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ABSTRACT: Typical bilayer wrinkle systems employ soft elastomers
as the substrates. In contrast, shape memory polymers have recently
emerged as attractive alternatives. Besides the shape fixing capability,
shape memory polymers distinguish from elastomers in that they are
rigid at room temperature, but experience significant modulus drop
upon heating. We hereby report unique aspects of shape memory poly-
mers as the wrinkle substrate utilizing a metallic thin film as the top
layer. The feasibility to create both reversible and irreversible wrinkles
(and diffraction colors) on a single substrate is demonstrated. Experi-
mental conditions are identified to create crack free wrinkles and the
impact of various experimental parameters on the wrinkle wavelength
and amplitude is investigated. The results suggest that the wrinkle
mechanics deviate notably from the existing theories established with elastomers as the wrinkle substrates. Thus, a new theory
will need to be developed in the future, taking into account of unique thermomechanical properties of the shape memory
substrate and possible plastic deformation of the thin film.
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■ INTRODUCTION
Surface wrinkles are encountered frequently in our daily
lives, such as those on human skin and dehydrated apples.
Whereas wrinkle formation may reflect unintended con-
sequence of a natural process such as human aging,
understanding and ultimately controlling wrinkle forma-
tion has emerged as an active research area.1−10 Surface
wrinkling occurs when a stiff thin film supported on a soft
thick substrate is laterally compressed beyond a critical strain
(εc) The lateral compression essential for the wrinkle
formation is typically created via direct mechanical
compression although other forms such as differential
thermal expansion,6 capillary force,11 swelling,12 and solvent
diffusion13 have also been explored. The commonly adopted
linear elastic buckling theory predicts that the critical strain
εc, the wavelength (λ), and amplitude (A) of the resulting
wrinkles follow eqs 1−3.
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where Ef, Es, νf, and νs denote the Young’s modulus of the thin
film, the Young’s modulus of the substrate, Poisson’s ratio of the
film, and Poisson’s ratio of the substrate, respectively. h is the film
thickness, and ε is the compressive strain.
Owing to its simplicity and low cost, surface wrinkling has

emerged as an attractive microfabrication tool for controlling
topography related material properties.1,12,14−20 The quantita-
tive correlations given by eqs 1−3, on the other hand, represent
the basis for wrinkling based metrology,2 such as the measure-
ment of elastic moduli21 and residual stresses22 in thin films.
Equation 1 implies that a large contrast between Ef and Es is

essential for wrinkle formation at small strain levels. As such,
elastomers are typically used as wrinkle substrates because of
their low modulus (a few to tens of MPa), whereas the thin film
can be a metallic layer, an oxide layer, or a rigid polymer. In
addition, strains in an elastomer can be manipulated real time
via simple mechanical stretching (or compression).15,23 In the
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absence of an external force, however, maintaining a certain
strain in an elastomer is not possible. In contrast, shape mem-
ory polymers (SMPs) are capable of strain fixing without an
external force.24−27 Although typical SMPs are rigid (typical
modulus around few GPa) at the room temperature, their
moduli at elevated temperatures above the shape memory tran-
sition temperature are in line with those of elastomers. These
features of SMPs make them uniquely attractive for use as
wrinkle substrates.17,19,20

In particular, the strain fixing capability of SMPs can be
utilized to create localized indents.17 Although the indents
themselves are compressive in nature, lateral tensile strains are
created around their edges. After the deposition of a metallic
thin film, the recovery of the tensile strain around the edge of
the indents is triggered, leading to the lateral compression to
the thin film and formation of localized wrinkles. The wrinkle
structure and the highly reflective nature of the metallic thin
film, in turn, give rise to diffraction based structural colors. In
theory, mechanically induced elastic wrinkles are reversible via
further mechanical manipulation that erases the compressive
strain. The strain created via localized indents and the recovery,
however, cannot be erased in any practical manner because of
its nonuniaxial and inhomogeneous nature. As such, the wrinkle
and the associated structural color are practically permanent.
This is in sharp contrast to the reversible nature of wrinkles
created via simple uniaxial stretching or compression.
Theoretically, the irreversible nature of the localized complex

