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Chapter 9
Wrinkling on Covalently Anchored 
Hydrogels

Chya-Yan Liaw, Jorge Pereyra, and Murat Guvendiren

9.1  Introduction

Surface patterns are commonly observed in nature and the human body, such as 
mucosal folds on the intestinal wall which facilitate rapid exchange of mass, nutri-
ent, and waste [1]; wrinkles on the human skin [2]; folds in the human brain to 
increase surface area [3], and buckling protrusions on tumor surfaces which are 
believed to promote tumor invasion [4–5]. While patterns in nature provide impor-
tant functions, surface instabilities on hydrogels have generally been considered as 
undesirable defects that need to be avoided. Until recently, increasing theoretical 
and experimental studies have been reported to predict and control the formation 
of surface patterns enabling the use of surface instabilities for a wide range of 
applications including sensors, optical devices, micro-/nano-fabrication tools, and 
bioengineering [6].

Hydrogels are three-dimensional networks of polymers that are capable of 
absorbing and retaining large amounts of water. The physical and chemical proper-
ties of hydrogels closely mimic natural living tissues; therefore, the formation of 
surface patterns on hydrogels has numerous potential applications in tissue engi-
neering, biosensing, and drug delivery applications.

The use of surface patterns in soft hydrogels was reported as far back as the mid- 
nineteenth century in the fine art reproduction process known as “collotype print-
ing” [7]. In the process, the printing plate was coated with a light-sensitive 
dichromated gelatin film and exposed to light under a photographic negative. 
Gelatin hardened selectively, producing surface patterns and wrinkles, upon swell-
ing. Wrinkles varied in their ink/water absorption capacity, which gives rise to a 
delicate continuous-tone effect [8]. A similar phenomenon was later reported by 
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Tanaka et al. by swelling polyacrylamide hydrogels in water [9]. Following these 
observations, many experimental and theoretical studies have been carried out to 
further exploit the surface instabilities in hydrogels.

In this chapter, we focus on the formation of surface instabilities in confined 
hydrogels. We first classify the types and mechanisms of the instability patterns. 
A detailed review on commonly used hydrogel systems to generate surface instabili-
ties is given. Finally, a brief overview of the applications and challenges associated 
with the use of hydrogel instability patterns is given.

9.2  Types and Mechanisms of Hydrogel Surface Instabilities

Surface patterns in hydrogels are usually induced by lateral confinement of the hydro-
gel while undergoing large volume changes mainly due to swelling. They hydrogels 
can be classified into three main systems according to the generation of the confine-
ment: (1) uniform and soft hydrogel attached on a stiff substrate [10–13], (2) stiff 
hydrogel layer on top of a compliant foundation [14], and (3) hydrogel with depth-
wise cross-linking gradients [15–18] (Fig. 9.1). In the first system, a homogeneously 
cross-linked hydrogel is bonded to a stiff substrate. This system also includes poly-
electrolyte multilayers (PEM) prepared by layer-by-layer (LBL) deposition. In the 
second system, a bilayer configuration consists of a rigid hydrogel layer on top of a 
compliant support. The support layer can be the same hydrogel or a different poly-
mer/hydrogel. In the third system, a hydrogel film with a depth-wise gradient in 
cross-linking (or mechanical properties) is prepared on a substrate. The modulus 
gradient can be generated due to oxygen inhibition during UV curing process [18] 
or the infusion of reactive chemicals [15] into the hydrogel.

The possible mechanisms of pattern formation are depicted in Figs. 9.2 and 9.3. 
The general principle of the formation of surface instability involves lateral confine-
ment in combination with an in-plane compressive strain εM (or mismatch strain) in 
the hydrogel film. The compressive strain εM can be caused by either volume expan-
sion of the surface layer (Fig.  9.2a, path A) or shrinkage of the bottom layer 
(Fig. 9.2b, path B). When the compressive strain exceeds a critical value, the surface 
becomes unstable and spontaneously forms surface waves. In path A, the top layer 

Fig. 9.1 Three types of film structure systems widely used in generating surface instability patterns: 
(1) uniform hydrogels with homogeneous cross-linking fixed on a rigid substrate, (2) layered film 
structures consist of a stiff hydrogel on a compliant hydrogel, (3) hydrogels with a gradual change of 
physical properties (e.g., modulus or polymer concentrations) and/or chemical compositions along 
the film thickness
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with an initial length l0 is able to swell more than the bottom layer when subjected 
to an external stimulus, such as solvent diffusion or temperature change creating an 
anisotropic swelling. Let us first consider swelling of an unconstrained gel (shown 
in the dashed box). It can swell isotropically and reach its stress-free state with a 
final length of l. However, in the real situation, the gel is anchored on the substrate, 
which prohibits it from fully expanding to an equilibrium state. Therefore, the top 
layer is experiencing an equibiaxial compressive strain, which is equal to (l−l0)/l. 
Note that the first two systems shown in Fig. 9.1 form surface instabilities normally 
through path A. For system 1, a uniform soft gel layer (as shown in blue in Fig. 9.2a) 
is bonded to a stiff substrate (as shown in gray), such as glass slides or silicon 
wafers. In the case of system 2, a stiff, swelling layer (blue) is placed on top of a soft 
non-swelling thick foundation (gray). The two layers in system 2 are usually com-
posed of the same hydrogel but with different swelling and mechanical properties. 
In contrast, there are only a few reports showing surface instability of hydrogels 
induced through path B, and most of the observations are during drying/shrinking 
of hydrogels.

