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ABSTRACT: Controlled wrinkled surface is useful for a wide range of
applications, including flexible electronics, smart adhesion, wettability,
stamping, sensoring, coating, and measuring. In this work, thickness-
gradient-guided spontaneous formation of ordered wrinkling patterns
in metal films deposited on soft elastic substrates is revealed by atomic
force microscopy, theoretic analysis, and simulation. It is observed that
in the thicker film region, broad cracks form, and the film surface
remains flat. In the thinner film region, the cracks attenuate along the
direction of the thickness decrease, and various wrinkle patterns
including branched stripes, herringbones, and labyrinths can coexist.
The interplay between the residual compression and the thickness
gradient leading to the formation of such wrinkling patterns is
discussed based on a nonlinear wrinkling model. The simulated
wrinkling patterns as well as the variation trends of the wrinkle wavelength and amplitude along the gradient direction are in
good agreement with the experimental observations. The report in this work could promote better understanding and fabrication
of such ordered wrinkling patterns by tunable thickness gradient.
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I. INTRODUCTION

Wrinkled surfaces have been widely observed both in nature
and emergent technology.1−3 It usually develops from a
wrinkling instability of a hard layer beyond a critical
compression on soft substrates.3−5 The surface topography
with various patterns can be dynamically regulated in a large
area. Such shape tunability of the surface exhibits many
potential applications6 including flexible electronics,7 micro-
fluidic channel,8 smart adhesion,9,10 wettability,11 measurement
of thin-film properties,12 elastomeric optics,13 smart coating for
marine antifouling,14 photonics,15 mechanosensitivity,16 and
self-assembly ordered microstructures.17 To elaborate the
applications extensive studies have explored possible ways of
manipulating the compression in the film and thus to generate
the controlled wrinkling patterns. The compression can be
regulated by thermal expansion mismatch,18−20 swelling of
solvent diffusion into the film,21−25 phototriggered structural
transformation,26,27 capillarity,28 and bubble inflation in the
film.29 It is known that uniaxial compression in the film induces
stripe wrinkles, while isotropic compression usually induces
randomly oriented labyrinth wrinkling patterns or ordered
herringbone patterns.30−34 Recently it was reported that the

transition from disordered to ordered wrinkling patterns with
some directional preference occurs from a symmetry breaking
triggered by the compression anisotropy.35−37 The ordered
herringbone patterns with tunable long wavelength and jog
angle different than 90° can be created via progressively
released biaxial strain. In addition, ordering wrinkling patterns
can also be tuned by other ways of symmetry breaking, such as
the confinement of a prepatterned substrate,38 the selective
interfacial adhesion between the film and the substrate,39 the
spatially sequential wrinkling,40 the constrained edge effect,41,42

etc.
In this paper, we show a different symmetry breaking of the

wrinkling patterns caused by the tunable thickness gradient in
metal films deposited on soft elastic (polydimethylsiloxane,
PDMS) substrates. The film is prepared via magnetron
sputtering technique at room temperature. The thickness
gradient is controlled by placing a shutter between the substrate
and the target during film deposition. The tunability of the
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thickness gradient is realized by changing the distance between
the substrate and the shutter. Although the wrinkling formation
in a uniaxially compressed thin film with a preexisting gradient
thickness bounded on soft substrates was experimentally and
theoretically reported,43−46 the interplay between biaxial
compression and tunable thickness gradient on the nonlinear
wrinkle formation remains unclear. In the presence of the
thickness gradient, the wrinkling pattern that seems under
uniaxial compression can still form even if the precompression
in the film is equally biaxial. Furthermore, the equilibrium
wrinkling wavelength and amplitude are no longer spatially
uniform. The wrinkling patterns obtained here are hierarchi-
cally ordered different from the uniform wrinkling patterns
reported in most previous studies.
Our experiment shows that after the thickness gradient film

is cooled, the residual compressive strain generated due to
thermal expansion mismatch is isotropic. However, the
resultant compressive stress of the film becomes positionally
dependent anisotropic in the presence of tunable thickness
gradient. Spontaneous formation of ordered wrinkles with
coexisting branched straight stripes, herringbones, and
labyrinths along the direction of the thickness gradient has
been observed and characterized by atomic force microscopy
(AFM). By performing a numerical simulation based on the
model of Föppl-von Kaŕmań (FvK) plates47 with residual strain
and different thickness gradients on elastic foundations,23,48 the
formation mechanism of the thickness-gradient dependent
wrinkle patterns is elucidated by theoretic analysis. The
simulated nonlinear wrinkling morphologies are in good
agreement with the AFM observations. The results also provide
the ability to generate such hierarchically ordered wrinkles via
regulation of the thickness gradient.

