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Abstract
Smart windows (SWs) garner significant potential in green buildings owing to their capability of
on-demand tuning the solar gains. Apart from solar regulation, people always desire a type of
slippery SW which can repel the surface hydrous contaminants for anti-fouling application.
Unfortunately, the up-to-date slippery SWs that respond to electrical/thermal stimuli have
drawbacks of inferior durability and high energy-consumption, which greatly constrain their
practical usability. This article presents our current work on an ultra-robust and energy-efficient
near-infrared-responsive smart window (NIR-SW) which can regulate the optical transmittance
and droplet’s adhesion in synergy. Significantly, laser-printing strategy enables us to seed the
shape-memory photothermal microwalls on a transparent substrate, which can promote
daylighting while maintaining privacy by near-infrared (NIR) switching between being
transparent and opaque. As a light manipulator, it turns transparent with NIR-activated erect
microwalls like an open louver; however, it turns opaque with the pressure-fixed bent
microwalls akin to a closed louver. Simultaneously, the droplets can easily slip on the surface of
erect microwalls similar to a classical lotus effect; by contrast, the droplets will tightly pin on
the surface of bent microwalls analogous to the prevalent rose effect. Owing to shape-memory
effect, this optical/wettability regulation is thus reversible and reconfigurable in response to the
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alternate NIR/pressure trigger. Moreover, NIR-SW unfolds a superior longevity despite
suffering from the raindrop’s impacting more than 10 000 cycles. Remarkably, such a new-type
SW is competent for thermal management, anti-icing system, peep-proof screen, and
programmable optics. This work renders impetus for the researchers striving for self-cleaning
intelligent windows, energy-efficient greenhouse, and so forth.

Supplementary material for this article is available online

Keywords: femtosecond laser, slippery surface, photothermal microwalls,
controllable wettability, switchable transparency

1. Introduction

As the rapid development of society and industry, energy
consumption in buildings accounts for about 40% of total
energy consumption, which has aroused the increasing atten-
tion for human beings [1–3]. Fortunately, as the promising
envelope of buildings, smart windows (SWs) with tunable
clarity could greatly alleviate above-mentioned issue through
regulating the transmittance and reflectance of solar radiation,
thereby improving the indoor comfort independent of air-
conditioning facility [4–6]. Accordingly, a diversity of SWs
that respond to heat [7–9], electric field [10, 11], pH [12],
chemical salt [13], humidity [14] and mechanical stress [15,
16] have been developed to fine-tune the luminous flux of sun-
light. Apart from above conventional SWs, a novel type of SW
based on dielectric elastomer actuators also springs up in very
recent years. Leveraging a strain-induced micro-wrinkling
and the reverse by electric-field-induced unfolding, their sur-
face optical visibility could be on-demand switched between
transparent state and translucent state [17–20]. Otherwise, Li
et al reported a mechanoresponsive SW by vertically fix-
ing the Fe3O4@SiO2 nanochains array in an elastic polyac-
rylamide matrix, which enabled the optical transmittance to
vary from the transparent state of 65% to the opaque state of
10% under a shear-strain stimulus [21]. Through grafting a
droplet-based electricity generator, Wang and co-workers put
forward a self-powered cholesteric liquid crystal SW, which
could experience a reversible conversion between high clar-
ity and low clarity with the water-impact-induced electrical
power [22]. More recently, Chen et al proposed a thermo-
chromic SWmade of thermo-activated P(NIPAM-co-DMAA)
hydrogel, which acted as a highly efficient light-modulator
for all-weather comfort regulation [23]. Despite extens-
ive progress in SWs, unfortunately, the inevitable contain-
ments (e.g. muddy water, organics, and such) would severely
deteriorate their optically switching performance, especially
in dim rainy days [24–26]. As a result, the self-cleaning
SWs with dually-switchable wettability and transparency are
needed.