When compared to surface patterns produced in uniform hydrogel films, 
the wrinkles prepared in depth-wise gradient films (system 3) are much smoother. 
The gradients in physical and mechanical properties across the thickness of the 
 hydrogels have been reported in two opposite directions. In the first case (Fig. 9.3a), 

(a) Path A: top layer expands (b) Path B: bottom layer shrinks
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Fig. 9.2 Schematic diagram showing the mechanism of the development of surface instability 
patterns in hydrogels due to mistached strain. The mismatched strain can arise from (a) volume 
expansion of the top layer or (b) shrinkage of the bottom layer. Note that the image in the dashed 
box shows a fictitious step which helps to better understand. The real deformation steps are guided 
by the red arrows

9 Wrinkling on Covalently Anchored Hydrogels



208

a modulus gradient with a soft top layer that gradually stiffened with depth was 
developed. Normally, the hydrogel films are prepared by depositing a UV-curable 
prepolymer solution and exposing the film to UV in the presence of oxygen. Due to 
the quenching of free radicals by oxygen, which inhibits cross-linking toward the 
top layer, a modulus gradient was developed. Subsequent immersion of the film in 
a “good solvent,” i.e., polymer is soluble in this solvent, induces anisotropic swell-
ing of the film and, thus, produces biaxial compressive stress within the film, as 
described in path A. In the second case (Fig. 9.3b), a stiff skin layer forms at the 
surface above a soft foundation at the early stage of curing (path A) or drying (path 
B). In the case of the cure-induced gradient, the cured stiff skin layer is created by 
infusing reactive cross-linkers into the hydrogel film or by exposing the hydrogel 
film to a light with low penetration depth. Alternatively, fast-drying hydrogel at low 
humidity also experiences partial dehydration, which leads to the formation of a 
glassy skin layer. It should be noted that at this stage, the outer layer is drier or with 
higher cross-linking density and thus contracts more than the bulk. In other words, 
the skin layer is subject to a tensile stress (as shown in the dashed box) [19–20]. 
When the hydrogel film is immersed in a solvent, the compressive stress exerted by 

UV- curable prepolymer solution

prepolymer solution
/uniform hydrogel

Gradient uncrosslinked layer

Uniform crosslinked layer

Gradient crosslinked /dried layer

Uniform uncrosslinked/swollen layer

Path A

(a) (b)

UV exposure &
O2quenching

UV exposure or
reactive infusion Fast drying

Path A Path B

Fig. 9.3 Schematic illustrations showing the strategies to develop depth-wise gradient in hydro-
gels. (a) An uncross-linked gradient top layer and a uniform cross-linked bottom layer. (b) A cross- 
linked or drier gradient top layer and a uniform uncross-linked or swollen bottom layer. The image 
shown in the dashed box indicates an intermediate state of the film at which the film is under 
tension
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the substrate progressively increases and finally overcomes the opposing tensile 
stress (path A). The explanation is similar to the mechanism first proposed by Basu 
et al. for acrylate coatings during the UV curing process [20]. Whereas in the drying 
hydrogel system, the contraction of the bulk due to subsequent drying results in the 
generation of compressive stress in the skin layer, which also leads to the formation of 
surface instability (path B). This phenomenon is similar to the poly(dimethylsiloxane) 
system in which a mechanically stretched poly(dimethylsiloxane) (PDMS) is exposed 
to UV/ozone radiation, thus creating a stiff oxidized surface layer, followed by strain 
release [21].

Considering the three main hydrogel systems described above, various modes of 
surface instabilities, including wrinkling, creasing, folding, period doubling, and 
ridging, were reported both experimentally and theoretically (Fig. 9.4). Wrinkles 
represent uniform and sinusoidal deformations. Creases are nonlinear deformations 
forming sharp self-contacting indentations with localized large strains [22–23]. 
Other instability modes such as folds and ridges also represent localized strains and 
are typically evolved from wrinkles. When the mismatch stress between the film 
and substrate is low and the applied strain is far beyond the onset of wrinkles, wrin-
kles double their period and form folds. In contrast, when the strain mismatch is 
high, wrinkles evolve into ridges, which form spaced-out and large aspect ratio 
peaks. The patterns arising from the surface instabilities can be either irreversible or 
reversible. Irreversible patterns are present after they are induced and can no longer 
be erased, while reversible patterns show the reversible formation of patterns when 
materials subject to cycles of the loading-unloading processes, such as swelling/
drying or heating/cooling. The reversibility of the patterns is mainly dependent on 
the film thickness, the cross-linking degree, and the gradient, as well as the modulus 
of the substrate [24].

