23]. The creasing instability is
triggered by imperfections, experimentally in the form
of nanoscale roughness and numerically by introducing
defects [4, 23, 36, 37]. The singular deformation of a
crease requires the bulk elastic energy to overcome the
barrier of surface tension. The elastocapillary length
lec = 7/G introduces a lengthscale at which the sur-
face tension v and the shear modulus G are balanced.
Creasing thus releases compression, and produces topo-
graphic variations that are reminiscent of the structural
architecture of the brain [22, 35, 38]. Swelling-induced
creases have been observed in many soft and swollen ma-
terials [5, 15, 17, 19, 26, 27, 31, 32, 39, 40] as well as in
compressed elastomers [21, 23, 41, 42], that are thicker
than the elasto-capillary length. In the latter case, desta-
bilization of the surface is reversible as compression is
released. In the following paragraph, we highlight the ir-
reversible character of several swelling-drying processes.

In contrast to swelling matter, drying of complex lig-
uids has been a subject of interest for droplets [43—46]
and films [47-50]. Drying of solutions found application
in the development of the spin-coating technique [51] or
in the study of the drying and shrinking of food prod-
ucts [52]. Deswelling of hydrogels has received less atten-
tion in the literature than swelling, and previous studies
have focused on macroscopic systems [53-55]. Although
in a drying process the ambient conditions and the ini-
tial and final states are precisely reversed compared to
swelling, drying is only the reverse process of swelling
if it occurs very slowly and if elastic deformations are
small with respect to the gel size [53]. Nonlinearities
that arise through large deformation can render swelling
and deswelling as asymmetric processes [53, 54]. These
result in non-reciprocal and irreversible deformations in
a single swelling-deswelling cycle [5].

In particular during swelling, the intake of solvent
takes place from the free surface and the swollen hy-
drogel near the surface thus become more permeable.
In contrast, evaporation reduces the fraction of solvent,
may even lead to an inhomogeneity of solvent concen-
tration with enhanced polymer concentration at the sur-
face [43, 49, 56, 57|, and thus slower dynamics for the sol-
vent in the near-surface region. The latter phenomenon
is reminiscent of the accumulation of solute near the con-
tact line found in drying of thin films of colloidal solu-
tions [49, 56-58]. Phase changes, such as glass transition
may occur [44, 46, 48] in a region localized near the sur-
face of polymer films, leading to the formation of a skin
layer or “crust” [46, 48, 50, 59], akin to that seen in dry-
ing sessile drops with a pinned contact line [44, 56, 60—
63]. Buckling instabilities, which are characterized by
the whole surface between two pinned lines growing and
becoming more curved, have been reported for drying
polymer films [46, 59, 64] and colloidal solutions [64—
66], and non-uniform drying may even generate com-
plex structures on dry films such as rings [67-69] or
cracks [49, 70], among other patterns [43, 60]. How-
ever, creased patterns on dry films, specifically, have been
rarely reported [17, 71].

Although characteristic features of the creasing insta-
bility can be observed in experiments, the mathemati-
cal modeling of the phenomenon is challenging. Intrinsic
non-linearity is revealed by the singular shape, then clas-
sical linear stability analysis has to be complemented by
introducing nucleation and taking into account capillar-
ity in boundary conditions [5, 16, 21, 23, 37]. The latter
capillarity involves the effective surface tension between
air and the imbibing solvent [72]. A macroscopic wave-
length of instability [73] for uniaxial swelling of hydro-
gels under geometric constraints is identified and roughly
scales linearly with the thickness. A finer scaling includes
a logarithmic correction, comparing the thickness to the
dry elasto-capillary lengthscale I&Y given by the ratio
between the effective surface tension between the swollen
gel and air and the shear modulus of the solid in the
initial dry state (&Y = ~/G4Y [23, 74-77]. The model
of Dervaux, Ben Amar and Ciarletta [72, 73] compares
favorably with patterns in swollen films, experimentally
performed with an imposed volumetric growth [3, 26-28]
and an imposed chemical potential [29].

