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ABSTRACT

Wrinkled surfaces have attracted enormous interest during the past years due to their various wrinkling patterns and impressive multi-
functional properties. With the growing demand of numerous potential applications, it is desirable to uncover the formation mechanism
and develop fabrication methods for tunable wrinkles, in particular, for hierarchical wrinkle that has spatially varying wavelength and
amplitude. In this tutorial, we comprehensively discuss the possible mechanism of the formation of hierarchical wrinkles, including the
role of elasticity gradient in film-substrate systems, the effect of boundary confinement, the sequential multistep strain-releasing method
in a multilayer system, etc. The formation conditions and morphological features of various hierarchical wrinkling patterns are outlined.
Lastly, representative applications of hierarchical wrinkling are briefly summarized as well.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143651

I. INTRODUCTION

Surface wrinkles on compliant substrates are broadly found in
natural and biological systems, such as the wrinkle of an aging man’s
skin, dry fruits, wrinkles of carpets, and even morphologies of folded
mountains are considered to be related with the wrinkling phenome-
non. When the compression in a substrate-supported film exceeds
the criterion, the flat film will lose its stability and wrinkle in various
patterns.' ™ Generally, uniaxial compression leads to unidirectional
stripe wrinkles, while biaxial compression may generate chessboard,
labyrinth, or herringbone patterns. By introducing compression to
the film-substrate system, such as pre-stretch or thermal mismatch,
wrinkling patterns are designed and produced controllably, which
have been widely used in the thin-film metrology,”'* stretchable
electronics,' ™ stretchable functional skins," tunable surface
wettability,””** functionalized optical devices, like tunable transmit-
tance and light grating,”**"*™" and surface antifouling,” *’
However, the ordinary wrinkled patterns usually are unidirectional
or homogenous and have a uniform wavelength and amplitude for
given mechanical properties and applied loading, which severely
limit their applications.

Biological materials usually exhibit a complex hierarchical
microstructure toward various amazing functions after millions of

years of evolution,”’ such as the self-cleaning effect in lotus,®”
robust and releasable adhesion in gecko,(’3 remarkable mechanical
properties in bone and nacre,””** etc. Therefore, the bioinspired
hierarchically structured surface through hierarchical wrinkling is
surely believed to broaden the potential and multifunctional appli-
cations of wrinkled surfaces beyond uniform surface features, it
urgently necessitates us to explore and design a tunable and hierar-
chical wrinkling pattern. Hierarchical wrinkle is the surface wrinkling
that has a spatially distributed wavelength and amplitude and shows
a scale hierarchy among the film. Actually, the hierarchical wrinkling
phenomena are widely observed in nature. Figure 1(a) shows the
translational symmetry breaking of the one-dimensional corrugated
profile, which occurs near the edge of an ultrathin polystyrene (PS)
sheet floating on fluid.” Similar hierarchical wrinkling patterns are
also found in hanging curtains and the boundary of the floating thin
film or graphene from macro- to micro-length scale.”’~’* In the
past few years, the fabrication of hierarchical surface structures by
employing mechanical instability of deformable thin materials
has attracted much research attention.”®*!7?=7¢ Figure 1(b) shows
an example of the high-resolution picture of the hierarchical
nanostructure by a sequential strain-releasing method.”* This
method has showed its outstanding advantages to produce functional
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nanostructures as a bottom-up approach. The researchers aim to
design a controllable hierarchical wrinkling surface, such as the
tunable and spatially distributed wavelength and amplitude of
corrugated morphologies, or the nested wrinkle with several hier-
archies, as shown in Figs. 1(c) and 1(d). This tutorial will intro-
duce research progresses on hierarchical wrinkles. First, we will
start with the fundamentals of film wrinkling. Then physical
mechanisms of ways to generate hierarchical wrinkles are briefly
reviewed, including introducing an elastic gradient into the film-
substrate system, the effect of boundary confinement, and the artificial
sequential wrinkling process. Finally, several potential applications of
hierarchical wrinkling are discussed.

Il. FUNDAMENTAL OF FILM WRINKLING

First, we review the fundamental concepts of wrinkling
patterns.”””~*> When a thin film with thickness 4 and homogenous
elasticity on the substrate is under uniaxial compression, one-
dimensional wrinkling stripes are generated with wavelength A and
amplitude A, as shown in Fig. 2(a). When the thickness of the sub-
strate is much thicker than the film, the substrate can be regarded
as a semi-infinite space and morphological features are only depen-
dent on the film thickness and the elastic modulus of the film-sub-
strate system. The sinusoidal function is employed to describe the
out-of-plane displacement z(x) of the deflected film,

z(x) = Asin ? (1)

The wavelength of wrinkles is linearly dependent on film thickness
h and the amplitude is related to applied compressive strain &,

B\
A = 2rth (—I) , @)
3E

N
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FIG. 1. (a) Hierarchical wrinkle pattern in the floating
ultrathin PS film on the surface of water (scale bar is
1cm and film thickness is 246 nm). Reprinted with per-
mission from Huang ef al., Phys. Rev. Lett. 105, 038302
(2010). Copyright 2010 American Physical Society. (b)
Fabricated multigenerational hierarchical nanostructure of
a reactive ion etching plasma treated PS substrate by
sequential nanowrinkling (scale bar is 10 um). Reprinted
with permission from Lee et al, Nano Lett. 16, 3774
(2016). Copyright 2016 American Chemical Society. (c)
and (d) Schematics of various tunable hierarchical wrin-
kling patterns.

A=h /S 1, 3)
Ec

where ]_Ef = Ef/(1 - vf) and E; = E;/(1 — v?) are the plane-strain
modulus with Ey and v, Young’s modulus and Poisson’s ratio of
the film and the substrate, respectively. Here, & is the critical wrin-
kling strain that is independent of film thickness and only depends

on the modulus ratio,
1 (3E\}
E =~ =], (4)
4\ E;

When the film is under biaxial compression, hexagonal,
checkerboard, labyrinth, or herringbone wrinkling patterns are
produced, whose wavelength 4 and amplitude A can also be deter-
mined by Eqgs. (2)-(4)./%7886-8

lll. HIERARCHICAL WRINKLING IN ELASTICITY
GRADIENT FILM-SUBSTRATE SYSTEM

Limited to uniform thickness and elasticity, films show either
parallel stripes or homogenous two-dimensional wrinkling patterns.
To overcome this restriction and extend the application of film
wrinkling, films with gradient properties both in thickness and in
modulus are studied, and the resulted various hierarchical wrin-
kling morphologies are explored in recent years.