Wang and Zhao developed a general three-dimensional phase diagram using a 
plane-strain finite element model to define the conditions for each type of the sur-
face instabilities with respect to three dimensionless parameters (Fig. 9.5). This 
phase diagram is originally designed for uniform layered hydrogels (system 1 and 2). 
For this system, the dimensionless parameters are film to substrate modulus ratio 
(Ef/Es), mismatch strain within the film εM, and normalized adhesion energy (Γ/Est, 
where Γ is the adhesion energy per unit area between the film and substrate, and t is 

Fig. 9.4 Schematics (top row) and optical images (bottom row) showing the three most common 
types of surface instabilities found in constrained hydrogels. The optical images show the cross 
section of (a) polyHEMA [17], (b) polyNIPAM [25], (c) polyNIPAM [14] hydrogels
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the film thickness). The moduli of hydrogels are generally measured using an atomic 
force microscope or a tensile tester [16, 18, 26]. The mismatch strain within the 
hydrogel film can be measured by determining the linear expansion of unconstrained 
hydrogels with identical composition as the constrained counterpart [11]. The adhe-
sion energy between the hydrogel and the substrate can be enhanced by treating the 
substrate with adhesion promoters (e.g., trimethoxysilane) [11, 17–18]. For well-
bonded systems, hydrogels with Ef/Es in the range of 100–104 generally develop 
wrinkles when the mismatch strain is small (εM = 0.05–0.25). A great example can 
be found in natural mucosal tissues, where surface wrinkling and folding are crucial 
for the biological function. Mucosae consist of a stiff and collagenous mucosal 
layer and a soft, loosely connected elastin and collagen submucosal layer con-
strained on a much stiffer muscular layer. Volumetric growth in the mucosal layer 
could lead to the formation of surface wrinkling or transform into folds or period 
double when mismatch strains become larger (εM > 0.3) [27]. Other biological tis-
sues [28] and engineered hydrogels [14, 29] also show similar layered structures 
and wrinkling/folding phenomena. Unlike wrinkles and folds, creases are generally 
developed in uniform hydrogel films without hard skin [5, 9, 11]. Biot’s classical 
linear perturbation analysis failed to capture the critical condition for the onset of 
creases. Until recently, Hohlfeld and Mahadevan simulated the onset of creases 
numerically and found that a critical strain value εM ≈ 0.35 [30], which does not 
depend on the modulus and thickness of the material. Many  experimental studies 
showed remarkable agreement with this value [11, 31]. For instance, Trujillo et al. 
reported that the onset of creasing in swelling polyacrylamide-based hydrogels 
occurred at a critical strain equal to 0.33 [11].

Fig. 9.5 Numerically simulated phase diagram showing various types of surface instabilities 
determined by three dimensionless parameters: mismatch strain εM, modulus ratio of the film and 
substrate Ef/Es, and the normalized adhesion energy Γ/Est (t is the film thickness). (Reproduced 
with permission from Ref. [34])
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It is worthwhile mentioning that it is not easy to directly measure the compressive 
strain εM in the case of surface-attached hydrogels. For example, to calculate the 
compressive strain in constrained hydrogels, Trujillo et  al. measured the linear 
extent of swelling for unconstrained hydrogels. However, they mentioned that it was 
difficult to handle the unsupported films due to the fragility of the films. The swell-
ing ratio αc, defined as the ratio of the film thickness in a swollen state and in a dry 
state, is commonly used as an alternative method to determine the onset of surface 
instability. The range of the reported critical values is wide [32]. For example, 
Trujillo et al. reported a critical swelling ratio for the onset of creases of about 2 for 
the polyacrylamide hydrogel system [11], while Dervaux et al. found a low instabil-
ity threshold of roughly 1.5 for their ring polyacrylamide model [5]. On the other 
hand, Guvendiren et al. found that αc is about 1.12 for the onset of wrinkling of 
the polyHEMA system [16]. Recently, Han et al. showed that αc of surface wrin-
kling observed for a model system of layer-by-layer PVP/PAA hydrogel was 
higher than 2 [33].

9.3  Commonly Used Hydrogel Systems for Surface 
Patterning

The formation of surface instability morphologies on a hydrogel surface is the result 
of a large change in osmotic pressure within the gel. The osmotic pressure can be 
varied by changing a variety of factors, such as solvent composition, temperature, 
pH of the solvent, ionic strength, etc. Here, we classify the external stimuli into 
three major types: (1) solvent, (2) temperature, and (3) others (such as electric field 
and light).

9.3.1  Solvent-Induced Systems

9.3.1.1  Polyacrylamide(pAAM)-Based

Polyacrylamide-based hydrogels are widely used as a model system for investigat-
ing surface instability since their mechanical and swelling properties can be easily 
tuned by controlling the chemical composition. The pAAM hydrogels are generally 
prepared by copolymerizing acrylamide monomers with anionic monomers, such as 
sodium acrylate (SA) in the presence of bifunctional cross-linkers (bisacrylamide), 
and chemically attached on a rigid substrate. The osmotic pressure and degree of 
swelling within the pAAM/SA gels can be varied by adjusting the amount of sodium 
acrylate monomers, and the film modulus is varied by changing the concentration of 
monomers and cross-linkers. Pioneering works by Tanaka et al. have demonstrated 
the kinetic evolution of surface patterns of an ionized acrylamide gel in a petri dish 
swelled in water. They suggested that the critical osmotic pressure for the onset of 
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surface instability depends on Young’s modulus of the gel but independent of the gel 
thickness [9]. Later, Trujillo et al. used polyacrylamide copolymer hydrogels as a 
model system to investigate the critical condition for the onset of creasing (Fig. 9.6) 
[11]. They found that the critical strain was εM ≈ 0.33 (0.30–0.37) and the swelling 
ratio was αc ≈ 1.5–2. These values only varied slightly as the film modulus changed 
from 0.6 to 24  kPa and were independent of the investigated gel thickness 
(3 μm–1 mm). The value of εM agrees well with the theoretical predictions proposed 
by Biot for rubber under equibiaxial compression using linear perturbation analysis 
[35]. In addition, results obtained from a prior experimental study of rubber with 
moduli on the order of 1 MPa swelled in n-decane showed an almost identical value 
of εM [36], indicating that this critical strain value is nearly universal for swell- 
induced surface instability in confined polymer layers. εM may increase when scal-
ing down the film thickness as the capillary force and elasticity become comparable. 
A follow-up study by the same research group attempted to elucidate the effect of 
creased soft substrate on stem cell behavior [37]. The results showed that neural 
stem cells can sense the surface creases and formed neurite branches along the 
creases, while the cells on the smooth pAAM substrate uniformly attached and 
differentiated.

