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ABSTRACT: Patterning wrinkles on three-dimensional curved or
enclosed surfaces can be challenging due to diﬃculties in
application of uniform ﬁlms and stresses on such structures. In
this study, we demonstrate a simple one-step wrinkle-formation
method on various hydrogel structures utilizing the oil−water
interfaces. By diﬀusion of the photoinitiator from the oil phase to
the prepolymer solution in water through the interface, a
characteristic cross-linking gradient is set up in the hydrogel.
Then, after photopolymerization, we observe diverse patterns of
wrinkles upon changing the concentration of the hydrogel or
photoinitiator. As the wrinkle formation via photoinitiator diﬀusion
through the interface requires only UV exposure for polymerization, while taking advantage of the oil−water interfacial tension, wrinkles can be developed easily on various curved structures. In
addition, we illustrate the formation of wrinkles on surfaces underneath another layer of polymer or on completely enclosed surfaces,
which is diﬃcult with conventional methods. We expect that our results will lead to production of novel microstructures and provide
a platform for studying the morphogenesis of wrinkles found in nature such as in curved substrates and multilayers.
KEYWORDS: self-swelling-induced wrinkles, oil−water interfaces, photoinitiator gradient, hydrogel microparticles, surface patterns

1. INTRODUCTION
Wrinkles are frequently observed in nature when multiple
layers of soft materials exhibit a mismatched response to
external forces.1,2 Mimicking such natural wrinkled structures
can endow additional functions in materials by engraving
identiﬁcation on material3 or changing their adhesion,4
friction,5,6 antifouling,7,8 and cell-attachment properties.9
Wrinkles fabricated on curved surfaces not only help in
diversifying the application of these materials, such as optical
devices,10,11 but also provide a platform to study various
morphologies of nature such as wrinkles and buckling in
curved layers as in plants and biological tissues.2,12−14
However, despite the presence of numerous theoretical models
studying wrinkle formation on spheres, cylinders, or tori,15−18
there are relatively few experimental studies on wrinkle
formation on curved surfaces,13,19 which may be attributed
to the technical diﬃculties involved in the development of
wrinkles on diverse surfaces. Most experimental methods rely
on the application of stress/strain to two-layer structures
consisting of a thin ﬁlm and a soft substrate. The deposition or
coating of such ﬁlms of uniform thickness and applying a
controlled stress/strain to curved surfaces is often challenging,
when compared to cases with a ﬂat geometry.20
In immiscible two-phase system, minimization of the
surface/interfacial energy spontaneously generates curved
surfaces and enables us to engineer curvatures of micro© XXXX American Chemical Society

structures. Spherical particles and particles with asymmetric
geometries, such as Janus particles, are representative examples
of curved structures formed with an oil−water interface.21−26
Most often, wrinkles are studied on spherical particles, which
require the fabrication steps of ﬁlm by deposition or oxidation
treatment, and inducement of stress by heating/cooling or
swelling/deswelling.19,27−30 An example of wrinkle formation
on particles without the need for the ﬁlm formation includes
the use of surfactant-adsorbed polydimethylsiloxane (PDMS)
particles,31 which exhibit wrinkles after drying process.
Self-swelling of a polymer with a cross-linking gradient may
be considered a versatile method to fabricate wrinkles, as it
does not require the application of external stimuli.32,33
Oxygen inhibition of free radicals in the case of photo-crosslinkable polymers plays a key role in the generation of a crosslinking gradient.34−36 By contacting the oxygen source, a crosslinking gradient is generated from the surface according to the
concentration proﬁle of the dissolved oxygen in the
prepolymer solution. Then, a ﬁlm-formation step is still
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Figure 1. Morphological changes of photo-cross-linked hydrogel particles. (a) Schematic of a microﬂuidic channel generating microdroplets of the
un-cross-linked aqueous prepolymer solution (PEGDA) with photoinitiator(DEAP)-containing oil as the continuous phase. Irradiating the droplet
reservoir with UV light solidiﬁes them into particles with characteristic surfaces as shown with optical phase-contrast microscope images, depending
on PEGDA concentration in water: (b) 10%, (c) 20%, (d) 30%, (e) 40%, and (f) 50% (v/v). Scale bar = 20 μm.

