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Spontaneous exfoliation of a drying gel†

Jun Young Chung,‡ab Ido Regev‡ac and L. Mahadevan*abd

Wet starch cracks when it dries inhomogeneously, while hot glass cracks when it cools non-uniformly.

In both cases, differential shrinkage induced by drying/cooling from the surface causes superficial cracks

to grow perpendicular to the surface in different patterns. In contrast with these observations of bulk

cracking in brittle materials, when a soft and homogeneously swollen polymer gel dries, differential

strains lead to the peeling of a thin layer that spontaneously tears away from the bulk. Continued drying

leads to the process repeating itself, forming a peeled-layered structure. The emergent thickness of the

exfoliated layer is a function of both the geometry of the original gel and the physical parameters

associated with the drying rate and external temperature. We characterize the experimental conditions

under which layer peeling can arise, and use simulations to corroborate these observations. Finally,

a minimal theory explains the scaling of the peel thickness, consistent with our experiments.

Introduction

Non-uniform shrinkage in drying porous media is of much
interest in various fields including soil science,1,2 food processing,3

materials physics and engineering,4,5 as well as art conservation.6

This has led to considerable progress in understanding the
dynamics of drying in relatively brittle solids like soils, rocks,
and ceramics,7–11 with the aim of creating strategies for its
control and utilization. Since loss of moisture first occurs at the
surface, a drying front forms there and propagates inwards,
separating the dry or partially dry areas from completely wet
areas. As the disordered liquid front separating the wet and dry
regions moves, the large capillary stresses across the meniscus
in the porous medium cause the solid to shrink inhomogen-
eously. This leads to a strain gradient with concomitant tensile
residual stresses within the material that leads to cracking
along the drying direction in brittle materials12–16 and buckling
in low-dimensional soft systems, such as polymer and gel shells.17–19

In this study, we show that drying-induced differential shrinkage
in bulk polymers and gels can exhibit an unusual phenomenon
of periodic exfoliation of layers as the rate of drying is increased
(Fig. 1A–D).

The observed phenomenon is reminiscent of the curling of
dessication-cracked polygons in sediments20,21 and thermal
delamination in layered materials,22,23 but it differs in that it
does not require or assume a layered or heterogeneous structure.
Instead, it arises because of the dynamical processes at work.
Earlier theoretical approaches, e.g., ref. 24, describe mud peeling
in drying soils by adapting an earlier model for thermal shock
spalling.25 These models provide valuable insights into the
mechanism of peel formation, but they are idealized and lack
direct experimental confirmation in a controlled laboratory
setting. Here, we explore and characterize the phenomenon
of spontaneous exfoliation of a drying gel using controlled
laboratory experiments, which we then proceed to explain using
a combination of theoretical and numerical approaches that
emphasize the role of the toughness gradient and inhomoge-
neous drying.

Results

Our model system consists of a soft, lightly cross-linked poly-
(dimethylsiloxane) (PDMS) network that is highly and homo-
geneously swollen with hexanes (see the Materials and methods
section). Swollen gels were dried under controlled temperature
conditions to adjust the evaporation rate. As shown in Fig. 1A
and B, we find that when subjected to relatively high tempera-
ture drying conditions, the swollen gel shrinks upon drying and
develops cracks on the surface. As the drying process proceeds,
the cracks penetrate into the bulk, but upon reaching a certain
depth a layer exfoliates spontaneously (Fig. 1C). After the
first layer peels off, the initial crack progresses further into
the bulk until at a certain depth a second layer peels away (Fig. 1D).
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This scenario repeats itself until the gel completely dries out
(Movie S1, ESI†). We observe the same qualitative behavior
regardless of whether the sample surface is flat, singly-curved
as in a cylinder, or doubly-curved as in a hemisphere (Fig. 1A–D).
Observations of the process also reveal that the peeled layer
initially curls upwards away from the newly exposed surface
and then slowly returns back down to the surface as the drying
progresses (Movie S1, ESI†). This implies the existence of a
strain gradient in the radial (or thickness) direction and
furthermore that this gradient diminishes as the whole peeled
layer dries out, similar to the curling behavior of a paper strip
when in contact with water/moisture from one face.26–28 It is
useful to contrast these behaviors with those observed in the
drying of brittle materials, such as granular or poorly consoli-
dated porous media, which exhibit vertical cracking/split-
ting.8,11–13 As an example, we present in Fig. 1E the results
obtained for starch slurries with different geometries. A mixture of
starch and water cracks as it dries out and forms a polygonal array
of closely packed columns that run perpendicular to its topo-
graphic surface, independent of whether the surface is flat or
curved, and further shows no additional relaxation as the crack
progresses deeper into the bulk. Thus, we can rule out curvature
as the primary cause for the observed exfoliation instability of a
drying gel.