Inspired by natural Nepenthes plant, Aizenberg and
coworkers pioneeringly developed a state-of-the-art slippery
SW which was accountable for the dynamic adjustment of
optical transparency and wettability via a graded mechan-
ical stimulus [27]. The manipulating principle is that when

the monoaxial stretch was applied, the fallen lubricant within
the nano-porous elastic film would alter its original smooth
and defect-free surface towards a rough topography, thereby
achieving the reversible conversion between a transpar-
ent/slipping state and an opaque/pinning state. Following this
classical method, Yao et al prepared a type of thermo-actuated
slippery SW based on organogel which was made of paraffin
wax and polydimethylsiloxane (PDMS) [28]. Through man-
oeuvring the phase change of n-paraffin, its interfacial archi-
tecture was thermally activated to transform between air/li-
quid/solid system and air/solid/solid system, thereby regulat-
ing the optical transmitting and the drop’s wetting proper-
ties in synergy. On this basis, a diversity of liquid-mediated
slippery SWs were in success explored for manipulating the
optical and wetting performance [29–31]. Upon the depos-
ition and evaporation of refractive-index-matched liquids (e.g.
acetic acid, glycol, ethanol) within the porous substrates
(e.g. SiO2, PTFE), the appearance of these devices could be
dynamically glazing and the surface drops simultaneously
unfolded a switchable wetting behaviour, which was sup-
posed to be determined by their local roughness [32, 33].
Though ceaseless endeavours had been dedicated to bloom
the slippery SWs, several blockages arise subsequently. (i)
These slippery liquid-infused SWs suffering from severe vis-
cous dissipation would decrease their longevity [27–33]. (ii)
Despite a durable electric-triggered SW had been explored,
which has a considerable disadvantage of energy consumption
[34]. In consequence, developing an ultra-robust and energy-
saving slippery SW is highly desirable yet challenging to
date.

To answer above challenges, we propose an ultra-durable
NIR-SW by seeding the laser-printed carbon-black-doped
shape-memory microwalls on a transparent platform. Once
the pressure (∼5 N) was applied, the microwalls turn to
bend for shielding the incident light which enables an opaque
visibility. However, owing to a shape-memory effect, these
bent microwalls will recover to its original erect morpho-
logy for a transparent state under a remote NIR heating pro-
cess. According to this principle, the shape-memory NIR-SW
could be dynamically glazing with the function of 808 nm
NIR trigger and stress stimulus. Simultaneously, the tunable
topography over microwalls can switch their surface adhe-
sion force for repelling or capturing diverse droplets which
is beneficial for self-cleaning and antifouling SWs. (figure 1;
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Figure 1. Conceptual hypothesis over a wettability-controllable SW. The targeted bi-functional SW should be dually-switchable between a
transparent slippery state and an opaque sticky state in response to an alternate stress/light trigger (the upper diagram). As a result, the
architecture of a desirable SW should integrate the CB-doped shape-memory microwalls together with an underlying transparent supporter
(the lower diagram).

supporting information, movie S1). Thermal infrared imaging
technique coupling with high-speed photography enables us to
shed light on the steering thermodynamics and hydrokinetics.
Significantly, all-solid-state NIR-SW can undergo the continu-
ous raindrop’s striking more than 10 000 cycles. Lastly, by
integrating an optimized NIR-SW, multifunctional scenarios
including thermal management, anti-icing system, peep-proof
screen and optical encoder were displayed. This work provides
inspirations for the researchers in the fields of micro/nano-
fabrications, antifouling optics, self-cleaning intelligent win-
dows, energy-efficient greenhouse, and so on.

2. Results and discussion

2.1. Facile manufacture of slippery shape-memory NIR-SW

A desirable NIR-SW should be integrated by two pivotal
components: the highly-arrayed NIR-actuated photothermal
microwalls with shape-memory property as the dimming cells
and an underlying transparent supporting platform for the
integration with above microwalls. In this regard, the prepar-
ing protocol of this dimming device should be divided into four
procedures that were simplified as (i) laser grooving, (ii) infu-
sion of the matrix of carbon black (CB) and shape-memory
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Figure 2. Facile fabrication of dual-functional NIR-SW by femtosecond laser. (a) Schematic diagram for harvesting the desirable NIR-SW
including laser-grooving PTFE template, CB/SMP matrix infusing, pure SMP gel covering, and a subsequent demoulding process.
Morphology imaging by SEM for the light-triggered shape-memory (b) erect microwalls and (c) bent microwalls. The scale bar is 0.5 mm;
The insets display their apparent hydrophobicity. (d) 3D confocal microscopic profile for the as-prepared erect-mode NIR-SW. (e)
Temperature-time curve for the NIR-SW irradiated by a near-infrared lamp; the insets refer to the thermal infrared images over
light-triggered NIR-SW. (f)–(g) The critical sliding angles by CCD camera for characterizing the migrating dynamics of droplets (∼10 µl)
on dual-mode tilt NIR-SW. Digital clips for the NIR-SW dually-switching between (h) opaque state with pronounced hysteresis and (i)
transparent state with smaller hysteresis that responds to the alternative light/stress trigger. The results showcases that current NIR-SW
serves not only a wettability manipulator but also a transparency actuator, which grants a remote, energy-efficient and all solid-state merit.

polymer (SMP), (iii) covering the pure SMP gel, and (iv) cur-
ing for a final demoulding operation, as shown in figure 2(a).

