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ABSTRACT: Many stretchable electronic devices require
stretchable hermetic seals. However, stretchability and
permeability are inextricably linked at the molecular level:
stretchable, low-permeability materials do not exist. We
collect data for the permeation of water and oxygen in
many materials and describe the scaling relations for both flat
and wrinkled seals. Whereas flat seals struggle to fulfill the
simultaneous requirements of stretchability, low stiffness, and
low transmissibility, wrinkled seals can fulfill them readily. We
further explore the behavior of wrinkled seals under cyclic stretch using aluminum, polyethylene, and silica films on elastomer
substrates. The wrinkled aluminum develops fatigue cracks after a small number of cycles, but the wrinkled polyethylene and
silica maintain low transmissibility after 10 000 cycles of tensile strain.
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■ INTRODUCTION

Hermetic seals are ubiquitous. Plastics and metals seal food and
drug,1 oxides and nitrides seal microelectronics,2,3 and butyl
rubber seals tires.4 Except for the last example, seals in general
are made of stiff materials: plastics, metals, and ceramics. The
recent decade has seen the emergence of stretchable
electronics,5−10 soft robots,11−13 hydrogel ionotronics,14 and
soft medical devices.15,16 For long-time use, these devices will
also require seals. Without hermetic seals, silver nanowires,
copper nanowires, and liquid metals oxidize,17−19 conducting
polymers degrade20,21 and hydrogels dehydrate.22 In an island-
bridge design of stretchable electronics, nonstretchable
electronic materials are placed on stiff islands, which are
attached to a soft substrate and are bridged by stretchable
interconnects.23 A stretchable interconnect can bemade of a stiff
material by the means of unidirectional buckles24−26 or flat
serpentines.27,28 Stiffmaterials can seal the islands, as well as the
buckled and serpentine interconnects, just like a coiled phone
cord, which is electrically insulated by a thin layer of plastic. It
has been a challenge, however, to seal intrinsically stretchable
materials.29−35 Stretchable functional materials with long-term
reliability in ambient conditions may be developed, such as
crumpled graphene,17,36 but this strategy would push the
development of soft devices into a narrow path, excluding many
materials of superior electronic properties and well-established
processing methods. In general, electronic functions and
hermetic seals require different materials.

The search for stretchable seals has highlighted a fundamental
fact of nature: stretchable and low-permeability materials do not
exist.22 At themolecular level, stretchability and permeability are
inextricably linked. Stretchability comes from the entropic
elasticity of polymer chains. In an elastomer, the polymer chains
are cross-linked to form a three-dimensional network. To be
stretchable, each individual polymer chain contains hundreds or
more monomer units and undergoes ceaseless thermal motion.
Consequently, small molecules, such as water and oxygen,
diffuse in an elastomer as readily as in a polymer liquid. The
permeability of small molecules in an elastomer is insensitive to
cross-link density and applied stretching. An elastomer is solid-
like at the scale above the mesh size of the network, but liquid-
like at the scale below.
Here, we propose to break the stretchability−permeability

trade-off by demonstrating stretchable seals using wrinkled films
of stiff materials. We collect data on the permeability of water
and oxygen for various materials and confirm that no stretchable
materials has low enough permeability to serve as hermetic seals
for electronics.We develop a scalingmodel to show that thin and
wrinkled films of many stiff materials have both high
stretchability and low permeability to serve as stretchable
seals. Unlike electrical interconnects made of stiff materials,
hermetic seals require two-dimensional, continuous films. To
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make it stretchable in any in-plane direction, two-dimensional
wrinkles are needed. Two-dimensional wrinkles do not affect the
permeability of the seal initially, but may develop large local
deformation, so that repeated stretch may cause fatigue cracks.
To explore these fundamental considerations, we study wrinkled
aluminum, polyethylene, and silica films on elastomer substrates.
We show that the wrinkled aluminum film develops fatigue
cracks after a small number of cycles, but the wrinkled
polyethylene and silica films maintain low transmissibility after
10 000 cycles of tensile strain.