To quantify the conditions for occurrence of the exfoliation
instability and the emergent thickness of the resulting peeled
layer, we first studied the effects of changing the environment
(temperature) and of the size, shape and composition of the

sample and the wind speed on cracking and peeling (see the
Materials and methods section). To assess the dependence on
drying temperature in a systematic manner, we conduct a set of
experiments in which long cylindrical gels are dried in air
under different temperatures T. At room temperature or slightly
above it, we find that the gels deswell gradually without any
cracking or peeling (Fig. 2A, black and blue curves; also see
Movie S2, ESI†). When dried above a critical temperature,
in this case Tc E 40 1C, the gels undergo repeated cycles of
cracking and peeling, and the rate of solvent removal is even
faster at higher temperatures (Fig. 2A, green and red curves;
also see Movie S3, ESI†). The signature of the peeling events
manifests itself as jumps in the rate of solvent loss as a function
of time (arrowheads in Fig. 2A), associated with exposing a new
surface.

To explain when and how the exfoliation arises, we first note
that the drying of gels involves several stages.3,4 In the initial
phase, liquid is lost primarily from the surface and the rate of
drying is constant in time; this does not cause any strain
gradients in the material. However, as the drying continues,
the liquid at the surface is depleted to such an extent that the
capillary menisci deform and start to recede into the bulk,
concomitant with appearance and propagation of a drying front
into the interior of the solid network.9,10 Simultaneously, the
drying solid starts to shrink in response to the loss of fluid and
the meniscal capillary forces at the interface. Across this
relatively sharp drying front there is a volumetric strain gradient
that leads to tension in the outer layer that is prevented from

Fig. 1 Recurrent spontaneous exfoliation of a drying solvent-infused cross-linked gel, contrasted with cracking of drying wet starch. (A) Initial swollen
state of gels (cross-liked PDMS network in hexanes) with different geometries before drying (scale bars = 10 mm). (B) Formation of visible cracks on the
surface caused by the shrinkage of the gel upon drying at elevated temperatures (T 4 40 1C), which propagate inwards into the bulk as the drying
progresses. Note that these cracks occur at random locations on the surface (for comparison, see Fig. S1, ESI†). We believe that the presence of defects or
impurities on the samples is an unavoidable reality and these kinds of weak points are most probably the loci for crack initiation. (C) Subsequent peeling
off of a thin superficial layer (O(mm) thick), exposing the bare surface of the underlying gel. (D) Repeated cycle of cracking and peeling, which recurs
several times until the gel is completely dried. (E) Crack patterns formed by drying a starch slurry (scale bars = 10 mm; insets: the original sample
geometry before drying). Experiments were performed in mixture of cornstarch (Argo) and water under the similar drying conditions as for the gel, and
the desiccated samples were carefully split to reveal their internal structure.
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shrinking by the inner swollen core that is put into compression.
When the strain in the superficial layer is larger than a critical
value, this can trigger sub-critical crack propagation into the
bulk of the solid.11,14

In contrast, many poorly consolidated solids – particularly
starch materials15,29 – tend to form vertical cracks or columnar
joints when dried but do not peel, as shown in Fig. 1E. It is
important to note that normal cracks allow for relief of tangen-
tial strain, while tangential cracks and layer bending allow for
relief of normal strains. The pore sizes of starch are typically on
the order of lp B 10�6 m (ref. 30), orders of magnitude larger
than any molecular dimensions, and consequently the migration
of fluids (water) through the porous network occurs predomi-
nantly by advection. Thus, drying is relatively fast and complete
by the time the solid cracks. However, in the soft, highly
deformable, cross-linked gel system considered here, the pore
size or the mesh size of the swollen network is about two orders
of magnitude smaller (lp E 1 � 10�8 m; see the Materials and
methods section) and is significantly reduced in the course of
drying, and only a few times molecular dimensions (E6 Å
for hexanes). In this case, drying is expected to be eventually
diffusion-limited, and is thus not completed by the time the
vertical cracks first arise. Thus, tensile strain continues to build
up in the upper layer even after the vertical crack has formed and
stops as the tip moves into the much tougher partially dry or wet
region. The increase in toughness is because the solid is less
strained due to the local redistribution of solvent31,32 and is
peculiar to soft gels. The time associated with crack growth
retardation, or the characteristic time for poroelastic solvent
migration,32 scales as tp B d2/Dp, where d is the crack length and
Dp B lp