A. Formation mechanism of hierarchical wrinkling due
to elasticity gradient

In the beginning, we start with the review of a pioneer work”’
to investigate the wrinkling phenomenon of a gradient film on the
complaint substrate. Figure 2(b) shows the schematic of the film
system with an elasticity gradient. The film gradient reflects as the
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FIG. 2. (a) Formation of uniform wrinkles under uniaxial compression. (b) Schematic of the thin film with gradient thickness or modulus along the x axis on a compliant
substrate. (c) Hierarchical wrinkling pattern when the compression is perpendicular to the gradient direction. Reprinted with permission from Yin et al., Philos. Mag. Lett.
90, 423 (2010). Copyright 2010 Taylor & Francis. (d) Schematic of different wrinkling configurations of a modulus inhomogeneous film system. (e) The relationship between
critical branching length and the modulus inhomogeneity. Reprinted with permission from Ni et al., Phys. Rev. E 86, 031604 (2012). Copyright 2012 American Physical
Society. (f) Non-uniform wrinkling pattern when the compression is parallel to the gradient direction. Reprinted with permission from Yin et al., Philos. Mag. Lett. 90, 423

(2010). Copyright 2010 Taylor & Francis.

film thickness gradient #(x) or Young’s modulus gradient E(x) and
t(x) or E(x) are assumed linearly dependent on the location in the
x direction,

t(x) = to(1 —ax/L) or E(x) = Ey(1 — agx/L), (5)
where L is the length of the film along the x direction, #, and E, are
the thickness and Young’s modulus of the film at x = 0, respec-
tively, and 0 < oy, ap <1 are the coefficients that character the
elasticity gradient. Then, t; = fo(1 — a;) and E; = Eo(1 — ag) are
the thickness and Young’s modulus of the film at x = L, respec-
tively, as shown in Fig. 2(b).

The wrinkling of the gradient film is studied under uniaxial
compression that is perpendicular or parallel to the gradient direc-
tion separately. When the compression direction is perpendicular
to the gradient direction, which means applying force N, along y
axial on the film in Fig. 2(b), the Finite Element Model (FEM)
results show that compression generates Y-branched wrinkle
pattern as in Fig. 2(c).”” In the film with uniform thickness and
modulus, wrinkle stripes are generally parallel-arranged and per-
pendicular to the direction of compression. In the gradient film,
compared with uniform one-dimensional wrinkle stripes, the
branched wrinkle pattern is inhomogeneous both in wavelength

and amplitude along the gradient direction. At the thicker region,
the film has a large wavelength and amplitude, while at the thinner
region they are both smaller. There is a transition zone in the film
between different wavelengths that present a Y-shaped junction
and forms a hierarchical wrinkling pattern as shown in Fig. 2(c).
According to Egs. (2) and (3), the wavelength and amplitude
are proportional to the film thickness, so it is easy to accept that
the gradient film has different wavelengths and amplitudes with
varying thickness or modulus. However, will the hierarchical struc-
ture always show up whenever the elasticity gradient exist? The
answer is no based on the discussion below. To understand the
steplike variation of the wavelength with respect to the film thick-
ness, and the critical stiffness gradient or the critical characteristic
length of stiffness inhomogeneous film for the formation of a hier-
archical and branched wrinkling pattern, it requires to take into
account the total elastic energy of the film system with elastic inho-
mogeneity. When the unidirectional wrinkling pattern is under the
approximation of the sinusoidal form, the shear stress at the inter-
face between the film and the substrate is negligible, and the total
elastic energy of the homogeneous film-substrate system includes
the bending energy Ubﬁ " the stretching energy Uy " of the film,
and the elastic energy U™’ of substrate.”” For the given
out-of-plane deflection Eq. (1) with wavelength A and amplitude A4,
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the total elastic energy per unit area U in the wrinkled film can be
expressed as”””!

A PO G P ©)
Uy 32 ' 4mhEf) )
where Uy = lths with &y, the uniaxial compress1on Equation

(6) means that for the given modulus ratio Ef )IE,, the system has
a minimum total energy at a specific equilibrium wavelength of

1
A= Zﬂh(E}l)/f}E ) when &pre exceeds critical wrinkling strain

e =1(3E; /E(l)) In the same way, the system with different

modulus ratios EZ/E, has another equilibrium wavelength )f
Then, a system with 1nhomogeneous film moduli £\ and Ef @ a
two sides is considered.”’ Figure 2(d) shows two hypothetic wrm-
kling morphologies of the inhomogeneous system. The left means
that the wrinkled stripes are coherent and have an intermediate
wavelength 4] < A1° < 5, while the right configuration shows that
there is a d1slocated boundary between two wavelengths A and l
which corresponds to equilibrium wavelengths of film moduh Ef f
and Ef =8 respectively. The energy changes of these two configura-
tions in Fig. 2(d) with respect to the case of uniform modulus are
expressed as AULw in the uniform wrinkle and y;w in the dislo-
cated wrinkle, where AU = U(A°); 7, is the effective line energy at
the dislocated boundary; and L and w are the size of the wrinkle,
respectively. To decide which configuration is energetically favor-
able, a coherency persistent length L. = y,/AU is defined. Ni et al.
proposed that the branched wrinkling system can be made an
analogy with the two separated phases with a boundary. By
employmg Gibbs’s description and the classic diffuse interface

theory,” the coherency length of the branched wrinkle can be
approximately obtained as
C
Le=—r—t3, @)
(1 _ al/S)

where o = E(l)/E(Z)(E(D < E(Z)) is the modulus ratio of the inho-

/BIB(3E,/E (2)) /(2h)? is a constant

with B and B the assumed invariants. If the characteristic length of
the modulus inhomogeneous exceeds the critical length L > L, the
film wrinkling loses its coherency and a branched hierarchical
wrinkled pattern appears. Figure 2(e) shows the relationship
between elastic inhomogeneous and the critical branching length,
in which scatters are calculated by solving the Foppl-von Karman
(FvK) plate equation using the gradient-flow method, and the line
is fitted by the formula in Eq. (7). The results demonstrate that for
a given characteristic length, the hierarchy of the wrinkling pattern
only appears when stiffness inhomogeneous exceeds a critical
value, and the critical characteristic length for the hierarchical
wrinkle increases with the increase of stiffness inhomogeneous.
When compression is parallel to the direction of film thick-
ness or stiffness gradient, parallel wrinkles that are perpendicular to
compression are generated. The FEM results” show that the wrin-
Kkles first emerge at the thinnest or the most complaint region of
the film and then gradually propagate to the whole film. This

mogeneous film and C~

TUTORIAL scitation.org/journall/jap

phenomenon can be understood that the thinner or more com-
plaint region would reach the criterion of wrinkling earlier accord-
ing to Eq. (4). The wrinkling profiles in Fig. 2(d) show that the
wavelength and amplitude are both non-uniform and position-
dependent, in which the wavelength increases with the increase in
film thickness/stiffness, while the amplitude possesses the opposite
tendency. Due to remarkable nonlinearity of the wrinkled profile, it
is difficult to find an analytical solution to describe the out-of-plane
displacement even under simplified assumptions. Even though, the
mode of out-of-place displacement can be fitted as’’

z0(x) = A(1 + anx)sin(mrx(1 + arx)), (8)
where X = x/L is the normalized position with L the length of the
wrinkled sample, o characters the gradient, and A and m are the effec-
tive amplitude and effective wave number that character the wrinkle
shape, respectively. Numerical results show that the effective wave-
length, effective amplitude, and the critical wrinkling force all depend
on the film gradient. If the stiffness of the substrate is gradient and
position-dependent, the numerical results from FEM show that the
non-uniform wrinkle has an analogous shape that depends on both
the absolute value and the gradient of the substrate stiffness.””

