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Mechano-optical materials are of great importance in smart window, security, display and camouflages. How-
ever, fabricating ultrasensitive optical devices with wide range still remains great challenging. Inspired from the
fast tail amputation of gecko utilizing weak non-ossificated septum, herein, we report an ultrasensitive mechano-
optical membrane based on weak dye layer between silica nanoparticles and soft polydimethylsiloxane matrix.
Owing to the light scattering from dye-induced internal cavitation, the transmittance dramatically decreases by
~ 44% at initial small strain level (15%) and a high sensitivity (S > 2) is kept within an abroad strain range (0 ~
35%). Moreover, a high total transmittance tuning range of ~75% is exhibited. Simulation and experimental
monitoring demonstrate the effective weakening of interface energy. The potential applications in smart window,
sensor, anti-counterfeiting also exhibit the multifunctionality of our smart membranes. This facile and low-cost
approach enables the large-scale production and applications of mechano-optical membranes and this interface

design provides a general way to develop ultrasensitive mechano-responsive materials.

1. Introduction

Mechano-responsive smart materials have gained great attention due
to their switchable optical, electrical or wettability performance via
deformation under external stimuli such as force, heat, light, moisture,
solvent [1-3]. For example, mechano-optical materials exhibit switch-
able light transmittance properties, making them attractive for potential
applications in energy-efficient architectural/vehicular windows, sen-
sors, camouflages and bendable medical devices. Compared with
traditional switching optical materials via reversible arrangement of
particles [4] or liquid crystals [5-7] through electric field, oxida-
tion-reduction reaction of chromogenic materials [8-11] or phase
transition under heat/light activation [12,13], mechano-optical mate-
rials have advantages because they offer a simple, low-cost, stable
approach and allow for independent control. In general, mechano-
optical materials are conventionally achieved by tunable light scat-
tering or transmittance of patterned surfaces, e.g. nanopillars on wavy
elastomer [14], tilted pillars on wrinkled Polydimethylsiloxane (PDMS)
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[15-17], shape memory elastomer with microprism or microlens arrays
[18,19], and self-similar hierarchical wrinkles [20]. Despite the ad-
vantages in stability and fabrication, these methods still suffer from mild
sensitivity or moderate transmittance modulation range upon stretch-
ing, which seriously restrict the practical applications.

To improve the optical tunablity, Prof. Sun utilized the opening of
longitudinal/ transverse microscale cracks of rigid layer on soft sub-
strate when stretched and exhibited a great transparency change of ~
28% at the beginning small strain of 10% [21,22]. The change rate then
slowed down basically due to the limited expansion of cracks. A higher
transmittance range up to 76% is shown via one-sided surface wrinkling-
cracking patterns induced by stretching UV/Ozone-treated PDMS when
applied strain increases to 50% [23]. Excellent optical tunability has
been displayed via the opening of surface patterns, however, this
membrane only displays high mechano-optical sensitivity within
beginning small strain. Furthermore, the micro/nano-scale surface fea-
tures are fragile to external mechanical loading, dust or moisture, while
an extra protective layer is required which accordingly increases the
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device complexity and cost. Therefore, it will be highly desired to ach-
ieve high-sensitive, robust tunable optical device from integrated ma-
terials via facile, low-cost approaches. Inspired by chameleon or squids
which switch the body color by enlarging the chromophores embedded
in the skins, our group and collaborators previously reported a robust,
mechano-optical membrane of silica Nanoparticles (NPs) embedded in
bulk elastomeric PDMS based on the diffusion light scattering and ab-
sorption from internal cavitation [24,25]. Although a high up to 70% of
optical transmittance can be tuned, however, the mechano-optical
sensitivity remains to be improved [26].

Constructing fast-responsive interfaces for generating/vanishment of
scattering under strain may be a preferential alternative. Actually in
nature, many organisms utilize weak-boundary layer to achieve quick
response to external attack, temperature change or self-growth. As
illustrated in Fig. 1A, gecko makes fast tail amputation via a weak non-
ossificated septum in one caudal vertebrae for avoiding attack [27]. The
molting of arthropods is involving molting hormone-mediated mineral
or enzyme or protein change between the new and old shell [28].
Inspired by this mechanism, herein, an ultrasensitive tunable optical
membrane via dye-induced weak-boundary layer is reported. Based on
this interface design, the transmittance could be dramatically reduced
by ~44% at the beginning strain < 15%, resulting from weak-boundary
layer-enhanced formation of cavitation. This membrane exhibits a high
total transmittance tuning range of ~75% and can be reversibly tuned
for 2000 cycles without losing structural integrity and optical perfor-
mance. Our approach provides a facile way for robust, highly sensitive
mechano-optical device.

