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Inspired by the intriguing adaptivity of natural life, such as squids
and flowers, we propose a series of dynamic and responsive multi-
functional devices based on multiscale structural design, which
contain metal nanocoating layers overlaid with other micro-/
nanoscale soft or rigid layers. Since the optical/photothermal prop-
erties of a metal nanocoating are thickness dependent, metal
nanocoatings with different thicknesses were chosen to integrate
with other structural design elements to achieve dynamic multisti-
muli responses. The resultant devices demonstrate 1) strain-regulated
cracked and/or wrinkled topography with tunable light-scattering
properties, 2) moisture/photothermal-responsive structural color
coupled with wrinkled surface, and 3) mechanically controllable
light-shielding properties attributed to the strain-dependent crack
width of the nanocoating. These devices can adapt external stim-
uli, such as mechanical strain, moisture, light, and/or heat, into
corresponding changes of optical signals, such as transparency,
reflectance, and/or coloration. Therefore, these devices can be
applied as multistimuli-responsive encryption devices, smart win-
dows, moisture/photothermal-responsive dynamic optics, and smart-
phone app–assisted pressure-mapping sensors. All the devices
exhibit high reversibility and rapid responsiveness. Thus, this hybrid
system containing ultrathin metal nanocoatings holds a unique
design flexibility and adaptivity and is promising for developing
next-generationmultifunctional devices with widespread application.

metal nanocoating j micro-/nanotopographies j smart material j
multifunctional device j hybrid structure

Smart or stimuli-responsive materials have controllable opti-
cal, mechanical, electronic, and/or other properties that can

be effectively converted by external stimuli, such as mechanical
force (1–13), light (14–18), temperature (11, 18–20), moisture
(17, 21–23), electricity (24–27), and so on (13, 27–30). One of
the major efforts in this field is to mimic the intriguing micro-/
nanotopographies of numerous organisms, which serve various
functions in nature. For example, the dermal layer on the skin
of Cephalopods (such as squid, octopus, cuttle fish, etc.) consists
of microstructured radial muscles, which effectively modulate
the exposure of the underlying chromatophores to dynamically
change skin coloration for camouflage (3, 11, 22). Another vivid
demonstration is the wrinkled surface, which can be created by
imposing compression to a film-substrate bilayer with mis-
matched elastic modulus (31). These types of periodical micro-/
nanotopographies possess unique light-scattering/diffraction/
grating characteristics (16, 17, 21). Thus, wrinkle-like morphol-
ogies have been widely adopted on the petals of some flowers,
such as Hibiscus trionum and Tulipa (32), to introduce vivid iri-
descent colors via diffraction gratings.

Analogous artificial micro-/nanotopographies, like cracks (3,
9, 11, 18), wrinkles (17, 21, 31), creases (27, 33), and grooves

(34, 35), have been fabricated based on bilayer structures via
the coupling of a rigid thin film and a soft substrate with strong
interfacial bonding. Elastomers (such as polydimethylsiloxane
[PDMS]) and hydrogels are the most common candidates used
as the soft substrates (10, 16, 31), while the rigid thin film com-
monly consists of a polymer (10, 20, 21) or its composite with
inorganic fillers (3, 36). However, there are several limitations
in using these materials as thin films. Polymer-based films have
low elastic moduli, especially compared with metals. Also, it is
technically difficult to achieve uniform polymer films with a
well-controlled thickness below 30 nm. These disadvantages
severely restrain the fabrication of thin films in submicro-/nano-
scale dimensions and limit the generation of corresponding
micro-/nanomorphologies, which are essential to develop new
morphology-driven multifunctional devices. For instance, when
a polymer-based thin film is used in a bilayer system, it is hard
to decrease the average intercrack spacing to <30 μm (3, 35,
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36) or lower the wavelength of wrinkles to <3 μm (17, 21, 24, 37,
38), which typically requires a very low film thickness (<30 nm)
to achieve such a low intercrack spacing and wrinkle wavelength.
Also, in a polymer-based film system, it is very challenging to pre-
cisely tailor the optical reflectance, transmittance, and photother-
mal effect when the thin film is <30 nm in thickness.