required and the top ﬁlm will be swollen by the uncured
prepolymer underneath, resulting in compressive elastic
stresses on the top layer which lead to wrinkles. Self-wrinkling
without the additional ﬁlm formation step has also been
reported with UV-curable acrylate ﬁlm, where the uncured
layer on top swells the substrate-constrained ﬁlm underneath.37
However, the same principle of wrinkle formation only by
oxygen inhibition has not been applied to water-based
hydrogel materials of various concentrations and also to
diverse curved surfaces due to the dependence on the substrate
binding.
In this study, we exploit the diﬀusion of a photoinitiator
(2,2-diethoxyacetophenone, DEAP) dissolved in an oil phase
into an aqueous photo-cross-linkable polymer solution to
fabricate wrinkles on the surfaces of a (polyethylene glycol
diacrylate) PEGDA hydrogel. The diﬀused photoinitiator,
competing with the surrounding oxygen inhibiting the
polymerization, results in a characteristic cross-linking proﬁle
across the depth of the hydrogel, thus yielding thin shells or
thicker substrate with wrinkles and folds on the surface. This
process can be carried out in one step, requiring no additional
ﬁlm-formation processes or external stresses, such as swelling
or drying. By controlling the concentration of the hydrogel or
photoinitiator, we studied self-swelling-induced surface patterns and their dynamic changes. In addition, this method of
wrinkle formation is applicable to various types of curved
surfaces, even on layers underneath other layers and on
completely enclosed surfaces.

photoinitiator with the surrounding oil phase, and the
photoinitiator diﬀuses into the aqueous dispersed phase
through the oil−water interface before the droplets are
exposed to UV light for photopolymerization (Figure 1a).
The morphology of the photo-cross-linked hydrogel
particles produced using the diﬀused photoinitiator varies
depending on the volumetric prepolymer concentration in the
aqueous dispersed phase. When PEGDA (Mw = 700 g mol−1)
concentration is less than 20% (v/v), the droplets become
capsules with a thin membrane; these membranes exhibit
wrinkling and buckling after washing and redispersing in water
(Figure 1b,c). The estimated thickness of the membrane is
about 1−2 μm (Figure S1). With 30% PEGDA, we observe
coﬀee-bean-like particles with folds on the surface. The change
in shape from spherical to elliptical droplet may be attributed
to the deformation eﬀect of shear ﬂow during the photopolymerization process43 and indicates the inner core of the
hydrogel particles is still relatively soft (Figure 1d). When the
concentration of the prepolymer is greater than 30%, particles
show less substantial deviation from the spherical shape when
compared to those at lower concentrations, indicating thicker
membranes or no liquid cores. Figure 1e,f show that droplets
with 40% and 50% of PEGDA turn into spherical particles with
prominent surface wrinkles, and the higher the concentration,
the more shallow wrinkles are observed. Small variations in the
wrinkle geometry on top and rim of the particles (Figure 1e)
may occur due to the eﬀect from ﬂows inside a channel. Also,
the unidirectional UV irradiation on particle may cause the
variations in the wrinkle morphologies if the particle sizes are
large, although tumbling of the droplets and scattering of UV
light from the surrounding channel walls may decrease the
eﬀect. Above 60% PEGDA, no wrinkles were visible. A similar
trend is observed with wrinkles produced with PEGDA of
lesser average molecular weight (Mw = 575 g mol−1, Figure
S2).
Concentration-dependent elasticity of the photo-crosslinked polymer and diﬀusivity of the photoinitiator in the
prepolymer solution may result in these morphological changes
on the surface. The rigidity of photo-cross-linked particles
signiﬁcantly depends on the prepolymer concentration; for
instance, the Young’s modulus of photo-cross-linked PEGDA
is known to range from tens of kPa to MPa depending on the