Other interesting instability behaviors have been found when arranging layers 
of pAAm/SA hydrogels with dissimilar swelling and mechanical properties. 

Fig. 9.6 The critical strain for the onset of creasing as a function of the (a) concentration of cross- 
linkers (at a constant thickness of 200 μm) and (b) gel thickness at a constant degree of cross- 
linking (0.4 mol % bisacrylamide). In both cases, the critical strain varies only slightly, which is in 
good agreement with the prediction of Biot, as shown by the dashed lines. (c–e) Optical images of 
crease structures as a function of the initial film thickness of (c) 3 μm, (d) 40 μm, (e) 160 μm. 
(Reproduced with permission from Ref. [11])
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Folding was demonstrated by chemically bonding two layers of pAAM/SA gels 
with a stiff and swelling layer on top of a soft and non-swelling layer [29]. In the 
study, a numerical model for predicting equilibrium folding configurations was pro-
posed, in which the surface instability was represented by a set of self-avoiding rods 
on a Winkler foundation. The calculated results showed that the amplitude and 
wavelength of the surface oscillations exhibited a linear dependence of the film 
thickness and the numerical equilibrium configurations show closer proximity with 
experimental results than the classical buckling analysis. Other arrangements have 
been reported including strip geometry, in which two gels were connected by their 
edges [38]; and the corona geometry, in which a thin corona of the soft gel was 
attached to a disk of stiff gel [5]. For example, Dervaux et al. designed an artificial 
tumor model using two layers of pAAM/SA arranged in a corona geometry (Fig. 9.7) 
[5]. Various patterns were observed in the swelling layer or at the free boundary by 
changing the ratio of the modulus and thickness between the corona and center 
region. This study shed light on the correlation between cell geometry, mechanical 
properties, and their morphological evolution and metastasis potential.

Pattern formation and evolution have also been investigated during the shrinking 
process. In contrast to the swelling pattern, the shrinking patterns are metastable, 
have short lifetimes, and are less studied [39]. Li et al. investigated the shrinking 
patterns of pAAM/SA in acetone/water mixture [39]. When the concentration of 
acetone (a bad solvent for pAAm) increased, patterns including hexagons, grains, 
and bubbles were observed due to the formation of a dense surface during the 
shrinking process.

Fig. 9.7 Evolution of two systems composed of two parts: a neutral hydrogel in the center (diam-
eter A, elastic modulus μI) and a swelling hydrogel layer (thickness H, elastic modulus μII). Both 
systems have a similar initial ratio of H/A~0.26–0.27 but with different ratio of elastic modulus. 
(A–D) μI ≲ μII, a buckling pattern appears in the ring and at the inner interface; (E–H) μI ≳ μII, only 
the ring forms sharp creases. (Reproduced with permission from Ref. [5])
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9.3.1.2  Poly(Hydroxyethyl Methacrylate) (polyHEMA)

PolyHEMA hydrogels have found extensive uses in biomedical field, such as soft 
contact lenses [40], bone implants [41], and drug delivery system [42–43] because 
they are highly biocompatible, transparent, and resistant to heat and acid/alkaline 
hydrolysis [44]. The ability to generate patterned structures in this widely used 
hydrogel would enable remarkable progress in their applications. The procedure to 
develop wrinkled patterns in polyHEMA films with a modulus gradient along the 
film thickness was first reported by Guvendiren et al. using a two-step UV curing 
process [18]. The procedure involved the irradiation with UV light to a solution 
composed of HEMA monomers and photoinitiators (Darocur 1173) that was then 
followed by the second round of UV exposure in the presence of air after adding 
additional photoinitiator and cross-linker (ethylene glycol dimethacrylate, 
EGDMA). Due to oxygen diffusion during the UV cross-linking process, a modulus 
gradient along depth was created. Upon swelling, various instability patterns includ-
ing random worms, lamellae, peanuts, and long-range ordered hexagonal patterns 
were observed by varying concentrations of cross-linker, and the wrinkle wave-
lengths were found to be dependent only on the initial film thickness. In addition, 
they found that as the cross-linker concentration was increased, the modulus gradi-
ent increased and hence the critical osmotic pressure to induce wrinkles. Therefore, 
the critical osmotic pressure and the resulted patterns can be easily tuned by the 
modulus gradient. A second publication by the same research group examined the 
kinetics of the wrinkle evolution at the early stage and at the equilibration states in 
water (Fig. 9.8) [16]. They found that the characteristic wavelength of the patterns 
increased with the square root of time at early stages and reached an equilibrium 
plateau. The swelling ratio αc for the onset of wrinkling was reported as ~1.12, 
which was independent of the investigated EGDMA concentration but decreased 
with increasing film thickness. In contrast, the swelling ratio at the equilibrium state 
αe decreased significantly, from 2.55 to 1.2, with increasing cross- linker concentra-
tion (from 0 to 3 wt.%). Another study from the same research group examined the 
transition of wrinkling to creasing instability by manipulating solvent quality [17]. 
In a good solvent, such as alcohol and alcohol/water mixture, the network was 
highly swollen. The resulting large volume change induced surface instability from 
wrinkling to creasing (Fig. 9.8). By changing the ratio of ethanol and water, revers-
ible switching between wrinkling and creasing was obtained. In addition, they 
found that the swelling ratio for the onset of creasing depended on cross-linker 
concentration: αc ≈ 2 and 1.3 for gels with 1 and 3 wt% EGDMA, respectively.