In contrast, metal or metal alloy nanocoatings deposited by a
simple but effective sputter-coating method demonstrate vari-
ous advantages, including 1) precise control of the thickness of
ultrathin and uniform nanocoatings within 30 nm via simply
varying the sputter-coating condition and/or time (39); 2) much
higher elastic modulus (∼90 GPa) as compared with those of
polymer films (∼0.1 to 2 GPa); 3) highly tailorable reflectance,
transmittance, and photothermal effect by modulating coating
thickness (40, 41); 4) ease to fabricate macroscale predesigned
patterns with the assistance of stencil masks; 5) omnidirectional
sputter coating to simultaneously deposit coatings on multiple
surfaces of the substrate; 6) a broad spectrum of metals and/or
metal alloys can be applied as this rigid thin film; and 7)
commercially available and highly accessible sputter coaters
are promising for developing and scaling up these metal
nanocoating-based devices. In addition, such sputter nanocoat-
ings can achieve strong interfacial bonding with diverse soft
substrates and rigid elements via covalent bonding (42–46)
Thus, metal nanocoatings can be readily and seamlessly inte-
grated into smart material systems as crucial micro-/nanostruc-
tured rigid thin-film layers.

Herein, we propose a series of multifunctional devices with
multistimuli responsiveness, which contain metal nanocoatings
as rigid thin films tightly bonded and laminated to other
micro-/macroscale soft or rigid layers. Upon rationally optimiz-
ing the structural design of those elements, the resultant
devices can demonstrate 1) strain-regulated cracked and/or
wrinkled topographies with tunable light-scattering properties,
2) photothermal-responsive wrinkled surface coupled with
moisture tailorable interference-induced structural color, and
3) mechanically controllable light-shielding properties attrib-
uted to the strain-dependent width of distributed cracks.
This set of devices is able to adapt external stimuli, such as
mechanical force, moisture, light, and/or heat, into the changes
of optical signals, such as transparency, reflectance, and/or
coloration. Therefore, they can be potentially applied as
multistimuli-responsive encryption devices, smart windows,
moisture/photothermal-responsive dynamic optics, and smart-
phone app–assisted pressure-mapping sensors. Also, all the
devices exhibit remarkable reversibility and instantaneous
responsiveness.

Results and Discussion
The sputter-coating schematic for depositing a metal nanocoat-
ing on an elastomeric substrate, using Au/Pd nanocoating
(Au:Pd = 4:1, elastic modulus is ∼89 GPa) and PDMS elasto-
meric substrate (elastic modulus ranging from 0.03 to 1.9 MPa)
as examples, is shown in Fig. 1A. Sputter coating is a physical
vapor deposition method that deposits a metal coating on a
substrate with nanoscale thickness. The process begins with
charging the coater by a high voltage (ca. 2 kV) to turn Ar gas
into a plasma, which bombards the metal target and ejects
metal atoms to subsequently and omnidirectionally deposit on
a substrate (39). The representative topography of the Au/Pd
film (using a 15.8-nm-thick Au/Pd coating as an example) dem-
onstrated a flat surface as evident in the 5.8 μm2 of atomic force
microscope scan in Fig. 1A. Also, as shown in SI Appendix, Fig. S1,
the resultant thickness of the Au/Pd coating can be easily and
precisely modulated by varying the sputter-coating time with the
target voltage, sputtering current, chamber pressure, and target-
to-sample distance fixed (39).

The transmittance, reflectance in the visible light range, and
photothermal performance as a function of metal nanocoating
thickness in the Au/Pd–PDMS bilayer structures are shown in
Fig. 1 B–D, respectively. As evident in Fig. 1B, the transmittan-
ces at the wavelength of 600 nm for the Au/Pd–PDMS bilayers
with metal nanocoating thicknesses of 0, 6.5, 8.6, 11.9, 15.8, and
29.9 nm were 96.6, 92.8, 80.6, 44.4, 23.8, and 10.9%, respec-
tively. Thus, the resultant bilayers demonstrated high transmit-
tance close to that of pure PDMS (thickness of PDMS of
∼1.1 mm) when the metal nanocoating thickness was <9 nm.
As for the reflectance shown in Fig. 1C, the bilayers containing
Au/Pd nanocoating with thicknesses of 0, 6.5, and 8.6 nm
showed very close reflectance (at 600-nm wavelength) of 1.12,
1.35, and 1.79%, respectively. However, the bilayers containing
Au/Pd nanocoating with thicknesses of 11.9, 15.8, and 29.9 nm
had higher reflectance (at 600-nm wavelength) of 12.6, 19.5,
and 25.9%, respectively. Thus, similar trends were also evi-
dently shown in the digital photo in Fig. 1B. To evaluate the
photothermal performance, the bilayers containing a metal
nanocoating with thicknesses of 0, 15.8, and 29.9 nm were irra-
diated under a Xeon lamp (power = 300 W) with a distance of
10 cm, as shown in Fig. 1D. It is clear that the bilayer with a
15.8-nm nanocoating exhibited a temperature of 79.4 °C after
3 min of illumination, which was much higher than the temper-
ature (56.1 °C) of the pure PDMS without a metal nanocoating.