The article is organized as follows: we first describe
the sample fabrication and the AFM-based measurement
technique. We then investigate typical AFM images
of dry and wet PNIPAM films, showing a transition
from a creased pattern to a more sinusoidal morphology
with what we refer to as crease scars. We present a
quantitative analysis of these results and discriminate
different regimes associated with specific morphologies.
We show that hydration-dependent elastic properties
determine thresholds for pattern apparition. We finally
discuss the role evaporation may play, in determining
the final surface morphology.
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FIG. 2: Synthesis by click-chemistry of ultrathin hydrogel films with nanoscale surface patterns. A) P(NIPAM-
co-AA) is dissolved in a methanol-butanol mizture (50 %/50 % in volume) with dithioerythitol, a crosslinker agent. B) Uniform
thin films of PNIPAM are achieved through spin-coating and solvent evaporation. The films are grafted onto rigid substrates
and cross-linked by UV insolation, by click-chemistry [78]. Initially flat, dry films are then swollen in water and deswollen via
evaporative drying. C) The surface topography of the resulting patterned films is measured using AFM, in both dry and wet

conditions.

Experiments — We prepare PNIPAM surface-grafted
hydrogel films using the procedure outlined in Fig. 2 (see
supplementary information, SI, Sec. I.A-D for further
details). A in-house synthetized PNIPAM, functional-
ized with ene-reactive groups (weight-average molar mass
M = 459600 ¢g/mol, polydispersity index about 2) [9],
is used throughout this study. Uniform films of ene-
functionalized PNIPAM are produced by spin-coating
from a solution onto the surface of thiolated substrates
(silicon wafers or glass substrates). Two orders of mag-
nitude in film thickness are achieved by spin-coating at
different angular velocities, from 1000 to 4000 rpm, and
by varying the PNIPAM concentration in the initial poly-
mer solution, from 0.5% to 15 % (w/w, see SI, Sec. 1.C).
The hydrogel coating is cross-linked under deep-UV inso-
lation (see SI, Sec. I.D). To remove the excess crosslinker
and to induce swelling, samples are immersed in deion-
ized water for 4h then in isopropanol (HPLC grade) for
15min. Finally, the samples are dried under ambient
conditions.

The surface topography of dry and wet films is
measured using an Atomic Force Microscope (Nanosurf
CoreAFM). The average thickness and Young’s modulus
of dry and wet films is also measured by AFM, after a
scalpel is used to cut a line across the dry hydrogel film,
exposing the substrate. The wavelength and amplitude
of patterns are extracted from line profiles of the surface
topography; reported values for any sample constitute
an average of 10-20 line profile measurements (see SI,

Sec. IIL.A).

Results — Typical AFM images of grafted PNIPAM
films of different thicknesses are shown in Fig. 3: the sur-
face topography and the thickness of three different sam-
ples is presented in both wet and dry conditions. During
the fabrication process, such patterned morphologies ap-
pear only after the first exposition to a solvent rather
than during UV irradiation (Fig. 2 and see SI, Sec. II.A).
The first solvent in which swelling occurs and any subse-
quent drying process selects once and for all the pattern
observed after drying. For example, swelling in a second
solvent, and repeated swelling and drying cycles, do not
change the pattern (see SI. Sec.II.B). These observations
suggest that surface patterning occurs in our samples as
a substrate-attached hydrogel swells due to solvent im-
bibition, rather than because of a depth-wise gradient in
crosslinking density during UV curing [5, 79-81]. While
we focus on the dependence of pattern morphology on
film thickness, the influence of UV-irradiation time, sub-
strate type, swelling solvent quality and vapor satura-
tion of ambient air were also investigated as detailed in
SI, Sec. II.B. We observed that the pattern formation
was independent of substrate type (silicon or glass as
in SI, Sec. I.D). The averaged rinsed-film thickness was
independent of UV-irradiation time provided exposure
exceeded 1.5 h (see SI, Sec. I.D). The influence of the
evaporation rate was investigated by saturating the am-
bient air in water vapor to slow down the evaporation.
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Top row: swollen state. Bottom row: dry state. Fach

column represents images of the same sample. The initial thickness h increases from left to right. Left: h = 320nm. Middle:
h = 950nm. Right: h = 4.55um. A, B, C) Films immersed in water exhibit a brain-like surface patterning. Typical swelling
ratio: Sr = 3.5. D) Films with initial dry thickness such that h < 1% = v/G™°* ezhibit a brain-like surface patterning. E) An

example of the transition regime. F) For dried films with h >
for each panel.