strains versus the reversible nature of uniaxial stains presents
a unique opportunity to create both reversible and irreversible
wrinkles (thus structural color) on a single substrate. Such
feasibility is explored in this work. In addition, although SMP-
based wrinkle systems have received increasing attention,17,19,20

the associated mechanics are not well understood. In fact,
limited data reported in the literature deviate noticeably from
the classical theory of elastic buckling (eqs 1−3).17,20 However,
no reliable conclusion can be drawn because of the presence of
structural defects (e.g., cracking and partial delamination) in the
reported systems.17,20 It is thus the further goal of this work to
investigate the mechanics of the wrinkles in the absence of such
defects. We should also note that although our particular
interest lies in structure colors, the plasmonic effect associated
with the structured metallic surface could be beneficial for a
wide variety of applications.

■ EXPERIMENTAL SECTION
Materials. An epoxy SMP (Tg = 40 °C) was used as the

wrinkle substrate. This epoxy SMP was obtained by the thermal
curing (100 °C for 1 h and at 130 °C for 1 h) of an epoxy liquid
mixture, which consists of an aromatic diepoxide (Dow 383,
3.6 g or 0.01 mol), an aliphatic diepoxide (Neopentyl glycol
diglycidyl ether, 2.16 g or 0.01 mol), and an aliphatic diamine
curing agent (Jeffamine D-230, 2.3 g or 0.01 mol). The sources
of the epoxy liquid precursors, the detailed synthetic procedure,
and the shape memory characteristics can be found in our
previous publications.17,28

Wrinkle Formation. SMP samples were cut into rectangular
strips (32 × 6 × 1 mm3). To create surface indents, the SMP was
first heated to 65 °C in an oven. The SMP was taken out of the
oven and a metal block with protruded surface features was
immediately pressed onto the SMP surface. The manual pressing
force was maintained until the sample was cooled down to room
temperature (about 10 min under ambient condition). Afterward,
the pressing force and the metal block were removed, marking the

end of indentation deformation. Uniaxial stretching was intro-
duced at 65 °C using dynamic mechanical analyzer (DMA 2980
manufactured by TA Instruments) and the deformation strains
were fixed by cooling to 20 °C. Metallic thin films were deposited
at 20 °C using a vacuum sputtering system (Denton Desk II) and
the thickness was altered by varying the sputtering time. Strain
recovery of the SMP/metal bilayer was conducted under a stress
free condition in an oven at 65 °C.

Characterization. Scanning electronic microscopy (SEM)
was conducted on HITACHI S-4800 microscope. Atomic force
microscopy (AFM) characterization was conducted at room
temperature in a contact mode using Dimension 3100 manu-
factured by Veeco. The wavelength and amplitude of wrinkles
were obtained by measuring 70−80 individual wrinkles using the
section analysis function in the Nanoscope software (Nanoscope
5.31r1). To determine the thickness of the metallic thin film on
the SMP samples, a partially covered silicon wafer was sputtered
under the identical condition for the SMP samples. The film
thickness, which is the height difference between the coated and
noncoated silicon wafer surfaces, was measured by AFM.

■ RESULTS AND DISCUSSIONS
A first set of localized wrinkles were created via the indentation
method described in the Experimental Section and our previous
paper, utilizing an Au/Pd alloy (1:1 ratio) as the rigid thin
film.17 This resulted in the localized lightly green color, shown
as the upper image in Figure 1a. The area not affected by the

indents remained dark, indicating no wrinkle formation.
Following a typical shape memory cycle, a tensile strain of
5.7% was introduced via uniaxial stretching at 65 °C. Because of
the Poisson effect, the tensile strain led to a compressive strain
in the transverse direction, which created a second set of
wrinkles. Consequently, a striking blue color was observed
throughout the sample surface (the middle image in Figure 1a,
obtained under typical laboratory ambient light condition). The
blue color was preserved when the original stretching force was