2. RESULTS AND DISCUSSION
2.1. Creating Patterns on Hydrogel Particles from the
Oil−Water Interface. Solidifying emulsion droplets is a wellestablished method for producing microparticles.38,39 In this
technique, microchannels can be used to generate monodisperse particles, with a ﬂowing prepolymer solution
(dispersed phase) surrounded by a sheath (continuous
phase) to generate a train of droplets of uniform size. During
conventional photopolymerization of microparticles, the
dispersed phase contains a mixture of prepolymers such as
PEGDA, and photoinitiator, and photo-cross-linking the
droplets under UV light results in spherical particles with
smooth surfaces.40−42 Meanwhile, in our approach, we mix the
B
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Figure 2. Degree of cross-linking in PEGDA hydrogels along the depth from the oil-hydrogel interface. (a) Schematic of the oil−prepolymer
solution interface, forming a thin membrane at the interface or a thick substrate with surface wrinkles after UV exposure. (b) The fraction of the
uncured polymers along the depth direction from the oil-hydrogel interface (x = 0), measured from the peak intensity at 1640 cm−1 using confocal
Raman microscope. The peak intensity at each position x is normalized with the maximum peak intensity in the observed least cured region of the
same specimen. Each data point and error bar represent the mean and standard deviation of the measurements from three independently prepared
samples. The graph on the left shows the overall proﬁle of the hydrogel sample while the right panel shows an expanded view near the surface. (c
and d) The representative proﬁles of the calculated fraction of unconverted double bond ξ as a function of the depth from surface. Solid lines of the
proﬁle of uncured prepolymer are calculated with the modiﬁed model of oxygen-inhibited free radical photopolymerization as described in the
Supporting Information, note, representing (c) low concentration of PEGDA and (d) high concentration of PEGDA, along with proﬁles of [PI]/
[PI]sat (dash-dotted line), and [O2]/[O2]int (dashed line). [PI] and [O2] indicate the photoinitiator concentration [PI] normalized by the saturated
concentration [PI]sat and the oxygen concentration [O2] normalized by the interfacial concentration [O2]int, respectively.

focus on the central region of the interface which is almost ﬂat
and ﬁnd either a thin membrane or a thicker shell with
wrinkles, depending on PEGDA concentration (Figure 2a),
similar to the case of droplets. While scanning along the x-axis
with the confocal Raman microscopy, we map the peak
intensity at 1640 cm−1 as a function of depth from the
interface. Because the peak intensity at 1640 cm−1 is associated
with CC bonds in the uncured prepolymer,46 the relative
degree of cross-linking can be characterized. Figure 2b shows
this parameter as a function of depth, in terms of peak intensity
normalized by the maximum intensity of the observed least
cured hydrogel solution, i.e., the intensity from the 3 cm far
from the interface, at diﬀerent PEGDA concentrations. The
intensity before normalization is shown in Figure S3b. A lower
value on the y-axis indicates a higher degree of cross-linking.
The relative cross-linking density proﬁle exhibits a strong
dependence on PEGDA concentration (Figure 2b, left). Below

concentration.44,45 Moreover, DEAP, which is dissolved in the
oil phase, is less soluble in water and diﬀuses better into the
PEGDA solution at high polymer concentrations (low water
content). Therefore, the diﬀusion depth of the photoinitiator
will change depending on PEGDA concentration. Changes in
morphology of the wrinkles are results from changes in the
elastic properties of the particles as well as the depth-wise
gradient of cross-linking density, which we shall discuss in
detail in the next section.
2.2. Degree of Cross-Linking from the Hydrogel
Surface. To investigate the photo-cross-linked interface via
photoinitiator diﬀusion with respect to hydrogel concentration,
we analyze a ﬂat oil−water interface, instead of emulsion
droplets, using confocal Raman microscopy. The DEAPdissolved oil phase is placed on the side of the aqueous
prepolymer solution to form an oil−water interface in a thin
sandwich cell (Figure S3a). After photopolymerization, we
C
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Figure 3. Wrinkle morphology on hydrogel surfaces at diﬀerent PEGDA concentrations. (a−c) Optical phase-contrast microscopy images of
wrinkles and folds after photopolymerization at PEGDA concentrations of (a) 30%, (b) 40%, and (c) 50%. (d) Wrinkle wavelength at diﬀerent
PEGDA concentrations measured from four independently prepared samples in each condition. (e−h) Hierarchical wrinkling with folds. (e) At
30% PEGDA, folds appear within a few minutes after photopolymerization, ﬂattening the previously formed wrinkles. Hierarchical structure of
wrinkles with folds appear on thicker substrates of (f) 40% and (g) 50% PEGDA (substrate thickness of 1.6 mm). (h) SEM image of the fold
structures intersecting on a 40% PEGDA substrate.