The polyHEMA-wrinkled patterns have been used for experiments involving 
cell culture. Wrinkling of lamellar and hexagonal patterns was used by Guvendiren 
et al. for the study of stem cell response to surface topography [45]. By culturing 
human mesenchymal stem cell (hMSCs) on hydrogels with uniform mechanics 
using a replica molding technique, they showed that hMSCs exhibited high aspect 
ratios and differentiated into an osteogenic lineage on lamellar wrinkles, while 
hMSCs cultured on hexagonal patterns led to rounded shape with low spreading 
and differentiated toward an adipogenic phenotype (Fig. 9.9). Moreover, Zhao and 
coworkers showed that the patterned nonadhesive polyHEMA hydrogel films 

C.-Y. Liaw et al.



215

Fig. 9.8 (a) Optical microscopy images showing the evolution of swelling patterns of polyHEMA 
hydrogels as a function of the degree of cross-linking. (b) The dependence of equilibrium expan-
sion ratio (αe) on cross-linkers concentration. The solid line shows the critical expansion ratio (αc) 
for the onset of wrinkling. (c) Confocal microscopy images of the cross sections of polyHEMA 
films (3 wt.% EGDMA) showing the dynamic evolution from wrinkling to creasing instability 
when ethanol was gradually added to the system. (Reproduced with permission from Ref. [16] 
(a and b) and [17] (c))

Fig. 9.9 (Top panel) polyHEMA gels containing 1 wt.% EGDMA with different surface patterns. 
Scale bars are 50 mm (bottom panel). Fluorescent microscopy images of hMSCs seeded on the corre-
sponding hydrogel patterns. Scale bars are 100 mm. (Reproduced with permission from Ref. [45])
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were allowed for the high-throughput generation of multicellular spheroids [46]. 
Thousands of monodisperse spheroids could be easily produced within a single 
polyHEMA- coated well.

Recently, Gu et al. developed a simpler one-step UV curing method to fabricate 
the wrinkling patterns on the polyHEMA system [47]. The one-step method 
involved introducing linear polyHEMA directly into the solutions containing 
HEMA monomers, cross-linkers EGDMA, and photoinitiators Darocur 1173 and 
exposing the solution to UV light only one time. The addition of linear polyHEMA 
allowed for a 3D physical network to form in the solution which stabilized the skin 
layer and prevented the surface of the film from becoming corrugated after the UV 
curing process. With the non-corrugated, smooth PHEMA films, the group was 
able to generate various wrinkling patterns, including the types presented by 
Guvendiren et al., by changing both the linear polyHEMA and cross-linker concen-
trations. Li et  al. demonstrated another method of creating a gradient of cross-
linking density within the polymer films via reactive silane infusion into hydrogel 
films. During the infusion process, silane reacted with the hydroxyl groups of the 
polyHEMA polymer and condensed with itself, resulting in a gradient cross-linked 
top layer and a uniform uncross-linked bottom layer. Subsequent solvent swelling 
triggered the formation of nano- to micro-scale patterns [15].