2E/m (E being the drained elastic modulus of the gel, and
m being the solvent viscosity) is the effective poroelastic diffusivity,
which can and does change during the course of drying as E
increases and lp decreases. Drying along the crack face, together
with the vertical strain gradient in the uncracked solid, leads to a
peeling torque in the neighborhood of the crack. If the strains
build up sufficiently before the crack grows inwards to catch up
with the advancing drying front,14 a lateral crack will nucleate
which will cause the upper layer to peel away. Once this happens
there is a new exposed surface of wet material and the same
process can repeat itself.

In Fig. 2B, we show how slow drying changes the dynamics
of strain buildup and release. Once the surface strain becomes
large enough to nucleate a crack from a critical flaw, a crack
initiates at the surface (t = tc) and propagates rapidly to a
certain depth d, and then remains stationary owing to the
increased toughness of the wet gel ahead of it. During this
time, the crack opening displacement d continues to increase
and hence the strain gradient through the upper layer thick-
ness increases, causing the buildup of a curling torque. In the
presence of a strong radial fracture toughness gradient, the
crack cannot yet propagate radially, and instead turns allowing
a layer to exfoliate and curl up (t = tp). Using an estimate of
Dp E 10�8 m2 s�1 (see the Materials and methods section),
we find the time for poroelastic relaxation over d E 2 mm to
be tp E 400 s, which is comparable to the time before the

Fig. 2 Drying of swollen cylindrical gels by the evaporation of solvent at
elevated temperatures. (A) Normalized solvent content of gels, C(t) = (m0 �
m(t))/(m0�mN), as a function of drying time t for different drying temperatures
(T = 21, 34, 45, and 57 1C for black, blue, green, and red circles), where m0 and
mN are the initial (fully swollen) and final (fully dried) sample weights. The
dashed gray line marks the transition between the deswelling without fracture
and the layer exfoliation (blue background). The kinks, marked by arrowheads,
indicate the onset of exfoliation. Inset: Initial evaporation flux, J0 = (dm0/dt)/rsS0,
plotted against T, where dm0/dt is the initial solvent evaporation rate, rs is the
solvent density, and S0 = pR2L, which is the initial surface area of the swollen
cylindrical gel (initial radius RE 13 mm and length LE63 mm). (B) Crack opening
displacement d and penetration depthdat different times (tc and tp are the time at
the initiation of cracking and peeling, respectively; scale bars = 2 mm).
(C) Thickness of the first exfoliated layer h plotted against T. Inset: Plot of h versus
1/J0. (D) Dependence of h on R at T = 45 1C. The red ‘‘X’’ marks in (C) and (D)
denote that the gels shrink without fracture. Error bars show standard deviations.
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peeling of a layer t(=tp � tc) E 350 s. In contrast, for starch,
Dp E 10�5 m2 s�1 (ref. 15), and the poroelastic relaxation time
tp E 0.4 s, so that unconsolidated materials respond much
faster to drying than cross-linked gels. These estimates confirm
that exfoliation in consolidated clays or soft cross-linked gels
is driven by the combination of accumulated strain due to
shrinkage that is accompanied by slow solvent flow and crack
growth retardation in a toughness gradient. This is in contrast
with the case of a strain gradient alone that will only cause the
crack to propagate radially. Since crack retardation and the
continuous opening of the crack are particular to soft gels, this
explains how a uniform gel can peel. We should point out that
although the peeling seen in homogeneously structured gels is
similar to that causing mud curling, in the latter, the strain
gradient is commonly associated with a textural heterogeneity,20,21

since clay platelets are packed differently near the surface. It is also
important to emphasize that the thickness of the peeled layer
emerges from the coupled dynamics of drying and fracture, unlike
in classical thin film fracture25 where the thin film delaminates or
peels away at the interface.