II. EXPERIMENTAL SECTION
Materials. The gel and cross-linker of PDMS (Dow Corning’s

Sylgard 184) were mixed with 10:1 volume ratio. Then the PDMS was
spin-coated onto clean glass slides with the areas of ∼10 × 10 mm2.
The substrates were cured for 4 h at 80 °C and then naturally cooled
in air. The resulting PDMS substrates had the thickness of ∼20 μm.
The sputtering target was a piece of nickel or iron disk (purity 99.9%)
with a diameter of 60 mm and a thickness of 3 mm.
Film Fabrication. The film samples were prepared by direct

current (DC) magnetron sputtering at room temperature. The target-
substrate distance was ∼80 mm. The base pressure was below 2 × 10−4

Pa and the working argon gas (purity 99.99%) pressure was 0.5 Pa.
The DC sputtering power was fixed to be 56 W, corresponding to the
deposition rate of ∼15 nm/min. The deposition time ranged from 10 s
to 20 min, which was controlled precisely by a computer. After
deposition, the film thickness was measured by a profilometer
(Dektak-XT). The film thickness can be tuned easily by changing
the deposition time. To fabricate thickness-gradient metal films, a
stainless steal shutter with 10 mm length, 3 mm width, and 0.2 mm
thickness was placed between the PDMS substrate and the target
during deposition. The distance between the shutter and the substrate
was varied from zero to several millimeters. The slope of the wedged
film was determined by the maximum film thickness and the wedge
width.
Characterization. The surface morphologies of the samples were

observed and taken by an optical microscope (Leica DMLM)
equipped with a charge-coupled device camera. The wrinkle
morphologies and profile structures were scanned by an atomic
force microscope (AFM, XE-100E, psia) operated in noncontact or
tapping mode. Collected data consisted of height information on
square 256 × 256 arrays of pixels from area scans with lengths from 5
to 90 μm.

III. RESULTS AND DISCUSSION
The thickness-gradient metal film (here is nickel) deposited on
the PDMS substrate was prepared by placing a shutter between
the substrate and the target during deposition, as shown in
Figure 1a. Because of the collision by the gas molecules and

other particles, some of the metal atoms can deposit onto the
PDMS surface behind the shutter. As a result, a thickness-
gradient film naturally forms near the shutter edge. The
thickness-gradient reflected as the slope of the film is closely
dependent on the distance d: larger value of d corresponds to
smaller slope. During the deposition, the temperature of the
PDMS substrate would increase obviously owing to the heat
radiation and particle bombardment. As a result, the PDMS
substrate thermally expands and places the metal film under a
tensile stress. This tensile stress increases approximately linearly
with the deposition time. When the tensile stress is beyond a
critical value, cracks start to form in the brittle film, as shown in
Figure 1b. The number and width of the cracks increase
gradually during deposition to release more stress energy. After
the deposition, when the sample cools to the ambient
temperature, the PDMS substrate thermally contracts and
places the metal film under a compressive stress. If the film
thickness is much larger, a large number of broad cracks form
during the deposition. These cracks separate the film into
isolated islands. If the island is smaller than a critical value, the
compression can be released by in-plane relaxation from the

Figure 1. (a) Schematic view of the cross section of a thickness-
gradient film prepared by placing a shutter between the substrate and
the target during deposition. (b) Typical surface morphology of the
thickness-gradient film on the PDMS substrate taken by the optical
microscopy. The blue arrow represents the increase in the film
thickness. The maximum film thickness is 120 nm in this case, and the
distance from the shutter to PDMS substrate is ∼2 mm. (c) Enlarged
view of the red box in Figure 1b. The x-axis is starting from the
appearance of the winkling patterns. Note that the x-axis denotes the
decrease in the film thickness.
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crack edge, and the wrinkle is not energetically favorable.
However, if the film thickness is very small, no crack forms in
the film, and therefore the compressive stress is relieved by
formation of wrinkling patterns (Figure 1c). Similar wrinkling
patterns can be found in a variety of thickness-gradient metal
films, including nickel, iron, chromium, aluminum, etc.
To investigate more details of the wrinkled surface of the