Figure 1. Demonstration of reversible and irreversible wrinkles on the
same substrate. (a) The first locally green colored sample was created
by the indentation method; following the arrow, the sample was
heated, stretched, and cooled, which led to the uniform blue color;
further down the arrow, heating erased the blue color, but the localized
green colors remained. (b) The optical microscopic image of a local
area where the uniaxial wrinkles (reversible) superimposed with the
localized wrinkles from indent recovery (irreversible); the red circle
identifies the diamond-shaped morphology. (c) The optical micro-
scopic image of the same local area after heating, which erased the
reversible wrinkle from the uniaxial stretching.
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released after cooling to 20 °C, reflecting the unique character
of SMP versus an elastomer substrate and the benefit of using
an SMP for creating structural colors. The previously indented
area, while still distinguishable from the rest of the area, no
longer exhibited the green color, largely because it was over-
shadowed by the more intense blue color. Upon heating back
to 65 °C, however, the strain due to the uniaxial stretching was
released (erased). This led to disappearance of the blue color,
whereas the light green color around the indents re-emerged
(the bottom image in Figure 1a). The entire color changing
process of Figure 1a can be repeated multiple times. We should
note, however, that the specific colors described above are angle
dependent due to their diffraction nature.17 Thus, the “blue”
and “green” colors are not fixed, they are used to facilitate the
description of the spatial distribution of wrinkles and their
appearance/disappearance at various stages in Figure 1a.
We further note that the upper and bottom images in Figure 1a

are different in areas that are close but not in immediate proximity
to the indents. Despite that, the macroscopic color changes in
Figure 1a suggest that it is feasible to generate both reversible and
irreversible wrinkles (and colors) on a single substrate. Compari-
son of the microscopic wrinkle structures (Figure 1b,c) confirms
that the disappearance of the blue color in Figure 1a was indeed
due to the removal of the second set of wrinkle, whereas the first
set of localized wrinkle remained under the same condition. We
should note that significant cracking in the metallic film are
observed in both b and c in Figure 1. These microcracks, which do
not exist in the as-deposited film, represent permanent structural
defects that are irreversible. As such, the supposedly reversible
wrinkle structure is not completely reversible at the microscopic
scale. Further examination of the wrinkled surface containing both
the reversible and irreversible wrinkles (Figure 1b) reveals that the
overall surface morphology appears to be the superimposition of
the two sets of wrinkles. In fact, diamond-shaped morphology (circled
in red) is observed in certain regions. Such wrinkle morphology is
not reported in the literature. However, similar square checkerboard
morphology is considered energetically unfavorable over other mor-
phologies such as herringbone morphology.29 Thus, the two-step
wrinkling method presented here may allow access to unique wrinkle
morphologies, which we will explore further in the future. On the
practical end, the existence of both reversible and irreversible struc-
tural colors on the same substrate offers unique opportunities for
potential applications. For instance, the photos in Figure 1a imply a
potential application as a smart label for temperature sensitive pro-
ducts. If the product has not been exposed to an elevated tempera-
ture, the label would appear blue throughout. If the product has been
exposed to the elevated temperature, the label would show only the
localized green colors.

We should note that wrinkle cracks are not always undesir-
able. In fact, studies have shown that formation of cracks could
be helpful for the alignment of wrinkle structures.30,31 More
recently, Chung et al have demonstrated that the cracking den-
sities of wrinkles can even be utilized to measure the strength of
nanoscopic thin films.32 In our particular case, however, cracking re-
presents an obstacle to achieve high wrinkle reversibility at the micro-
scopic scale. To understand the cracking behavior of wrinkles, in the
following study, we focused on wrinkles generated by uniaxial stretch
and replaced the alloy with gold as the thin film with the hope that
the ductility of gold could alleviate the cracking issue. To further
facilitate the study, we focused solely on uniaxial strains below.
In general, the compressive strain required for surface wrinkling

may be created in two different modes, which are illustrated in
Figure 2. Figure 2a shows mode I. The metal thin film is first
deposited onto a nonstretched SMP surface at 20 °C. Subseque-
ntly, the SMP/metal bilayer is subject to a uniaxial stretching in
the x direction at 65 °C. Because of the Poisson effect, the uniaxial
tension in x direction leads to a compressive strain in the y
direction. In Mode II (Figure 2b), the SMP substrate is first
stretched in the x direction at 65 °C and the prestretch is fixed by
cooling to 20 °C. The metal thin film is then deposited onto the
prestretched SMP surface at 20 °C. Subsequently, the prestretch in
the SMP is released upon heating back to 65 °C, leading to a
compressive strain in the metal film in the x direction. Notably, the
difference between the two modes lies in that the external
mechanical deformation force is applied before (Mode II) and
after (Mode I) the thin film deposition. As such, the localized
wrinkle due to the indention (Figure 1a) corresponds to mode II,
whereas the second set of wrinkle due to uniaxial stretching
(Figure 1a) was created according to mode I.
We first studied the thin film cracking behavior for Mode I,