To characterize the mechanisms that control this emergent
length scale, we vary the drying temperature and thence the
evaporative flux as well as the radius of the drying gel, which
together control the strain gradient induced by drying, limiting
ourselves to the case of cylinders initially. Using the data in
Fig. 2A for the mass of the gel (or equivalently the solvent) as a
function of time for a given drying temperature, we calculate
the initial evaporation flux J0 as a function of the drying
temperature T, as shown in the inset to Fig. 2A. In Fig. 2C,
we see that the thickness of the first exfoliated layer h decreases
as T is increased, and below a critical drying temperature
Tc E 40 1C (or equivalently below a critical evaporation flux
J0c E 7 � 10�7 m s�1), there is no exfoliation. In the inset to
Fig. 2C, we see that for values of J0 above the threshold,
h increases monotonically with 1/J0. In Fig. 2D, we show the
thickness of the peeled layer as a function of the initial radius
of the swollen gel R, and see that as R is increased, h decreases.

To quantitatively understand these results, we need to
characterize the dynamics of the drying front, and couple it
to criteria for the fracture of the gel. The former sets the size of
the strain gradient which is present over a scale comparable to
the width of the drying front w; when it is large, the gradient
is small. The front width is known to depend on the front
velocity,33,34 which in turn is directly related to the evaporative
flux. Thus, qualitatively, we can expect that when the front
width w is very diffuse, the strain gradient will not be strong
enough to induce peeling. On the other hand, as the drying rate
is increased, the front localizes which increases the strain
gradient, leading to peeling. We now turn first to a numerical
characterization of this dynamical process and then use scaling
and continuum approaches to explain the results.

Numerical simulations

To understand the relative roles of strain and fracture toughness
gradients in cracking and peeling, we model the drying cylind-
rical gel in plane strain using a system of particles arranged in

a disc, and connected via linear springs to six neighbors in a
hexagonal lattice. We assume that each particle follows over-
damped dynamics, so that:

x
@ri
@t
¼
X
j2Ni

K ri � rj
�� ��� dij
� �

; (1)

where x is the friction coefficient, K is the spring constant, and
ri and rj are the positions of neighboring particles labeled i and
j, respectively, and separated by a natural rest length dij, Ni

being the set of neighbors of i. The strain gradient induced by
drying from the surface is modeled by decreasing the rest
length dij between the particles as a function of space and
time, in both tangential and radial directions, that leads to a
strain incompatibility between the different concentric layers.

In order to allow fracture we introduce a criterion for bond
breaking. If the distance between the particles increases
beyond a critical threshold value,

|ri � rj| 4 G(ri,t)dij(ri,t), (2)

the bond will be broken and the particles will not be linked by a
spring. The function G(ri,t) characterizes the spring toughness
which allows for a differential resistance to fracture, or fracture
toughness.

As mentioned above, we expect that interfacial tension will
cause the boundary between the wet and dry regions to be
relatively sharp, and induce a large volumetric strain due to the
change in the water content between the wet and dry regions. In
order to model these effects, the space-time dependence of dij

is assumed to be of the form associated with a moving
strain front:

dij ri; tð Þ
dw

¼ 1� aðtÞ 1þ tanh
ri � Rþ vf t

w

� �� �
; (3)

where dw is the undeformed spring length at t = 0 corres-
ponding to the initial swollen state, R is the cylinder radius, vf is
the front velocity, and w is the front width. a(t) accounts for
early stage drying shrinkage, which is assumed to have a simple
linear form a(t) = a0t until the time t reaches a predefined value
t. The tensile strain e(ri,t) produced in the network is defined as
e = 1 � dij/dw. The space-time dependence of G is associated
with the fact that moisture content changes the toughness. We
model this with a toughness profile which will have the same
width w and front velocity vf as the strain profile, since both are
caused by drying, and assume the form:

G ri; tð Þ
Gw

¼ 1� aðtÞ 1þ tanh
ri � Rþ vf t

w

� �� �
; (4)

where Gw is the spring toughness in the wet area.
In our simulations, we vary the front width w, and hence the

strain and toughness profiles [eqn (3) and (4), respectively], to
explore its effect on crack propagation. We find that when w is
large relative to the size of the system, the preexisting crack
does not grow at all. As w becomes comparable to or smaller
than the size (radius) of the gel, the crack propagates inwards
but eventually it stops (Fig. 3A), and when w becomes much
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smaller than the system size (corresponding to sharp strain and
toughness gradients) the crack propagates a certain distance
through the gel and then begins to peel (Fig. 3B). These results
indicate that although the tangential strain increases due to
drying, it is relieved initially by radial cracking. However, the
increase in the toughness gradient as one moves into the wet
sub-layer prevents the crack from continually growing radially.
Instead the radial strain gradient leads to the peeling of a layer
as the preferred mode of strain energy release. However, when
the toughness gradient is small or absent (i.e., G being held
constant rather than having the form given in (4)), the crack
propagates radially without changing its direction (Fig. 3C). All
together, our numerical results show that we need both a sharp
strain gradient together with a large toughness gradient to
induce layer exfoliation.