Since the thickness of Au/Pd coating on PDMS can signifi-
cantly influence the resultant light transmittance, reflectance,
and photothermal performance, three types of structural
designs with different Au/Pd thicknesses were conducted to
fabricate different function-orientated devices. As illustrated in
Fig. 1E, when a layer of Au/Pd nanocoating with a thickness
<9 nm was deposited atop PDMS, stretching this Au/
Pd–PDMS structure can generate a strain-regulated cracked
and wrinkled topography, which can induce tunable light-
scattering properties to modulate macroscale transmittance and
reflectance. Thus, a mechanically revealable encryption device
and a highly strain-responsive smart window can be achieved
based on this design strategy. If the Au/Pd nanocoating thick-
ness is increased to ca. 15.8 nm, the light reflectance and photo-
thermal effect can be significantly intensified. This permits a
polyvinyl alcohol (PVA)–Au/Pd–PDMS triple-layered structure
to exhibit moisture-responsive interference-induced structural
color and a laser rewritable wrinkled surface attributed to the
photothermal effect (Fig. 1E). Upon further enhancing the Au/
Pd thickness to ca. 29.9 nm, the metal coating has an effective
light-shielding characteristic that allows the metal coating to act
as a “shutter” to dynamically modulate the exposed area of an
underlying substrate, resulting in the fabrication of various
multistimuli-responsive devices with mechanochromic response.
Notably, the aforenoted devices all require strong interfacial
bonding between the metal coating and the PDMS. Previous
investigations have demonstrated that a (3-mercaptopropyl) tri-
methoxysilane (MPTMS)–treated Au coating can bond to
PDMS by casting the PDMS precursor prior to thermal curing
(45, 46). Also, it was reported that the Au coating can bond to
the MPTMS-modified PDMS surface (45). Thus, in this work,
an ultrafast flame activation treatment (for achieving a thinner
activated layer) or an ultraviolet ozone (UVO) treatment (for
achieving a thicker activated layer) was applied to turn the
C–H bonds on the PDMS surface into alkyl radicals, which can
react with oxygen in the ambient environment to generate new
hydrophilic sites with silanol groups (42, 47). The MPTMS
treatment was then applied to the activated PDMS surface,
which can realize strong bonding to the Au/Pd coating (SI
Appendix, Fig. S2) (42, 43).

As shown in Fig. 2A and Movie S1, for the mechanically
revealable encryption device, the “C” macroscale pattern with a
6.5-nm Au/Pd coating is well concealed and invisible to the
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naked eye due to its surface reflectance being close to that of
pure PDMS. Stretching the device can induce longitudinal
cracks perpendicular to the stretching direction and horizonal-
oriented wrinkles (wavelength of wrinkles = 1.8 μm) due to the
Poisson effect on the C macroscale patterned area covered
by the Au/Pd nanocoating, which changes the topography to
significantly alter the light-scattering properties. As shown in
Fig. 2B, the transmittance at the wavelength of 600 nm on the
C macroscale patterned area changed from 90.1% at 0%
stretching strain to 43.2% at 30% strain, whereas the corre-
sponding reflectance at the wavelength of 600 nm at the same
spot changed from 1.6% at 0% strain to 0.1% at 30.0% strain.
Also, the wrinkle amplitude and the corresponding surface
roughness average (Ra) on the C macroscale patterned area
raised to 0.38 and 0.23 μm at 30.0% stretching strain, respec-
tively (SI Appendix, Fig. S3). Thus, the mechanically responsive
surface topographies and optical properties allow the originally
concealed C macroscale pattern to become visible under
stretching and concealed as released.