by imposing different stretching forces in step 3 of Figure 2a.
Various levels of uniaxial tensile strain along the x direction (εx)
were introduced in the gold coated SMP samples. Figures 3a
and 3b show the SEM and AFM images of a sample with a tensile
strain of 4.1%. Cracks along the y direction (i.e., perpendicular to
the tensile direction) are evident in both images. The AFM image
shows clearly wrinkles perpendicular to the cracks in the vicinity of
the cracks, but no wrinkles in the areas far away from the cracks.
Cracking was also observed for a sample with εx as low as 2.6%,
but not on the samples with εx less than 2.0%. Thus the critical
tensile strain for cracking (not the critical buckling strain) is
estimated to be around 2.0%. The low value of the critical cracking
strain implies the difficulty in avoiding cracking for mode I. On a
qualitative basis, we observed that the crack density increased with
the tensile strain. In principle, such a correlation between crack
density and tensile strain can be explored for measuring the tensile

Figure 2. Wrinkle formation processes: (a) mode I, (b) mode II.
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strength of the rigid thin films.32 The wrinkle-based metrology,
however, is outside the scope of the current work. We focus
instead on identifying conditions to generate crack-free wrinkles.
In contrast to the ease of cracking for mode I, no cracks can

be identified on a sample with a tensile strain of prestretch (εx)
up to 13.5% for mode II (Figure 3c,d). The absence of cracking

was confirmed by scanning through the entire surface using an
optical interferometer. We should note that, in mode II, as the
prestretch in the x direction is released upon shape recovery, a
tensile strain is induced in the y direction (εy > 0) by Poisson’s
effect. With the SMP Poisson ratio of 0.45, the tensile strain
follows: εy = −0.45εx, with εx being negative (compressive) due
to release of the prestretch. Thus, the critical tensile strain
for cracking appears to be at least 13.5% × 0.45 = 5.9% for
mode II. Here, the cracking refers to the gold thin film. For the
SMP used, the tensile strain of 13.5% at the prestretch
approaches its strain-at-break. This makes it impossible to
further extend the strain range in mode II to identify the critical
cracking strain for the gold film. Despite that, it can be con-
cluded that the critical cracking strain for mode II is much
higher than that for mode I.
At first glance, the drastically different cracking behaviors

between the two modes appeared surprising. In both mode I
and mode II, the compression to the thin film was created when
the SMP was in the same heated state (i.e., rubbery state). That
is, there was no difference in terms of the modulus of the substrate
when wrinkling occurred. Further comparison between the two
modes in Figure 2 revealed a key difference in the tensile stress in
the metal film. In Mode I, wrinkling occurred (step 3 in Figure 2a)
when an external force was applied to stretch the SMP, whereas
no external force was present in the wrinkling step for Mode II
(step 4 in Figure 2b). In both cases, the film is stressed biaxially.
For the Mode I process, the metal film is deposited before the
SMP substrate is stretched. Upon stretching, the film is strained in
both x and y directions, with εy = −νs εx by Poisson effect. The
strain is tensile in the x direction (εx > 0) and compressive in the y

direction (εy < 0). Assuming the metal film to be linear elastic with
Young’s modulus Ef and Poisson’s ratio νf, the stress components
in the film are
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Thus, the stress is tensile in the x direction (σx > 0) and com-
pressive in the y direction (σy < 0), assuming νf < νs.
For the mode II process, the metal film is deposited on the