2. Experimental details
2.1. Materials

Ammonium hydroxide (~28-30%) and ethanol (99%, GreaGent,
Shanghai, China) were purchased from GreaGent, Shanghai, China.
Tetraethyl orthosilicate (TEOS, 98%, Sinopharm Chemical Reagent Co.,
Ltd, Shanghai, China), isopropanol (IPA, 99.8%, Macklin, Shanghai,
China), PDMS (Sylgard-184, Dow Corning, Midland, MI, USA), Sudan II
(99%, Adamas, Basel, Switzerland), Alizarin Cyanin Green F(AR,
Aladdin, Shanghai, China) and Disperse Blue E-4R(97%, Shanghai
yuanye Bio-Technology Co., Ltd, Shanghai, China) were used as
received.

2.2. Fabrication of ultrasensitive smart membrane

Silica NPs were synthesized by the Stober method [29]. SiO; NPs
were dispersed into IPA with concentration of 10 wt% and ultra-
sonicated for 2 h to prepare the first spray solution. Secondly, dye(D)
(Disperse Blue E-4R) was dissolved in acetone or dye(S) (Sudan II) was
dissolved in IPA at a concentration of 1 mg ml~*. NPs/IPA solution was
sprayed 4 times and then dye solution was sprayed on the polystyrene
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(PS) Petri dish at a distance of 5 cm and a moving speed of ~ 5 cm s L

Dow Corning Sylgard 184 and its curing agent were mixed at a weight
ratio 10:1. After degassing, PDMS precursor was cast on the sprayed
Petri dish and then cured at 65 °C for 4 h. Finally, the hybrid membrane
was carefully peeled from the Petri dish.

2.3. Fabrication of colored ultrasensitive smart membrane

The dye dispersed PDMS layer was prepared by ultrasonic mixing of
15 g of liquid PDMS (Sylgard 184), 0.07 wt% of dye (Sudan II, Disperse
blue E-4R or Alizarin Cyanin Green F), 10 ml of ethanol and 15 ml of
toluene for 8 h. The mixture was dried in a vacuum oven at 80 °C for 8 h
to completely remove ethanol and toluene. Then, 1.5 g of curing agent
was added. After stirring and degassing, the mixture was poured into
sprayed NPs-dye coating on Petri dish and then cured at 65 °C for 4 h.
Finally, the hybrid membrane was peeled off the substrate.

2.4. Characterization

The surface morphologies of the samples were examined using a
field-emission scanning electron microscope (S-4800, Hitachi, Japan).
The scattering spectra at various strains and the cycle-dependent
transmittance were collected from a USB2000 fiber optical spectrom-
eter (Ocean Optics, USA) combined with a custom-built stretcher. The
peeling force of dye@glass/PDMS was measured using an electronic
universal testing machine (RWT10, Reger, China), and the details were
seen in supporting information. XRD images were taken by X-ray
Diffraction (D2 Phaser, Bruker, Germany). Microscope images were
taken by optical microscopy (BX 63, Olympus, Japan) in transmission
modes. Digital photos were collected using a digital camera (Nikon 1 J5,
Japan). Thermogravimetric analysis (TG) was obtained by thermogra-
vimetric analyzer (TG 209 F1, Netzsch, Germany).

3. Results and discussion
3.1. Preparation of gecko-inspired smart membranes

As illustrated in Fig. 2A, the fabrication of highly sensitive mechano-
optical membranes involved three steps: spray coating of silica NPs onto
a polystyrene substrate, spray coating of dye, as well as casting and
curing of PDMS precursor. Two kinds of dyes with plane molecular
structures, e.g. Disperse Blue E-4R (1,5-Diamino-2-chloro-4,8-dihy-
droxy-9,10-anthracenedione) and Sudan II (1-(2,4-Xylidylazo)-2-naph-
thol), were chosen and marked as dye(D) and dye(S), respectively. After
the spray coating of dye, the dyes are uniformly coated on the surface of
silica NPs and rarely filled the pores in NPs arrays (Fig. 2B and 2C). To
investigate the influence of dye content in the dye coated NPs arrays
(dye@NPs), dye solution was sprayed by different spray times. Calcu-
lated from the thermogravimetric curve, Fig. S1 indicated that dye
content was increased by ~ 1.45 wt% for each spraying. When dye
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Fig. 1. Illustrations of the concept of gecko-inspired ultrasensitive mechano-optical membranes. (A) X-ray image of gecko and its caudal vertebrae. (B) Optical image
for tail amputation of gecko via the weak non-ossificated septum. (C) Schematic for ulatrasensitive mechano-optical membrane based on weak layer.
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Fig. 2. Schematic for the fabrication of ultrasensitive smart membrane and their images. (A) Schematic of ultrasensitive smart membrane. (B) SEM images of dye(S)
@NPs layer. (C) Cross-sectional SEM image of dye(D)@NPs layer. (D) Optical images of optical tunable membrane. i: NPs/PDMS; ii: dye(S)@NPs/PDMS; iii: dye(D)