Also, these strain-tunable wrinkled and cracked topographies
can be further exploited for the application of smart windows,
which can be achieved by depositing an 8.6-nm-thick Au/Pd
nanocoating on both sides of the treated PDMS (denoted as
Au/Pd–PDMS–Au/Pd). The resultant topographies on both
sides of the device exhibited analogous strain dependence from
flat surface to a rough surface characterized with longitudinal

open cracks and horizontal wrinkles at 25.0% strain. Herein,
the Ra of the device at 25.0% strain increased to 0.27 μm (SI
Appendix, Fig. S4), and the corresponding wrinkles demon-
strated a wavelength of ca. 2.1 μm and an amplitude of ca.
0.36 μm (Fig. 2C). This characteristic enables the device to dis-
play reversible and highly sensitive strain-dependent transmit-
tance for smart window application. As shown in Fig. 2C, the
“UCONN” logo background was originally visible through the
device at a released state. Upon stretching to 25.0% strain,
the logo became obscured, which can be attributed to the for-
mation of mechanical-responsive micro-/nanotopographies,
especially wrinkles, that dramatically changed the light-
scattering properties (Movie S2) (24, 48). Fig. 2D shows that
the corresponding transmittance at the wavelength of 600 nm
was 79.1% at 0% stretching strain, and then, the value
decreased to 50.1% at 9.3% strain, to 38.3% at 14.0% strain,
and to 26.1% at 23.3% strain, featuring an optical transmit-
tance modulation range of 53.0% within 23.3% stretching
strain. Another control sample, which had the same 8.6-nm Au/
Pd nanocoating but only deposited on one side of PDMS sub-
strate, was also fabricated. As shown in SI Appendix, Fig. S5A,
the control sample exhibited a similar initial transmittance at
the wavelength of 600 nm of 80.6% at 0% stretching strain.
However, it only dropped to 63.6% at 11.4% strain and to 53.
8% at 25.7% strain, respectively, demonstrating a much lower
optical transmittance modulation range of 26.8% within 25.7%
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stretching strain as compared with that of Au/Pd–PDMS–Au/Pd
(SI Appendix, Fig. S5 B and C). Notably, this triple-layered sys-
tem also demonstrates a good reversibility by showing consistent
strain-responsive optical modulation before and after the cyclic
test (0 to 35.0% strain, 1,000 cycles) (SI Appendix, Fig. S6),
which can be attributed to the strong covalent bonding between
the Au/Pd nanocoating and PDMS as well as the excellent elas-
ticity and shape recovery of PDMS substrate within the stretch-
ing strain range (<40% strain) (49, 50). As shown in Fig. 2E,
finite element (FE) simulations for the wrinkle formations
under the different stretching strains were conducted by using
the Abaqus software (version 2020) based on previous work
(51–53). The simulation details can be found in SI Appendix,
Fig. S7, SI Text, and Table S1. The FE-simulated wrinkle

amplitudes are consistent with the experimental values. Since
the wrinkle formation is triggered by the compression strain
perpendicular to the tensile stretch direction due to the Poisson
effect, with an increasing strain, the wrinkle amplitude increased
significantly, reaching up to ca. 40 times the film thickness at a
stretching strain of 25.0%.

Since the 15.8-nm-thick Au/Pd nanocoating exhibited a
decent photothermal effect and a strong reflectance of 19.5%
at the wavelength of 600 nm, by combining this nanocoating
with a moisture-sensitive polymer PVA and an elastic substrate
PDMS, it can be used as a crucial reflective and photothermal
layer to achieve a moisture/photothermal-responsive interferometer
with a wrinkled surface (Fig. 3A). The device is made of an
Au/Pd coating sandwiched by a PVA layer on the top and a
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PDMS layer as a bottom substrate (denoted as PVA–Au/
Pd–PDMS) (SI Appendix, Fig. S8 shows the fabrication steps).
As shown in Fig. 3A, this unique structure enables the creation
of a yellow structural color that originated from the interference
of the light beams reflected from the PVA–air interface and the
Au/Pd–PVA interface (29, 54, 55). Additionally, since this struc-
ture is composed of thin film and substrate with mismatched
thermal expansion coefficient, microscale wrinkles can be gener-
ated after the device is under heating prior to cooldown (56).
Also, as shown in Fig. 3A, a laser engraver (0.6 W) can
regionally release the formed wrinkles on the PVA layer. That
is because the photothermal effect of the Au/Pd layer can
create sufficient heat to regionally release the internal stress on
the PVA film. Note that the wrinkles formed on a control
sample containing only a PVA and PDMS bilayer without an
Au/Pd layer cannot be released by the laser beam under the
same power due to the lack of sufficiently high photothermal
effect (the optical microscopic images are shown in SI Appendix,
Fig. S9). This laser responsiveness permits customizable
patterns to be written on wrinkled surface. The PVA (Kuraray
POVALTM 8-88) used in this work has a molecular weight of ca.
67,000 and a degree of hydrolysis of 88%. Here, the application
of PVA with a low degree of hydrolysis makes the film highly
sensitive to moisture (17, 24). Thereafter, the remaining
wrinkles on the PVA film can be completely erased by moisture
as the internal stress of the highly hydrophilic PVA molecular
chains can be released by moisture. Additionally, this moisturization