We observed that slow evaporation did not affect pat-
tern formation (see SI, Sec. I1.B). Finally, we observed
that the shape and amplitude of surface patterns are
fixed after the first exposure to a rinsing solvent after
UV insolation. In particular, once formed, patterns are
identical upon subsequent swelling-and-drying cycles (see
SI, Sec. II.A). These observations are consistent with de-
scriptions of swollen gels in literature [77] and contrast
with the one of compressed elastomers which exhibit re-
versible creases.

Examples of the measured surface patterns shown in
Fig. 3 evidence a dependence of the surface topography
on the initial thickness of the film. The observed surface
patterns were classified by morphology as indicated by
the colored squares in Fig. 3, and detailed in SI, Sec. III.
Two types of morphology with an intermediate regime
are identified. In the case of wet films shown in Figs. 3A-
C and dried nanometric films in Fig. 4D, the surface
patterns resemble the brain-like patterns. These pat-
terns are typical of a surface-creasing instability found in
an elastomer subject to in-plane mechanical compression
or a swollen hydrogel [3, 5, 15, 17, 23, 26-30, 72, 73].
The topographies comprise smooth upper peaks sepa-
rated by sharp plunging creases. The thickest film shown
in Fig. 4F displays a topography that is distinct from
the brain-like pattern, with broader valleys surrounding
sharper peaks. We term this morphology the “volcano”

, volcano-like patterns form. White scale bars represent 5 pm

pattern since a small-amplitude crater is observed at the
peak summits.

The average thickness of both wet and dried films was
measured. Surface patterns were only observed in dried
and wet films with an initial thickness h greater than
70nm (see SI, Sec. II.A). We note that swelling is strongly
affected by the surface attachment for ultrathin PNIPAM
films [9]. For films investigated here with h 2 150 nm and
3 h irradiation time, a swelling ratio Sg (i.e. the ratio be-
tween the swollen thickness of the hydrated gel and the
dry thickness) of about 3.5 was observed. This value of
swelling ratio is consistent with results from Li et al. [9]
and corresponds to a mechanical strain e = v(Sg — 1) of
about 0.62, taking a Poisson ratio of v = 0.25 for PNI-
PAM [82, 83]. Yet, the swelling ratio decreases monoton-
ically with thickness below 150 nm: this suggests that os-
motic stress may be insufficient to produce a mechanical
strain above the threshold of €. = 0.35 [15, 16, 21, 22, 35],
corresponding to a swelling ratio of 2.4, for creasing in
films with a thickness of a few tens of nanometers.

From surface topography measured by AFM, patterns
were characterized quantitatively by measuring the wave-
length A and amplitude A as well as the thickness h, in
both wet and dry conditions. The wavelength and ampli-
tude of the instability are respectively shown as functions
of the initial, dry film thickness in Fiigs. 4A and B. For wet
films, the wavelength increases monotonically with the
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FIG. 4: Wavelength and amplitude of surface pat-
terns. A) Wavelength as a function of dry thickness. Dif-
ferent morphologies correspond to different regimes (see color
code). The dashed light blue line marks the transition in mor-
phology. The slope triangles indicate power-law exponents.
Inset: Expected wavelength AV when swollen as a function
of expected swollen thickness Sgh. The black dashed lines rep-
resent a linear scaling (small dots) and the scaling including
a logarithmic correction X" ~ 4mh /In(44.953h/13%), derived
by [73] (long strokes). B) Amplitude A as a function of the
dry thickness h. Magenta crosses stand for wet amplitude
scaled by the wet thickness, A/(Srh), as a function of the wet
wavelength \¥®*. Light pink crosses stand for the amplitude
of wet patterns as a function of swollen thickness. The pink
arrow represent the shift in thickness induced by the swelling
of a factor Swr. Inset: Amplitude, scaled by film thickness, as
a function of the wavelength. In all, marker colors correspond
to pattern types, as indicated in A) except for black squares
which correspond to measurements of surface patterns on thin
films of block-co-polymer (PNIPAAm-co-MaBP) [17].