@NPs/PDMS.

sprayed for greater times (>6 times), it was obviously found dye filled
the gaps of NPs arrays (Fig. S2). Compared to initial morphology of silica
NPs arrays (Fig. S3), dye@NPs arrays with dyes of 8.5 wt% (6 times
spraying) kept the uniform amorphous structure with the 3D connected
porous. In contrast, there were aggregations and clogging in mixed ar-
rays through co-spraying of dye and NPs mixture (Fig. S4). The 3D
connected porous structure of dye@NPs arrays could help complete
infiltration of PDMS precursor in the NPs arrays. An interfacial layer of
dye was formed between NPs and PDMS (see schematic in Fig. 2A). After
thermal curing of PDMS precursor, a transparent dye@NPs/PDMS
composite membrane with light color was obtained (Fig. 2D).

Due to the light absorption of dye, dye@NPs/PDMS membranes had
an average transmittance decrease of 8% than NPs/PDMS membranes at
visible range (Fig. S5). Dye@NPs/PDMS membrane was reversibly

mechano-optical responsive under stretching (see Video S1), which was
similar like NPs/PDMS membrane we reported previously [24] due to
the substantial scattering caused by the nanocavitation (see schematic in
Fig. 2A). The transmittances of dye@NPs/PDMS membranes at varied
strain were characterized to quantitatively investigate their optical
tunable behavior. Firstly, it was found the mechano-optical response
was highly affected by the content of dye. Fig. S6 summarized the
transmittance (at wavelength of 550 nm) of dye(D)@NPs/PDMS mem-
branes with various dye spraying times when applied strain from 0 to
100%. From the transmittance change from strain of 0 to 20% (Fig. S6B),
it clearly indicated 6 times of dye spraying generated the highest
transmittance loss (60%). It was mainly because critical dye content
(here is 8.5 wt%) could guarantee a complete coat on the surface of NPs
arrays without any pore blocking. Thus, the optimum dye spraying cycle
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Fig. 3. Senstivity of smart membranes. (A) Transmittance spectra of dye(D)@NPs/PDMS membranes upon stretching. (B) Optical images of smart membranes
without (i) or with (ii) dye layer. (C) Transmittance at wavelength of 550 nm of different tunable membranes as a function of applied strain. (D) Comparison of
mechanical-optical sensitivity between our work and other reported results from similar mechano-optical tunable materials. (E) Transmittance at wavelength of 550

nm versus stretching/release cycle numbers.
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of 6 times was chosen for the following fabrication.

3.2. Sensitivity of gecko-inspired mechano-optical membranes

Fig. 3A listed the transmittance changes upon stretching of dye(D)
@NPs/PDMS membranes. Importantly, the transmittance could be
dropped at small strain. Fig. 3B, Fig. S7 and Fig. S8 also demonstrated
the optical images and transmittance changes at 550 nm upon stretch-
ing. As summarized in Fig. 3C, the transmittance at 550 nm of dye(D)
@NPs/PDMS could be dramatically reduced by ~44% and ~70% at
small strain 15% and 30%, respectively. While the transmittance of dye
(S)@NPs/PDMS could be reduced by ~38% and ~57% at strain 15%
and 30%, respectively. In contrast, NPs/PDMS membrane only showed
transmittance loss of 15% and 30% at strain 15% and 30%, respectively.
The drastically change of transmittance at small strain scale was very
important for the practical applications in smart windows and me-
chanical sensors taking into the account the running cost.

To quantitatively analyze the strain sensitivity of mechano-optical
membranes, based on similar definition of gauge factor from electrical
resistance [30,31] and light intensity [32], we define the mechano-
optical sensitivity (S) as follows:

T(‘ _TO

S=] .