process at a high humidity (≥97% relative humidity [RH]) will
also increase the thickness of the PVA film due to the swelling
effect, which can change the corresponding interference-induced
structural color (29, 54). The corresponding stimuli-responsive
performance of the device is shown in Fig. 3B. At step 1 of the
first cycle, the device with an originally flat surface exhibited a
yellow structural color. At step 2, a wrinkled surface with a very
similar structural color can be formed on the PVA film upon
heating to 80 °C followed by cooling down to room temperature.
At step 3, a laser engraver was subsequently applied to
regionally release the wrinkles to make a customizable pattern
(steps 1 to 3 remaining at <50% RH). At step 4, upon exposure
to a high RH of 97%, the wrinkles on the PVA film were erased,
leading to the disappearance of the pattern, concomitant with
the structural color changing from yellow to red–orange.
Additionally, the structural color can be further converted to
green at 100% RH at step 5, which can be returned to yellow
upon drying, identical to the color shown in step 1. The
corresponding reflectance spectra for steps 1, 2, 4, and 5 are
shown in Fig. 3B. To quantitatively analyze the laser- or
moisture-induced wrinkle release shown in Fig. 3, the Ra during
these treatment processes is presented in SI Appendix, Fig. S10.
Herein, the wrinkled area has an Ra value of 0.160 μm, while
the Ra of the laser-engraved area dropped to 0.022 μm,
demonstrating the release of the wrinkles. After exposing the
whole surface to moisture at a high humidity (≥97% RH) prior
to drying, all the wrinkles were released, and the topography
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turned into a flat surface with a low Ra of 0.017 μm. Notably, a
second cycle from step 1 to step 5 in Fig. 3 with a different
macroscale pattern of “DRY” was also presented, demonstrating
that the laser can reversibly write macroscale patterns on the
wrinkled PVA surface and the macroscale patterns can be
completely erased by moisture (pattern resolution is ca. 100 μm
based on the technical limitation of the engraver).

As the Au/Pd coating with a thickness of 29.9 nm presents
remarkable light-shielding properties, it can be used to prepare
mechanochromic devices with strain-regulated distributed
cracks. As shown in Fig. 4A, this multilayered mechanochromic
device consists of a thin hard PDMS (modulus ∼1.9 MPa, thick-
ness ∼0.27 mm) and a thick soft PDMS (modulus ∼30 kPa,

thickness ∼6.38 mm) atop a layered structure composed of a
29.9-nm-thick Au/Pd coating sandwiched by two Ecoflex
elastomeric protective layers (modulus ∼30 kPa, thickness
∼0.27 mm), which are all on the top of a red color Ecoflex/red
dye substrate (modulus ∼30 kPa, thickness ∼1.23 mm). A pre-
stretching process was conducted to generate uniform and
densely distributed cracks (Materials and Methods). At a
released state, the underlying red color substrate was well
shielded by the Au/Pd layer with the distributed cracks closed.
Thus, the device displayed a yellow–gray color of the Au/Pd
layer (Fig. 4B). Upon stretching, the cracks on the Au/Pd layer
started to open, exposing the underlying substrate. Thus, as evi-
dent in Fig. 4B, the color of the device converted into a

0 kPa 57 kPa

181 kPa 337 kPa

0%

50%

100%

200%

0% 

100% 

50% 

200% 
Ecoflex®/red dye

Ecoflex®

Au/Pd 
(29.9nm) 

Ecoflex®

Soft PDMS 
Hard PDMS 

StretchRelease

Crack open 
on Au-Pd layer,
red exposed

Camera

Plastic Stand

Force 
sensor

Pressing

Sample

A B C

D E

G

1cm

0 100 200 300
0

5

10

15

20

25

30
F

1.2e-05
7.3e-04
1.4e-03
2.2e-03
2.9e-03

-2.1e-03
4.9e-02
1.0e-01
1.5e-01
2.0e-01

LE, Max.

Au/Pd strain distributionSmart phone

Au/Pd

LE,
Max.