Accordingly, (i) we take advantage of femtosecond laser to
rapidly machine an array of parallel grooves on a PTFE mem-
brane with the thickness of 0.5 mm, which was subsequently
utilized as a transfer template, as shown in figure 2(a-i).
Wherein, femtosecond laser is almost adaptive for processing
micro-structures on all existing materials (e.g. metals, glass,
plastic, crystals) due to its unique advantages of giant peak
power and low thermal effect, which is far superior to the
traditional nanosecond laser or picosecond laser [35–41].
Thereafter, (ii) a uniform hybrid of CB/SMP with mass
concentration ∼5 mg·ml−1 could be readily infused into
above grooves under the help of vacuum-pumping apparatus
for 30 min, where the residual hybrid should be removed
by a doctor-blade method, as shown in figures 2(a-ii). (iii)
We then cover the pure SMP gel onto above semi-product

via a spin-coating process (500 rpm, 1 min), which was
subsequently annealed to cure at 65 ◦C for 4 h, as shown
in figure 2(a-iii). Finally, (iv) the NIR-SW could be success-
fully divorced from the PTFE template through manual lift-
ing, as shown in figure 2(a-iv). Scanning electron microscope
(SEM) and 3D profilometer collaboratively witness that the
laser-printed microwalls display the highly-uniform height,
half-width and interval that were approximately quantified as
0.5 mm, 0.1 mm and 0.5 mm, as shown in figures 2(b) and
(d) and figure S1. The inset verified that the resultant NIR-
SW has a superhydrophobic appearance with a water con-
tact angle (WCA) of ∼156◦. Once the near infrared light
irradiates on the erect shape-memory microwalls, the photo-
thermal effect would elevate the surface temperature above its
glass-transition temperature (Tg) leading to an elastic state,
as shown in figure 2(e). Therein, the erect shape-memory
microwalls could be pressed to a bent mode after cooling
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Figure 3. Underlying thermodynamics over shape-memory NIR-SW. (a) Schematic diagram for uncovering the reconfigurable mechanism
of CB/SMP microwalls between the temporary bent state and the permanent erect state on the basis of the shape-memory effect coupling
with the photothermal effect. (b) Dynamic mechanical analysis (DMA) for clarifying the glass-transition temperature Tg of CB/SMP
microwalls. The surface temperature variation as the light-loading duration over NIR-SW with different (c) CB concentration and (d)
light-irradiating distance. The evolution of microwall’s bent angle a as a function of (e) surface temperature and (f) applied pressure. The
results indicate the larger surface temperature and loading pressure would contribute to elevate the shape-morphing sensitivity. (g)
Mechanical reliability test over NIR suffering from cyclic pressing/photothermal operations. The result manifest current shape-memory
NIR-SW has a good thermodynamic stability.

the surface temperature below Tg for its glassy state, as
shown in figure 2(c). By this token, the NIR-SW could
be reversibly switched between a slippery state with the
water sliding angle (WSA) ∼10◦ and a sticky state (pin-
ning at 90◦), as shown in figures 2(f) and (g). In syn-
ergy, the optical performance assigned to NIR-SW could
be reconfigurable between a high-clarity state and a low-
clarity state by alternately loading the stress and NIR stim-
ulus, as shown in figures 2(h) and (i) (supporting information,
movie S2). As such, current wettability/light manipulator with
shape-memory feature, remote control manner and energy-
efficient merit would greatly boost its potential in water-proof
envelope.