■ PERMEABILITY OF MATERIALS AND COMPOSITE
STRUCTURES

The transmissibility T of a gas through a solid film is defined by37

= =
ΔΠ

T
P
h

J
(1)

where h (m) is the thickness of the film, P (m2/s/Pa) is the
permeability,ΔΠ (Pa) is the difference in the partial pressures of the gas
on the two sides of the film, and J is the flux of molecules of the gas
through the film (m3/m2/s).
We plot various materials in the space of water permeability and

elastic modulus, as well as in the space of oxygen permeability and
elastic modulus (Figure 1). The data correspond to the measurement
carried out at ambient pressure and in the temperature range 23−40 °C.

We show in the Supporting Information that the thermal activation of
permeability is negligible within this range of temperature compared to
the scattering in the data gathered for each material. Also see the
Supporting Information for sources of data and notes on their methods
of determination (Table S1).22,38−98 This is perhaps the first time that
such a broad range of materials are compared in the permeability−
modulus space. The data gathered for each individual material scatter
significantly. The permeability of an elastomer or a plastic scatters over
1−2 orders of magnitude. The permeability of an inorganic material,
such as silica and silicon nitride, scatters even more. This scattering
results from two factors. First, the permeability depends on the
microstructures of the materials. For instance, defects in vitreous silica
can affect its permeability.99−101 Second, permeability is measured
under different conditions, such as different temperature or gas pressure
(Table S1).

For all the materials gathered here, modulus spans over 10 orders of
magnitude, and permeability spans over 15 orders of magnitude. A
graphene monolayer has an elastic modulus of 1 TPa and a water
permeability lower than 10−27 m2/s/Pa. For conventional electronic
packaging,2 the inorganic materials, such as silicon dioxide and silicon
nitride, are used. These passivation layers suffer from pinholes and
cracks. Organic sealants like epoxies, polyimide, and polyxylene
(Parylene) are sometimes used instead. For flexible electronics like
organic light-emitting diode (OLED) displays, flexibility of the seal is an
additional constraint, and polymer−inorganic multilayered architec-
tures have been developed.3 Elastomers and hydrogels have low elastic
modulus but high permeability. The large white holes in both spaces
affirm the fundamental fact of nature: soft and low-permeability
materials do not exist.

Of all the materials, only elastomers are capable of large and elastic
stretch. Among elastomers, the butyl rubber is the least permeable, but
its permeability for water and oxygen is more than 10 000 times that of
silicon dioxide (Figure 1).22,47−51,87,102 Butyl rubber has been proposed
to seal flexible and stretchable electronics,102,103 but its efficacy is
uncertain. The information on water and oxygen sensitivity for
stretchable electronic materials is scanty and mostly qualitative. In
microelectronics, it is common practice to seal devices with a silicon
dioxide layer of at least 100 nm. According to eq 1, however, 1 mm of
butyl rubber must be used to reach the same level of transmissibility. As
another example, to last more than 10 000 h, OLEDs and organic solar
cells3,98,104,105 require a water vapor transmission rate (WVTR) lower
than 10−6 g/m2/day (i.e., a transmissibility of 8× 10−21 m/s/Pa) and an
oxygen transmission rate (OTR) lower than 10−5 mL/m2/day (i.e., a
transmissibility of 6 × 10−21 m/s/Pa), assuming that the relative
humidity difference is 50% and that the oxygen partial pressure is 21 kPa
in the ambient atmosphere. A thickness of 0.5−5mmwould be required
to satisfy the WVTR criteria and a thickness of about 10 cm is required
to satisfy the OTR criteria. Again, a butyl rubber seal would be even
thicker than submillimeter devices.

Composites have long been used as seals in the food packaging
industry, as well as the OLED coating industry. A stiff, low-permeability
material (e.g., an oxide, a nitride, or graphene) is integrated as barriers
in a matrix (e.g., a plastic or an elastomer).106−108 The barrier material
can be used as a continuous layer, or as nanoparticles with a large aspect
ratio. The former is the laminate structure and the latter is the brick−
mortar structure. Both structures can lower the permeation of small
molecules, but neither can bemade soft and stretchable (Figures S1 and
S2).

■ STIFFNESS−TRANSMISSIBILITY TRADE-OFF

For a seal of permeability P and thickness h, the transmissibility
is T = P/h. When a flat film is stretched, the stiffness is Eh, where
E is the elastic modulus. When a wrinkled film is stretched, the
stiffness scales as Eh3/L2, where L is the period of the wrinkles.
The trade-off between stiffness and transmissibility is different
for a flat and a wrinkled seal. These relations and their
implications for stretchable seals are discussed in this section.