Y

X

Y

XZ
a*

-a
o*

Pressure (kPa)

Increase Pressure Decrease Pressure (kPa)
375

300

225

150

75

0

Camera
Image

False color
diagram

Elastomer

Fig. 4. Characterizations and performance of the devices with mechanically controllable light-shielding effect. (A) Design schematic of the mechanochro-
mic device. (B) Performance of the mechanochromic device under stretching. (C) optical microscopic images of cracking topographies on the Au/Pd nano-
coating atop the red color Ecoflex/red dye substrate as a function of stretching strain. (Scale bars: 100 μm.) (D) Schematic of the smartphone app–assisted
pressure-mapping sensor and the corresponding FE simulation result under indentation. (E) Performance of the smartphone app–assisted pressure-
mapping sensor. (Scale bars: 1 cm.) (F) The a*-value change of the La*b* color coordinates of the pressure-mapping sensor as a function of pressure (error
bars are defined as SDs). (G) Performance of the smartphone-assisted pressure-mapping sensor. (Scale bars: 1 cm.)

6 of 9 j PNAS Zeng et al.
https://doi.org/10.1073/pnas.2118991119 Dynamic multifunctional devices enabled by ultrathin metal nanocoatings with

optical/photothermal and morphological versatility

D
ow

nl
oa

de
d 

at
 U

ni
v 

of
 C

on
ne

ct
ic

ut
 o

n 
Ja

nu
ar

y 
18

, 2
02

2 



noticeable red at a strain of 50%, and the degree of red was
further intensified upon stretching to a strain >100%. The cor-
responding changes of a* values in the Commission Internatio-
nale de l’Elcairage (CIE) La*b* color coordinates increased
from 3.2 at 0% strain to 14.5 at 50% strain, 24.8 at 100% strain,
and 33.4 at 200% strain (SI Appendix, Fig. S11). Here, the CIE
La*b* is a color space interpreting visible colors via the combi-
nation of L (lightness), a* channel (describing the changing
degree from green to red), and b* channel (describing the
changing degree from blue to yellow). Thus, a larger a* value
indicates a higher degree of red color. Fig. 4C shows the corre-
sponding strain-dependent cracking topographies on the Au/Pd
nanocoating atop the red color Ecoflex/red dye substrate, which
exhibited an increasing exposed area of the underlying sub-
strate with stretching strain due to the enlarged crack opening
width that increased to 10.1 μm at 50% strain, to 25.9 μm at
100% strain, and to 61.2 μm at 200% strain (SI Appendix, Fig.
S12).

This mechanochromic device shown in Fig. 4A can be further
applied as a low-cost smartphone app–assisted pressure-
mapping sensor. As shown in Fig. 4D, the Ecoflex/red dye sub-
strate was placed toward an indenting object, while the PDMS
side faced a transparent plastic stand that was placed above a
smartphone camera. As the sample subject to indentation/
pressing, the corresponding FE-simulated strain distribution on
the pressure-mapping sensor is shown in Fig. 4D (SI Appendix,
Fig. S13, SI Text, and Table S2 have simulation details).
Although the main deformation of the indented sensor occurs
above the Au/Pd coating in the direction of the y axis due to
the large elastic modulus of this metal layer, a significant tensile
strain on the Au/Pd coating can also be observed below the
indenter. Thus, the FE analysis suggests that the tensile strain
on the Au/Pd coating resulted from the indentation/pressing
process would lead to an expansion of the crack width with con-
comitant macroscale color changes. As shown in Fig. 4E, upon
pressing the pressure-mapping sensor with a circular-shaped
intender, the pressed area became increasingly red, with the
pressure being enhanced to 57, 181, and 337 kPa. The corre-
sponding red color variation was interpreted by the a*-value
change on the central part of this circular shape as a function
of pressure (Fig. 4F). Thus, the average a*–ao* value progres-
sively increased from 15.3 at 102 kPa to 23.1 at 198 kPa and to
26.1 at 308 kPa. Here, ao* is the a* value on the central part
when the pressure is 0 kPa. Note that this curve enables to
match between the a*-value change and the corresponding
indenting pressure. Thus, a corresponding smartphone app was
developed, which can convert the pressure-induced color
change captured by a camera into a corresponding black and
white false color diagram indicating the real-time pressure
mapping ranging from 0 to 375 kPa (Fig. 4G and Movie S3).