thickness-gradient film, sequential AFM images were taken as
the distance x indicated in Figure 1c increases. The typical
results are shown in Figure 2. Clearly, the wrinkling patterns
show a hierarchical profile with coexisting branched straight
stripes, followed by herringbones and labyrinths along the
direction of the thickness decrease. In Figure 2a near the
position of x = 0, there is no wrinkling pattern because most
compression has been released by the free edge due to the
cracks. When the distance x increases, stripe wrinkles parallel to
the direction of the thickness gradient arise. The wrinkle
wavelength decreases gradually via wrinkle branching as shown
in Figure 2b. After the distance is beyond a certain value (∼80
μm in Figure 2c), the straight stripes start to destabilize and
evolve into herringbone patterns gradually. The transition from
stripes to herringbones is enlarged and shown in Supporting
Information, Figure S1a. In addition, vertically aligned stripe
wrinkle segments, which favor the release of the compression in
the x-axis, can be observed in the areas marked by the circles in
Figures 2c,d. In Figure 2d, the wrinkles become randomly
oriented, resulting in the formation of labyrinthlike patterns.
The transition from herringbones to labyrinths is enlarged and
shown in Supporting Information, Figure S1b. Supporting
Information, Figure S1c plots four corresponding AFM profiles
of the wrinkles at different positions indicated in Figure 2. It is
shown that the stripes and herringbones are both well-periodic,
whereas the labyrinth wrinkles are randomly oriented. The
wrinkle wavelength decreases obviously from profiles 1 to 4, but
the amplitude changes slightly. It can be seen from Figure 2e,f
that the labyrinths attenuate gradually with increasing the
distance x, resulting in the indiscernibility of these patterns.
The insets of Figure 2e,f show two enlarged views of the

labyrinths. The evolution of the labyrinths with decreasing the
film thickness is shown in Supporting Information, Figure S2.
Clearly, the wrinkle dimensions decay successively, but the
labyrinth morphologies are self-similar. When x > 350 μm, the
discontinuous film forms, and thus the labyrinth wrinkles
disappear. When x > 400 μm, the metal atoms are hardly
deposited on this region, and pure PDMS surface emerges.
To understand the formation of such complex wrinkling

patterns, it is necessary to take into account nonlinear film
deformation. We model the compressed film with thickness
gradient along x-axis on soft elastic substrates as a thickness-
gradient FvK plate with residual compression mounted on
elastic substrates.48 The profile of the deformed film surface is
characterized by the middle-plane displacement of the plate u =
(uα,ζ). The equilibrium wrinkling morphology is the result of
the mechanical equilibriums for the film in the in-plane
direction

=αβ β αN T,
s

(1)

and in the normal direction

ζ ζ∇ ∇ − + =αβ α βD x N T( ( ) ) ( ), 02 2
, 3

s
(2)

where the membrane force Nαβ is a function of the membrane
strain eαβ, which can be expressed by the middle-plane
displacement u.
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Ti
s is the interfacial traction component on the substrate surface

and can be expressed as a function of the displacement
component ui

s on the substrate surface by using the Green
function method and also as a function of the middle-plane
displacement u = (uα,ζ) according to the geometry condition u

s

= u across the interface between the film and the substrate.23,30

E̅f(x) = 2h(x)μf/(1−νf) is the effective stiffness of the

Figure 2. Sequential profiles of the wrinkling patterns with increasing the distance x taken by AFM. (a−f) The images start from x = 0, 45, 90, 135,
180, and 225 μm, respectively. The circles in Figures 2c,d denote the vertically aligned stripe wrinkle segments. All AFM images have the sizes of 45
× 45 μm2. (insets) The enlarged views of the labyrinth wrinkles with the size of 5 × 5 μm2.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am507450x
ACS Appl. Mater. Interfaces 2015, 7, 5160−5167

5162

http://dx.doi.org/10.1021/am507450x


membrane force, D(x) = μfh(x)
3/[6(1−νf)] is the position-

dependent bending rigidity of the film with h(x) the local
thickness, μf and vf the shear modulus and Poison ratio of the
film, respectively. εαβ

0 is the residual strain component due to
thermal contraction and is assumed to have the form

