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commonplace in nature; for instance, animal skin comprises

a stiff epidermis attached to a soft dermis. Although more
recent and rare, artificial skins are increasingly used in a broad
range of applications, including flexible electronics', tunable
diffraction gratings>®, force spectroscopy in cells, modern
metrology methods®, and other devices®®. Here we show that
model elastomeric artificial skins wrinkle in a hierarchical pattern
consisting of self-similar buckles extending over five orders of
magnitude in length scale, ranging from a few nanometres to a
few millimetres. We provide a mechanism for the formation of
this hierarchical wrinkling pattern, and quantify our experimental
findings with both computations and a simple scaling theory. This
allows us to harness the substrates for applications. In particular,
we show how to use the multigeneration-wrinkled substrate for
separating particles based on their size, while simultaneously
forming linear chains of monodisperse particles.

Wrinkling, buckling and other mechanical instabilities have been
typically treated as a nuisance to be avoided rather than an exquisite
pattern to be exploited. Although this view is changing with the
growing understanding of how ubiquitous these phenomena are’,
the utilization of wrinkling in applications has been hampered by
the absence of a detailed understanding of the phenomena, as well as
the ability to control it experimentally. Here we focus on the tunable
hierarchical wrinkling of model stiff elastomeric artificial skins
supported on a soft base. These wrinkles are fabricated by uniaxially
stretching poly(dimethyl siloxane) (PDMS) network sheets
(thickness ~0.5 mm, Young modulus~1 MPa)'?ina custom-designed
stretchingapparatus'' and exposing them to ultraviolet/ozone (UVO)
radiation for extended periods of time (30—-60 minutes). Previous
studies established that the UVO treatment of PDMS converts the
first ~5 nm of the PDMS surface into a stiff ‘skin’'?, whose density
is approximately a half of that of silica’®. Optical microscopy and
scanning force microscopy (SFM) experiments confirm that the
surfaces are originally flat in the presence of strain.

After the UVO treatment, the strain is removed from
the specimen and, the skin buckles perpendicularly to the
direction of the strain. The buckle morphology depends on the
strain removal rate. Specifically, stretched and UVO-modified
specimens released at a fast rate (strain removed abruptly)

Stiff thin films on soft substrates are both ancient and
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Figure 1 Optical microscopy images taken in the transmission mode. Samples
prepared by stretching PDMS sheets by A = 50%, exposing them to UVO for 60 minutes
and releasing the strain: a, instantaneously, and b,¢, with the strain release rate of

~900 (b) and ~58 pm min~" (c). Note the different morphology of the substrates. The
corresponding defect densities are: ~1.17 (a), ~0.47 (b), and ~0.15 defects per mm? (c).
The approximate area of each defect is less than 0.1 mm?.

contain a large number of structural defects (~1.17 defects
per mm?), typical for layered morphologies (see Fig. la). By
decreasing the strain removal rate, the number of defects
decreases dramatically. Simultaneously, cracks parallel to the
strain direction appear on the sample surface. Figure 1b and ¢
depicts optical microscopy images from samples whose strain
removal rates were ~900 pum min~' (~0.47 defects per mm?) and
~58 um min~' (~0.15 defects per mm?), respectively. Importantly,
the buckle period stays the same within 5%, regardless of the
strain removal rate. Work is currently underway that aims at
understanding the mechanism of defect formation. Establishing
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Figure 2 Characterization of the nested hierarchy of buckles. a, Scanning electron microscopy image of a buckle on PDMS substrate (covered with a ~4-nm-thick
layer of platinum) revealing the G4 generation of buckles. b, Optical microscopy image in the transmission mode of G3 and G4 generations of buckles. ¢, Topography profile
collected with profilometry on G2 (inset) and G3 (main figure) generations of buckles. d, Scanning force microscopy image revealing the structure of G1 buckles. e, Buckle
period as a function of the strain imposed on the samples before the UVO treatment lasting for 30 (squares), 60 (circles), and 90 (up-triangles) minutes as measured by
scanning force microscopy (filled symbols) and profilometry (open symbols). The error bars represent one standard deviation of the data.

the relationship between the defect density and the strain release
rate would facilitate the generation of buckled substrates with
minimal number of structural imperfections.

A detailed analysis of the buckled surface with SFM and
profilometry uncover that the buckling patterns are hierarchical.
Representative images depicting the various buckle generations
are presented in Fig.2. Buckles with smaller wavelengths (and
amplitude) rest parallel to and within larger buckles, forming a
nested structure. Figure 2e summarizes the SFM and profilometry
results of the buckle periods. The data in Fig. 2e reveal that at least
five distinct buckle generations (G) are present: the wavelengths of
the generations (\) are G1l: ~50 nm, G2: ~1 pm, G3: ~5 um, G4:
~50 pm, and G5: ~0.4 mm.