prestretched SMP substrate. Upon heating, the strain in the
substrate is relaxed because of the shape memory effect, and the
metal film is subjected to compression in the x-direction (εx < 0).
In this case, by eq 4, the stress is compressive in the x direction
(σx < 0) but tensile in the y direction (σy > 0). Note that the
compressive stress in mode I and the tensile stress in mode II
both occur in the direction perpendicular to the stretch as a
result of the mismatch in the Poisson’s ratios of the film and the
substrate. In particular, the tensile stresses in the film are
drastically different for the two processes. With vf and vs being
0.42 and 0.45, respectively, the tensile stress for mode II is
27 times lower than that for Mode I at an identical strain level.
Consequently, the film is unlikely to crack even with rela-
tively large strain in the x-direction (εx) in mode II. Although the
assumption of linear elasticity may not be valid for the current
material system, the above stress analysis does offer a qualitative
explanation on the origin of the drastically different thin film
cracking behaviors for the two wrinkling modes. That is, despite
the similarity between the two wrinkling modes, the tensile stress
is significantly different, leading to drastic difference in the cracking
behavior.
Another possible reason for the different cracking behaviors

may be attributed to the dependence on the strain rate as
reported previously.7 For our system, there was indeed a large
difference between the strain rates for mode I and mode II, cal-
culated from the strain evolution curves recorded in the thermo-
mechanical experiments. In mode I, the metal-coated SMP was
stretched by applying a constant stretching force, which corres-
ponds to a strain rate of 68%/min. In contrast, the strain (recovery)
rate for mode II was only 3.9%/min. In principle, the different strain
rates may have led to different cracking behaviors. To examine this
possibility, an additional controlled mode I experiment was
conducted in which the stretching force was gradually ramped to
the target value with a corresponding strain rate of 3%/min. Even at
this low strain rate, cracks were still present on the gold film. Hence,
this controlled experiment confirmed that the strain rate effect is less
significant for our system.
The crack-free behavior for mode II provides an ideal plat-

form to further investigate the wrinkle mechanics without the
uncertain impact of cracking. Wrinkled samples with different
levels of prestretch and different film thicknesses were obtained
and the wrinkle wavelengths and amplitudes were analyzed by
AFM. Figure 4a shows that: (1) the wrinkle wavelength de-
creases with increasing strain of prestretch up to 5%; (2) be-
yond 5% prestretch, the wrinkle wavelength becomes
approximately independent of strain. The dependence of the
wrinkle wavelength on strain is evident through the direct
comparison of the AFM images for two samples (Figure 5),
showing more densely packed wrinkles on the sample with a
11.8% prestrain than the one with a 3.9% prestrain. The wrinkle
amplitude, on the other hand, increases with the prestrain over
the entire range (Figure 4b). Furthermore, for an identical
prestrain, the general trend in panels c and d in Figure 4 reveals

Figure 3. Morphology of the wrinkle surfaces. (a) SEM and (b) AFM
images of a sample created according to mode I (εx = 4.1%); (c) SEM
and (d) AFM images of a sample created according to mode II (εx =
3.9%). Gold film thickness is 18 nm in all cases.
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that, within the experimental error, increasing the thin film
thickness leads to increases in both the wrinkle wavelength and
amplitude.
An important note to panels a and b in Figure 4 is that the

wrinkle structures were characterized at 20 °C, which is below
the Tg of the SMP. The SMP is essentially an elastomer above
Tg with a modulus of 8.8 MPa, but it becomes significantly
more rigid with a modulus of 2.9 GPa at room temperature. On
the basis of the classical wrinkle theory (eq 2), one would an-
ticipate that the wrinkle wavelength at a temperature above Tg
of the SMP should be 6.9 times the wavelength at the room
temperature for an identical sample. However, the wrinkle was
formed at elevated temperature (above the Tg) and further change
upon cooling should be considered postbuckling, for which eq 2 is
no longer valid. Indeed, our measurements of the wrinkle
wavelength for a representative sample showed that cooling and
heating did not lead to any noticeable change in the wrinkle

wavelength, whereas the amplitude did increase by 45% upon
cooling. Such an increase in amplitude upon cooling was most
likely due to the thermal strain generated upon cooling. When the
system was cooled below the Tg, the wavelength/amplitude was
locked in as the strain energy required for their change may have
become too large to overcome. Given the complexity of the phase
transition and the shape memory effect in the SMP as well as possible
plastic deformation of the metal film, further mechanistic under-
standing of the wrinkling phenomenon in the SMP/metal bilayer
system would benefit greatly from future theoretical modeling work.
The wavelength−strain relation in Figure 4a also deviates