In common cases, like thermal expansion mismatch during
film deposition, or solvent diffusion induced isotropic swelling, the
biaxial compression can also be exerted onto film-substrate
systems. To study the wrinkling pattern of the gradient film under
biaxial compression, thickness-gradient metal nickel (Ni) films are
deposited on a polydimethylsiloxane (PDMS) substrate by magne-
tron sputtering technique, and residual biaxial compression due to
isotropic thermal expansion mismatch is exerted.”* Atomic force
microscopy (AFM) images show that biaxial compression generates
ordered hierarchical wrinkling patterns in the gradient film. Parallel
stripes, herringbones, and labyrinths are observed adjacently in one
gradient sample. With the change in film thickness gradients, distri-
butions of ordered wrinkling patterns can be regulated, which draws
promising applications in tunable optical or microfluidic templates.
The complex wrinkling pattern can be regarded as the superposition
of two kinds of patterns under uniaxial compression, which is per-
pendicular and parallel to the gradient direction, as shown in numer-
ical results [Figs. 3(a)-3(d)]. Figure 3(a) shows the sketch for the
superposition of the thickness-gradient film under biaxial compres-
sion. The numerical result in Fig. 3(b) shows the branched wrinkles
when the compression is perpendicular to the film gradient direc-
tion, whose wavelength and amplitude both decrease along the direc-
tion of decreasing thickness. Figure 3(c) shows straight wrinkle
stripes perpendicular to the gradient direction when the loading is
parallel to the gradient direction. The wrinkles in Fig. 3(c) are dis-
tributed locally and are absent in the thickest region, in accordance
with the result in Fig. 2(f). Figure 3(d) shows the case when the gra-
dient film is under biaxial compression. It can be found that in the
thickest region, only the parallel wrinkle stripes in Fig. 3(b) contrib-
ute to the superposition. With the decrease in film thickness, the
parallel stripes in Fig. 3(c) come into play but the branched stripes
in Fig. 3(b) still dominate, thus herringbones form in Fig. 3(d).
When the film thickness continues to decrease, the wrinkles that are
perpendicular to the gradient direction become comparable to the
wrinkles that are parallel to the gradient direction, so there is a
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FIG. 3. (a) Sketch of the thickness-
gradient film under biaxial compression
understood as the superposition of the
thickness-gradient  film under two
orthogonal uniaxial loading directions.
(b) and (c) Simulated wrinkling patterns
of the thickness-gradient film under
uniaxial compression that are perpen-
dicular and parallel to the gradient
direction, respectively. (d) Simulated
wrinkling pattern of the thickness-
gradient film under biaxial compres-
sion. (¢) and (f) The relationship
between normalized average short
wavelength and average root square
deflection amplitude of hierarchical
wrinkling patterns in Fig. 3(d) with
respect to normalized distance x with
h* the film thickness, respectively.
Reprinted with permission from Yu
et al., ACS Appl. Mater. Interfaces 7,
5160 (2015). Copyright 2015 American
Chemical Society.

0 1000
x/h

relatively large region in Fig. 3(d), which is covered by labyrinthlike
wrinkles. Although the superposition of two orthogonal loading
directions can give a brief description of the ordered hierarchical
wrinkling under biaxial loading, it should be noted that the deforma-
tion of the thin film cannot be additive due to nonlinearity.
Researchers also investigate the statistical morphological characteris-
tic of hierarchical wrinkles under biaxial compression. Figure 3(e)
shows that the average wavelength of hierarchical wrinkling is found
to decrease with the decrease in film thickness, which is in accor-
dance with the relationship in Eq. (2). However, the average root
square deflection amplitude in Figs. 3(f) first increases and then
decreases with decreasing film thickness, which differs from that in
the uniaxial compressed system.”’

B. Experimental methods to fabricate elasticity
gradient film-substrate systems

Hereinbefore, the numerical simulated results show various
wrinkling morphologies of the elasticity gradient film under differ-
ent loading directions, and the theoretic analysis gives a

2000 _ 3000 4000 0 1000

characteristic length for the branched hierarchical wrinkles. These
results provide the basic guidance for the wrinkling phenomenon
in film-substrate systems with elasticity gradient. Here, we outline
several experimental methods for fabricating the elasticity gradient
film system, mainly including film thickness gradient and substrate
stiffness gradient.

First, we review the fabrication of a thickness-gradient film on
a soft substrate. A common method to fabricate the wrinkling
surface is microfolding due to shrinkage effects after the surface
modification of a soft polymer, like PDMS, is under plasma
ultraviolet-ozone (UV/O) treatment.””*”>**~'%® When the stretch-
ing polymer is under UV/O treatment, the UV cured top surface of
the substrate becomes a rigid oxide layer. Due to pre-stretching or
the shrinkage effect of the polymer, the release of the strain after
UV/O treatment then creates a wrinkling pattern due to the stiff-
ness mismatch between the top stiff layer and the soft substrate
when the strain exceeds the critical wrinkling strain. It has been
already depicted that the modulus and the thickness of the silica
layer on the top of the PDMS surface can be tuned by the exposure
time,”>'*>"""" 5o the film-substrate system with gradient film

J. Appl. Phys. 127, 111101 (2020); doi: 10.1063/1.5143651
Published under license by AIP Publishing.

127, 111101-5


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

thickness can be easily fabricated. For example, to create a film
with continuously varying thickness, a shielded plasma oxidation is
conducted by using a triangular prism mask to regulate the expo-
sure time of different regions of the PDMS surface.''” The
thickness-gradient film can also be fabricated by tuning the dis-
tance between the UV lamp and the PDMS sample.''” In brief, the
gradient film thickness can be produced by the gradient UV/O
treatment, as illustrated in Fig. 4(a).