| (€8]
where ¢ is the strain, Ty and T, are the transmittance (wavelength of 550
nm) at initial state (¢ = 0) and stretching at a certain strain (e),
respectively. According to the definition of sensitivity, the curves of
sensitivity vs strain of dye(D)@NPs/PDMS, dye(S)@NPs/PDMS and
NPs/PDMS were plotted in Fig. S9. It indicated utilizing dye as the
interfacial layer between NPs and PDMS, the highest mechano-optical
sensitivity could be improved to 2.62 from 1.23 of NPs/PDMS. More-
over, we compared with other reported strain-induced optical tunable
materials based on dynamic surface patterns, e.g. cracks/folds [21,22],
wrinkling-cracking [23] and formation/vanishment of nanovoids in NP-
embedded composites [24,25] (Fig. 3D and Table S1). It clearly dem-
onstrates that the sensitivity in our work is extremely high and very
closed to the highest sensitivity of cracks/folds system (S = 2.67 at 10%)
[21,22], while the sensitivities of other reported mechano-optical
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membranes changed from transparent to opaque (D) or from opaque
to transparent (Fig. S10) are almost lower than 2. It is also found dye(D)
@NPs/PDMS has an abroad range of high sensitivity (S > 2) from ¢ = 7%
to € = 33%, which indicates the continued fast decrease of transparency
when stretching. The normal transmittance at 550 nm versus release/
stretching cycles are exhibited in Fig. 3E. Even after 2000 cycles, the
transmittance curves at release or stretching state show negligible dif-
ference from that at initial release state or after first stretching. This
result indicates the excellent robustness of our optical tunable
membranes.

3.3. Mechanism for the ultrasensitivity of smart membranes

To furtherly investigate the influence of dyes on the interface inter-
action between silica NPs and PDMS, experimental peeling force tests,
void generation monitoring and theoretical molecular dynamics simu-
lation were carried out. The peeling force of quartz slide/PDMS mem-
brane and dye coated quartz slide/PDMS membrane were measured by
90° peeling test (see details in supporting information) [33] to approx-
imately characterize the interface energy between silica NPs and PDMS.
Fig. 4A exhibits that the introduction of dyes can greatly reduce the
peeling force between quartz slide and PDMS membrane, which con-
firms the presence of dye-induced weak-boundary layer. More, larger
silica beads (diameter of ~100 pm) were used to better observe the void
generation of composite membranes upon stretching. Fig. 4B shows the
optical microscope photos of composite membrane with or without dye,
indicating that voids begin to form at strain of 5-6% while voids show
up later at strain of 10% for dye-free composite membrane. To quanti-
tatively describe the void generation process, here the area of optical
interface (Sqpo) is defined as the surface area of void between NPs and
PDMS (see Fig. S12). In order to eliminate the effect of NPs size, the
optical interface ratio (I,p) is defined as the ratio of optical interface
area to the surface area of NPs, which could be calculated from:

_ 2aRh +37(2ab + a*)

Iopt
op 47R?

@

The details for the calculation could be seen in support information.
As shown in Fig. 4C, the optical interface area in dye-containing
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membrane is greater than that of dye-free sample under the same con-
dition. As a result, the transmittance loss is greatly enhanced due to the
high diffusion scattering of the strain-induced optical interfaces. Addi-
tionally, molecular dynamics simulation (Fig. S13) was performed to
estimate the interfacial energy. While the interfacial energy between
dye/NPs, dye/dye, dye/PDMS and NPs/PDMS were calculated in
Fig. 4D. Here ignoring the spatial aggregation behavior, the molecules of
dye(D) and dye(S) are randomly distributed in simulation. The results
indicate that the interfacial energy between dye/dye is about 1/50 of
that of NPs/PDMS, while the interfacial energy of dye(D)/PDMS or dye
(S)/NPs is one magnitude smaller than that of NPs/PDMS. Here PDMS
and NPs are considered as soft and rigid domain, then dye is a stiff layer.
It is deduced that the voids are firstly generated due to the separation of
weak dye/dye interface in the NPs/PDMS composite membrane system,
shown as the inset schematic in Fig. 2A. The introduction of dye stiff
layer greatly enhances the formation of scattering interface, which
subsequently improves the mechano-optical sensitvity. That is consis-
tent with the above results about peeling force, optical change upon
stretching. Actually, partial crystallization of dye occurs due to the plane
structure and large © bond of dye molecule. Fig. S14 and Table S2 in
support information summarize the crystallinity of sprayed two kinds of
dyes coating and the sprayed dye on silica NPs arrays. Dye(S) has high
crystallinity than dye(D), however, the crystallizations of two dyes are
both highly suppressed by the NPs arrays with submicron porous. It is
believed that higher crystallinity of dye(S) enhances the interfacial en-
ergy at dye(S)/dye(S) than dye(D)/dye(D), which reducing the
mechano-optical sensitivity accordingly.