The 29.9-nm-thick Au/Pd nanocoating can also be applied in
fabricating an encryption device with multistimuli-responsive
revealable patterns. In this device, four types of concealed pat-
terns with different colors can be revealed by applying four
different stimuli, including alerting temperature (cooling), ultravi-
olet (UV) light at 365 nm under visible light, stretching under vis-
ible light, and stretching under UV light at 254 nm in a dark
environment (SI Appendix has preparation steps). As shown in
Fig. 5, to realize this multistimuli-responsive patterning system,
thermochromic/photochromic patterns encapsulated by Ecoflex
were assembled side by side atop an Ecoflex-encapsulated TiO2

(enabled white color appearance) and Au/Pd light-shielding
layer. The C pattern made by a thermochromic pigment has a
white color at room temperature but turns to blue when cooled
down below 15 °C, whereas the “UV” pattern made by a photo-
chromic pigment also has a white color under visible light but
changes to pink–red when exposed to UV light at 365 nm (SI
Appendix, Fig. S14 shows the performances of the pigments).

Thus, these two patterns are invisible at room temperature under
visible light as both pigments and light-shielding layers are white
color under this condition; they can only be revealed upon being
cooled down to <15 °C and exposed to UV light at 365 nm,
respectively. Under the light-shielding layer, there is a sputter-
coated UCONN Au/Pd pattern atop a pure Ecoflex layer. The
macroscale pattern is only visible under a stretching condition
under visible light due to the crack opening of the light-shielding
layer. Under the UCONN pattern and the Ecoflex layer, there is
a layer of “IMS”-patterned Y2O3:Eu

3+ atop a white Ecoflex/TiO2

bottom substrate. Since both Y2O3:Eu
3+ powders and the sub-

strate layer are white under visible light, the IMS pattern is
invisible if stretched under this condition. Upon stretching
the sample under UV light at 254 nm and a dark environment,
the strong fluorescence of Y2O3:Eu

3+ can be activated, and the
IMS pattern becomes visible due to the opening of the cracks
on the light-shielding layer. Thus, by taking advantage of this
three-dimensional integration strategy, we realized an encryp-
tion device that can reveal four different concealed patterns by
four individual stimuli (Movie S4).

Conclusion
In summary, the Au/Pd nanocoating used in this work possesses
various advantages: precise control of thickness within 30 nm;
high elastic modulus; highly tunable transmittance, reflectance,
and photothermal effect via modulating thickness; ease of
patterning; omnidirectional coating nature; high reversibility;
strong interfacial bonding to other layers; versatility of metal
selection; and promising potential for production. Herein,
nanocoatings with different thicknesses were chosen to inte-
grate with other soft/hard structural design elements to achieve
dynamic multistimuli-responsive systems. For instance, nano-
coatings with thicknesses of 6.5 and 8.6 nm were chosen to
deposit on one/both sides of a PDMS substrate, leading to devi-
ces that can reversibly convert between a flattened surface and
a cracked/wrinkled surface concomitant with the change of
light-scattering properties via applying mechanical strain.
Therefore, a mechanically revealable encryption device was
designed that can reversibly reveal/conceal customizable pat-
terns. Additionally, a strain-responsive smart window was also
fabricated, which demonstrated an excellent optical modulation
of 53.0% in transmittance (at 600-nm wavelength) within
23.3% strain. If the thickness of the nanocoating was further
increased to 15.8 nm, the corresponding reflectance and photo-
thermal effect can be significantly enhanced. Upon sandwiching
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Fig. 5. Design schematic of the multistimuli-responsive encryption device
with four concealed patterns revealed under different stimuli. Vis: visible
light. (Scale bars: 1 cm.)
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this nanocoating in between a PVA film and a PDMS sub-
strate, a moisture/photothermal-responsive interferometer with
a wrinkled surface was prepared, which can demonstrate
moisture-responsive structural color and features with a laser-
rewritable wrinkled surface. As the thickness of the nanocoat-
ing was increased up to 29.9 nm, the resultant nanocoating
possesses remarkable strain-responsive light-shielding effect,
which permits us to tune the exposure of underlying substrate
via mechanical strain. Thus, a low-cost smartphone-assisted
pressure-mapping sensor was invented, which can sense pres-
sures between 0 and 375 kPa via a smartphone app. Moreover,
a multistimuli-responsive encryption device with four concealed
patterns can be revealed by cooling, UV light, or stretching
under different environments. All the aforenoted devices pre-
sent high reversibility and durability. Since the metal nanocoat-
ing itself used in this work is electrically conductive, it can be
further explored as a piezoresistive device in combination with
the mechanochromic behavior. Thereafter, this system can be
explored for strain-sensing applications integrating electrical
and optical signals in the future. Overall, these ultrathin metal
nanocoatings generated by a commercial sputter coater hold
unique design flexibility, adaptivity, and advantages. They act as
crucial micro-/nanostructured layers to overlay with other ele-
ments for the multiscale structural design of next-generation
multifunctional devices with widespread application.