20% (v/v), the peak intensity at 1640 cm−1 increases rapidly at
the surface and saturates quickly to the maximum value,
indicating that cross-linking occurs mostly near the interface,
resulting in a thin membrane. During wrinkle formation at the
surface, the slope of the samples (>30% PEGDA) through the
depth is slower, demonstrating the presence of a thicker layer
of the cross-linked polymer. A closer look at the proﬁle near
the surface (Figure 2b, right) shows the intensity proﬁles are
nonmonotonic, i.e., they exhibit a local maximum in the degree
of un-cross-linked prepolymer near the surface. Subsequently,
there is a slight decrease in this value followed by a gradual
increase beyond a depth of 50-μm; this trend is obvious at 30%
PEGDA and is also noticeable at 40% and 50% PEGDA.
Because the photoinitiator required for cross-linking is
provided from the oil phase by diﬀusion via the oil−water
interface, a higher cross-linking density near the interface and
its gradual decrease along the depth seem reasonable.
Additionally, higher PEGDA concentrations result in crosslinking to deeper depth because of the enhanced diﬀusion of
the hydrophobic photoinitiator, DEAP, which is consistent
with Figure 2b. Meanwhile, O2 can also diﬀuse from the
interface into the aqueous phase and compete with the
photoinitiator, since O2 in the aqueous phase inhibits crosslinking.41 The combined eﬀect of these two phenomena acting
in opposite ways may explain a nonmonotonic concentration
proﬁle of the uncured polymer near the surface. In order to
check the eﬀect of O2 inhibition on the cross-linking proﬁle, we
prepared the same samples (Figure S3a) of oil−hydrogel (30
and 40% PEGDA) interface and photopolymerized them in a
nitrogen-ﬁlled glovebag maintaining the volume of O2 below
0.3%. Changes in the fraction of uncured polymer measured by
the confocal Raman microscope are shown in Figure S3c. The
increased intensity of Raman peak near the interface due to the

oxygen inhibition is reduced in the samples prepared under the
low oxygen environment.
We provide our estimating calculation of the proﬁle based
on the model of oxygen-inhibited free radical photopolymerization (Figure 2c,d).47 The model solves a set of two
nondimensionalized partial diﬀerential equations describing
the diﬀusion and chemical reactions of the oxygen, free radical
photolyzed from the photoinitiators, and prepolymer. The
solution provides the oxygen concentration, [O2 ]/[O2]int and
the fraction of unconverted double bond ξ in the polymer.
[O2] stands for the spatiotemporal concentration of oxygen,
and it is normalized by the oxygen concentration at the
interface [O2]int at the equilibrium. Instead of the uniform
concentration of photoinitiator dissolved in the prepolymer
solution in the original model, we recruit a complementary
error function for the concentration proﬁle [PI] of the
photoinitiator which diﬀuses into the aqueous phase along x
direction before UV illumination, as in eq 1.
[PI](x) = [PI]sat erfc(x /lP)

(1)

Equation 1 comes from the solution of the diﬀusion equation
∂[PI]
∂t

∂ 2[PI]

= DP 2 where DP is the diﬀusion coeﬃcient of
∂x
photoinitiator in the PEGDA solution, which is
[PI] = [PI]sat erfc(x /(2 DPt )). DP depends on the concentration of PEGDA. [PI]sat is the saturated concentration of the
photoinitiator at the oil−water interface, which we assume to
be equal to the concentration of the photoinitiator in the oil
solution and ﬁxed during the diﬀusion time of 2 min in our
experiments. Penetration length, lP = 2 DPtcontact , will be
determined by the contact duration tcontact between the PIdissolved oil and the PEGDA solution before the UV
illumination and D P . With ﬁxed [PI] sat and l p , the
D
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Figure 4. Eﬀect of photoinitiator concentration in oil on wrinkle morphology. (a−c) Optical phase-contrast images of wrinkles on the surface of
40% PEGDA hydrogel, with respect to DEAP concentration. (a) Wrinkle patterns formed with 2% DEAP in oil right after UV exposure (left) and
after drying (right). Hierarchical wrinkles with ridges appeared after drying. Dried hydrogels with (b) 10% and (c) 20% DEAP. (d) Wavelength of
wrinkles on 40% PEGDA hydrogels with respect to DEAP concentration, measured by FFT analysis of phase-contrast images taken immediately
after UV exposure (black squares) and after drying (gray circles). (e) Amplitude vs wavelength of the wrinkles measured after drying the substrates
for 2 days (black, 50% PEGDA, 6% DEAP; red, blue, pink, and green −40% PEGDA and 2%, 10%, 15%, and 20% DEAP, respectively).