2.2. Shape-morphing thermodynamics over dual-mode
NIR-SW

To impressively elucidate the shape-morphing thermodynam-
ics over NIR-SW as a dual-functional actuator, a visual shape-
memory process including shape fixing and shape reconfigur-
ation was shown as figure 3(a). That is, when the CB/SMP
is exposed to a natural temperature below Tg, the molecu-
lar motion of the polymer chains and polymer segments is
frozen. Above Tg under the irradiation of NIR light, parts of
the polymer chain are thermally activated to be locomotive
with the help of photothermal effect arising from the embed-
ded CB nanoparticles [42–45]. Therein, we in-situ press the
SMP chains towards their entropically temporary state, and
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then decrease their surface temperature below Tg to immob-
ilize the polymer chains in their freezing state. The permanent
erect state could be successfully reconfigurable by harnessing
a NIR reheating operation in situ. Wherein, the targeted Tg

assigned to CB/SMP could be verified at 90 ◦C depending on
the dynamic mechanical analysis (DMA) method, as shown in
figure 3(b).

In parts of figures 3(c) and (d), by using the thermal infrared
imaging technique, we systematically study the relationship
of surface temperature as a function of NIR loading duration
for NIR-SWs with various CB-doped concentrations (C) and
NIR-irradiating distance (d). For five NIR-SWs with C of 2,
5, 20, 30 and 50 mg·ml−1, the time constant (τ ) of rising
from room temperature (∼25 ◦C) to targeted Tg (∼90 ◦C) was
respectively quantified as 2.55, 2.33, 1.89, 1.67 and 1.33 min,
where d was set as a constant ∼18 cm (figure S2). When we
installed C = 50 mg·ml−1, NIR-SWs with different d values
possessed τ as 0.55, 0.67, 0.78, 1.0 and 1.33 min, respect-
ively. The results unfold that, the more dose of CB nano-
particles doped and the closer distance of NIR lamp located,
the higher temperature of NIR-SW harvested. On above basis,
we further investigated the shape-morphing dynamics over
NIR-SW with variable pressure (1 N–5 N) and surface tem-
perature (100 ◦C–130 ◦C) through a home-made CCD mon-
itoring system (figures 3(e), (f) and S3; supporting inform-
ation, movie S3). As the elevation of the surface temperat-
ure, the recovery rate of microwalls would increase from 1.5
to 1.9, 2.6 and then 5.0 degrees per second, where NIR-SW
exhibits the same ∆α ≈ 45◦ (figure 3(e)). In regard of load-
ing force (F), the larger F was conducive for a larger bend-
ing extent α as well as a greater shape-morphing amplitude
∆α (figure 3(f)). Significantly, cyclic pressing/photothermal
maneuverer would not lead to the invalidation of microwalls,
signifying current NIR-SW has an excellent fatigue resist-
ance (figure 3(g)). Owing to its all-solid-state merit, NIR-SW
presents an ultra-robust endurance over the continuously viol-
ent raindrop’s impacting more than 10 000 cycles (support-
ing information, movie S4). In addition, current device was
demonstrated to have a durable reliability even under long-
term sunshine exposure which was well consistent with pre-
vious deployments (figure S7) [46, 47]. Otherwise, once the
device’s open channel was contaminated by dusts, we could
readily clean it through ethanol rinsing owing to their good
affinity.

2.3. Locomotion hydrodynamics over diverse droplets on
NIR-SW

Optical window with tunable wettability is very favourable for
expanding their potentials in drops condensation, anti-fouling,
self-cleaning, anti/de-icing and so on [48–50]. Since current
NIR-SW had manifested a switchable wettability between a
slippery state and a sticky state, the steering hydrodynamics
was studied by using a high-speed camera with high-frame-
rate. As shown in figure 4(a), the upper time-lapse images
displayed the water droplet (∼10 µL) vertically bouncing on
a bent-mode NIR-SW, which exhibited an immense viscous

force and tightly pinned the surface drop. In sharp contrast,
the lower ‘pancake bouncing’ phenomenon witnessed that the
erect-mode NIR-SW had an ultra-robust water-proof capab-
ility. We manually sketched the drop’s jumping trajectory
on dual-mode NIR-SW, where we could detect the bend-
ing microwalls have a longer wetting ridge (L) and a lower
jumping height (H) comparing to that of the erect microwalls
(figures 4(b) and (c)). Above results further indicate that NIR-
SW acts as not only an optical window but also a wettability
manipulator.