The mechanism of formation of the first generation of buckles, at
the smallest scale, that is, ~50 nm, is as follows: The UVO treatment
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densifies the upper surface of the PDMS skin by proving additional
crosslinks'>" and leads to an equilibrium (strain-free) configuration
of the skin that resides on top of the flexible substrate, which is still
under tensile strain. When this strain is relieved from the specimen,
the substrate attempts to contract back to its strain-free configuration.
However, the mismatch between the equilibrium strains of the stiff
skin and the soft substrate prevents this from happening uniformly
through the depth of the material. The competition between the
bending-dominated deformations of the skin and the stretching/
shearing-dominated deformations of the substrate cause the skin
to wrinkle in response to the relaxation of the applied strain. Thus,
the basic driving force behind wrinkling is the mismatch in the
equilibrium states of the skin and the substrate. Although here this
arises due to inhomogeneous crosslinking in the presence of strain,
a similar phenomenon will take place in the presence of differential
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Figure 3 Results of a finite element simulation of the skin + substrate system.
The skin is modelled as a Hookean linear elastic solid, whereas the substrate is
modelled as an incompressible hyperelastic solid with a neo-Hookean constitutive
relation (see Methods for details). When the substrate is subject to a uniform
compressive strain, a periodic pattern of primary wrinkles of small wavelength
appears on the skin. a, Under further loading, the amplitude of the first generation
of wrinkles saturates and a secondary wrinkling pattern on much larger wavelength
appears thus forming the hierarchical nested buckling pattern. b, A power spectrum
of the free-surface height /(x), showing the squared Fourier-amplitude /Z as a
function of the wavenumber k = 27/A confirms the presence of two wavelengths.
The wavelength of the first generations is 55 nm, in agreement with experiment,
whereas that of the second generation is 320 nm, which is a factor of three less
than the experimental value. The primary reason for this discrepancy is the lack of
an accurate model of the nonlinear constitutive law for the substrate.

thermal expansion between the skin and substrate®’, differential
swelling or shrinkage?®, or differential growth of tissue (for example,
human skin). Indeed, even if the skin/substrate system is subject to
a simple compressive load, the skin will wrinkle in the same way due
to the competition between the effects of bending the skin, which
penalizes short wavelength buckles, and stretching the unmodified
substrate (foundation), which penalizes long wavelengths''>. This
sets the stage for the amplitude of the primary wrinkles to grow
as the applied strain is further relieved. Eventually the amplitude
saturates owing to nonlinear effects in stretching and shearing the
substrate. The composite of the wrinkled skin and the stretched
substrate leads to the formation of an ‘effective skin’ that is now
thicker and much stiffer than the original skin. Further release of the
applied strain leads to additional effective compression; as a result,
the composite skin buckles on a much larger length scale, creating
a hierarchical buckled pattern. The formation of higher generation
buckles continues until the strain is removed from the substrate.
In an infinite system there is clearly no limit to this hierarchical
patterning. Even in our finite system up to five generations of these
hierarchical buckles are arranged in a nested manner; each buckle
generation is a scaled-up version of the primary buckle (see Fig. 2).
The smallest buckles are a few nanometres in wavelength, whereas
the largest ones are almost a millimetre in size, thus spanning nearly
five orders of magnitude in dimension.
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Figure 4 Scaled buckle amplitude ({/A'?) plotted as a function of the buckle
period (1) on a log-log plot. The symbols are the same as in Fig. 1. We see that
the data collapse onto a straight line consistent with equation (2). The error bars are
one standard deviation of the data.

To quantify this pattern, we summarize a classical calculation'*'®

here. The energy density per unit area for the rigid skin of thickness
h and modulus E, associated with bending it into a periodic array
of wrinkles of wavelength A and amplitude { scales as U4 = Eh*(¥/
M, whereas the stretching energy density of the substrate, having
a modulus Ej, scales as Uy, = Ez(*/A because the deformations
decay exponentially into the bulk with a characteristic scale set by
the wavelength'#'>. The buckle amplitude is not independent of the
wavelengthowingtotheease ofbendingcompared withstretching;this
allows for deformations to be approximately inextensional, so that's:

(1= 1ea W

where A is the applied external compressive strain. This last

constraint implies that the amplitude of a wrinkle scales as':

{~ A2, @

Substituting the expression in (2) into the total energy per unit
length Uy = (Upena + Uggreran)A and minimizing U, yields the well-
known scaling law for the wavelength'*'¢:

E 13
A~h (E_B) .
©)