Figure 1. Soft and low-permeability materials do not exist. Materials are
plotted in (a) the space of water permeability and elastic modulus and
(b) the space of oxygen permeability and elastic modulus.
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For numerical illustration, we will use water permeability for
various materials.
Stiffness of a Flat Seal. Consider a flat seal under uniaxial

tension (Figure 2). The force F is proportional to the tensile
strain δl/l

δ=F
w

Eh
l

l (2)

where w is the width of the film and Eh is the stiffness. We plot
each material as a parallelogram in the space of stiffness and
transmissibility (Figure 2). The top edge of a parallelogram
corresponds to the stiffness of a material of a thickness of 1 mm,
and the bottom edge corresponds to a thickness of 10 nm. The
horizontal width of the parallelogram corresponds to the scatter
in the permeability of the material (Table S1). As a numerical
illustration, we draw a vertical line corresponding to the required
limit of transmissibility for OLEDs mentioned previously.3 The
seal needs to limit the transmissibility to the left of the vertical
line. All plastics and elastomers are too permeable to fulfill the
requirement. All the stiff seals can be used to protect flexible
electronics provided the strain of the devices is sufficiently small
to avoid breaking.109 Graphene and ultrathin films of oxides and
nitrides may sustain a few percent of tensile strain.81,110,111 They
may potentially be used to seal devices of small stretchability.We
draw a horizontal line corresponding to a soft device of a
modulus of 1 MPa and a thickness of 1 mm, which gives a
stiffness of 103 N/m. We stipulate that the stiffness of the seal
should not exceed that of the device, which limits the stiffness of
the seal below the horizontal line. The lower left quadrant of the
stiffness−transmissibility is empty. A 100 nm thick silica seal is
too stiff, but stays within the required limit of transmissibility.
According to the lowest value of transmissibility reported in the
literature,80 a graphenemonolayer (0.335 nm thick, indicated by
the horizontal green segment in Figure 2) is compliant enough,
and approximately fulfills the transmissibility criteria.
In Figure 2, we have drawn the vertical and horizontal lines

under certain assumptions. Under different assumptions, the

two lines will move, and the lower left quadrant may contain
some candidates. However, it will be a challenge for flat seals to
have both low stiffness and low transmissibility.

Stiffness of aWrinkled Seal.We consider now a seal with a
wavy shape in one direction, attached to a substrate (i.e., a soft
device) at the troughs of the wave (Figure 3). When an in-plane

force F is applied, the seal will be deformed between each
attachment point. For an inextensible thin film, the deformation
is pure bending. By analogy with the buckling of an
elastica,112−116 we derived that the force F needed to compress
a wrinkled film is (Supporting Information)

ν
δ−

=
−

F F
w

Eh
L

L
L

5.56
12(1 )

b
3

2 (3)

where Fb is the force required to initially buckle the film between
two attachment points, w and h are, respectively, the width and
the thickness of the film, ν is the Poisson’s ratio, E is the elastic
modulus of the material, and L is the period of the wrinkles. δL/
L is the relative change in the wrinkles period. The numerical
prefactor

ν−
5.56

12(1 )
is close to 1. Eq 3 is a linear interpolation for

δL/L in the range [0; 0.2]. This approach shows that the rigidity
Eh3/L2 is the parameter of interest to describe the stiffness of a
wrinkled thin film. This conclusion can also be reached using
dimensional analysis (Supporting Information). The wrinkles
stiffness is lower than the stiffness of the flat film by a factor h2/L2

and allows large stretchability of the film.
For a wrinkled film, the thickness h is much smaller than the

wavelength L. For numerical illustration, we set h/L = 0.1, so
that Eh3/L2 = 0.01Eh. We plot each material as a parallelogram
in the space of transmissibility and stiffness of a wrinkled film
(Figure 3). In this case, the lower left quadrant contains the
commonly used sealing materials. A 100 nm thick wrinkled silica
seal will fulfill both transmissibility and stiffness requirements.

Figure 2. Stiffness−transmissibility diagram for flat seals. Each material
is represented by a parallelogram, where the water permeability varies
between amaximum and aminimum value (according to Table S1) and
the thickness h varies between 1 mm and 10 nm.