initial, dry thickness. For dried films, a transition region
exists between the two morphological regimes mentioned
above. With increasing thickness, the wavelength is mul-
tiplied by a factor 2, at a critical thickness that we will
discuss in the next section. In the thick-film regime, the
wavelength of the wet pattern is comparable to that of
the dried pattern, while in the thin-film regime the wave-
length of the wet pattern is roughly twice the wavelength
of the dried pattern (Fig. 4A). The results of Ortiz et al.
[17], attained with dried, thin films of PNIPAM copoly-
merized with methacroyloxybenzophenone (MaBP), are
also included in Fig. 4A and B, for reference and are
mainly consistent with our results, as we discuss in more
detail in the next section.

To characterize the threshold for the formation of vol-

cano patterns on dried films, that marks the transition
between the two observed regimes, we measured the ma-
terial properties of PNIPAM hydrogels in the wet state,
using AFM. The Young’s modulus in the swollen state
was measured to be EY" = 35+5kPa (see SI, Sec. IIL.B).
This value is larger but on the same order of magni-
tude than values from literature (E¥°* = 8kPa), which
may be due to the use of an indentation-based tech-
nique [12, 84]. Recalling that the shear modulus is ex-
pressed as G = E/ [2(1 + v)], we then calculated the elas-
tocapillary length [ = /GY¢' = 3.0 4+ 0.5 um, with
G¥¢ the shear modulus in the wet state. This elasto-
capillary length is based on wet mechanical properties of
PNIPAM. Values were taken from literature for: the sur-
face tension v = 41.8 mN/m [85] between swollen PNI-
PAM and air, and the Poisson’s ratio v = 0.25 [82, 83] of
PNIPAM in the swollen state and at room temperature.

Finally, from AFM images presented in Fig. 3 the pat-
tern amplitude A was also measured as a function of the
initial dry thickness h and is presented in Fig. 4B. First, a
nanometric surface roughness is measurable as for dried,
ultra-thin samples that exhibit no pattern. Then for sam-
ples thick enough to exhibit a pattern (h 2 70 nm), the
pattern amplitude of dried films as a function of the ini-
tial film thickness switches from a linear behavior to a
power law dependency at the same critical thickness as
the transition in morphology, as shown in Fig. 4B. The re-
sult of Ortiz et al. on dried films are included for compar-
ison [17]: the amplitude roughly exhibits the same linear
dependency in thickness. The pattern amplitude of wet
films as a function of initial film thickness shows at first
sight a linear behavior (see Fig. 4B, magenta crosses),
but swelling induces a prefactor in thickness (see Fig. 4B,
light pink crosses).

For wet samples, the amplitude as a function of the
wet thickness Srh exhibits a linear scaling, similarly to
the amplitude measured on dried brain-like patterns as
a function of the initial dry thickness h, and with a sim-
ilar prefactor. Thus, the ratios between dried or wet
amplitude and dried or wet thickness, respectively, ap-
pears as a relevant quantity to investigate. In the inset
of Fig. 4B, the ratio between amplitude and film thick-
ness is represented as a function of the wavelength mea-
sured on each sample. The ratio between amplitude and
initial film thickness shows no dependency on the wave-
length for brain-like patterns, while for volcano patterns
an increase in a power law is observed, with an approx-
imate 3/2 exponent (Fig. 4B, inset). This latter depen-
dency is expected to saturate as the film thickness is in-
creased even further than here, since the pattern am-
plitude should not become considerably larger than the
undisturbed film thickness. Otherwise, more complex
surface patterns such as folds may be observed as was
reported elsewhere [25, 86]