noticeably from eq 2, which predicts a constant wavelength
independent of the strain. On the other hand, a finite deforma-
tion analysis by Jiang et al.33 has predicted that the wrinkle
wavelength decreases linearly with increasing strain over a large
range (0−30%). Their prediction was found to be in excellent
agreement with their experimental measurements using a system
with single-crystal silicon ribbons bonded onto a prestretched
elastomer substrate, where wrinkles were formed upon releasing
the prestretch. We note several key differences in our system. First,
the metal film in our system is more likely to deform plastically
than the silicon ribbon. Second, while the SMP substrate behaves
like an elastomer above Tg, the release of prestretch in our system
was accompanied by a temperature change. Consequently, the
wrinkling mechanism in our system may differ from the previous
studies. As shown in Figure 4a, the wrinkle wavelength below the
threshold strain of 5% decreases linearly but much more rapidly
than the prediction by the finite deformation theory of Jiang
et al.33 More strikingly, the wrinkle wavelength becomes

Figure 4. Wrinkle geometry created using mode II. Strain dependence of wrinkle (a) wavelength and (b) amplitude (film thickness = 18 nm);
wrinkle (c) wavelength and (d) amplitude as a function of the film thickness (εx = 6.8%).

Figure 5. AFM three-dimensional micrographs of the wrinkled
surfaces (film thickness = 18 nm). (a) εx = 3.9%, (b) εx = 11.8%.
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independent of the strain above the threshold strain of 5%, in
sharp contrast with the finite deformation theory. We suspect that
the nonlinear stress−strain behavior of the Au thin film (e.g.,
plasticity) may play an important role in the observed wrinkling
behavior. The stress−strain curves of the Au thin films in our
systems (thickness 18−80 nm) are not reported in the literature.
However, a study by Espinosa and Prorok suggested that the
mechanical properties of gold thin films (thickness >0.3 μm) are
indeed nonlinear even at strains as low as 1%.34 Thus, the wrinkle
behavior in Figure 4a calls for new understanding of the mechanics
that takes into account the nonlinear mechanical properties of the
thin film supported on a modulus changing shape memory
polymer.
For a qualitative understanding on the effect of plasticity, a

simple model is briefly described as follows. The main assumption
of this model is that partial yielding of the wrinkled Au film leads
to the nonlinearity of the wavelength-strain relation shown in
Figure 4a. When the prestrain reaches a critical value (i.e., the yield
strain of Au), part of the Au film will yield and deform plastically
with a smaller tangential modulus than the elastic modulus before
yielding. In other words, the “effective” modulus of the Au film is
reduced due to partial plastic yielding. Below the threshold strain
of 5%, a higher prestrain should result in a higher fraction of
the yielded Au film. As such, the effective modulus of the Au
film should decrease with the prestrain. By eq 2, the wrinkle wave-
length should decrease with increasing strain. This trend continues
until the prestrain reaches the threshold strain when the entire Au
film (including the wrinkle peak and valley) yields and deforms
plastically. Beyond the threshold strain, the “effective” modulus of
the film becomes independent of the prestrain and hence a
constant wavelength as shown in Figure 4a. The details of this
model will be presented in another paper.

■ CONCLUSION

Utilizing a metallic layer as the thin film, the unique aspects of SMP
(relative to elastomers) as a wrinkle substrate were investigated.
Two different wrinkling modes were employed to create the in-
plane compression required for wrinkle formation: metal deposition
onto an SMP followed by stretching (mode I); metal deposition
onto a prestretched SMP followed by releasing the tensile prestrain
(mode II). Whereas thin film cracking occurred at tensile strains as
low as 2.6% for mode I, no cracks were observed at tensile pre-
strains as high as 13.5% for mode II. The drastically different crack-
ing behaviors were attributed to the large difference in the tensile
stresses in the metal films. Utilizing both wrinkling modes in the
same process, reversible and irreversible wrinkles (and associated
diffraction colors) were created on a single SMP substrate. Quan-
titative characterization of the crack-free wrinkles (mode II) suggests
that the wrinkle wavelength decreases with strain at strains between
2 and 5%, but becomes approximately independent of strain at
strains above 5%. This wrinkling behavior is in sharp contrast with
the existing theory assuming elastic behavior for the film and the
substrate. As such, a new mechanics model will need to be
developed in the future by considering the unique thermomechan-
ical properties of the shape memory substrate and the nonlinear
mechanical response of the gold thin film.
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