Figure 3. Stiffness−transmissibility diagram for wrinkled seals. Each
material is represented by a parallelogram, where the water permeability
varies between a maximum and a minimum value (according to Table
S1) and the thickness h varies between 1 mm and 10 nm. For the
stiffness of the wrinkled film, we set h/L = 0.1. Thin films of low-
permeability materials (e.g., graphene, silica, silicon nitride) give
sufficiently low stiffness and low transmissibility.
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Furthermore, the relative change in the wrinkles period, δL/L,
can be large, even though the local deformation is small. As
another example, a 100 μm thick poly(tetrafluoroethylene) can
be used to achieve the desired stiffness, but with a trans-
missibility as low as 10−16 m/s/Pa. Here, we only considered the
case where h/L = 0.1, but wrinkles with a larger wavelength
could be designed to achieve lower levels of stiffness.

■ USING WRINKLES TO MAKE SOFT,
LOW-PERMEABILITY SEALS

To illustrate the previous analysis, we prepared wrinkled seals
using buckle-delamination117,118 of a thin, stiff and low-
permeability material on a soft substrate (Figure 4). Uniaxial
and biaxial wrinkles were studied. The amount of delamination
depends on the substrate/film adhesion, which we did not

Figure 4. Substrate is prestretched and a thin film of low-permeability material is attached to it. When the prestretch is released, the film undergoes
buckle delamination.

Figure 5. Biaxial and uniaxial wrinkles of various stiff materials on soft substrates. (a) Polyethyelene (27 μm) on a biaxially prestretched (2.5 × 2.5
times) VHB (500 μm). After release, the residual biaxial stretch is 1.75 × 1.75. (b) Polyethylene on a uniaxially prestretched VHB (4 times). After
release, the residual uniaxial stretch is 1.67. For (a) and (b), scale bars are 1mm. (c) Biaxially prestretched (4× 4 times) VHB (1mm)/aluminum (26.5
μm)/VHB (1mm). Scale bar = 5 mm. (d) Uniaxially prestretched (5 times) VHB (2mm)/aluminum (26.5 μm)/VHB (2mm). Scale bar = 1 mm. (e)
Silica (50 nm) on a biaxially prestretched (1.23 × 1.23 times) PDMS substrate (200 μm). (f) Silica (50 nm) on a uniaxially prestretched (1.20 times)
PDMS substrate (200 μm). For (e) and (f), scale bars are 25 μm. The residual stretch is negligible for silica wrinkles on PDMS.
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investigate here. When a film is bent, the strain is given by ε = y/
R, where R is the radius of curvature and y is the distance of the
material particle in the film from the neutral surface. Using y∼ h
and R∼ L, we estimate ε∼ h/L. The failure strain is on the order
of 1% for stiff materials. These elementary considerations
suggest that one should be careful in designing a wrinkled film to
avoid rupture. Furthermore, two-dimensional wrinkles may
develop localized large deformation. It is difficult to quantify the
failure conditions analytically. We use uniaxial tension to study
experimentally the stress−stretch behavior and the fatigue of
wrinkled seals.
We studied three film/substrate systems. The first two

systems used an acrylic elastomer VHB as the substrate and a
polyethylene and an aluminum foil as the films. As discussed
above, polyethylene and aluminum are too permeable to seal air-
sensitive devices, but these materials are readily available and
easily handled. Here, we used them to explore the behavior of
wrinkled seals under cyclic stretch. The third system involves
silica films deposited on a poly(dimethylsiloxane) (PDMS)
substrate.
For the polyethylene/VHB system, the VHB layer was 500 ±

10 μm thick and the polyethylene film was 27 ± 2 μm thick. We
applied both uniaxial and biaxial stretches to the VHB elastomer
before attaching polyethylene films. Then, the prestretch is
released and the thin films wrinkle. Figure 5a shows optical
micrographs of polyethylene thin film (Glad Press’N Seal food
wrap) on a sheet of biaxially prestretched VHB (biaxial stretch =
2.5 × 2.5 times). The prestretch is then released in both
directions simultaneously. After release, the residual stretch is
1.75 × 1.75. We can clearly see the wrinkles and the
delamination in the polyethylene films. The wrinkles have
some common features with the herringbone patterns, but are
more random.119,120 Figure 5b shows a polyethylene thin film on
a sheet of uniaxially prestretched VHB (stretch = 4 times). After
release, the residual stretch is 1.67.
Similarly, Figure 5c,d shows the optical micrographs of both

biaxial and uniaxial aluminumwrinkles sandwiched between two
VHB layers. (Two prestretched layers were necessary to induce
the buckling instability.) The aluminum layer is 26.5 ± 2.4 μm
thick and the VHB layers are 1 or 2 mm thick, depending on the
prestretch applied. Delamination is much less pronounced for
the VHB/aluminum/VHB laminates, but it tends to become
more severe as the prestretch increases.
Furthermore, we deposited silica films onto poly-