Materials and Methods
Preparation of the Mechanically Revealable Encryption Device and the
Strain-Responsive Smart Window. A stencil mask was placed atop a polysty-
rene (PS) petri dish foundation (diameter = 85 mm; from Fisher Scientific) fol-
lowed by sputter coating a layer of 6.5-nm-thick Au/Pd (sputter-coater model:
Polaron E5100 sputter-coating system) with subsequent MPTMS vapor treat-
ment. After the stencil mask was removed, a liquid PDMS precursor (base to
curing agent ratio = 20:1) was then cast atop the MPTMS-treated Au/Pd pat-
tern followed by thermal curing at 80 °C for 2 h; it was subsequently peeled
off from the foundation in one direction and cut into dimensions of 65 × 11 ×
1.1 mm. To generate denser and more uniform crack distribution on the
Au/Pd coating, the bilayer was prestretched to 40% uniaxial strain in the
length direction prior to releasing back to 0% strain.

Preparation of the Strain-Responsive Smart Window. A PDMS strip (base to
curing agent ratio = 20:1, cured at 80 °C for 2 h) with dimensions of 65 × 11 ×
1.1 mm was prepared. To achieve a thin activated layer, both surfaces of the

sample were then uniformly treated by flame activation using a piezo ignition
jet torch (model: Master Appliance MT-51 Butane Micro Torch) at a distance
of 1.5 cm and a duration of 2 s prior to an MPTMS vapor treatment. Subse-
quently, an 8.6-nm-thick Au/Pd layer was simultaneously sputter coated on
both surfaces of the sample. The resultant sample was prestretched to 40%
uniaxial strain in the length direction and then released to create denser and
more uniform crack distribution.

Preparation of the Moisture/Photothermal-Responsive Interferometer with a
Wrinkled Surface. A PVA film with a thickness of 420 nmwas cast on a PS petri
dish prior to an MPTMS vapor treatment. A layer of Au/Pd with a thickness of
15.8 nm was then sputter coated atop the PVA layer followed by another
MPTMS vapor treatment, casting a layer of PDMS (thickness = 1.2 mm, base to
curing agent ratio = 20:1), and curing at 80 °C for 2 h. The sample was then
carefully peeled off from the foundation in one direction. Subsequently, the
sample was placed in an oven at 80 °C for 20 min followed by cooling down to
room temperature to form a wrinkled surface on the PVA film. A laser-
engraving machine (model: NiocTech 3000 mW, laser power = 0.6 W) was
applied to create customized patterns on the PVA film.

Preparation of the Pressure-Mapping Mechanochromic Sensor. A 1.23-mm
Ecoflex 00-30/red dye/white dye layer (weight ratio = 400:8:7) was cast atop a
PS petri dish foundation (diameter = 85 mm; from Fisher Scientific) prior to
curing at 80 °C for 2 h. A layer of pure Ecoflex 00-30 with a thickness of
0.27 mmwas then cast atop the above-mentioned layer followed by curing at
80 °C for 2 h. The Ecoflex surface was then exposed to a 20-min UVO irradia-
tion in a Novascan PSD digital UVO system followed by anMPTMS vapor treat-
ment. A nanocoating of Au/Pd with a thickness of 29.9 nmwas then deposited
atop the Ecoflex layer prior to another MPTMS vapor treatment. Subse-
quently, a layer of soft PDMS (base to curing agent ratio = 65:1, thickness =
6.38 mm) was cast atop the Au/Pd coating followed by curing at 80 °C for 2 h.
A layer of harder PDMS (base to curing agent ratio = 10:1, thickness =
0.27 mm) was then cast atop the soft PDMS followed by curing at 80 °C for
2 h. The sample was then peeled off from the foundation in one direction.
The peeling process induced distributed cracks on the metal nanocoating per-
pendicular to the peeling direction due to the brittle nature of the Au/Pd
layer. To generate denser and more uniform crack distribution on the metal
coating, a biaxial prestretching strain (60% on each direction) was then con-
ducted (one stretching direction being the peeling direction) prior to releasing
back to 0% strain.

Data Availability. All data that support this study are included in the article
and/or supporting information.
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