Continuum theory

Having shown that our numerical simulations confirm the
basic mechanism for spontaneous exfoliation, we now turn to
a continuum approach to the problem. If the strain gradient in
a bulk solid with a flat surface scales as re, and h is the
(unknown) length scale over which the gel moisture content
varies, the stored energy per unit width of the solid scales as
E(hre)2hl, where E is the elastic modulus of the gel and l is the
putative lateral crack length. Balancing this bulk energy with
the surface energy associated with the opening of crack that

scales as Gl, we find that the characteristic thickness of the
peeled layer scales as h B (G/E(re)2)1/3. As a rough approxi-
mation, if we assume a steady rate of evaporation J0 and linear
poroelaticity, Darcy’s law implies that the strain gradient
re B J0m/Ek, where m is the dynamic viscosity of the solvent and
k is permeability. This relation then implies that h B [(GE)1/2k/J0m]2/3,
as derived in ref. 24.

If the surface of the solid is curved, we expect to have the
same elastic energy up to corrections of the order of h/R. To see
this, we note that for a cylinder of radius R, assuming plane
strain in polar coordinates, we find that the strain components
may be written as:35 err = dr(r)/dr � 1, eff = (r/r)Z � 1, and
ezz = 0, where r(r) is the current (deformed) radius that was
originally at a location r, the material coordinate, and Z is the
tangential stretch (see Fig. 3D). For small deformations r B r,
we may write eff B Z � 1. The strain energy released by a crack
of length l will therefore be:

U ¼ E

ð‘=R
0

ðR
R�2h
ðZ� 1Þ2rdrdy; (5)

which on integrating yields:

U ¼ E‘ðZ� 1Þ2h 1� h

R

� �
: (6)

Balancing this energy with the fracture energy G to open a
lateral crack (peel) of length l and substituting an approximate

Fig. 3 Numerical simulations and theoretical prediction. (A–C) Simulations of circular elastic networks with a notch that are subject to strain and/or
toughness gradients, representing the effect of the drying front on a cylindrical gel: (A) when the drying front is wide (w = 10), there is no peeling; (B) for a
sharp front (w = 5� 10�4), the crack propagates radially for some distance and then starts to peel. In both cases, all other parameters are identical (see the
Materials and methods section for details on parameter values), and the results for two intermediate values of w are shown in Fig. S2, ESI;† (C) when the
toughness is held constant while keeping all other parameters same as in (B), the crack keeps propagating inwards into the bulk (see also Fig. S3, ESI† for
simulations with different values of w). (D) Schematic of the theoretical model, from bottom to top: the cylinder circumference is scaled by a factor 1/Z,
displacement is applied in order to preserve continuity and the configuration is relaxed to the equilibrium (zero forces) configuration. (E) Analytical
solutions for the peeled layer thickness h as a function of the strain gradient re and cylinder radius R with G/E = 0.25 � 10�4 m, where G and E are the
fracture toughness and elastic modulus of the gel, respectively. Insets: Experimental images representing peeling and no-peeling case. (F) Comparison of
the experimentally determined layer thicknesses h with those calculated from the theory. Open and filled circles correspond to the experiments shown in
Fig. 2 and Fig. S4, ESI,† respectively. Error bars show standard deviations.
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expression for the strain gradient re B (Z � 1)/2h, we obtain
the condition for peeling as:

h3 1� h

R

� �
� G

EðreÞ2: (7)

In Fig. 3E, we plot the solution for h against the parameters
re and R for a fixed value of G/E, and see that h decreases asre
and R increase, consistent with our experimental observations.
In the limit of very small strain gradients, with re - 0 (small
J0), we find that h - N and since h cannot be larger than R,
peeling will not occur. We find that a nontrivial solution to
eqn (7) exists only when re Z rec B (G/ER3)1/2; thus, there is a
threshold level of strain gradient rec (hence J0c) required for
the onset of exfoliation. This is indeed found to be the case
experimentally (see Fig. 2A). For a flat surface with semi-infinite
thickness (R -N), h has a finite limit given by h B (G/E(re)2)1/3,
consistent with our previous scaling estimate. We see that the
thickness depends only on the stiffness, toughness, and strain
gradient and explains why peeling can occur even in a flat
geometry (see Fig. 1, middle panels).