Besides the continuously changed film thickness, the film
thickness can also be modulated as stepwise gradient as shown in
Fig. 4(b). The masks like glass plates are used to block specific
regions of the PDMS substrate during UV/O treatment, and the
sequential change of the masks location can modulate the plasma
dose and produce a film with varying thickness in different
regions.'* The discontinuous film thickness not only generates
hierarchical wrinkles that have different wavelengths and ampli-
tudes in different regions, but also creates thickness steps in adja-
cent regions, which can even tune mechanical properties of 2D
materials at the nanoscale.''” The property of polymer resin can
also be utilized to produce thickness-gradient film. Patterned
PDMS substrates with parallel grooves are prepared by soft-
lithography to act as supporters and provide physical boundaries.
Polymer resin is then spin-coated on the patterned substrate and
the grooves are filled with meniscus surfaces due to surface tension
of flowing resin. Then, the thickness-gradient film that is separated
by edges of the patterned substrate is fabricated after plasma treat-
ment, as shown in Fig. 4(c). The film is thickest near the edges and
thinnest at the middle. The edges also play the role of boundary
confinement and create uniaxial compression parallel to the edges,
so hierarchical wrinkles perpendicular to the edges form on a pat-
terned substrate.''® Figure 4(d) shows the sketch of preparing the
thickness-gradient film by a flow-coating method. An angled steel
blade is used to spread a drop of polymer solution on the substrate.
By automatically controlling the moving speed of the blade in a
constant acceleration, the solution is distributed non-uniformly on

Gradient UV/O Uv/o
P il | | —— S —
Masked Substrate
(a)
Deposition
Moving

(d)

TUTORIAL scitation.org/journall/jap

the substrate and a polymer film with thickness-gradient forms due
to drying of solvent within several seconds.™""”'"*

The metal thin films on the soft substrates are another impor-
tant system besides the UV/O treated PDMS. Generally, the metal
films are deposited on the soft substrate by means of vapor evapo-
ration or sputter deposition, and the film thickness can be directly
controlled by the deposition time. To deposit a metal film with
thickness gradient on a PDMS substrate, a steel shutter is placed
between the substrate and the metal target during the direct
current (DC) magnetron sputtering as shown in Fig. 4(e). Due to
diffusion of gas particles, some of metal atoms can deposit under-
neath the shutter. So the thickness of the deposited film is non-
uniform on the substrate, and the subsequent investigation shows
that the thickness of the metal film has approximately linear rela-
tionship with the location. In this method, the maximum and gra-
dient of the film thickness can be regulated by the deposition time
and the distance between the shutter and substrate, respectively.”*
Recently, the fixed shutter is replaced by a computer-controlled
shutter mask, whose closing speed is adjustable to monitor the film
thickness by quartz crystal microbalances.''”

In addition to the film thickness gradient, many efforts have
been made to change the substrate stiffness in film wrinkling
systems, mostly in soft PDMS substrates.'’” There are mainly two
strategies to prepare the PDMS substrate with stiffness gradient,
controlling the PDMS components and controlling the PDMS
curing temperature. Claussen et al.'”*'*" first created composi-
tional gradient PDMS using a precision syringe pump setup. The
hard and soft PDMS components are integrated in a gradient
PDMS specimen that is then embedded into a hard PDMS matrix
and cured. The wrinkling with continuously changed wavelength
is then observed in the stiffness-gradient substrate as illustrated in
Fig. 4(f). Furthermore, when the gradient specimen is embedded
into the hard matrix, it creates a sharp interface of mechanical
properties between different PDMS phases. At the interface of
hard and soft components, the wrinkle stripes would bifurcate,

uv/o

FIG. 4. Schematic diagram of methods
to generate elasticity gradient in the
film-substrate system. (a) The gradient
UV/O treatment. (b) Masking substrate
during the UV/O treatment. (c) Using a
pre-patterned substrate. (d) Flow-coating
method using a moving blade. (e) Using
a shield shutter during film deposition.
(f) Preparing a stiffness-gradient sub-
strate by controlling components and
curing temperature.

Patterned Substrate

(c)

Gradient Substrate
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forming dislocation-like defects
patterns.'*”

It has been studied that the mechanical properties of PDMS
especially the elastic modulus strongly depend on the curing tem-
perature and the curing time.'”’ By applying the temperature gradi-
ent during the curing process of liquid PDMS, stiffness-gradient
PDMS substrate can also be obtained. In experiments, to provide a
gradient temperature field, the PDMS sample is placed on a hot
supporter at one side and a cold supporter at another side. The
cross-link degree of the elastomer varies with the spatial tempera-
ture gradient, and the PDMS elasticity increases with the curing
temperature increases.'”*”'*” It is worth noting that the gradient
PDMS sample could even be liquid or viscous state at the cold side
and purely elastic state at the hot side. Thus, there exists a transi-
tion from surface folds to wrinkles on this kind of gradient sample
due to the thermal expansion mismatch after the deposition of the
metal film,'* showing different wrinkling morphologies on one
PDMS sample.

and hierarchical wrinkling

C. The elasticity gradient due to diffusion and
visco-elasticity effect

The pre-prepared film-substrate system with gradient elasticity
provides excellent platform for the fabrication of hierarchical wrin-
kles with branching structure and varying wavelength and ampli-
tude. For the initially homogeneous elastic system, the hierarchical
wrinkling pattern can also be created in virtue of the diffusion and
visco-elasticity effect.””'**'*” At the beginning, we briefly review
the mechanism of the diffusion coupled surface wrinkling.
Generally, for the system of thin titanium (Ti) layers on the poly-
styrene (PS) and silicon oxide (SiO,) substrate (Ti/PS/SiO, multi-
layer),"”” the thermal expansion mismatch during metal deposition
cannot reach the critical wrinkling stress in Eq. (4) due to the rela-
tively large modulus of PS. Thus, surface instability will not be trig-
gered in Ti/PS/SiO, multilayers and the thin film remains flat after
thermal deposition, which differs from the multilayers made up of
low modulus elastomers like PDMS,”® or the cases when the
applied stress is larger than the critical stress."”*”'*" However, the
Ti film is still under compression and ready to wrinkle once
the ambience changes. When the multilayer sample is put in
toluene vapor, the PS would experience a sharp fall of the elastic
modulus as well as glass transition temperature during the diffusion
of solvent vapor due to sensitivity of the polymer layer to chemical
stimulation. Once the modulus of the PS substrate decreases dra-
matically, the stored stress in the metal thin film can easily exceed
the new critical wrinkling stress that strongly depends on the sub-
strate modulus. Thus, the diffusion of solvent can trigger wrinkling
formation and determine morphology of the wrinkling pattern.
During the diffusion process, wrinkles closely following the diffu-
sion front with the orientation perpendicular to the front. Usually
the wrinkles are parallel or radial stripes, which extend from the
film edge or pointlike defect, respectively.''**'**

When the PS layer is made up of small chains, the PS
becomes viscous during solvent diffusion.'” It is known that the
surface wrinkle undergoes a coarsening process on a viscoelastic
substrate.”>'**""*° During the coarsening process, the wrinkle wave-
length increases with the decrease in substrate stiffness due to