9.3.1.3  Poly(Vinyl Alcohol) (PVA)

Inspired by the wrinkling behavior observed when human skin is exposed to water 
for prolonged periods of time, Zeng et al. created various moisture-sensitive film- 
substrate bilayer devices, composed of a UV-cross-linked poly(vinyl alcohol) PVA 
film attached to a soft polydimethylsiloxane (PDMS) substrate, to study and control 
the reversibility and stability of wrinkles [24]. By adjusting the thickness of the 
PVA film, PVA cross-linking gradient, PVA/PDMS thickness ratio, and PDMS 
modulus, three distinct types of moisture-induced wrinkling dynamics were 
obtained: (A) completely reversible wrinkles, (B) irreversible wrinkles, and (C) 
completely irreversible wrinkles. The film-substrate bilayer device capable of 
exhibiting completely reversible wrinkling dynamics used a thin and stiff PVA film 
that was uniformly cross-linked and a thick and soft PDMS. After exposing to a cool 
mist, wrinkles formed on the PVA film disappeared after drying and reappeared 
after moisturizing again. The irreversible wrinkling system used the same film and 
substrate properties used in system A but instead used an uncross-linked PVA film. 
Wrinkles were observed after the initial exposure to moisture but disappeared after 
dying and never returned after further exposure to moisture. As described by Zeng 
et al., the uncross-linked PVA film was able to induce wrinkles, but due to the film 
not being cross-linked, during the initial exposure to moisture, the modulus contin-
ued to decrease until the wrinkles disappeared. Additionally, the wrinkles could not 
form after further exposure to moisture due to the reduced swelling strain of the 
PVA and its inability to create the necessary critical compressive stress to induce 
wrinkles. Finally, the completely irreversible wrinkling system used a thick PVA 
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film with a cross-linking gradient caused by oxygen inhibition at the surface and a 
tougher PDMS substrate with a higher elastic modulus. The resulting dynamics 
consisted of wrinkles that remained even after drying or moisturizing again. The 
cross-linking gradient allowed the PVA film to exhibit a swelling gradient where the 
swelling degree gradually decreased along the film depth. When exposed to mois-
ture, the less swollen bottom layers exerted compressive forces to the top layer that 
were enough to reach the critical stresses required to induce wrinkles. These 
moisture- responsive systems show many potential applications in optical devices, 
such as anti-counterfeit tabs, encryption devices, moisture indicators, light diffus-
ers, and antiglare films (Fig. 9.10).

Huraux et al. demonstrated an example of drying-induced morphology on chem-
ically cross-linked PVA gels drying with a free end or with the gels fixed at a con-
stant length [19]. The surface formed wrinkles when drying quickly at low humidity, 
while the surface remained flat when drying at high humidity. The authors attributed 
these findings to the crossing of the glass transition temperature of the top hydrogel 
layer when the drying is fast enough. They proposed the wrinkling was formed fol-
lowing the mechanism that includes three successive steps. First, a concentration 
gradient was formed due to evaporation from the surface, and the outer skin layer 
was under stretching. Next, the rapid solvent evaporation caused the skin layer to 
cross the glass transition temperature, resulting in the formation of a glassy skin 
layer and the removal of the in-plane tensile tension within the layer. Subsequent 
solvent evaporation and contraction of the soft bulk layer compressed the glassy 
skin layer and triggered the formation of wrinkling.

Fig. 9.10 (a) The hidden pattern “IMS” was reversibly revealed by breathing on type-A sample. 
(b) The irreversible wrinkling response was demonstrated on type-B PVA films. (c) A type-C PVA 
film which acted as a water indicator was attached to a circuit board. After water exposure and 
drying the film, the hidden H2O pattern appeared. (Reproduced with permission from Ref. [24])
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9.3.1.4  Layer-By-Layer Assemblies

In recent years, many studies have focused on ultrathin hydrogel membranes using 
layer-by-layer (LBL) assembly approach. LBL hydrogel films have been employed 
for many applications, such as biosensors [48], biocoatings [49], and controlled 
release [50–51]. The films are fabricated by depositing alternating layers which are 
bonded through complementary interactions, such as electrostatic attraction, hydro-
gen bonding, and host-guest interactions [52]. The swelling properties, and thus the 
resulted surface patterns, can be adjusted by ion type, ionic strength, charge density, 
film thickness, and deposition method [53]. Swelling-induced surface instability has 
been observed for hydrogen-bonded LBL multilayer films based on poly(vinyl pyr-
rolidone) (PVP) and poly(acrylic acid) (PAA) in ethanol/water mixtures (Fig. 9.11) 
[33]. By changing the composition and pH of the solvent, wrinkles of small and shal-
low holes were developed via a nucleation-growth process. Unlike most other hydro-
gels, where critical swelling ratio αc is insensitive to film thickness [11–12], the 
critical swelling ratio increased as film thickness increased. It is interesting that in 
this system, the patterns formed on the constrained hydrogel films disappeared at 
equilibrium swelling. Normally the restoration of a flat surface when fully swollen is 
observed only for unconstrained hydrogels. This can be explained by the fact that the 
thickness of the swollen layer increases with the advancement of swelling, leading to 
the disappearance of swelling mismatch and thus the relief of compressive stress. 
The unusual phenomenon found in the constrained PVP/PAA hydrogel films was 
caused by a different way, in which the rearrangement of hydrogen bonding interac-
tions was recovered between the PVP and PAA chains, leading to the relief of com-
pressive stress. Another example that takes advantage of hydrogen bonding LBL 

Fig. 9.11 (a) Schematic diagram showing the relief of the compressive stress through the rear-
rangement of the dynamic network of PVP/PAA layers. (b) Time evolution of instability morphol-
ogy of a PVP/PAA 20 bilayer films soaking in 40% ethanol/water mixture. (c) Phase diagram 
showing the transition between the flat and wrinkled surface with different film thickness and 
ethanol-water ratio. (Reproduced with permission from Ref. [33])
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assembly to produce different wrinkling patterns is reported by Hou et al. [53]. Hou 
and coworkers fabricated (PAA/PEG)n on the PDMS substrate, followed by cova-
lently cross-linking with heat. During heating, the water molecules which act as 
plasticizers were removed, leading to a sharp increase of Young’s modulus of 
(PAA/PEG) n films. Wrinkles were formed upon cooling due to thermal expansion 
mismatch between the rigid cross-linked (PAA/PEG)n and the soft PDMS substrate. 
A sequential and reversible evolution of surface patterns was observed during swell-
ing and deswelling (drying at different elevated temperatures). When immersed into 
a pH 2.5 aqueous solution, the thermal-induced primary labyrinth wrinkles first dis-
appeared, and then highly ordered hexagonal dimple array appeared. With longer 
swelling duration, segmented labyrinth patterns were formed. Different surface 
wrinkling patterns can be reversibly generated by drying, and the resulted deswelled 
patterns can be finely tuned depending on the swelling-induced patterns and the 
drying temperatures.