Considering that the wetting property of NIR-SW should
be highly dependent on the microwalls’ topography, so we
systematically study the effect of their interval on the WCA
and WSA. As the interval gradually increased from 0.3 mm
to 0.7 mm, the WCA for the drops (∼10 µl) on the erect
microwalls and the bent microwalls were approximately meas-
ured as 165◦, 161◦, 156◦, 151 o, 147◦ and 132◦, 134◦,
132◦, 133◦, 134◦ (figure 4(d)) respectively. The larger the
microwalls’ interval is, the inferior the surface hydrophobicity.
For five NIR-SWs with different intervals, their WSA for the
droplets on erect-mode surface was approximately recorded
as 7◦, 10◦, 12◦, 16◦ and 20◦ (figure 4(e)), respectively. The
larger the microwalls’ interval was, the more arduous the sur-
face droplets migrating. Comparatively, the drops tend to pin
on these five bending surfaces. Significantly, current NIR-SW
was widely adaptive for regulating the wettability of organic
liquid species including milk, ethylene glycol (EG) and cof-
fee, in addition to inorganic water drops (figures 4(f) and (g)).
The switching hydrodynamics should be determined by the
adhesion force at the interface of microwalls and drops (Fa),
which was empirically defined as the surface tension of droplet
(γ) multiply by the three-phase contact line (TCL) [51, 52].
Since the superhydrophobic erect microwalls had very limited
TCL relative to that of the bent microwalls. Fa for the former
(0.35 µN) is far smaller than that of the later (0.89 µN), which
could be quantitatively uncovered via a home-made automatic
tension dynamometer (figure 4(h)).

2.4. Study of dimming principle over dual-state NIR-SW

The microwalls’ topography influenced not only the surface
wettability of NIR-SW but also the interfacial optical per-
formance. In this consideration, we could employ the UV-
visible spectrum to investigate the optical transparency as a
function of microwalls’ interval assigned to dual-mode NIR-
SW (figures 5(a), (b) and S4). As the increase of their inter-
val, the optical transmittance at 550 nm (T550) for the bent-
mode and erect mode NIR-SW was respectively denoted as
0.05%, 0.1%, 0.4%, 6.2%, 17.0% and 24.0%, 38.3%, 44.8%,
54.4%, 60.7% (figure 5(c)). The larger the microwalls’ inter-
val was, the more superior the optical visibility. Seen from
the reflectance spectrum as well as the absorption spectrum
in figures 5(d) and (e), the enlarging of the microwalls’ spa-
cing interval would contribute to the reinforcement of inter-
facial reflectance (R) yet recede the light absorption intensity
(A). Typically, for the NIR-SW featuring with the interval of
0.5 mm, the optical property including A, T and R assigned to
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Figure 4. Switching hydrodynamics over diverse liquids on NIR-SW. (a) Time-lapse clips for monitoring the dynamics of a droplet
(∼10 ml) impacting on the bent-mode (upper row) and erect-mode (lower row) NIR-SW, where the drop’s released height was mounted at
∼20 cm. The result witnesses that the open NIR-SW has a good super-repellence to droplets arising from the emerge of pancake bouncing,
while the closed NIR-SW has intense stiction over the surface drops. The traced trajectory of the drops impacting on dual-mode NIR-SW
including their (b) spreading length L and (c) bouncing height H. The change of (d) water contact angle and (e) water sliding angle with the
increase of shutter’s interval. The larger the microwalls interval, the smaller the E-mode WCA but the elevated WSA. (f) Digital pictures for
displaying the wetting performance of diverse organic liquids on dual-mode NIR-SW including milk, EG and coffee. The result unfolds that
current NIR-SW is repellent to the inorganic as well as organic liquid species, thereby preventing the most sewages in reality. (g) The
corresponding sliding angle SA for the diverse liquids on this dual-mode NIR-SW. (h) Comparison of the adhesion force Fa assigned to a
bent-state NIR-SW and an erect-state one; the insets represent the physical model for illustrating the interfacial dynamics over the
wettability-switching principle, signifying the TCL dominates the steering kinetics.