The ratio of Young’s moduli E/E; was measured experimentally
for our UVO-treated unstretched PDMS films (see Methods
section for details). PDMS specimens treated with UVO for 30
and 60 minutes had Eg/E; equal to ~15 and ~87, respectively,
which using equation (3) gives A = 12 and 22 nm, respectively, for
the two treatment times. From the data in Fig. 2, the estimated A
corresponds roughly to the experimentally measured periods of
the first generation of buckles (G1). To understand the formation
of the next generation of buckles, we need to quantify the nonlinear
saturation of the amplitude, which forms a thicker effective skin
that then forms secondary wrinkles. This is accomplished by a
finite element simulation of the system using a commercial package
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Figure 5 Utilization of buckled substrates as microfluidic sieves. a, Schematic
of the structure of the microfluidic sieve with buckled film being the separating
medium. b—c, Optical microscopy and d, SFM images of particle ordering on
buckled surfaces. The buckled sheets were prepared by stretching PDMS films by
A = 50%, exposing them to UVO for 30 minutes and instantaneously releasing the
strain. A mixture of particles with three different sizes (=10-um and =3-pm silica
and 67-nm polystyrene (PS) latex) in water was flown over the buckled surfaces
in a microfluidic cell. The biggest silica particles ordered predominantly in the
grooves between the G4 buckles (b). The intermediate sized particles were trapped
in buckles with smaller periodicity that resided on top of the G4 buckles (b and c).
The PS latex spheres formed ‘particle chains’ aligned along the buckle direction,
presumably in the G2 or G3 buckles (d). The arrows indicate the positions of the
individual particles within the buckled structure.

ABAQUS. The thin film is modelled as a linear elastic material,
whereas the soft substrate is modelled as an incompressible
hyperelastic material with a neo-Hookean constitutive law that
accounts for the nonlinearity in the stress—strain relation in a simple
way. The specific form of the constitutive relation is unimportant
as long as there is an amplitude saturation effect that eventually
makes it more expensive for the folds to grow than to wrinkle at a
larger length scale to form a nested wrinkled pattern (for details,
see Methods). To mimic the experiment, the substrate is subject
to a uniform compressive strain leading to a strain mismatch
between the skin and the substrate. In Fig. 3a, we show that as
the applied strain on the substrate is increased beyond a critical
value, secondary wrinkles appear. In Fig. 3b, we show the power
spectrum of the height and confirm that there are two wavelengths
in the system. This scenario repeats itself as the applied strain is
increased even further, and confirms that the mechanism proposed
above captures the essence of the phenomenon. In Fig. 4 we plot
the scaled experimental buckle amplitude {/A'2 as a function of the
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buckle wavelength A; all data collapse roughly on a master curve
consistent with equation (2), allowing us to explain the amplitude-
wavelength correlation as well.

Our results may also be relevant to observations in other
systems. Mammalian skin consists of a thin stiff epidermis coating a
thicker, softer dermis. When compressed, skin buckles into wrinkles
on many different scales, consistent with our picture. Indeed, even
the dermal ridges in our fingerprints are thought to arise from the
relative growth between the two layers in the fetus'” and thus may
be explained in terms of the above ideas'®. On a completely different
length scale, in geology, these hierarchical folding patterns'*
are also well known but remain poorly understood; although our
experiments and theoretical model are strictly relevant only for the
simplest reversible elastic deformations, their essentially geometrical
underpinnings suggest a mechanism for how irreversible hierarchical
folds might arise in geology.

In addition to providing insight into mechanical behaviour of
skins and wrinkling phenomena, the nested hierarchy of structural
features can be effectively used in a wide range of potential
devices. For instance, when covered with a thin layer of refractive
material, such as metal, the buckled sheets can be used as tunable
optical gratings®’. The tunability of surface topography can be
further supplemented with chemical grafting, which would involve
deposition of organosilane-based self-assembled monolayers?>*
or surface-grafting of polymers*** on the silica surface. In this
respect, the buckled surfaces can be tailored to act as biocompatible
topographic matrices for cell alignment®. Nerve cells aligned by the
buckled surfaces can facilitate directional signal transport over large
distances”. In addition, the tunable corrugations offer the prospect
of generating surfaces with adjustable roughness that can be used to
control actively the frictional and adhesive properties.

We close with an account of one possible application that
directly uses the hierarchical nature of the buckled structures: the
separation of an aggregate of polydisperse particles into aligned
linear chains of monodisperse particles. A buckled PDMS sheet
was embedded inside a custom-designed microfluidic chamber
shown schematically in Fig. 5a (for details see the Methods section)
and a triphasic aqueous suspension comprising 10-um and 3-um
silica beads and 67-nm polystyrene latex particles was pumped past
the surface (perpendicular to the buckles) at a constant flow rate
(varying from 0.1 to 1 cm®min™'). On entering the microfluidic
separator, the particles began to segregate. Optical microscopy images
confirmed that the 10-um silica particle resided predominantly in
the valleys of the G4 buckles (Fig. 5b) while a large fraction of the
3 um silica particles resided on top of the smaller buckles, between
two neighbouring G3 buckles (Fig. 5¢). Finally, the smallest particles
seem to align themselves in the valleys of the G2 buckles. This
oriented segregation mechanism is suggestive of a means of forming
linear chains that can be functional if the particles can be bonded
using an external stimulus (UV radiation, heat, and so on).