From these observations, we conclude that surface
creasing results from swelling and the wet-state prop-
erties select a particular wavelength of the observed
instability. In the case of wet gels, the amplitude of



instability scales with the wet thickness. However,
drying may: (i) affect the wavelength, dividing it by a
factor two in the case of thin gels, (ii) modify strongly
the morphology, and thus the amplitude dependency
in the case of thick gels. In the next part, we discuss
the thresholds in thickness for the occurrence of pat-
terns observed on dry films, and we speculate on the
origins of the morphologies. Furthermore, we compare
quantitatively our experimental results on wet films
with a theory proposed by Dervaux and Ben Amar
[73]. Finally, we identify key ingredients and propose
a mechanism explaining the emergence of the volcano
pattern observed on dry films.

Discussion —  Thickness thresholds for morphology
change: A threshold thickness of about 70nm for the
creasing instability is observed and was also reported in
[87], for a given degree of cross-linking. This threshold
is related to the thickness-dependent swelling ratio and
thus to the volume strain. For these small thicknesses,
this swelling-induced strain is not large enough to over-
come the subcritical bifurcation inherent to the creasing
instability [22]. Then, at larger thicknesses, a second
threshold thickness of about h. ~ 2 um for the appari-
tion of the volcano pattern is observed on dried films.

To rationalize this second threshold, we estimate the
elastocapillary length based on the mechanical proper-
ties of the fully saturated gel, and when the swollen gel
dries in contact with ambient air. This length is thus
computed to be: I¥* = 3 um. The swelling ratio Sg
was estimated to be about 3.5 by AFM. Scaled by the
swelling ratio, the wet elastocapillary length becomes fi-
nally [%t/Sg = 0.9 um. After drying, the critical ini-
tial dry thickness at which a the pattern morphology
transition, from brain-like to volcanoes, is observed to
be h. ~ 2 um. Taking into account a small overestima-
tion of the Young’s modulus due to the indentation mea-
surement technique [12, 84|, thus an underestimation of
the elastocapillary length, the dry thickness at which the
transition occurs is then comparable to the wet elasto-
capillary lengthscale scaled by the swelling ratio. This
suggests that elastocapillary effects indeed play a role in
the observed transition. Finally, the results of Ortiz et
al. [17] also mention a doubling of the wavelength de-
pendency albeit at a different, yet comparable, critical
thickness with our estimate of [t

One interpretation of the correspondence between the
critical thickness for morphology change and the wet
elastocapillary length is as follows. The balance be-
tween surface tension and bulk elasticity determines the
threshold of the surface (de)stabilization: for wet thick-
nesses smaller than the wet elastocapillary length, i.e.
hvet < [wet surface tension dominates and the surface
shape is not significantly affected upon drying, result-
ing in a creased pattern with a different spacing. For wet
thicknesses larger than the wet elastocapillary length, i.e.
hvet > qwet  hulk elasticity dominates and the surface
shape is destabilized upon drying, leading to the forma-

tion of the volcano pattern.

The volcano morphology observed for micrometric,
dried films (Fig. 3F) is distinct from that previously
reported in wet millimetric hydrogels films [3, 26-29].
Indeed, the patterns previously reported in thick wet
hydrogel films are more akin to the brain-like patterns
observed in nanometric dried films (Fig. 4D). AFM im-
ages showing the particular surface shape of the volcano
pattern (Fig. 3F) are reminiscent of images shown in
the work of Ortiz et.al. [17], however morphology is not
discussed therein. The apparent multiscale patterning
observed here is reminiscent of period doubling of
wrinkle patterns which typically occur in bilayered
systems comprising a thin, pre-stretched stiff film upon
a soft elastomer [42, 88-95]. However in the hydrogel
films presented here, stresses arise in the whole thickness
of the gel during swelling, and are relieved by the
formation of creases. We are unaware of any description
of period-doubling or period-halving for creases in the
literature.

Wavelength selection: ~We have discussed the final
observed morphologies and their thickness apparition
threshold. Starting again from the beginning of the pro-
cess, we now focus on the first swelling phase. We discuss
in particular the quantitative measurements of the wave-
length as a function of film thickness.