TUTORIAL scitation.org/journall/jap

stress-driven viscoelastic relaxation. The wavelength is also time-
dependent. A scale analysis gives that the wavelength for the multi-
layers has the relationship of **

A~ (hHP)IIZ(E/n)1/6t1/6, (9)

where h and H,, are the thicknesses of metal and polymer layers,
respectively; E is the modulus of the metal film; 7 is the polymer
viscosity; and ¢ is time. The diffusion induced reduction of the
substrate modulus together with the viscoelastic effect produces
both spatially and temporally dependent wrinkle propagation.
Figure 5(a) shows sequential images of wrinkle propagation by dif-
fusion and viscoelastic effects of Ti/PS/SiO, multilayers in toluene
vapors. The parallel wrinkling stripes move with the diffusion front
from an edge at first. With the substrate becomes viscoelastic, the
already formed wrinkles coarsen, which leads to cascade branched
and hierarchical wrinkles. For the diffusion process, the distance
from the diffusion front y has the scale of y ~ 2. Combining with
the relationship in Eq. (9) that A ~ t/6, the wavelength of the hier-
archical wrinkle in Fig. 5(a) then scales as A ~ y'3, in agreement
with experiments.128 Figures 5(b) and 5(c) show radial hierarchical
wrinkling patterns. On the basis of numerical simulation on
wrinkle formation due to solvent diffusion mediated inhomoge-
neous swelling,"”” Ni considered viscous flow and developed the
numerical method to reproduce the hierarchical film wrinkles on
the substrate whose stiffness gradient is dynamically changed.””
Figures 5(d) and 5(e) show the simulated wrinkle morphologies of
parallel branching stripes and radial wrinkles due to the viscoelastic
effect, respectively.

IV. HIERARCHICAL WRINKLING INDUCED BY
BOUNDARY CONFINEMENT

In a film-substrate system, the boundary condition plays an
important role in the deformation under different loadings. Here,
we briefly review the effects of two types of boundary confinement
on the formation of hierarchical wrinkling: the bonding interface
between the film and the substrate, and the edge of the film.
Generally, the interface between the film and the substrate is
regarded as homogeneous, and the film is perfectly attached to the
substrate. If the interface is relatively weak, the film may delaminate
from the substrate and form a buckle-delamination structure
directly on the hard substrate'>'**""** or experience a transition
from wrinkling to buckle-delamination on the soft substrate."*’ In
the presence of interfacial sliding, the critical buckling stress and
equilibrium morphology of film buckling are different from the
case when the interface is well attached."*>'**""*" For the substrate
with discrepant slippery and sticky domains, the wrinkling pattern
shows spatial distribution related to interface properties.””' When
the film is under compression, the displacement in the substrate
depends on the boundary constraint and is different in slippery or
sticky regions, leading to different equilibrium wavelengths and
critical wrinkling strain according to energy minimization. By regu-
lating the adhesive property of interface, the hierarchical wrinkling
pattern with different orientations, which are parallel to the boun-
dary in slippery domains and perpendicular to the boundary in
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FIG. 5. (a)-(c) Sequential optical images of a branched wrinkling pattern triggered by solvent diffusion and the viscoelastic effect of a Ti/PS/SiOx multilayer after immersion
in toluene vapors (scale bar 10 mm). Reprinted with permission from Vandeparre et al., Soft Matter 6, 5051 (2010). Copyright 2010 Royal Society of Chemistry. (d) and
(e) Simulated results of visco-elasticity mediated hierarchical wrinkles (The length scale in the simulation is normalized by top layer thickness h with h=1.). Reprinted with
permission from Ni et al., Phys. Rev. E 86, 031604 (2012). Copyright 2012 American Physical Society.

sticky domains, and different amplitude, which is larger in slippery
domains than that in sticky domains, are obtained.

Near the film edge there usually exists some other physical
effects that govern the wrinkling pattern. When an ultrathin PS
film floats on water, the translational symmetry breaks and cas-
caded wrinkles form at the edge of the film.”” The competition
between gravity of the liquid surface, bending energy of the thin
film, and capillarity at the boundary creates three characteristic
lengths and dominates the morphology of film wrinkling. Similar
hierarchical wrinkles with continuously varying wavelength from
the edge to interior of the film are also found in metal films depos-
ited on contracting liquid drops like silicone oil drops.”">'** In this
case, an energy analysis that considers bending energy, gravitational
energy, thermal expansion, and the surface energy induced by cap-
illarity can obtain well description of the wavelength change at the
edge of the film. Recently, a work studies the spontaneous forma-
tion of oscillatory cracks and hierarchical wrinkles of metal films
on liquid stripes.”” The wrinkling has a labyrinth pattern at the
center of stripe and a hierarchical structure with changing wave-
length near the stripe edge. Together with wavy cracks confined in
stripes, this study shows various failure modes in constrained film
structures.

From the suspended graphene to hanging curtains, the hierar-
chical wrinkling structures induced by boundary confinement exist
widely in constrained thin film, as shown in Figs. 6(a) and 6(b),

respectively. It is found that the wavelength A that reflects the wrin-
kling hierarchy has a simple power law with the distance to the
edge x among various materials: A~x", which is in accordance with
previous theoretical assumptions.”>'*>'*" The power exponent # is
robust and nearly equals to 2/3 for “light” sheets, like short fabric
and paper sheets, and 1/2 for “heavy” sheets, like long fabric,
rubber curtains, and constrained graphene. To provide a better
understanding of the universal self-similar wrinkling hierarchy by
boundary constraint, a formalism is established based on the geom-
etry constraint and energy scaling.”” The bending and stretching
energy of the thin film in a characteristic area LA are considered,
where A is the wavelength and L is the distance in which the wave-
length branches into its double. For the sinusoidal deformation
with amplitude A, the effective lateral compression induced by edge
confinement scales as A ~ (A/A)? according to the inextensibility
hypothesis. With the curvature of out-of-plane undulations x ~ AIAZ,
the bending energy of the thin sheet in the characteristic area can be
expressed as Up ~ EW’k?(LA) ~ ER*ALA™! with film thickness A.
The effective elongation strain has the order of (A/L)* ~ A*A/L?, with
A/L the average slope of the membrane so the stretching energy can
be estimated as U, ~ ER(A*A/L2)*(LA) ~ EhA’A*L . By minimizing
the total energy U, = Up + Us in the characteristic area L1 with
respect to the transition length L, the optimal characteristic length
can be obtained as L(1) ~ A"*2*?h~12. Reminding the geometric
constraint that dA/dx = A/L, the relationship between the
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FIG. 6. (a) and (b) Hierarchical wrinkling patterns in a suspended graphene bilayer and a rubber curtain, respectively [scale bars are 1 um in (a) and 25 cm in (b), respec-
tively]. (c) The power law fits between the wavelength and the distance from the film constrained edge for various curtains. The inset graph shows the relationship between

the wavelength and the distance from the constrained edge for a graphene sheet. (d)

and (e) The relationship between the normalized wavelength and the normalized dis-

tance from the constrained edge for “light” sheets and “heavy” sheets, respectively. Reprinted with permission from Vandeparre et al., Phys. Rev. Lett. 106, 224301 (2011).