DEAP, which exhibits greater diﬀusion at higher polymer
concentration, the nonmonotonic proﬁle becomes prominent
at 30%, as shown in the expanded view in Figure 2b. Although
less signiﬁcant, this proﬁle is also mapped at PEGDA
concentrations of 40% and 50%. Despite our rough
assumptions in the calculation owing to the lack of information
on parameters, the model can explain the experimentally
observed nonmonotonic proﬁles of ξ, which results from the
competitive eﬀects of diﬀused photoinitiator and the oxygen
inhibition.
2.3. Various Morphologies of Wrinkles. We characterize
the dimensions of the wrinkles formed on the ﬂat region in the
bulk sample prepared as the DEAP-dissolved oil phase on top
of the aqueous prepolymer solution in a 8 mm-diameter
cylindrical container (section 4.1). Phase-contrast optical
microscopy is used to measure the wavelength of wrinkles
immediately after wrinkle formation (Figure 3a−c), while
atomic force microscopy (AFM) is used to measure the
amplitude and wavelength of the wrinkles on the dried
hydrogel (Figure S4a-c). Scanning electron microscopy (SEM)
is also used to observe the overall morphology of the structures
(Figure S4d,e), although sputter coating process for SEM
induces additional wrinkling in lower concentrations of
PEGDA samples as 30%. Wrinkles of various morphologies
are observed, depending on hydrogel concentration, as
previously observed with microparticles in Figure 1. We ﬁrst
observe that an increase in the concentration of the polymer
decreases the wrinkle wavelength, which is measured by
analyzing 2D fast-Fourier transform (FFT) patterns over the
spatial frequency domain converted from phase-contrast
microscope images (Figure 3d). We expect the wrinkle

concentration of photoinitiator decays according to the
distance x from the interface, satisfying the boundary
condition, [PI]x=∞ = 0. More detailed explanation on our
estimating calculation of the proﬁle is provided in the
Supporting Information, note.
Figure 2c,d shows representative proﬁles of the calculated
fraction of unconverted double bond ξ(x) with the normalized
concentrations of [PI] and [O2] when lp is 5 (low
concentration of PEGDA) and 50 μm (high concentration of
PEGDA). The longer lp corresponds to the higher PEGDA
concentration because the diﬀusivity of DEAP, which is less
soluble in water, will increase upon the addition of PEGDA in
water. The calculation indeed shows that the fraction of
unconverted double bond, i.e., the uncured polymer, increases
monotonically at the low PEGDA concentration (Figure 2c),
e.g., 10% (v/v), while the high PEGDA concentration case
exhibits the nonmonotonic increase of ξ(x) (Figure 2d). The
current calculation for the high concentration of PEGDA
(Figure 2d) only shows the presence of uncured ﬁlm at x = 0,
but in Figure 2b we see the outermost surface exhibits very low
value of uncured polymer. We believe this cured ﬁlm results
from a time-varying oxygen concentration proﬁle. Instead of
our model’s constant oxygen concentration at x = 0, the actual
oxygen concentration may vary with time and eventually be
depleted at the interface to promote the cross-linking of
prepolymer at x = 0, thus decreasing ξ(x = 0) to make a local
maximum in the un-cross-linked prepolymer proﬁle near the
interface. Overall, the hydrogel structure consists of a cured
crust at the outermost surface, a less cured region underneath
it, and gradual decrease in the cross-linking proﬁle along the
depth. The less cured hydrogel region will swell the crust and
form wrinkles at the surface. Assuming that our oil phase is a
limited oxygen source, and O2 diﬀusion is less sensitive to
PEGDA concentration when compared to the photoinitiator,

wavelength follows the relationship, λ ≈

1/4

( KB )

, where B is

the bending modulus of the wrinkled ﬁlm on top and K is the
E
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Figure 5. Wrinkle formation for surface patterning on various microstructures. (a) Janus particles with asymmetrically wrinkled sides, (b) core−
shell particles with wrinkles on the surface of the inner core underneath another hydrogel layer, and (c) ﬁbers with surface wrinkles, created using a
microﬂuidic system with two-phase ﬂow. (d) Fabrication of an array of particles of various sizes and shapes with wrinkles on top surfaces. (e)
Porous hydrogel structure with wrinkles on inner pores prepared using an emulsion template; wrinkles are formed on the completely enclosed
concave surfaces.