Previous observations of creasing patterns in swollen
hydrogel films, similar to our observations of brain-like
patterns presented in Figs. 3A, B and C, have been ra-
tionalized under the theoretical framework of Dervaux
and Ben Amar [73]. The wavelength A\"°* of the brain-
like patterns observed in these swollen, wet systems was
found to scale with the initial dry thickness h of the hy-
drogel: AVe' ~ 4rh/In(ah/1dY), with I4Y the elastocap-
illary length computed in the initial dry state and with
a numerical prefactor in the natural logarithm a ~ 45.
This scaling implies that regularization at threshold is
done by capillarity in an elastic boundary layer of initial
size comparable to the dry elastocapillary length. Exper-
imentally, crease spacings were reported to scale linearly
with the thickness [17, 29, 30, 87]. Indeed, if the thresh-
old for regularization is small compared to the typical
sample thickness, a slight deviation from a linear scaling
appears in the thinnest samples still exhibiting a pattern.

To compare our data with the model of Dervaux and
Ben Amar [73], we first introduce for dried films the wave-
length A"t that is expected in the swollen state, and that
was measured for a few samples. For volcano patterns,
the measured wavelength in both dried and wet condi-
tions shows no change for a subset of samples, thus we
set A"°* = ). For dried brain patterns, however, we
measure twice the wavelength of the dried state in the
swollen state (see magenta crosses in Fig. 4A), thus we
set AWt = 2, where the factor of 2 was verified to be the
best fitting value, within 2% error. The wet wavelength
AWet is represented as a function of the swollen thickness
Srh in Fig. 4A, inset, and shows a small deviation from



a linear behavior.

The slight sublinear behavior is captured by the model
of Dervaux and Ben Amar: a fit of the data with the scal-
ing including a logarithmic correction results in an esti-
mation of the dry elastocapillary length of I&Y ~ 150 nm
and a corresponding shear modulus of G =~ 280 kPa
(see SI, Sec. IIL.3 for the estimate precision). This esti-
mation of shear modulus, which lies between the glassy
and fully swollen ones measured here (SI, Sec. IIL.B), is
a value that the modulus could take after enough solvent
is absorbed by the gel to cross the glass transition. In
summary, with our expectation of wavelength A%e' in the
swollen state, our data for dried samples show an excel-
lent agreement with the theoretical prediction of Dervaux
and Ben Amar [73]. We propose the following interpre-
tation: the geometrical expansion due to swelling is large
enough to overcome the surface tension, which results in
the destabilization of the free surface [76].

In the two previous paragraphs, we rationalized the
wavelength measurements of different pattern types in
the dry state by linking them with patterns observed in
the wet state. Based on these observations, we conclude
that the wavelength is set in the wet state, as a result
of swelling. In the next paragraphs we examine how
the evolution of the pattern shape during drying may
proceed.

Morphological evolution upon drying: As liquid evapo-
rates out of the gel, the film passes through a glass transi-
tion triggered by dehydration, when the polymer concen-
tration is large enough [96, 97]. Since evaporation takes
place from the free surface, at a critical solvent fraction a
glassy skin layer is formed [98-101]. This skin layer first
increases in thickness rapidly, and then expands with a
diffusive dynamics [101]. In our situation, the initial con-
dition for drying of the swollen hydrogel films is not a flat
free surface, as is the common case described in [102].
Instead, the formation of the glassy skin layer due to
evaporation takes place from an initially creased surface.
We now focus on how such creasing could affect the spa-
tial distribution of polymer within the film at the onset
of evaporation. We separate the two different thickness
regimes in terms of the elastocapillary length estimated
above.

In the first case h < [%°'/Sg, surface tension effects
dominate elastic stresses in the soft and swollen gel,
smoothing out large-curvature features in the gel. In this
regime, a drying front propagates in time. The film is
thin enough to dry uniformly. Then, smaller wavelength
creases become more geometrically favorable due to the
basic scaling A ~ h [73]. However, a wavelength was
already selected during swelling (Fig. 1, first column).
Therefore, a new wavelength can emerge during drying
only when it is an integer fraction of the initial one in
the fully swollen state. We observe that a crease wave-
length with half the period thus appears on the creased,
dried films, during drying. It seems reasonable that ei-
ther the glass transition, or a crossover into the non-

creasing regime of solvent fraction, is reached before a
further wavelength reduction could be affected.