Copyright 2011 American Physical Society.

normalized wavelength and location can be obtained as

Ax)AY®h ~ (x/h)*", (10)
which is in good agreement with the experimental data for short
“light” sheets in Fig. 6(d).

For heavy sheets, there is an additional tensile force imposed on
sheets, like the gravity for heavy curtains, the tensile strain by thermal
treatment for graphene sheets,”' and the surface tension or thermal
expansion near the edge of the thin film on liquid drops.”®”"">'**
The stretching energy Ur ~ T(A/L)*(LA) ~ TAA’L™! induced by the
tensile stress T takes the dominant place of Us, and the minimization

of total energy U, = Ug+ Ur leads to L(A) ~ A2Ih\/T/Eh.
So for “heavy” sheets, the wavelength changing with location in
the relation of

Ax)/h ~ (ERIT)" (x/h)""?, (11)
which is consistent with the experimental results as shown in
Fig. 6(e). The boundary confinements provide the geometric
constrain and excess tensile stress to compete with the bending
energy that always prefers large wavelength, and the competition
between bending energy and stretching energy leads to the hier-
archy of wrinkling patterns.
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V. OTHER HIERARCHICAL WRINKLES

A. Hierarchical wrinkle by the sequential buckling
process

In the film system with gradient elasticity or boundary con-
finements, hierarchical wrinkling patterns can spontaneously form
when the compressive stress exceeds the critical value. In this part,
we introduce that the hierarchical wrinkling pattern can also be
designed and fabricated by a memory based and sequential strain-
release process in a uniform film system. Researchers found that
during the release process of a pre-stretched and UV/O treated
PDMS skin, when the strain-release rate is relatively slow, the wrin-
kled skin and stretched substrate form an effective skin that is
thicker and stiffer than the initial state. Thus, the followed release
leads to much larger wrinkle formation according to Egs. (2)
and (3) and generates nested and hierarchical wrinkling pat-
terns.””'>* The length scale of these self-similar wrinkles can span
five orders of magnitude from a few nanometers to millimeters,
which provides the spark for designing artificial hierarchical wrin-
kling morphologies. Figure 7(a) illustrates the typical procedure for
fabricating hierarchical wrinkles.”” The first generation of wrinkle
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(G1) is obtained by relieving the strain €; of reactive ion etching
(RIE) plasma treated PS film above the glass transition temperature.
The wavelength and amplitude of the G1 wrinkle both depend on
the initial thickness h; under the plasma treatment time ¢, from
EqS (2) and (3) /l] = Zﬂhl(Ef/3E) and A] = hl\/&T
where Ey and E; are plane strain moduli of the film and substrate,
respectively, and &, is the critical wrinkle strain of the initial film
hy. Then, a new layer of thickness h, grows on the surface of the
G1 wrinkle by the plasma treatment with time t,, and the new layer
reserves surface features of the Gl wrinkle. A sequential strain
release &, of an effective film of G1 + h, produces the G2 wrinkle
with a larger wavelength and thus creates hierarchy of wrinkles.
The experimental results’” show that the condition for the forma-
tion of a hierarchical wrinkle with two length scales is h,> h;.
Different from the wavelength Agnge = 27(h; —l—hz)(Ef/SES)l/3 of
single-generation wrinkle of thickness hl + h2, the wavelength of
the G2 wrinkle 1, is larger than Asingle,

1/3

Ay = 2mg(hy + hz)(Ef/3E ) (12)

PDMS Heating
Sputtering

M A

Mixed layer

Nano-scale wrinkles

r - --: L e -
ey

FIG. 7. (a) Schematic for fabricating hierarchical wrinkles by a sequential strain-release process. An RIE plasma treated PS film would form uniform wrinkling pattern G1
(first generation) after heating treatment. Sequential strain-release process then can produce multi-generational wrinkling pattern (e.g., G1, G2, and G3) with hierarchical
wavelength. Reprinted with permission from Lee et al., Nano Lett. 15, 5624 (2015). Copyright 2015 American Chemical Society. (b) Schematic for intrinsic hierarchical wrin-
kling on a sputtered metal film on the soft substrate. The metal atoms with high kinetic energy can penetrate into the surface and form a mix layer on the top of PDMS,
leading to the formation of intrinsic nano-scale wrinkles. (c) SEM image of hierarchical surface morphology of Al films with thickness of 100 nm (scale bar is 5um). G1
and G2 represent nano-scale and mirco-scale wrinkles, respectively. Reprinted with permission from Wu et al., Scr. Mater. 162, 456 (2019). Copyright 2019 Elsevier Ltd.
(e) Optical micrographs of the nested wrinkling pattern of the Mo film with thickness 225 nm on a viscoelastic gel substrate (scale bar is 30 um). Reprinted with permission

from Yu et al., Thin Solid Film 638, 230 (2017). Copyright 2017 Elsevier Ltd.
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where the parameter ¢ > 1 introduces the influence of effective skin
formed by the G1 wrinkle, which depends on the total film thick-
ness hy+h, and can be defined by experiments. Due to dynamic
tunability of the orientation of wrinkles by sequential releasing pre-
strain, the sequential wrinkling process has been widely used in
controlling the hierarchical surface wrinkling.””'>>'** The repeti-
tion of the sequential process then generates multigenerational
hierarchical surface structures with controllable orientations.””
Figure 1(b) displays a typical image of the hierarchical nanostruc-
ture by the sequential wrinkling process. Moreover, the sequential
strain-releasing process can act as a powerful tool for designing
hierarchical wrinkling patterns by adjusting the film elasticity such
as film thickness or the stiffness.

In addition to the critical condition about film thickness,
there also exists strain limit to generate morphological hierarchy. It
shows that the subsequent released strain &, not only determines
the morphological features of the G2 wrinkle, but also modifies the
morphology of the G1 wrinkle. For uniaxial sequential compres-
sion, the final hierarchical morphology with two generation can be
approximately expressed as*'

2. 2
Z(x) = AL sin ﬂ +AS sin ﬂ > (13)
/IL Z/S

where subscripts L and S denote the large and small wrinkles,
which are generated by G2 and Gl strain-releasing, respectively.
The relationship between small wrinkle and releasing strain is

expressed by
AgAs = ] €, — €18, — E3Im. (14)

When there is only one strain-releasing step, means &, = 0,
then the small wrinkle degrades into single-generation wrinkle
under £, and A, As = A, A;. After releasing strain &, subse-
quently, however, the G1 wrinkle would weaken with the increase
of &, and finally vanish when &, reaches a certain value. So the
conditions for producing the hierarchy of the wrinkle is that the
film t}Hckness satisfies 11, > h;,”” and the sequential release strains
satisfy

£ >e§/(1 —&). (15)

Otherwise, single-generation wrinkles without hierarchy will
be produced in spite of the two-step strain-release process.