stiﬀness of the soft layer underneath.1,48 Although it is hard to
distinguish the ﬁlm from the soft layer underneath due to
gradual changes in the stiﬀness, lowering the PEGDA
concentration leads to a decrease in K, thus resulting in large
wrinkle wavelengths.
Dynamic transition to fold structures that localize strain can
also be seen on PEGDA cross-linked surfaces, indicating
further strain on the surface.49−52 In the 30% PEGDA sample,
folds start to form immediately while ﬂattening the previously
formed wrinkles, generating domains bounded by the folds
after UV exposure (Figure 3e and Movie S1). The presence of
a less cured region beneath the surface (Figure 2b, right)
facilitates additional swelling and dynamic reorganization of
the wrinkles with fold development. With 40% and 50%
PEGDA, folds are not dominantly observed (Figure 3b,c); in
this case, the thickness of the soft layer is only 200 μm.
However, on a thicker soft layer, hierarchical folds appear
dividing the surface into domains, with smaller wrinkles
reorganized around them in a direction perpendicular to the
folds (Figures 3f,g and S4c,e). To make the soft layer thicker,
the PEGDA solution was in contact with the oil solution
overnight (24 h), resulting in a substrate of 1.6 mm thickness.
We expect this thick foundation of the soft layer bound to a
bottom glass slide imposes greater stress on the top swelling
ﬁlm compared to thinner soft layers ﬂoating in a well. The
height of fold structures arising from the surface toward the oil
phase (measured by AFM) after completely drying the
hydrogel is (0.45 ± 0.17), (1.11 ± 0.13), and (0.35 ± 0.12)
μm with 30%, 40% (Figure 3h), and 50% PEGDA,
respectively. Although we cannot deﬁne the exact dividing
line of the ﬁlm and the underlying layers due to the gradual

change in stiﬀness, we can deduce from the pattern of on 40%
and 50% PEGDA surfaces that the ratio of the eﬀective
Young’s moduli of the top ﬁlm (Ef) and substrate (Es) is in the
rage of 102 < Ef/Es < 103. In the case of 30% PEGDA, where
wrinkles immediately relax into single localized folds, we can
estimate Ef/Es > 104.53
Next, we investigate the eﬀect of photoinitiator concentration in the oil phase on wrinkle morphology. PEGDA (40%)
dissolved in water is used as the prepolymer solution, and the
concentration of DEAP in the oil phase is varied at 2%, 6%,
10%, 15%, and 20%. At all DEAP concentrations below 20%,
labyrinthine wrinkle patterns are formed immediately after UV
exposure, as shown previously in Figure 3b (6% DEAP). We
note that, at 2% DEAP, although labyrinthine patterns are
formed initially (Figure 4a, left), after washing and drying the
hydrogel, small folds or ridges appear and section the surface
(Figure 4a, right). At 6% and 10% DEAP (Figure 4b), the
overall pattern does not change after drying except for
dimensional shrinkage. However, with 20% DEAP, we observe
a completely diﬀerent pattern of wrinkles that instead of a
labyrinthine pattern, multiple ﬂower-like patterns appear
(Figure 4c). A high concentration of DEAP can induce
phase separation in the PEGDA solution,54 owing to which we
observed separated droplets, a few tens of microns in size,
immediately after UV exposure (Figure S5a). We assume that
this phase separation leads to inhomogeneity in the elastic
properties of the material and results in ﬂower-like patterns
because there exist drops with a PEGDA concentration smaller
than that in the bulk. These drops reduce the stiﬀness of the
soft layer, thus increasing the wrinkle wavelength.
F
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DEAP concentration of 2%−15% in the oil phase does not