erect mode and bent mode were respectively recorded as 0.5%,
45%, 33% and 0.9%, 0.4%, 12% (figure 5(f)). Accordingly,
current NIR-SW has a strong photothermal effect ascribing

to the embedded CB nanoparticles, which should be bene-
ficial for anti/de-icing applications in a cold snowy climate
[53–55]. We could actuate these shape-memory photothermal
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Figure 5. Optical regulating performance over dual-mode NIR-SW. The UV-Visible curves evolution for (a) B-mode and (b) E-mode
NIR-SW with interval values increasing from 0.3 to 0.4, 0.5, 0.6 and then 0.7 mm. (c) Comparison of the optical transmittance at 550 nm for
five dual-mode NIR-SW. The larger the microwalls interval, the larger the optical clarity. The sharp contrast of (d) absorption and (e)
reflectance for dual-mode NIR-SW with a fixed interval of 0.6 mm. (f) 3D profile for comprehensively comparing the optical properties of
current dual-state NIR-SW, implying the reflectance affects the clarity of E-mode NIR-SW and the absorption dominates the apparency of
B-mode NIR-SW. (g) Schematic diagram for a home-built dimming apparatus including a laser source, NIR-SW shutter and a background
filmset. (h) Digital clips for evidencing the NIR-SW serving as an optical shutter.

microwalls to evolute between an upstanding state and a
curving state, thereby releasing and imprisoning the incident
light according to the user’s requirement (figures 5(g) and (h)).

2.5. Thermal management, anti-icing, peep-proof screen and
programmable optics display on a single versatile NIR-SW

As people anticipate that their roof or skylight could behave
as an indoor thermo-regulating shutter for selectively cool-
ing in the hot summer or warming in a cold winter depending
on the imprison or leakage of solar energy input. As a proof

of paradigm, a home-built thermo-control system composed
of solar simulator, various shelters, indoor CB-doped photo-
thermal butterfly and a thermal infrared imaging camera was
employed to examine and detect the temperature evolution of
a greenhouse with the shelters of air, glass, erect-state and
bent-state NIR-SW (figure 6(a)). The infrared camera auto-
matically recorded the temperature-time curves of the indoor
object, where the temperature plateaux over above four isol-
ate shelters were respectively obtained as 44.9 ◦C, 39.4 ◦C,
36.3 ◦C and 29.0 ◦C (figures 6(b) and (c)). That is, comparing
to the conventional glass window, current NIR-SW is more
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Figure 6. Proof-of-concept display upon all-in-one NIR-SW. (a) Schematic diagram for a home-made on-site temperature test system
including solar simulator, hand-hold IR imager, an indoor photothermal object of CB-doped membrane, and the covered shelters. (b)
Thermal infrared images at the saturation temperature and (c) real-time recorded temperature for four shelters of air, usual glass, E-mode
and B-mode NIR-SW. (d) Comparison of temperature difference between the dual-mode NIR-SW and the usual glass. The result unfolds
that current NIR-SW is more competent for the thermal management relative to the conventional glass window. (e) Time-lapse images for
the droplets (10 ml·drop−1) released on the frozen surface (−20 ◦C) of glass window (left) and NIR-SW (right). (f) Dependence of the
clarity as a function of the visual angle, suggesting its potential in privacy screen. (g) Digital photos for on-demand encoding a single
NIR-SW via a customized mask.

adaptive for steering the indoor thermal comfort by cooling (B-
state: repulse sunlight) or warming (E-state: release sunlight)
selection (figure 6(d)). More importantly, via timely restrain-
ing the ice nucleation on the surface, NIR-SW unfolded an
excellent merit of anti-icing by virtue of effectively boun-
cing the freezing rain droplets off the surface (figure 6(e)).
Additionally, current NIR-SW also exhibited a potential in
visual optics (e.g. peep-proof screen) attributing to its angle-
dependent feature (figures 6(f) and S5; supporting informa-
tion, movie S5). Otherwise, this versatile NIR-SW could be

readily programmable from (000) to (111) through a well-
designed shading mask, thereby encrypting/decrypting any
desirable regions on demand (figure 6(g); supporting inform-
ation, Movie S6). Above all-in-one functionalities should
be attributed to the ideal design of light-responsive shape-
memory micro-structures in addition to the feasible manipu-
lating strategy. As comparison with the previous SWs, cur-
rent light-triggeredNIR-SWwith superior comprehensive per-
formance as well as unconventional steering manner conferred
a new paradigm for energy-efficient SWs (figure S6).
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3. Conclusion