Self-similar hierarchical film wrinkles not only possess tunable
superhydrophilicity,” tunable optical transparency and structural
color,”" and even anisotropic wetting properties,'” but also can be
utilized as cast mold to fabricate monolithic PDMS that inherits
three-dimensional hierarchical structures and maintain the excel-
lent wetting properties under repeated stretching.”* Recently, T. W.
Odom’s group developed a universal method to fabricate hierarchi-
cal three-dimensional surfaces that can be applied to various mate-
rials by the sequential wrinkle process,”” and they reviewed the
sequential strain-relief method for preparing self-similar wrinkling
surface from thin materials,”® providing the bottom-up approach
for designing hierarchical nanostructures.

TUTORIAL scitation.org/journall/jap

For the metal film sputtered on the soft PDMS substrate,
there exists intrinsic sequential nested hierarchical wrinkling
pattern'*>'">* beyond the artificial strain-releasing method. During
the sputtering process, the metal atoms with high kinetic energy
can penetrate into the surface and form a mix layer upon PDMS
substrate.'”*™'*® The penetration of the metal atoms leads to an
expansion of the surface layer and generates compressive stress in
the mix layer. When the compressive stress accumulates to the crit-
ical wrinkling stress during the sputtering process, the first wrinkle
forms to release compressive stress in the sputtered metal film.
After film deposition, the second wrinkle is generated by thermal
mismatch stress between the film and the substrate whose wave-
length is much larger than the first intrinsic wrinkle, as shown in
Figs. 7(b)-7(d). Because the first wrinkle appears at a very early
stage of the sputtering process and origins from the mix layer
expansion, its wavelength and amplitude are found independent of
film thickness and remains unchanged during the whole process.
While the wavelength and amplitude of the second wrinkle still
obey the proportional relationship between thickness, which pro-
vides opportunities to design and prepare hierarchical wrinkles in
the metal film on the soft substrate.

B. Hierarchical wrinkles guided by templates

Hierarchical wrinkling structures can also be obtained by a
template-guide method.”'>”~'®> For example, silane treated nanopo-
rous anodic aluminum oxide is used as a template to prepare a PDMS
film with various nanopillars on its surface, and the wrinkle of the pre-
patterned PDMS leads to the hierarchical surface as shown in Fig. 8.”°
Besides the shape template, glassy nematic coatings can provide a tem-
plate of stress distribution by regulating the period and orientation of
director alignments. Multiscale photoswitchable topographies that
contain a wavelength scale and a director distribution period scale can
be designed on the soft substrate.'”> The highly oriented PDMS wrin-
kled surface with a tunable wavelength and amplitude can also act as a
suitable template by itself. By a multistep process of conformal contact
between the wrinkled template and complaint PDMS with a top layer
of the PS film, complex hierarchical wrinkling patterns form on the
PS-PDMS substrate.'”” There is another strategy that a hierarchical
nanostructure can be obtained by plasma ashing the film of polyelec-
trolyte multilayer with metallic Ag nanoparticles.'”” Recently, research-
ers also focus on hierarchical wrinkling on the elastomeric spheres,'**
in which the first order wrinkle with a length scale of a few microme-
ters results from the elastomer sphere shrinking as solvent evaporates,
and the second order wrinkle with a few hundred nanometers results
from Grinfeld surface instability.'*>'*°

VI. APPLICATIONS OF HIERARCHICAL WRINKLES

Surface wrinkling has acted as a platform to measure thin film
properties for years, like the modulus and thickness measurement
according to the relationship between wrinkling morphology and
elastic modulus,*'” to investigate the polymer dynamic proper-
ties” and to control the surface properties.” In virtue of the stretch-
ability, the wrinkled surfaces are also used in stretchable functional
skins.””~* When the chemical reaction and the light responsive
effect are considered in film wrinkling, then reversible wrinkling
patterns with fluorescence and dynamic optical behaviors are
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introduced.'°®~'”" Recently, surface wrinkling is utilized in antifoul-
ing from a biophysics-inspired mechanism, in which the generated
biomimetic surface topography can either influence the attachment
probability of biofouling or drive a release of elastic energy stored
in the fouling layer to prevent biofouling.””'”" For hierarchical
wrinkles with either continuously varying wavelength/amplitude or
self-similar structures, the unique surface structures improve and
broaden the previous application. For example, wavy grooves of the
wrinkled surface are widely used in the alignment of colloidal
particles.'”*”'”® By taking advantage of multi-scale grooves of gra-
dient wrinkled surfaces as shown in Fig. 9, the alignment of colloi-
dal particles can be optimized in different particle diameters and
wrinkle wavelengths. So gradient wrinkling provides a one-step
screening platform for optimal assembly of soft and hard colloidal
particles.'”” In the system of 2D materials like graphene sheets, the
multiscale hierarchical patterns also show excellent tunable of
mechanical properties, that the nanoscopic mechanical stiffness
and surface adhesion can be locally regulated while the electrical
conductivity remain unchanged.''” Herein, we briefly outline three
typical applications of hierarchical wrinkles.

A. Tunable wetting phenomena

Due to the corrugated surface topography, the wetting proper-
ties of the wrinkled surface have been widely investigated in recent

FIG. 8. Scheme and SEM images of the fabricating hier-
archical surface structure from various pre-patterned
PDMS films, respectively. Reprinted with permission from
Lee et al, Adv. Mater. 22, 5013 (2010). Copyright 2010
Wiley & Sons, Ltd.

years.””*!”! For hierarchical wrinkled surface with multi-scale
structures and spatial distribution, the wetting properties are
tunable and unique.'®’ Zhang et al. investigated the capability of
switchable wetting property by applying strain on the hierarchical
wrinkled surface."®' They proposed that with the decrease in the
hierarchy of a multi-scale wavy surface, there exists a transition
from superhydrophobicity to hydrophobicity and then to hydrophi-
licity, which is verified by the experimental result afterwards."' By a
sequential wrinkling process, tunable lotus-type superhydrophobic-
ity is found on the multi-generation hierarchically wrinkled surface
as shown in Fig. 10(a).”” By treating hierarchical films as molds,
monolithic PDMS with a hierarchical surface is prepared. The
superhydrophobicity of monolithic PDMS can remain after 1000
cycles of stretching and releasing due to its monolithic nature.”*
Besides isotropic wetting properties, on a one-dimensional self-
similar hierarchical wrinkled surface, it is found that there is a
contact angle difference between the two directions that are parallel
and perpendicular to the wrinkle stripes.'”® The unique phenome-
non is due to the competition between orthogonal wrinkles and
cracks in contact line pinning.