signiﬁcantly aﬀect wrinkle wavelength right after curing (Figure
4d) but aﬀects shrinkage in the cross-linked polymer and
wrinkle wavelength after drying. At low DEAP concentrations
(2%), the wrinkles shrink by ∼34%, and the shrinkage of the
hydrogel during drying results in hierarchical wrinkles with
ridges. This shrinkage ratio decreases as DEAP concentration
increases, and the morphology of wrinkles before and after
drying of the hydrogel does not change. By measuring wrinkle
amplitude on the dried hydrogel via AFM (Figure S5b), we
conﬁrm a proportional relationship between the amplitude A
and wavelength λ as A ∝ λ,2 as shown in Figure 4e.
2.4. Applications of Wrinkles to Various Curved
Surfaces. Utilizing two-phase microﬂuidics and our newly
developed method to fabricate wrinkles at ﬂuid−ﬂuid
interfaces via photoinitiator diﬀusion, we explore wrinkle
formation on complex microstructures for various applications.
Two-phase microﬂuidic channels are a popular platform for
fabricating complex polymer-based microstructures, such as
anisotropic particles, core−shell particles, and microﬁbers.55−57
With wrinkles on these microstructures, we can expect
increased surface area and improved adhesion or improved
resistance to tensile stresses as well as identity tag
imprinting.3,58,59 Our method, in which wrinkles are formed
using the diﬀusion of a photoinitiator from the interface, can
be advantageously used to create wrinkles on various
microfabricated structures. Because this method requires no
additional steps to create thin ﬁlms on the surface and apply
external stress after photopolymerization, wrinkles can be
created even on those surfaces that cannot be reached from the
outside. For example, this method can be used to form
conventional Janus droplets with wrinkles on one side using a
microﬂuidic droplet-generation technique (Figure 5a) as well
as unconventional core−shell structures with wrinkles on the
surface of the inner core (Figure 5b). Wrinkles can also be
formed on the surface of a microﬁber using the jet stream of a
two-phase ﬂow of oil and the polymer solution (Figure 5c). We
observe that the wrinkles on this cylindrical ﬁber structure
exhibit directionality along the circumference. We expect that
this directionality is mainly due to the axial compressive stress
applied on the ﬁber during UV polymerization, as ﬂow speed
reduces when escaping the microchannel to the outlet.
Additionally, we can easily create arrays of particles with
wrinkles on top by photopolymerizing microarrays ﬁlled with
the prepolymer solution and covered with the photoinitiatordissolved oil solution (Figure 5d). The array can be used as a
platform to study the shapes of wrinkles depending on the
dimension and shape of microwells conﬁning the polymer
solution.6,19,60 In small wells, dimple-like patterns can be
observed, while in large wells, more labyrinth-like wrinkles are
formed (Figures 5d and S6a). Patterning diﬀerent wrinkles
using patterned photomasks has been reported in other
literature.61−63 This type of spatial variations in the wrinkle
patterns on a surface using a photomask can also be induced
with this method as well (Figure S6b).
Finally, we demonstrate a unique technique for wrinkle
formation in emulsion-templated porous materials where closepacked emulsion droplets are embedded in a cross-linked
polymer (Figure 5e). Their porosity and surface area may be
tuned for a variety of applications such as cell scaﬀolds.64−66 In
this study, we prepare oil-in-water emulsions that the aqueous
hydrogel solution acts as the continuous phase containing
photoinitiator-dissolved oil droplets. Photopolymerization of