(dimethylsiloxane) (PDMS) by plasma-enhanced chemical
vapor deposition (PECVD) (see Materials section for details
on the deposition process). Figure 5e,f shows, respectively, the
SEM and optical images of biaxial and uniaxial silica wrinkles on
PDMS. Silica films between 5 and 50 (±0.2) nm were deposited
on a prestretched (up to 1.30 × 1.30 times) PDMS substrate
(200 ± 10 μm). The residual stretch is negligible for silica
wrinkles on PDMS, and we did not observe delamination.
The presence of a residual stretch in some cases can be

qualitatively explained by estimating the stiffness of the substrate
(Eh) and the wrinkled thin film (Eh3/L2). In case of
polyethylene/VHB, the substrate has a stiffness in the order of
9 × 102 N m. The uniaxial wrinkles period is about 250 μm.
Thus, the stiffness of the polyethylene film is about 3 × 102 Nm.
This rough estimation shows that the two stiffnesses are
comparable. The wrinkles can thus limit the release of the
prestretch. In case of silica/PDMS, the substrate has a stiffness in
the order of 103 Nm. The period of the uniaxial wrinkles is about
6 μm. Thus, the stiffness of the silica film is about 3 × 10−1 N m.

The silica wrinkles are much softer than the substrate, which
explains why the prestretched is completely released.

Mechanical Properties of the Wrinkled Laminate. As
expected, the laminate of a wrinkled film on an elastomer is
stretchable. We use uniaxial tension to quantify the stretchability
of uniaxially prestretched wrinkled laminates (Figure S5). When
the prestretch increases, the amplitude of the wrinkles becomes
larger, and their wavelength decreases slightly, which leads to a
larger stretchability. In uniaxial tension, if the stretch applied is
lower than the initial prestretch, the wrinkled laminate is
stretchable, and almost as soft as the substrate. Stretching further
will cause delamination of the coating or cracks. Both scenarios
lead to failure of the laminate.
We measured the electrical resistance of the aluminum film

while subjecting the laminate to cyclic stretch (Figure S6a).
After a small number of cycles, the resistance of the aluminum
jumps to a very high value (Figure S6b) because cracks have
propagated through the width of the sample (Figure S6c,d) and
the aluminum film is not continuous anymore. Thus, the VHB/
aluminum/VHB laminate is not a good choice for designing
stretchable seals. By contrast, the polyethylene/VHB and silica/
PDMS systems do not develop cracks under cyclic stretch.

Water Transmissibility of Wrinkled Laminates. We
measured the water transmissibility of polyethylene/VHB and
silica/PDMS using the dry-cup test.22 Both laminates have lower
water transmissibility than the bare substrates (Figure 6).
Wrinkled laminates have a higher water transmissibility than the
flat one. It can be explained partially because of the area
prestretch and the residual area stretch. Because the elastomer
substrate is incompressible, the residual area stretch implies a
decrease in thickness (Figure S7), which increases the water
transmissibility through the elastomer, according to eq 1. Also,
the wrinkled plastic layer has a larger surface than the elastomer
substrate (Figure S7). We propose a simple model to consider
these effects (Supporting Information) and derive a formula to
predict the transmissibility of wrinkled laminates

λ
λ
λ

= +
T T T

1 1 1 1

eff r s

r
2

p f (4)