ε ε δ= − −αβ αβ

⎡
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x
l

( ) 1 exp0

0
T

(5)

where εT represents the amplitude of the isotropic thermal
compression, and l0 is a characteristic length for the
compression release due to the free edge of the film caused
by the crack. We did not directly solve eqs 1 and 2. Instead, we
used an iterative scheme of solving the kinetic equations via
gradient flow23,48,49 to find that the stationary variation of the
total elastic energy with respect to the middle-plane displace-
ment leads to in-plane and out-of-plane equilibrium equations
in the film. The steady solutions of the kinetic equations based
on gradient flow give the equilibrium configuration of the
coupled nonlinear eqs 1 and 2. The convergence insensitive to
the geometry of the thickness-gradient FvK plate is driven by
monotonically decreasing the total elastic energy. The details of
the calculation are outlined in the part of nonlinear wrinkling
simulation in the Supporting Information. Note that the finite
deformation of the compliant substrate leads to the wrinkling
wavelength and amplitude depending on the strain.50,51 In the
current treatment the compliant substrate is considered in a
small deformation limit, which is valid when the compressive
strain is not very big. Large compressive strain may also cause
delamination and result in the transition from wrinkling to
buckle-delamination.49 In our experiment we can control the
amplitude of the compression by appropriate cooling.
Furthermore, the interfacial adhesion between the metal film
and the PDMS was improved greatly due to the bombardment
from high-energy particles and the radiation from plasma
during deposition. The wrinkling-induced delamination is thus
suppressed and not observed in our experiment. Therefore, in
the above modeling we assume there is no delamination as
indicated by the displacement being continuous across the
interface between the film and the substrate.
Figure 3 shows the typical simulated wrinkling patterns of

the thickness-gradient film wherein l0 = 200h*, h* = 50 nm,
h(x) = h*(1 − α(x/h*)) with α = 1/4096, μf/μs = 2 × 103, vf =
0.3, and vs = 0.5. The critical wrinkling strain is εw = [4(1 +
vf)]

−1[(3 μs(1 − vf))/(μf(1 − vs))]
2/3 = 0.32%. The equally

biaxial compression εT = 1.3% is set to be 4 times that of the

critical wrinkling strain. Figure 3a demonstrates the global
profile of the wrinkling patterns with the computational domain
size of 4096h* × 512h*. Figure 3b−e shows the sections of the
wrinkling patterns with the size of 1024h* × 1024h* starting
from x = 0h*, 1024h*, 2048h*, and 3072h*, respectively.
Clearly, the simulated wrinkling patterns show the feature of
coexisting branched straight stripes, herringbones, and
labyrinths along the gradient direction, in excellent agreement
with the observed wrinkles shown in Figure 2.
Figure 4 further plots the average short wavelength and the

average root square deflection amplitude Ra/h* = ⟨(ζ2)1/2⟩/h*
as a function of x, where the upper row represents the
experimental results obtained from Figure 2, while the lower
row represents the simulated results obtained from Figure 3.
Both Figure 4a,c show that the wavelength decreases
approximately linearly with the distance, and the decay curve
is not smooth but step-shaped. The step-shaped feature of the
wavelength is mainly due to the branching behavior of the
stripe wrinkles. In Figures 2 and 3, at least three collective
bifurcation behaviors of the stripe wrinkles can be seen clearly,
corresponding to the three steps of the curves shown in Figure
4a,c. The analysis of strain energy minimization including the
film stretching and bending energies and the substrate elastic
energy shows that one-dimensional equilibrium wrinkle wave-
length and amplitude obey the following scaling laws, for
example, λ(x) ∝ 2πh(x)[(μf(1 − vs))/(3μs(1 − vf))]

1/3 and
A(x) ∝ h(x)(σ0/σw − 1)1/2 with σ0 = E̅f(x)εxx

0 (x) and σw the
critical wrinkling membrane stress. σw decreases nonlinearly
with the decrease of the film thickness.45 The scaling law of
λ(x) on h(x) showing the linear change of the wavelength with
the film thickness is consistent with that of the plots in Figure
4a,c. This has also been reported in other gradient film−
substrate systems under uniaxial loading.43−46 However, the
plot of A(x) versus h(x) in Figure 4b,d shows a plateau
followed by the monotonic decrease, different from that in the
system under uniaxial compression.45 The existence of the
plateau is consistent with the fact that the amplitude changes
slightly with respect to the change of the distance x shown in
Supporting Information, Figure S1c. In our analysis we assume
the thickness of the substrate is much thicker than the metal
film. The obtained scaling laws of the wrinkling wavelength and
amplitude are consistent with the experimental observations. In
fact the compressibility and the thickness of the compliant
substrate significantly affect the forms of these scaling laws.52