In a second case for films with h > 1% /Sg, we pro-
pose the following mechanism. Bulk elasticity coming
from the swollen gel underneath the surface dominates
over surface tension. As the gel dries, a glassy skin
layer forms initially at the surface and then expands in
time [101]. The skin layer is stiffer than the still-hydrated
gel underneath, by up to four orders of magnitude (see
SI, Sec. III.2 for the Young’s modulus measurements).
Additionally, as drying generates a loss of solvent, the
stiff crust would shrink, generating in-plane compressive
stresses. Such stresses would pull the surface of the still-
hydrated swollen gel underneath. In such a situation, a
stretched, stiff and thin layer exists on a thick and soft
material. Numerous works have showed that a wrinkling
instability can thus appear once a critical compressive
strain is exceeded [25, 38, 42, 103-110]. The surface of the
bilayer becomes destabilized, taking a sinusoidal shape,
whose wavelength scales as A\ ~ (t,H)'/?(E,/E)'/°, with
ts and H the thicknesses, Fs and E the Young’s moduli
of the skin and the substrate respectively. In our case,
a wrinkling instability could thus appear on an initially-
creased surface, with the spatial distribution of solvent
and wavelength of wrinkles pre-selected by the creases in
the swollen film.

We estimate the thickness of the skin layer at the mo-
ment when the critical strain is exceeded using the wave-
length of the crease pattern, t, ~ (A\2/H)(E/Es)*/3. We
find it to be approximately 7% of the swollen thick-
ness of the film, using £ = EY** = 35kPa and E; =
B = 700 MPa (see SI, Sec. II1.2), which is expected
to be reached almost instantaneously once the formation
of the skin layer is initiated [101]. By opposition to the
depth of creases and because of the extreme curvature in
the region of the creases [111], the bumped regions are
less constrained and thus shrink more during evapora-
tion, which may also occur preferentially from the peaks
of the bumps than in the vicinity of the creases [112],
possibly creating an inversion of the topography. Indeed
we observe the resulting surface morphology to be char-
acterized by a globally-sinusoidal profile, with scars of
creases present at the upper regions. Thus the wave-
length of the dried volcano pattern is prescribed by the
swollen creased patterns initiated in the wet state.

In summary, swelling and drying hydrogels may
experience elastic instabilities that affect the surface
topography. During swelling the originally flat surface is
deformed by an in-plane compressive stress, resulting in
the formation of creases. During drying, depending on
the balance between surface tension and bulk elasticity,
the formation of a thin, stiff and glassy skin layer on
the still-hydrated and soft gel may significantly affect
the final surface morphology of the dried film. The final
surface morphology of dried films can therefore be a
brain-like or a volcano pattern and is determined by this
drying process, depending on the thickness of the wet
film before drying commences.



Conclusions — We have investigated the irreversible
deformation of grafted PNIPAM films, of nanometric
and micrometric thickness, caused by imbibition-induced
swelling and evaporation-driven shrinking. Relatively
thin, nanometric films undergo a swelling instability that
leads to a brain-like pattern, typical of surface creasing
instabilities and with a set spacing. When drying, the
surface morphology keeps the creased shape although
the spatial frequency of creases is doubled as compared
to the wet state. The new pattern is then locked-in
as the film shrinks (through the glass transition) into
a dried film. The typical amplitude of these surface
patterns with sub-micrometric wavelengths (A < 1 pm)
is consistently ~ 10% of the film thickness, independent
of the wavelength (see inset of Fig. 4I). Thicker, mi-
crometric films also develop surface creases because of
in-plane compressive forces that result from constrained
swelling due to surface attachment. However, drying is
known to induce the formation of a glassy skin layer.
We propose that this glassy layer is responsible for a
subsequent change in topographic morphology, rendering
it distinct from the brain-like pattern observed in the
wet state.
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