Our account of these wrinkling patterns has, quite literally,
only scratched the surface. Much remains to be done, and there
are already hints that this method of controlled, reversible
nested micropatterning opens up many venues for technological
exploitation such as controlled wetting, adhesion and friction, all of
which are crucially dependent on microscopic length scales and the
topography of the underlying substrate.

METHODS

Model PDMS networks used in this study were made by crosslinking nearly monodisperse PDMS vinyl-
terminated chains (M, = 49.5 KDa, Gelest) with tetrakis dimethyl siloxy silane crosslinker in a ratio
1:1.7, which leads to ‘ideal”’ PDMS networks with the highest elastic modulus®. The PDMS film was
prepared and extracted using the same method as described in ref. 13.

The PDMS films were stretched uniaxially by A (equal to 30%, 50% and 70%) in a custom-
built stretching apparatus''. The UVO treatment of the PDMS network surfaces was carried out in a
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commercial UVO chamber (Jelight Company, model 42) using the process described in ref. 13. The
stretcher with the PDMS specimens was placed into the UVO-cleaner tray at the distance of ~10 mm
from the lamp and exposed to the radiation from one side only for different times (30, 60, and 90
minutes). The pressure, temperature, and relative humidity in the chamber were maintained at 1 atm,
20 °C, and 50-60%, respectively.

Scanning elecron microscopy images were recorded with a JEOL JSM-6400F microscope using
secondary electron imaging on specimens previously covered with a ~5-nm-thick layer of platinum.
Light microscopy images were collected using light microscope (Olympus BX-60) in the transmission
mode on samples both during and after the strain release. After the strain release, the UVO-treated
side of the PDMS samples was imprinted into an epoxy. After curing, the topography of the epoxy
mould was imaged using SFM (Multimode Nanoscope I1I, Digital Instruments) in the contact mode
and the tapping mode and also by profilometry (Alpha Step Surface Profiler 500, Tencor Instruments).
The buckle profiles were mapped with lowest scanning speed and maximum resolution allowed by
the profilometer in order to minimize the distortion of the sample surface. The analysis of the profile
was completed for six different areas on the sample surface by averaging data for at least five most
representative buckles. The periodicity of the buckles was determined from the SFM images both
directly from each image and from the fast-Fourier-transform map of the SFM corresponding image.
The periodicity and height of the buckles reported represent an average over ~15 buckles collected on
different areas on each sample.

The elastic modulus of bare PDMS and PDMS-UVO was measured by indentation experiments
using a SFM force-distance approach?-*! and by using only the first 5 nm of compression, so as to
measure only the surface modulus. All measurements were performed with the same cantilever,
thus obtaining accurate relative moduli (Ey/E;), using the neat elastomer as a reference; subsequent
calibration of the cantilever’s normal spring constant provided also absolute values for moduli®. Both
a sharp atomic force microscope tip and a 10-um tungsten sphere were used in these tests, giving the
same results for the moduli values used herein.

The particle separation experiments were carried out in a custom-designed microfluidic channel
formed by sandwiching the buckled PDMS sheet between a flat glass support and a 100-pm-thick
PDMS spacer with a rectangular window; the latter was covered with a flat transparent acrylic cover.
Inlet and outlet tubing attached to the acrylic sheet facilitated transport of a fluid, which was then flown
across the buckled surface; the fluid flow inside the device was guided by the rectangular window in
the PDMS spacer. Real-time particle motion across the buckled substrate was monitored with optical
microscopy in the Nomarski mode.

The computations were carried out using ABAQUS, a commercial finite-element package, with
the following parameter values: The substrate shear modulus y = 0.34 MPa, film thickness /1 = 5 nm,
film Young’s modulus E, = 120 MPa. The wavelength of the first generations is 55 nm, in agreement
with experiment, and that of the second generation 320 nm, which is a factor of three less than the
experimental value. The primary reason for this discrepancy is the lack of an accurate model for the
nonlinear constitutive law for the substrate. For simplicity, we have used a neo-Hookean model for the
substrate with a free energy given by the strain energy function

s 2
WZTEI (/\x.—3), (4)
where A; are the principal stretches, which satisfy the relation A,A,A, = 1 in light of incompressibility, and
u is the shear modulus of the material.
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