We may regulate the wrinkling pattern through them.
Although the wrinkling patterns of the gradient-film under

biaxial compression is more complex than those under uniaxial
compression, the simulated results in Figure 5 show that the
wrinkling patterns of the film under biaxial compression can be
roughly viewed as a superposition of the film under uniaxial
loadings perpendicular and parallel to the gradient direction.
Figure 5b shows that when the gradient-film under the uniaxial
compression is perpendicular to the gradient direction,
hierarchical straight stripe wrinkles parallel to the gradient
direction form in the whole region, and the local wrinkling
wavelength and amplitude decrease with decreasing the local
film thickness. The change of the wavelength with respect to
the thickness is discontinuous since it depends on the condition
of the wrinkling-branching instability. Our previous study
confirmed that the wrinkling-branching instability occurs only
when the characteristic length of the membrane stiffness
inhomogeneity zone was larger than the coherency persistent
length.48 Figure 5c shows that when the film under uniaxial

Figure 3. Simulated sequential profiles of the wrinkling patterns in the
film with thickness gradient of 1/4096. (a) The profile with the
computational domain size of 4096h* × 512h*. (b−e) The profiles
with the size of 1024h* × 1024h* starting from x = 0h*, 1024h*,
2048h*, and 3072h*, respectively. The circle in Figure 4c denotes the
vertically aligned stripe wrinkles.
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compression is parallel to the gradient direction, the simulated
wrinkling patterns exhibit straight stripe wrinkles perpendicular
to the gradient direction. Interestingly, these stripe wrinkles
first occur at the location with minimum film thickness and
then progressively grow into the thicker film region. Usually,
the wrinkles cannot extend into the entire region of the film,
while they can for the film under uniaxial compression
perpendicular to the gradient direction. Figure 5d shows the
simulated wrinkling patterns in the gradient film under equi-
biaxial compression. In comparison with Figure 5b−d, we
found that the formation of branched stripe wrinkles is due to
the contribution of the compression perpendicular to the

gradient direction. The transition of the straight stripes into
herringbone patterns is attributed to the fact that the
compression parallel to the gradient direction tries to direct
the wrinkles perpendicular to the gradient direction and thus
destabilize the wrinkles parallel to the gradient direction. When
the distance x increases, the competition between the
compressions along and perpendicular to the gradient direction
is comparable, and there is a frustration of the wrinkle
orientation, and thus labyrinthlike wrinkling patterns form.
Although we now know that the wrinkling patterns in Figure 5d
can be viewed as a superposition of the patterns in Figure 5b,c,

Figure 4. Plots of the average short wavelength (a,c) and the average root square deflection amplitude (b,d) of the wrinkling patterns as a function of
distance x. (a,b) The experimental results obtained from Figure 2. (c,d) The simulated results obtained from Figure 3

Figure 5. (a) The sketch for biaxially compressed thickness-gradient film understood as the combination of the thickness-gradient film under uniaxial
loadings perpendicular and parallel to the gradient direction. (b−d) Simulated wrinkling morphologies of the film under the uniaxial loading
perpendicular to the gradient direction, the uniaxial loading parallel to the gradient direction, and the biaxial loading, respectively.
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it is not additive due to the nonlinearity of the thin plate
deformation.
By performing the simulations of the wrinkles in the

corresponding gradient film under uniaxial compression we
found that the change of the thickness gradient not only affects
the orientation, the wavelength, and amplitude of the wrinkles
but also changes the region where the wrinkles occur. For
example, we found that under large thickness gradient the
compression parallel to the gradient direction leads to the
wrinkles perpendicular to the gradient direction accumulated in
the area with thinner film thickness, while the compression
perpendicular to the gradient direction leads to the wrinkles
parallel to the gradient direction accumulated in the area with
thicker film thickness. As the thickness gradient decreases, the
transition boundary becomes wider. In the boundary the
competition between the uniaxial loadings perpendicular and
parallel to the gradient direction to orient stripe wrinkle is
comparable, and the orientation of the stripe wrinkle is
frustrated; this is why herringbone and labyrinth wrinkling
patterns arise. In the limit of zero thickness gradient, the
boundary extends to the whole film, and the wrinkles in such
film exhibit no directional preference. On the basis of the above
discussion, we anticipated that various wrinkling patterns can
form by tuning the interplay between the biaxial compression
and the thickness gradient.
To investigate the effect of thickness gradient on the