the entire oil-in-water solution will generate wrinkles on the
concave inner surface of the cross-linked hydrogel and the oil
droplets can be washed oﬀ with ethanol and water. The
resulting structure is a porous foam with wrinkles on the pores.
Because the inner surfaces of the pores or completely enclosed
surfaces are usually diﬃcult to create uniform ﬁlms and apply
stresses using conventional methods, our technique can be
advantageously used to create patterns on these kinds of
structures.

Research Article

3. CONCLUSIONS
In summary, we present a method to create wrinkled hydrogel
surfaces utilizing a polymer-oil interface and diﬀusion of a
photoinitiator from the oil phase. The mechanism of wrinkle
generation in this system is based on the swelling of the crosslinked surface by the less cross-linked region underneath, due
to the cross-linking gradient formed along the depth.
Nonmonotonic proﬁle in the cross-linking proﬁle near the
interface results from the interplay of the photoinitiator
gradient and surrounding oxygen, working in opposite
directions during polymer cross-linking from the interface.
We can tune the shapes of wrinkles, including the wrinkle-tofold transition, by varying the concentration of the hydrogel or
photoinitiator in the oil phase, which in turn aﬀects the
stiﬀness of the ﬁlm or inner substrate. Owing to intrinsic crust
formation and stress generation during the cross-linking
process, wrinkles can be generated on microstructures,
especially on surfaces on which it is diﬃcult to form wrinkles
using conventional approaches, such as the inner layers of
multilayer structures and completely enclosed surfaces. Our
ﬁndings will be advantageous in fabricating wrinkles on
functional materials with curvatures and layers, and help in
understanding the morphogenesis of wrinkles found in many
natural systems by mimicking curves and multilayers found in
plants and animal tissues. Moreover, our proposed mechanism
aﬀecting the cross-linking proﬁle in the hydrogel, which is
based on the interplay of the photoinitiator and oxygen
gradient in the polymer solution, may be further studied and
optimized for use in applications based on photopolymerization, where wrinkle formation may be undesirable.
4. EXPERIMENTAL SECTION
4.1. Oil-Hydrogel Interface Formation in Microwells. To
prepare the prepolymer solution, PEGDA (Mw = 700 or 575 g mol−1,
Merck) is dissolved in deionized (DI) water at various concentrations
from 10% to 50% (v/v). For the oil phase with photoinitiator, DEAP
(Merck), is dissolved at 2%, 6%, 10%, 15%, and 20% (v/v) in mineral
oil (Merck). We ﬁll a 8 mm-diameter well with 80 μL of the PEGDA
solution and cover it with 80 μL of the oil solution. The oil/PEGDA
interface is left for 2 min for the photoinitiator to diﬀuse through the
PEGDA solution before UV exposure, and some samples are left
overnight to prepare thicker substrates. A UV-LED lamp (Liim Tech,
365 nm wavelength) is used with a diﬀuser (fused silica ground glass,
Edmund Optics) to irradiate the well with UV light (181.0 ± 2.4
mW/cm2) for 10 s. UV intensity is measured with a power meter
(PM100D with a sensor, S175C, Thorlabs). The UV-exposed samples
are observed with a phase-contrast microscope (DMi8, Leica), and
images are recorded using a CCD camera (DFC 3000G, Leica).
Dynamic transitions in the wrinkles to folds, with 30% PEGDA are
visually recorded using a digital CMOS camera (ORCA-Flash4.0 V3,
Hamamatsu). For drying the wrinkled hydrogel of 30%, 40%, and 50%
PEGDA, the samples are washed in ethanol and water to remove the
oil solution and dried at ambient temperature (22 °C) for 2 days
before analysis.
G
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4.2. Measurement of the Degree of Cross-Linking in
Hydrogel with Confocal Raman Microscopy. To analyze the
degree of cross-linking in hydrogel from the interface, the sandwich
cells of 100 μm in height containing PEGDA solution and the
photoinitiator-containing oil to make the oil−water interface are
prepared (Figure S3a). After photopolymerization with UV
irradiation, the sandwiched chamber was sealed with epoxy glue
and measured with confocal Raman microscopy scanning in the xdirection from the oil-hydrogel interface. Raman spectra of crosslinked 10%, 20%, 30%, 40%, and 50% PEGDA hydrogels at each
position from the surface in depth are obtained using a confocal
Raman microscope (alpha 300R, WITec) with 532 nm laser excitation
at 12 mW. Spectra are collected with a long working distance 50×
lens, in the wavenumber range of 900−2000 cm−1, over 10 spectral
scans (run time of 5 s each). The diﬀerences in peak heights at 1640
cm−1 are used as an indicator of the degree of cross-linking.
4.3. Microﬂuidic Setup for Wrinkle Formation on Microstructures. PDMS microﬂuidic channels are fabricated by soft
lithography using SU-8 molds with microchannel designs patterned
on a silicon wafer by photolithography to a height of 40 μm. A
mixture of PDMS (Sylgard 184, Dow-Corning) prepolymer and its
curing agent (10:1 ratio) is poured on the molds and incubated in an
oven at 65 °C for over 2 h. The cured PDMS engraved with channels
is bonded with another PDMS slab by plasma bonding to enclose the
channel. For the microﬂuidic fabrication of microparticles and ﬁbers,
the PDMS devices are connected via tubings to syringe pumps
(Harvard Apparatus and KD Scientiﬁc) to allow the oil and
prepolymer solutions to ﬂow through the focusing channel. Span 80
(Merck) is added to the mineral oil at 2 wt % to prevent droplet
coalescence. In the case of double emulsion generation, PEGDA (Mw
250 g mol−1) is used as the outer layer, and 40% PEGDA (Mw = 700 g
mol−1) solution with 0.2 wt % saturated poly(vinyl alcohol) (PVA;
molecular weight 31 000−50 000; Merck) as the inner cores. PVA
(0.1 wt %) is dissolved in the PEGDA solution when generating the
emulsion-templated porous materials. An inverted microscope (IX73,
Olympus) is used to both observe the microﬂuidic setup and for UV
light exposure using the connected mercury ﬂuorescence light
controller (X-Cite, Olympus). The intensity of the UV light (365
nm wavelength) is controlled at 200−400 mW/cm2.

Complete contact information is available at:
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