In summary, we developed an ultradurable and energy-saving
NIR-SW through the unity of laser-printing and soft litho-
graphy technology. Via harnessing the photothermal effect,
the shape-memorymicrowalls impart NIR-SWwith a dynamic
glazing appearance under alternate NIR/stress stimulus. The
underlying kinetics is the bent microwalls by stress display
a longer TCL and a higher absorption accountable for a tre-
mendous hysteresis (pinning at 90◦) and an ultralow clarity
∼0.05% at 550 nm. Once the NIR light was remotely loaded,
the bent microwalls would recover to its erect state so as to
harvest a high clarity ∼60% and a smaller WSA ∼7◦. In
addition, we systematically study the influence of microwalls’
topography on the wetting and optical performance of diverse
NIR-SWs. More importantly, taking advantage of its all-solid-
state feature, NIR-SW unfolds an unparalleled tolerance over
the unceasing violent raindrop’s impacting more than 10 000
cycles. Notably, relative to the previously-reported slippery
SWs, current NIR-SW displays versatile functionalities over
thermal management, anti-icing system, peep-proof screen
and programmable optics. This work opens avenue for the
domains of micro/nano-fabrications, antifouling optics, self-
cleaning intelligent windows, energy-saving greenhouse, etc.

4. Experimental section

Materials. The CB particles (∼99.99% purity) with a mean
size of 30 nm were purchased from Suzhou Shengernuo
Technology Co., Ltd The SMP consisted of a matrix
of bisphenol-type epoxy resin precursor together with a
polyether-amine-230 curing agent was donated by Kunshan
Julimei Electronic Materials Co., Ltd The PTFE film served
as a template was purchased from Yangzhong Xingfuda
Rubber & Plastic Co., Ltd The release agent was provided by
Wuhan Jieguan Biotechnology Co., Ltd The NIR laser with
wavelength, power, and spot area of 808 nm, 300 mW, and
3 × 2 mm, respectively, was purchased from Standing Laser,
Shenzhen, China. Ethylene glycol (EG) was obtained from
Sinopharm Chemical Reagent Co., Ltd

Laser-writing micro-grooved PTFE matrix: the PTFE
membrane with the thickness of 0.5 mm was exposed to a
focal Ti: Sapphire femtosecond laser scanning system (Legend
Elite-1 K-HE, Coherent, USA). Wherein, the laser scanning
manner was set as a line-by-line trajectory. Typically, the
scanning parameters over the power density, scanning rate,
scanning extent and scanning loop were fixed as 350 mW,
2 mm·s−1, 2 cm and 30 cycles, where the distances between
two adjacent microgrooves were regulated as 0.3, 0.4, 0.5,
0.6 and 0.7 mm, respectively. The obtained micro-grooved
matrix was harvested as a stamp for a subsequent replication
procedure.

Preparation of CB/SMP hybrid: firstly, 10 g epoxy resin
precursor could easily hybrid with 3 g curing agent under

a gentle stirring equipment for 5 min at room temperature,
thereby harvesting a homogeneous SMP matrix. Thereafter,
the as-prepared shape memory polymer matrix and CB nano-
particles were thoroughly blended with ratios of 2:0.1, 3:0.1,
5:0.1, 20:0.1, and 50:0.1 (wt%). Finally, the hybrid of CB/SMP
could be successfully obtained through degassing in a vacuum
chamber over 20 min to eliminate the tiny bubbles.

Characterization. The topography of laser-printed photo-
thermal micro-walls was captured through a field-emission
SEM (JSM-6700 F). 3D images for monitoring the surface
morphology of NIR-SW were characterized via a laser scan-
ning confocal microscope (OLS5100, Olympus). The dynamic
clips of a water drop (∼10 µl) bouncing on the dual-state
NIR-SW were recorded using a high-speed camera coup-
ling with a long-distance microscope tube with a 2× magni-
fication objective (Photron-SA3&Mitutoyo). The high-speed
videos were recorded by a rate of 6 400 fps and shut-
ter speed of 1/200 000 s. Critical slipping angles and con-
tact angles of diverse droplets were measured utilizing the
CA100C contact-angle system (Innuo) at 10% humidity and
room temperature. Optical curves for various NIR-SW were
recorded by UV/Visible spectrometer (Shimadzu Corporation
2501PC/2550, Japan). The optical spectrums for displaying
the dependence of transmittance as a function of visual angle
were harvested by a UV-VIS-NIR spectrophotometer (Agilent
carry 5000). Solar irradiation source employed in the thermal
management experiment was enabled via a solar simulator
(CME-Sol 8150, China). Series temperature-time curves were
donated from a thermal infrared camera (Fotric 348X, China).
Digital images were captured by a mobile phone (iphone-8
plus, 7 mega-pixel).
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