wrinkling patterns, a special wedge-shaped film with varied
slopes was prepared by continuously changing the distance
from the shutter to the PDMS substrate during deposition. In
detail, one end of the shutter touched to the PDMS surface
(i.e., the distance d = 0), while the other was above several
millimeters from the PDMS surface, as shown in Supporting
Information, Figure S3. The width of the wrinkled film region w
increases obviously with increasing the distance d (Figure S3).
Because the maximum film thickness is uniform, the thickness
gradient (i.e., the wedge slope, which is roughly defined as hmax/
w) decreases greatly with increasing the distance d. The typical
wrinkle morphologies of the film (here is iron) with varied

thickness gradients are shown in Figure 6a−c and Supporting
Information, Figure S4. In the presence of large thickness
gradient (Figure 6a), the wrinkle under equi-biaxial compres-
sion exhibits a stripelike pattern with a clear transition
boundary from parallel to perpendicular to the thickness
gradient direction as the thickness decreases. The profiles of the
stripes parallel and perpendicular to the gradient direction show
that they are both periodic (Supporting Information, Figure
S5a). The amplitude of the stripes parallel to the gradient
direction is almost unchanged because the film thickness along
this profile line is uniform, while the amplitude of the stripes
perpendicular to the gradient direction decays because the film
thickness decreases gradually. When the thickness gradient
decreases (Figures 6b,c), the stripes perpendicular to the
thickness gradient direction degenerate gradually, and finally
completely disordered labyrinth pattern forms (Supporting
Information, Figure S6). Meanwhile, the transition boundary is
significantly broadened with the appearance of herringbone and
labyrinth zones. Figure 6d−f shows the simulated results of the
wrinkles with decreasing the thickness gradient. The striking
agreement between the simulations and the experimental
observations shown in Figure 6 not only confirms the
formation mechanism of such hierarchical wrinkling patterns
but also demonstrates that they can be designed via controlled
thickness gradient. The ability to tune the highly ordered
wrinkling patterns through controlling thickness gradient makes
these wrinkles excellent candidates for tunable multifunctional
surface properties such as anisotropic liquid flow, friction,
adhesion, wetting or dewetting, reflectivity, stamp, cell growth,
etc.
The results obtained here also reveal that tunable nonlinear

wrinkles in metal films on soft elastic substrates are attributed
to the interplay between biaxial compression and thickness
gradient. The equilibrium wrinkle such as the wavelength, the
amplitude, and the pattern is determined by minimizing the
total elastic energies in the film and the substrate. The total
elastic energy usually has a complex relationship with film
thickness, residual compression, and the modulus ratio between

Figure 6. Comparison between simulations and experiments for the wrinkling morphologies of the biaxially compressed film with varied thickness
gradients. (a−c) The experimental observations with decreasing the thickness gradient. The slopes (defined as hmax/w) are ∼2.5 × 10−3, 1.4 × 10−3,
and 0.6 × 10−3, respectively. (d−f) The simulated results with thickness gradients of 1/512, 1/1024, and 1/2048 in the computational domains of
512l × 512l, 1024l × 1024l, and 2048l × 2048l, respectively.
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the film and the substrate. In the homogeneous compressed
film with constant thickness numerical analysis shows that the
nonlinear wrinkles can evolve into stripes, zigzag, or labyrinths,
depending on the anisotropy of the compression.30 The
presence of thickness gradient in the film may change the
homogeneous isotropic compression into anisotropic and
positionally dependent compression. The resultant wrinkle
patterns are spatially dependent with coexisting branched
stripes, zigzag, and labyrinths. The nonlinear wrinkling analysis
based on numerical simulation explicitly takes into account the
effect of thickness gradient and may offer a computational tool
to elucidate the wrinkling pattern in gradient films.

VI. CONCLUSIONS

In summary, metal films with controlled thickness gradient
deposited on PDMS substrates have been prepared via direct
current magnetron sputtering and placing a shutter between the
substrate and the target during deposition. Various spontaneous
formations of hierarchical ordered wrinkling patterns are
observed and discussed in detail. The coexisting branched
stripes, herringbones, and labyrinths along the direction of
thickness decrease are the result of the competition between
the compressions along and perpendicular to the thickness
gradient direction, which is validated by our numerical
simulation based on nonlinear wrinkling model. We anticipate
that the thickness-gradient films deposited on soft elastic
substrates will provide a platform for the fundamental
researches on various wrinkle morphologies including branched
stripes, herringbones, and labyrinths and their coexistence and
transitions with each other. The experiment technique
presented in this paper can also be developed to effectively
maneuver the pattern formation and transition, which may be
beneficial for the technological applications in optical devices,
microelectro-mechanical systems, fluid handling systems, bio-
logical templates, etc.
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