9.3.1.5  Poly(Ethylene Glycol)-Based

Taking advantage of swelling-induced wrinkling, Chan et al. developed a Responsive 
Surface-wrinkled Adhesive (RSA) using photopolymerized polyethylene glycol 
methyl acrylate hydrogels uniformly cross-linked with polyethylene glycol dimeth-
acrylate (Fig. 9.12) [54]. The hydrogels were formed on a hemispherical-shaped 

Fig. 9.12 (a) Separation process of the RSA-gelatin surface. (b) Maximum separation force (Ps) 
and the normalized separation force (Ps,n) as a function of contact time for the RSA-gelatin surface. 
(c) Changes in wavelength (λs) of wrinkles at Ps versus contact time. (Reproduced with permission 
from Ref. [54])
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cross-linked PDMS mold and brought into contact with a gelatin hydrogel for 
different periods of time. Enhanced adhesion was observed as the contact time with 
the gelatin layer was increased. It is commonly known that the increase in adhesion 
with contact time for dry pressure-sensitive adhesives is due to interdiffusion of 
polymer chains at the interface, which is highly dependent on chain relaxation time 
[55]. However, this explanation did not satisfy their observation since the relaxation 
times of both the RSA and gelatin chains (~1 s for RSA and ~0.01 s for gelatin) are 
much shorter than the investigated contact times (0, 60, 120, 300, and 600  s). 
Instead, the authors attributed the enhancement in adhesion to the disruption of 
crack propagation by locally pinning the crack front by the wrinkled topography. By 
controlling the time-dependent amplitude and wavelength of wrinkles, the interfa-
cial adhesion can be controlled. This study provided an alternative adhesion mecha-
nism, making it an excellent method for the future development of biomedical 
adhesives for soft tissues.

9.3.2  Temperature-Induced

9.3.2.1  Poly(N-Isopropylacrylamide)(polyNIPAM)-Based

Poly(N-isopropylacrylamide) (polyNIPAM) is the most extensively studied thermo-
responsive hydrogels for biomedical applications since its low critical solution tem-
perature (LCST) in water is very close to body temperature [56]. In addition, these 
hydrogels exhibit fast swelling and deswelling in response to temperature change, 
which make them an ideal platform to study thermal-induced surface instability. 
The LCST of polyNIPAM in water is around 32 °C, below which, the polymers 
swell and above which, the polymers shrink. Copolymerization of polyNIPAM with 
a charged monomer, such as sodium acrylate (SA), is commonly used to increase 
polymer-water interactions and shift the LCST to a higher temperature, which 
allows for bringing the transition temperature closer to physiologically relevant 
temperatures. Earlier findings of constrained gels can be traced back to Li et al. [57], 
demonstrating the dependence of temperature, time, external constraint, and ther-
mal path, on the shrinking patterns of polyNIPAM-SA gels. The mechanism of the 
formation and evolution of patterns in shrinking gels showed marked differences 
than in swelling gels. When gel shrinks, a dense skin layer is formed shielding a 
swollen gel core. The inhomogeneity in osmotic pressure and polymer concentra-
tion in the exterior and interior of the gel drives the formation of patterns. The 
results showed that the patterns evolved from hexagonal and grain to bubble pat-
terns at temperatures below, near, and above the LCST (Fig. 9.13). Unlike swelling 
patterns, shrinking patterns are in general metastable or unstable and hard to pre-
serve. The hexagonal, grain, and bubble patterns persisted only for weeks, around 
5 h, and about 2 days, respectively. They further employed two different thermal 
paths: In the first approach (A), gels were abruptly heated from room temperature to 
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different temperatures (above Tc) and equilibrated for 24 h; In the second approach 
(B), gels were heated in a stepwise manner at 1 °C per 24 h from room temperature 
to higher temperatures. Comparing patterns formed under these two routes revealed 
that the wavelength in A is smaller than that in B, no grain patterns were observed 
in B, and the wavelength of the hexagonal patterns remained the same in A, while 
the wavelength increased as the temperature was raised in B. They attributed the 
difference in the length scale of patterns to differences in shrinking kinetics. The 
authors also compared the results to the shrinking patterns formed in constrained 
pAAM gels in acetone/water mixtures [39].