The effective transmissibility Teff depends on the transmissibility
of the elastomer substrate Ts, the transmissibility of the plastic
filmTf, the area prestretch λp, and the residual area stretch λr. We
measured individually the water permeability of VHB and
polyethylene while measuring the transmissibility of the
laminates (Figure 6a). We obtained PVHB = (4.19 ± 0.58) ×
10−17 and PPE = (1.17± 0.04)× 10−18 m2/s/Pa. These values are
in good agreement with our previous measurements for VHB22

and the literature of polyethylene (Table S1). Similarly, we also
measured the water permeability of bare PDMS and silica/
PDMS laminates (Figure 6b). We obtained PPDMS = (2.42 ±
0.13)× 10−16 m2/s/Pa, which is also in good agreement with our
previous measurement.22 Because silica was deposited by
PECVD, we were not able to measure the permeability through
silica alone. We extrapolate its permeability using a flat PDMS/
silica laminate and eq 4. For a thickness of 5 nm of silica, we
extrapolate Psilica = (6.77 ± 0.14) × 10−22 m2/s/Pa. This value is
high for bare silica, still in the range of values that we obtained
from the literature about silica/plastic laminates (Table S1). We
also measured λp and λr for each sample, which allows us to use
eq 4 to predict the effective water transmissibility of wrinkled
laminates (Figure 6a,b). For the polyethylene/VHB system, the
prediction for the flat laminate is very close to the experimental
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measurement. For both systems, predictions for wrinkled
laminates are significantly lower than the experimental measure-
ments (Figure S8). It may be due to the creation of defects in the
thin film during the release of the prestretch, or due to the
wrinkles geometry, which is more complex than our model. The
absolute error bars on the experimental measurements are one
standard deviation. The error bars on the predictions represent
the standard uncertainty,121 which takes both the standard
deviations on the transmissibility measurements of the substrate
and the film and the typical error on the measurements of the
stretches into account (eq S30 in Supporting Information). Our
model predicts that the transmissibility increases with the area
prestretch. For the polyethylene/VHB system, although the
laminate with biaxial wrinkles has a higher transmissibility than
the uniaxial and the flat one, it is important to keep in mind that
this sample is much thinner because of the effect mentioned
above. In terms of effective permeability, it is lower for the
laminate with biaxial wrinkles than for the one with uniaxial and
flat wrinkles. Furthermore, we noticed that the water trans-
missibility of laminates does not change over a period of one
month.

Fatigue of Transmissibility Properties. We ascertained
that the transmissibility of a wrinkled laminate remained low
after cyclic loading. We prepared two uniaxially wrinkled
laminates under the same experimental conditions. One
laminate is a control sample, whereas the other is undergoing
a uniaxial tension fatigue test. We repeat this procedure for two
biaxially wrinkled laminates. For the polyethylene/VHB system,
for the uniaxially wrinkled samples, the uniaxial prestretch is 4
and the residual uniaxial stretch is 1.75. For the biaxially
wrinkled samples, the biaxial prestretch is 3.25 × 3.25 and the
residual biaxial stretch is 1.75 × 1.75. We first measure the water
transmissibility of all the samples simultaneously (Figures 7a and
S9a). After a week of testing, we proceed to a first fatigue test
(1000 cycles in uniaxial tension). We applied a uniaxial strain of
100% to uniaxially wrinkled samples and a uniaxial strain of 50%
to biaxially wrinkled samples during the fatigue test. Then, we
measured again the transmissibility of all the samples for another
week. We next repeated this procedure for a 10 000-cycle test.
There is only a slight increase in the water transmissibility
between the control sample and the fatigued one, even after 10
000 cycles (Figures 7a and S9a). The wrinkles morphology is
similar after 10 000 cycles (Figures 7b and S9b).
Similarly, we studied the fatigue of transmissibility properties

of silica/PDMS wrinkled laminates using the above procedure.
The uniaxial strain applied are, respectively, 10 and 20% for
biaxially wrinkled laminates with λp = 1.23 × 1.23 and 1.30 ×
1.30. The water transmissibility remained almost constant with
the number of cycles (Figures 7c and S9d). The buckling pattern
becomes anisotropic after 10 000 cycles of uniaxial tension
(Figure 7d): two preferred orientations are observed, short-
range wrinkles parallel to the stretching direction and large-
range creases perpendicular to the stretching direction. We
hypothesize a mechanism of the formation for this new
microstructure: the initial wrinkled laminate is isotropic and
the wrinkles orientation continuously varies from perpendicular
to parallel to the stretching direction. When a uniaxial strain is
applied, wrinkles that are to some degree perpendicular to the
stretching direction will flatten more than the ones that tend to
be parallelly oriented to the stretching direction. Thus, when the
laminate is fully strained in one direction, the remaining wrinkles
are mostly parallel to the stretching direction. When the stretch
is released, the system is already frustrated by the wrinkles
parallel to the stretching direction, which prevents the
immediate growth of perpendicular wrinkles. However, further
releasing the stretch causes the laminate to undergomore violent
modes of buckling, such as creasing. Creases perpendicular to
the stretching direction are formed and overlap on the parallel
wrinkles (Figure S10). Despite this change in morphology, we
do not observe the formation of cracks and additional defects
compared to the pristine wrinkled sample, and we measure a
steady water transmissibility with the number of cycles.