A direct comparison of our experimental results with our
theoretical estimates requires knowledge of R, G/E, and re. We
choose G/E B 1 � 10�4 m as a typical value reported in the
literature for lightly cross-linked PDMS networks,36,37 and
obtain estimates of re separately for each set of experiments
by considering the crack opening shape (see the Materials and
methods section). Using these estimated values together with
the known value of R, we deduce the layer thickness h from
the following expression: h3(1 � h/R) B cG/E(re)2, where c is a
constant of proportionality. Comparing these calculated h with
our experimentally determined values, we find that the two
values agree fairly well for a value of c E 0.2 (Fig. 3F).

Discussion

Cracking and delamination occur in nonequilibrium processes
(for instance, rapid cooling or solidification) which lead to the
formation of spatially non-uniform residual stresses developed
from a homogeneous state.38–40 Here, we have uncovered a
variation of a fracture instability in a rapidly drying gel that
leads to an iterated series of spontaneous exfoliating layers.
Notably, this instability does not arise due to preexisting inhomo-
geneities in the material (e.g., sediment grain-size gradient as in
ref. 20), but due to the emergence of a dynamical length scale as
a result of the drying process, and is thus different from the
typical interfacial cracking or delamination observed in layered
materials,22,23,25 where the layer thickness is prescribed. Using
numerical simulations, we have shown that the occurrence of
peeling is due to the existence of both shrinkage and toughness
gradients generated by the dynamics of drying. Our results show
that the peel thickness depends on the strength of the gel
network, sample geometry, and the strain gradient associated
with drying shrinkage, and can be explained using a minimal
theoretical model.

Since exfoliation exposes much more surface than available
in the original solid, the rate of drying should change as it is
ultimately controlled by the exposed surface. In Fig. 4, we show
that the drying rate remains approximately uniform even as the
drying front penetrates deeply into the bulk. This observation
potentially offers a new controlled release mechanism from a
shrinking gel.41

Materials and methods
Gel sample preparation

A soft, lightly cross-linked PDMS network (Sylgard 184, Dow
Corning) swollen in a selective solvent was used as a model gel.
A series of PDMS gels with different geometries (cylinder,
hemisphere, and flat disk) were fabricated via replica molding
using a 40 : 1 mass ratio of prepolymer to cross-linker that was

Fig. 4 Control of solvent release by exfoliation instability. (A) Normalized
solvent content C of hemispherical gels as a function of drying time t:
black circles and blue triangles are for samples with the same initial
geometry but at different temperatures (T = 21 and 45 1C, respectively),
where the blue triangles show faster evaporation due to exfoliation. The
red squares show evaporation in the presence of a notch in the same
temperature as the blue triangles. The notch causes the gel to exfoliate
earlier in the drying process and increases the evaporation rate. The black
and red solid lines represent the fitting results for T = 21 1C (exponential
decay) and T = 45 1C (linear regression), respectively. (B) Derivatives of the
curves in (A) showing the time dependence of the solvent evaporation rate,
dm(t)/dt, for the three different scenarios. In the case of the notched sample
(red curve), the evaporation rate is approximately uniform, suggesting that the
evaporation rate can be manipulated by changing the initial geometry. Inset:
Zoom-in plot of C versus t for an initial drying period and the kinks, marked by
arrows, indicate the onset of layer exfoliation.
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mixed and poured over silicone negative molds. The mixture
was left at room temperature for several hours to allow trapped
air bubbles to escape and then cured at 75 1C in an oven
overnight. After cooling, the cross-linked PDMS was carefully
extracted from the mold and the weight and dimensions were
measured. Hexanes (Sigma-Aldrich) was chosen as a swelling
solvent due to its high tendency to swell PDMS.42 Fabricated
PDMS was immersed in hexanes at room temperature for
at least two days to reach an equilibrium state of swelling,
and the dimensions of swollen PDMS gel were measured.
For the cylindrical gel, the radius and length increased from
R0 E 6 mm to R E 13 mm and from L0 E 30 mm to L E 63 mm,
respectively, resulting in an equilibrated swelling ratio of
l(=R/R0) E 2.2. Note that an almost identical swelling ratio
was obtained for the hemispherical and flat gels. The elastic
modulus of the cross-linked PDMS in the dry state was E E 100 kPa,
which was measured by a rheometer (Anton Paar Physica MCR 501).