3.4. Potential applications of ultrasensitive smart membranes

Based on the ultra-high sensitivity of optical tuning upon facile
stretching, these dye-containing composite membranes could be used in
smart windows, display, security, sensors, etc. In order to improve the
visibility and artistic value of tunable optical membranes and accord-
ingly widen their application fields, herein colored tunable optical
membrane was designed as illustrated in Fig. 5A-i. In the top layer, dye
dispersed PDMS precursor solution was casted over the dye@NPs arrays
and then cured, providing an expected color. Firstly, in order to separate
the influence of two layers on transmittance tuning upon stretching,
single dye dispersed PDMS membranes with different colors from
different dyes were fabricated and their transmittance were
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investigated. The optical images and transmittance at wavelength of
550 nm (Fig. S16) demonstrate that the transmittance seems unchanged
upon stretching 0-100% strain. Theoretically, the transmittance of dye
dispersed PDMS layer during one directional stretching could be
calculated by Beer-Lambert law [34]:Fig. 6.

1
Te = T(()I+L)](lfw‘) 3)

where T, is transmittance under strain, Ty is the initial transmittance, &,
is the strain in the direction of tension, v = 0.46 is Poisson ratio. The
detailed calculation could be found in support information. Both the
simulation (Fig. 5A-ii) and experimental results (Fig. S17) showed that
the addition of dyes in the top layer totally couldn’t change the trans-
mittance tuning of composite membrane. From this design of colored
tunable optical membranes, colored smart membranes dye(D)@NPs/
dye(D) dispersed PDMS was fabricated. As illustrated in Fig. 5C and
Fig. S17, the colored smart membrane also shows high mechano-optical
sensitivity (S = 2.62 at a strain of 20%) and great optical tuning range
(~67%). Fig. 5D demonstrates the promising application of various
colored smart membranes in smart window.

Moreover, we also demonstrate the colored smart membranes can be
applied in sensors and anti-counterfeiting. First, it could be used as the
healthcare sensor for robots (Fig. 6AA) or human bodies, e.g. visible
medical bandages. Utilizing the scattering mechanism of the highly
sensitive smart membranes, Fig. 6B shows the optical transmittance
change while stretching. In order to improve the contrast between the
body and smart membrane, carbon nanotubes (CNTs) dispersed PDMS
was used as the background layer. Fig. 6C shows the color change of the
smart membrane when bending the wooden finger clearly. By using dye-
coated or dye-free NPs locally, the robust smart membranes could
exhibit different sensitivity in different areas (Fig. 6D). Upon mechanical
stretching, the smart membrane shows different transmittances in
different areas, making the smart membranes candidate for anti-
counterfeiting (Video S3). As illustrated in Fig. 6E, a pattern of a dol-
phin with a ball was embedded in the composite films by a mask during
spraying. This pattern could be reversibly revealed upon stretching and
releasing.

4. Conclusions

Inspired from the fast tail amputation of gecko, here we
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Fig. 5. Schematic illustration and images for the application as ultrasensitive colored smart window. (A) Schematic for the design of two-layered colored optical
tunable membranes (i) and calculated transmittance spectra of top dye dispersed PDMS layer as a functional of stretching strain and dye concentration. (B) Schematic
illustration for the colored smart window. (C) Transmittance at wavelength of 550 nm versus strain of dye(D)@NPs/dye(D) dispersed PDMS. Inset: its optical images
at strain of 0, 20% and 40%. (D) Photographs of colored smart window at applied strains of 0 and 25%.
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Fig. 6. Schematic illustration and images for applications in sensors and anti-counterfeiting. (A) Image of a robot, and optical images of (B) elbow smart skin and (C)
colored smart finger sensor based on our smart membrane. (D) Schematic and optical images of smart membrane which can reversibly display and hide information

upon stretching. (E) Tunable dolphin pattern with stretching for anti-counterfeiting.

demonstrated an ultrasensitive multifunctional mechano-optical sensor.
The optical transmittance of the smart membrane can be linearly
reduced by 44% upon stretching to 15% strain. Additionally, high
sensitivity (S > 2) is displayed within an abroad range from ¢ = 7% to ¢
= 33%. This ultrasensitive smart membrane has a total tuning range of
75% and shows high robustness in repeated stretching and releasing (at
least 2000 cycles). The dye-induced weak-boundary layer is confirmed
by the experimental results and interfacial energy simulation. We also
design colored ultrasensitive smart membrane and demonstrate their
applications in smart window, anti-counterfeiting, sensors. It is believed
that we provide a facile, low-cost approach to develop robust and highly
sensitive mechano-optical device. Further, this interface design can be
extended to other smart mechano-responsive materials for fabrication of
ultrasensitive device via deformation under external stimuli such as
force, heat, light, moisture, solvent.
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