■ DISCUSSION
If the laminate undergoes a purely elastic deformation under
cyclic stretch, the transmissibility should remain unchanged. But
plastic deformations of the thin film can happen, as we observed
for wrinkled aluminum. Transmissibility of wrinkled poly-
ethylene films and wrinkled silica can sustain more than 10 000
cycles of large deformation in uniaxial tension. The stress−
stretch curves before and after 10 000 cycles are almost identical
for the uniaxially wrinkled polyethylene/VHB laminate (Figure
S11a). We observed some stiffening for the biaxially wrinkled
laminate (Figure S11b). We attribute this effect to the

Figure 6. Effective water transmissibility of wrinkled laminates is
reduced compared to that of the bare substrate. (a) Polyethylene (27
μm) on VHB (500 μm). The uniaxial prestretch of the VHB substrate is
4 and the residual uniaxial stretch is 1.75. The biaxial prestretch of the
VHB substrate is 3.25 × 3.25 and the residual biaxial stretch is 1.75 ×
1.75. (b) Silica (5 nm) on PDMS (200 μm). The biaxial prestretch of
the PDMS substrate is 1.23 × 1.23 or 1.30 × 1.30. The residual biaxial
stretch is negligible in this case.
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orientation of some wrinkles on the sides of the samples, parallel
to the sides of the sample and the stretching direction. These
wrinkles cannot be as stretchable as the ones oriented
perpendicularly to the stretch direction. Thus, the plastic
stiffens the composite if the stretch is too large. Again, this effect
was observed principally on the sides of each sample, andmay be
caused by the edge effects during sample preparation.
In our experiment, the wrinkles morphology is not controlled,

although many different patterns have been observed.122−124

The wrinkles morphology may affect the stress concentration in
the thin film, hence, the damage accumulation. It is crucial to
understand stress concentration in such structures because seals
require continuous, defect-free films. Ordered wrinkles, such as
wrinkles with herringbone patterns, lower the elastic en-
ergy,122,125 but it is not clear if this structure also minimizes
the stress concentration.
Residual stress in the stretchable seal can also have some aging

effects without further stretching. Our transmissibility measure-
ments spanned over a period of one to two months, and we did
not notice any change in permeability. For practical applications,
this experiment should be run over years (or under accelerated
conditions, such as at a higher temperature). More generally
speaking, the stability of biaxially wrinkled films over time
should be studied in details. Mechanical stability under cyclic
stretch should also be studied.
We have created wrinkles by prestretching the substrate,

attaching a flat foil, and then releasing the substrate. In the case
of polyethylene wrinkles, concomitant buckling and delamina-
tion is observed. For aluminumwrinkles on a VHB substrate and
deposited silica on PDMS, delamination is almost nonexistent. It
is conceivable that one can create stretchable two-dimensional
ordered wrinkles, such as Miura folding, by patterning the
topography of the substrate or the film.126,127 Deposition on a
patterned soft substrate may enable stretchable seals without
prestretching constraints. No matter which technique is used to
prepare the wrinkles, adhesion to the substrate is of primary

importance. A poor adhesion enables delamination of the foil,
which can be harnessed to make large amplitude wrinkles and
reach high stretchability. A poor adhesion can, however, lower
the structure resilience due to interfacial fatigue cracks.
A plurality of designs and fabrication methods can be

envisioned. Some of them will be compatible with roll-to-roll,
digital fabrication, and dip-coating techniques. Designing
stretchable seals is drawing attention toward new topics, such
as the fatigue of wrinkles and the adhesion of a wrinkled film to a
substrate. More generally speaking, biaxially wrinkled continu-
ous thin films may serve new applications in stretchable
electronics.