Temperature-controlled drying experiments

The drying behavior of swollen gels was studied in an experi-
mental setup in which the drying temperature T was adjusted
by varying the distance between the gel and an incandescent
lamp (65 W) and the solvent content of the gel during drying
was determined by measuring the difference of gel weight
before and during drying. The change in gel weight m(t)
was recorded using a digital balance (AR1530, Ohaus Corp.;
resolution = 0.001 g) until there was no apparent change in
weight during drying (typically several hours to a day). Photo-
graphs and videos were taken with a digital camera (Lumix
DMC-GF2, Panasonic) equipped with a zoom lens (Lumix G
Vario 14–42 mm lens), and thickness measurements of exfo-
liated layers were obtained from the video-recorded images.
Approximate values of strain gradient were determined by mea-
suring the crack opening displacement at the sample surface
and the crack depth just before the superficial layer of gel begins
to peel off. The mesh sizes of the cross-linked gel were calculated
using the measured room-temperature values of E and l according
to ref. 43. The effective poroelastic diffusivities of the gel Dp at
different T were estimated from curve-fitting the experimental
drying data (before exfoliation) shown in Fig. 2A to a stretched
exponential function: (m0 � m(t))/(m0 � mN) = exp[�(a1

2Dpt/R2)b],
where a1 (=2.405) is the first root of the zeroth Bessel function and
b is an exponent equal or close to one.44 The estimated values of
Dp were 0.56, 0.73, 0.91, and 1.39 � 10�8 m2 s�1 for T = 21, 34, 45,
and 57 1C, respectively. Note that Dp measured at T = 21 1C is close
to the room-temperature self-diffusivity of hexanes Ds E 0.43 �
10�8 m2 s�1 (ref. 45), implying a diffusion-limited process.

Effects of the size and composition of the sample and the wind
speed

In the experimental results shown in Fig. 2D, the initial radius
of the cylindrical gel was varied through the use of different size
of the mold, while keeping the radius:length ratio of 1 : 5.
Drying experiments were conducted at drying air temperature
of 45 1C. To assess the dependence on the sample composition
(the mass ratio of prepolymer to cross-linker of the PDMS),

cylindrical gels were prepared at three different mass ratios
(40 : 1, 25 : 1, and 10 : 1) but the same initial dimensions and
were swollen to equilibrium in hexanes. With decreasing the
mass ratio (i.e., increasing the cross-link density), there was a
decrease in a dimensional change of the gel upon swelling; the
equilibrated swelling ratio for 25 : 1 and 10 : 1 gels was about
1.7 and 1.3, respectively. Drying experiments on these samples
showed that the 25 : 1 gel is similar in fracture mode to the 40 : 1
gel (i.e., spontaneous exfoliation), while the 10 : 1 gel exhibited
bulk cracking without peeling. It is known that the speed of
wind affects the evaporation rate. In some experiments, we
subjected the samples to a constant wind forcing using an
electronic fan. Wind speed was controlled by placing the fan at
different distances from the sample and measured using a
digital anemometer (SA-7, Sperry). The results of these experi-
ments are presented in Fig. S4, ESI.†

Numerical simulations

The mass of the particles m, typical interaction distance s, and
typical interaction energy e were used to define the following
reduced units: the times t and t were scaled by (ms2/e)1/2;
coordinates ri, spring length dij and dw, radius R, and front
width w by s; front velocity vf by (e/m)1/2; fracture toughness G
and Gw and spring constant K by e/s2; friction coefficient x by
(em/s2)1/2. Fracture failures caused by drying shrinkage were
simulated using a two-dimensional circular network made
from a hexagonal lattice of point masses connected by elastic
springs, which was subject to strain and/or fracture toughness
gradients. A notch was added by cutting a few springs in the
radial direction at an angle of p/2. For the simulation results,
dw = 1, Gw = 2.55, a0 = 0.025, t = 6.5, R = 85, vf = 0.01, x = 0.95, and
K = 50. Images of the simulations in Fig. 3A–C were taken at
t = 180, 180, and 1620, respectively.
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