Nested self-similar wrinkled surfaces show outstanding
tunable superhydrophobicity for promising applications such as
smart window, antifouling coating, and water-resistant electronics.
Meanwhile, for the gradient hierarchical wrinkle with continuously
varying wavelength and amplitude, the wetting phenomena
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FIG. 9. AFM images and cross sections (correspond to white lines) of silica particles assembled on gradient wrinkled surfaces (scale bar is 5um). The red bars indicate
the height difference between the particles and the wrinkles. The diameters of particles are 400 nm in (a)—(d) and 700 nm in (e) and (f). Reprinted with permission from
Hiltl et al., Nanoscale 4, 7338 (2012). Copyright 2012 Royal Society of Chemistry.

strongly depend on the local surface structure. When placing a Self-moving of the droplet on the gradient wrinkled surface pro-
water droplet on a gradient wrinkled surface, there is an obvious vides new opportunities for microfluidic devices.

contact angle difference between two sides of the droplet along the
gradient direction.'®” The surface tension of asymmetrical droplet

configuration can drive a movement of water droplet on gradient B. Tunable optical properties

wrinkling surface from the region of larger wavelength and ampli- Wrinkled structures have promising optical properties and
tude to the region with smaller scale, as illustrated in Fig. 10(b). applications, such as enhancing the light extraction efficiency of
J. Appl. Phys. 127, 111101 (2020); doi: 10.1063/1.5143651 127, 111101-13
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FIG. 10. (a) Tunable superhydrophobicity of self-similar hierarchical wrinkling surfaces. 6, is the measured static contact angle. Reprinted with permission from Lee et al.,
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wrinkles with different applied strains
and surface structures. Reprinted with
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Copyright 2017 American Chemical
Society.

J. Appl. Phys. 127, 111101 (2020); doi: 10.1063/1.5143651
Published under license by AIP Publishing.

127, 111101-14


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

OLED devices due to the random corrugation,”’ preparing optical
gratings with various reflected light,"* and dynamically tuning the
transmittance by stretching, heating, and moisturizing.'®>'%'%*=1%>
For hierarchical wrinkles prepared by a template-guided method or
sequential buckling process, the optical properties strongly rely on
the surface structure and can be easily tuned by applied sequential
stretching strains.”*" Figure 11(a) shows the transmittance of hier-
archical wrinkled PDMS increases with the increase in wrinkle
wavelength and applied stretch strains, and Fig. 11(b) shows the
intensity spectrum at different angles. The results in Figs. 11(c)-
11(f) demonstrate that with the increase in applied stretch strain,
the hierarchical wrinkled elastomer switches from opaque to trans-
lucent state and finally to almost transparent at 30% stretch strain,
which means that the optical properties can be easily tuned by the
applied strain. Meanwhile, during the stretching process, the elasto-
mer maintains its angle-dependent structure color. The tunability
of optical properties of hierarchical wrinkles origins from self-
similar structures, in which the applied stretch strain can conve-
niently change the length scale ratio between first and second wrin-
kles, and is expected to be applied in the prospective smart widows
or optical functional coatings.

C. Tunable platform for cell contact guidance

The wrinkled surface has been widely treated as the platform
of cell to investigate the morphology, adhesion, immigration, motil-
ity, or proliferation of a cell tissue. *°"'”° For hierarchical wrinkles,
researchers have found that the shape, orientation, and migration
of the cell on the substrate depends on the local surface structure
and anisotropy. For instance, the axial ratio of cell in Fig. 12 shows
apparent difference on a gradient wrinkled surface, in which the
axial ratio in the region with a small wavelength is much larger
than that in the region with a large wavelength. Besides, the cell
migration trajectory is also distinguishing in different regions of the
hierarchical wrinkled surface.'”’ To design and guide the cell
mechanosensitivity, hierarchical wrinkling patterns are employed as
the substrate for fibroblasts. The filopodia attachment is found to
be preferentially driven by the topographic features."”® As for the

FIG. 12. The different morphologies of fibroblasts on the gradient-corrugated
surface. Reprinted with permission from Kim et al., Biomaterials 30, 5433
(2009). Copyright 2009 Elsevier Ltd.

TUTORIAL scitation.org/journall/jap

functional cell differentiation, the gradient roughness surface shows
promising potential to modulate the osteogenic differentiation from
the stem cell,'”” and the gradient surface can be feasibly prepared
using hierarchical wrinkling by elasticity gradient or sequential
wrinkling. Compared to a couple of individual uniform wrinkled
surface samples, the hierarchical wrinkling pattern provides more
surface feature characteristics simultaneously with fewer experi-
ments, which can be used for the high-throughput test platform for
cell contact guidance.'"”

VIl. CONCLUSIONS

In conclusion, we have reviewed the formation mechanism
and corresponding experimental progress of hierarchical wrinkling
in elasticity gradient systems, which involve the thickness or
modulus gradient. The effects of diffusion and visco-elasticity are
also considered as the inducer of elasticity gradient. The boundary
confinement provides an alternative physical mechanism to create
hierarchical wrinkling near the film edges. Besides, other tech-
niques to prepare a hierarchical wrinkle pattern are introduced,
such as the sequential wrinkling process, the template-guide
method, and the intrinsic wrinkles during the sputtering process.
Hierarchical wrinkling patterns not only inherit the advantages of a
general wrinkled surface like outstanding surface properties and
stretchability but also can improve the previous applications and
show unique characteristics. The wetting and optical properties can
be conventionally tuned by changing the hierarchy of wrinkling
patterns. In addition, the hierarchical wrinkled surfaces provide an
efficient and high-throughput platform for the colloidal particle
alignment and cell contact guidance in virtue of the multiscale
wavy morphologies, respectively. Hierarchical wrinkling patterns
have shown new perspectives in tunable morphologically related
applications; however, some challenges still exist. For example,
current methods to fabricate hierarchical wrinkles based on wrin-
kling in the elasticity gradient system only provide the intrinsic
wrinkling pattern that strongly depends on its nature. Besides,
although the bottom-up sequential wrinkling process can well tune
the hierarchy of the surface structure, the wrinkling patterns are
lack of spatial variety. Thus, how to fabricate programmable hierar-
chical wrinkling morphologies feasibly in film-substrate system
and 2D materials with or without elasticity gradient still needs to
explore. A broad prospect in the functional surface is expected by
solving this problem.
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