To direct swell-induced crease locations, Kim et  al. attached polyNIPAM-SA 
hydrogels on the substrates with predetermined topographic features [58]. The pat-
terns on the underlying substrates translated into the crease patterns in the hydro-
gels. At room temperature, the gel swelled and formed self-contact creases, hiding 
certain areas within the folds. At ~37 °C, the gel deswelled and surface unfolded, 
exposing the hidden areas and allowing for deposition of biochemically 
 functionalized polyelectrolytes (e.g., poly(l-lysine), peptides, enzymes, and biomo-
lecular ligands) (Fig. 9.14). The hydrogels able to form patterns at desired locations 
and reversibly hide and display chemical functionality in response to temperature 
changes show great potential for applications in dynamic cell culture systems. The 
same research group further investigated the effect of quench depth on the creasing 
behavior [12]. For shallow quench depth beyond critical strain for the onset of 
creasing, a crease formed through nucleation and growth, where heterogeneous 
defects served as nucleation sites. The presence of defects also restricted creases 
from rearranging and caused strong cycle-to-cycle memory for the crease locations. 
Precise measurements of critical strain for the onset of creasing εM for different film 
thickness were achieved through measurement of isothermal crease growth veloci-
ties at different quench depths. Results showed that as film thickness was reduced, 
the εM slightly increased since the energy barrier caused by gel/water interfacial 
tension was more pronounced. The transition from wrinkles to folds has been 

Fig. 9.13 (a) The appearance of bubble patterns during thermal shrinkage in the polyNIPAM- SA 
gels. (b) Schematic diagram comparing the formation of bubble patterns in polyNIPAM and 
pAAM hydrogels. (Reproduced with permission from Ref. [57])
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reported on bilayer hydrogels composed of a thin crust of silica networks copoly-
merized with polyNIPAM and a soft bottom layer of polyNIPAM [14]. Reversible 
wrinkles appeared on cooling, and folding occurred at much lower temperatures. 
The bilayer hydrogels also showed the peristaltic motion of wrinkles. By control-
ling the shape of the hybrid silica layer (triangular shape) as well as the cooling rate 
and temperature, the speed and direction of the peristaltic motion can be modulated, 
which shows great potential as soft actuators.

9.3.3  Other Types of Stimuli

Other methods which have been reported recently include electric field- and light- 
induced instability. The use of light and electric field as an external stimulus has 
the advantages of being easy to employ and generating surface instabilities with 

Fig. 9.14 (a) Fabrication process of polyNIPAM scaffolds with dynamic display of patterns. (b) 
Streptavidin-coated beads selectively adhered to the biotin-functionalized region (top) at 
37 °C. Depending on the biotin density, the beads are either encapsulated within creased (bottom 
left) or detached from the surface (bottom right) when the scaffold was cooled to 23 °C. (c) Optical 
microscopic images showing the epithelial cells selectively adhered to RGD-functionalized 
regions at 37 °C (left) and encapsulated within creases at 23 °C (right). (Reproduced with permis-
sion from Ref. [58])

C.-Y. Liaw et al.



223

rapid stimuli responses. Xu and Hayward electrically actuated the formation of 
creases and craters in anionic polyNIPAM hydrogels using low voltages (2–4 V) 
[25]. The anionic polyNIPAM hydrogel was first deposited on micro-patterned 
gold electrodes and then swelled in the phosphate-buffered saline (PBS) solution 
at selective temperatures, to yield a swelling ratio slightly below the onset of creas-
ing. The subsequent application of voltage to underlying electrodes generated 
creases above the anodes, but not on the cathodes. Observations showed that the 
electrically driven creases were deeper (crease depth reaches ~70% of the swelled 
gel thickness) and occurred substantially faster (within a few seconds) compared 
with the thermally induced patterns. However, the underlying mechanism for the 
rapid formation of deep electrically driven instability remains unclear, and thus 
further investigation is required. The same research group reported light-respon-
sive creases based on hybrid gels of anionic polyNIPAM and iron oxide nanopar-
ticles [59]. The authors followed the same approach used in the previous study [58] 
to create reversible hide and display stripe patterns first. Due to the incorporation 
of light-absorbance nanoparticles and their strong light-to-heat conversion proper-
ties, the heat was generated in hydrogels upon blue light exposure for 3 min. Gels 
were then deswelled, causing the surface to unfold and expose the hidden areas. 
After removal of the blue light, creases were reformed over approximately 3 min. 
The hybrid hydrogel system offers a novel approach to creating a reversible transi-
tion between flat states and crease patterns in selected regions by simply exposing 
light to the interested area.

9.4  Conclusion and Outlook

In summary, many interesting instability patterns and potential applications in 
hydrogel systems are discussed in this chapter, which are summarized in Table 9.1. 
A variety of patterns with a different shape, wavelength, and amplitude can be eas-
ily generated by manipulating the layer properties (uniform, bilayer, and gradient) 
and different external stimuli (solvent, thermal, electric field, or light). In particu-
lar, recent research has focused on the utilization of hydrogel instability patterns 
for applications in tissue engineering due to their unique characteristics similar to 
biological soft tissues. In spite of the extensive work that has been reported, how-
ever, many challenges still exist which need further investigation. Expected future 
studies include large-scale fabrication with precise control of surface patterns; 
hydrogel exhibiting faster response kinetics (especially for thick films); prepara-
tion of patterns at nanometer-scale size; development of “smart” hydrogels with 
switchable instability patterns; and last but not least, creating surface instability 
patterns in three-dimensional systems, which could potentially expand their 
applications.
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