■ CONCLUSIONS
Long-time use of stretchable devices requires stretchable seals.
At molecular level, stretchability and permeability are
inextricably linked: soft and low-permeability materials do not
exist. A scaling analysis shows that thin films of stiff, wrinkled,
low-permeability materials can serve as stretchable seals. We
have used polyethylene, aluminum, and silica films as low-
permeability layers and elastomers as stretchable substrate.
Wrinkled aluminum films are prone to fatigue fracture and
cannot serve as stretchable seals. Wrinkled polyethylene and
silica thin films demonstrate lower transmissibility than the bare
elastomer and remain stretchable, and their transmissibility
remains low after many cycles of stretching. We hope this work
will stimulate the development of seals for stretchable devices.

■ MATERIALS
VHB (4905; 3M) was purchased from McMaster-Carr. Glad Press’N
Seal food plastic wrap was used to make polyethylene/VHB laminates.
Press’N Seal is a polyethylene thin film containing no plasticizer.128

Reynolds Wrap heavy duty aluminum foil was used to make VHB/
aluminum/VHB laminates. For poly(dimethylsiloxane) (Sylgard 184;
DowCorning), we used a 10:1mixing ratio of precursor to curing agent.
PDMS thin films were spin-coated onto the backside of plastic Petri

Figure 7. Transmissibility of polyethylene/VHB and silica/PDMS biaxially wrinkled laminates remains low after 10 000 cycles of uniaxial tension. (a)
The water transmissibility of polyethylene (27 μm)/VHB (500 μm) biaxially wrinkled laminate (λp = 3.25 × 3.25) only increases slightly with the
number of cycles. The uniaxial strain applied during the fatigue test is 50%. (b) The morphology of the plastic wrinkles is not changed after 10 000
cycles. The red arrow is the direction of the strain and the scale bars are 1mm. (c) The water transmissibility of silica (5 nm)/PDMS (200 μm) biaxially
wrinkled laminate (λp = 1.30 × 1.30) only increases slightly with the number of cycles. The uniaxial strain applied during the fatigue test is 20%. (d)
Biaxial silica wrinkles are anisotropic after 10 000 cycles of uniaxial tension. The red arrow is the direction of the strain and the scale bars are 5 μm.
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dishes of various diameters. A typical recipe to make a thin film about
200 μm thick consists of spinning at 300 rpm for 80 s. The PDMS films
were cured overnight at 65 °C and then degassed for 12 h in a vacuum
chamber. Silica was deposited by plasma-enhanced chemical vapor
deposition (PECVD) using a Cirrus 150 machine from Nexx Systems.
The substrate temperature was maintained below 140 °C (but is not
exactly known) by helium backcooling. Deposition pressure was
maintained at 10 mTorr, with a microwave power of 300 W. Silane and
dioxygen flows were, respectively, maintained at 50 and 20 sccm during
deposition. The growth rate is about 10.5 nm/min from previous
calibrations on the same machine. The chamber can host samples as
large as 5 in. in diameter. The maximum thickness of the sample
inserted in the machine is about 1 cm, which allowed us to insert a
homemade sample holder to apply a prestretch during deposition.
To measure the water transmissibility of the materials, we use exactly

the same dry-cup setup fabricated for our previous work.22 The
thickness of each film (besides silica) was measured (using a Vernier
scale, 10 μm precision). The thin films of Press’N Seal and aluminum
were folded multiple times to measure the thickness more precisely. We
measured the thickness of 20 samples of each material, and the values
indicated the main text are “average value ±1 standard deviation”.
Absolute error bars for Figures 6 and 7 represent the standard deviation
of the water transmissibility measurements. The water transmissibility
was determined once a day based on mass variations of the cups for at
least 7 days in a row. We study the stress−stretch behavior in uniaxial
tension. A thin rectangular sheet (usually 50 × 60 × 0.5 mm3) of the
sample was fixed to rigid grips and mounted on a tensile tester (Instron
model 5966) with a 500 N load cell. The strain rate was about 0.03 s−1

for the mechanical characterization in Figures 7, S5, and S6 and about
0.17 s−1 for the fatigue test in Figure S6.
Scanning electron microscopy images were taken using an Ultra-55

Field Emission Scanning Electron Microscope from Zeiss. The samples
were first metallized by depositing a 5 nm thick layer of platinum/
palladium using a HAR 050 EMS 300T D dual-head sputter coater.
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