
This journal is © The Royal Society of Chemistry 2023 Mater. Horiz., 2023, 10, 4243–4250 |  4243

Cite this: Mater. Horiz., 2023,

10, 4243

A solar/radiative cooling dual-regulation smart
window based on shape-morphing kirigami
structures†

Shancheng Wang, ‡ab Yuting Dong,‡b Yanbin Li,‡c Keunhyuk Ryu,b Zhili Dong,b

Jian Chen,d Zhendong Dai,d Yujie Ke,*e Jie Yin*c and Yi Long *af

The energy efficiency of buildings has become a critical issue due

to their substantial contribution to global energy consumption.

Windows, in particular, are often the least efficient component of

the building envelope, and conventional smart windows focus

solely on regulating solar transmittance while overlooking radiative

cooling. Although several recent designs achieved dual-control of

solar and radiative cooling, these windows still face limitations in

terms of durability, limited modulation ability and energy-saving

performance. To address these challenges, we propose a novel

dual-control smart window design consisting of a reconfigurable

kirigami structure and polydimethylsiloxane-laminated thermo-

chromic hydrogel coated with silver nanowires. In summer, the

thermochromic hydrogel turns translucent to suppress the solar

heat gain, while the high emissivity kirigami structure covers the

exterior surface of the window, promoting radiative cooling. In winter,

the hydrogel becomes transparent to allow for solar transmission.

Additionally, the kirigami structure undergoes an out-of-plane struc-

tural change, opening towards the outside environment to expose the

underlying low-emissivity silver nanowires and suppress heat radiation.

Our design achieves a promising solar transmittance modulation ability

of B24% and a good long-wave infrared emissivity regulation ability of

0.5. Furthermore, it exhibits significantly improved durability, which is

nine times longer than the lifespan of conventional smart hydrogels.

Our novel approach offers a promising solution for constructing

energy-efficient and durable smart windows and outperforms exis-

ting state-of-the-art solar/radiative cooling dual-regulation smart

windows in the literature.

Introduction

Buildings are responsible for approximately half of the global
electricity supply,1 and windows are among the least energy-
efficient components of building envelopes.2,3 In the United
States, window-associated heating and cooling energy consumes
about 4% of the national primary energy usage.4 To address this
issue, researchers have developed several types of chromogenic
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New concepts
We propose a novel design of a solar transmittance/radiative cooling
dual-control smart window, inspired by the ancient Asian art of kirigami.
Existing solar transmittance/radiative cooling dual-controlling windows
suffer from limited durability and energy-saving performance; however,
our design shows a prolonged lifetime at both room temperature and
high temperature with enhanced energy-saving performance. Such
enhancements are achieved by combining a shape-morphing kirigami
structure with a silver nanowire-coated polydimethylsiloxane (PDMS)
laminated thermochromic hydrogel. We demonstrate that the
laminated hydrogel has a lifespan that is nine times longer than that of
conventional smart hydrogels, while still maintaining a promising solar
modulation ability. Meanwhile, the stretching-induced out-of-plane
shape morphing in the kirigami structure exposes the underlying silver
nanowires. By controlling the opening and closing of the kirigami
structure, the long-wave infrared emissivity of the window can be
regulated with a modulation ability of 0.5. The new design offers a
good solar and radiative cooling regulation ability, leading to an
improved average energy-saving performance compared to state-of-the-
art dual-control window designs, which paves the way for the
development of new smart window technologies with improved
efficiency and durability.
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smart windows such as electro-,5,6 thermo-,7,8 photo-,9,10 and
mechano-chromic windows11,12 to improve the energy efficiency
of windows by regulating the visible (360–780 nm) and near-
infrared (NIR, 780–2500 nm) transmittance. Although these types
of chromogenic smart windows have shown promise in improving
energy efficiency, they can only regulate solar radiation while
generally overlooking the broadband infrared emissivity (eBroadband,
2.5–25 mm) and its accompanied radiative cooling (RC) effect. RC is
a technique that spontaneously cools an object through emitting
strong thermal radiation towards the sky and minimizing solar
radiation absorption.13,14 Recent reports have demonstrated that
an ideal energy-efficient smart window should have a low solar
transmittance (Tsol, 250–2500 nm) and a high eBroadband in the
summer to minimize solar radiation absorption and maximize the
RC, respectively; while the window in winter should have a high Tsol

to promote solar heating and a low eBroadband to suppress RC.15

Based on the aforementioned state-of-the-art design princi-
ple, several dual-control smart windows have been recently
developed by employing a thermal-responsive material to con-
struct optical modulation structures,15,16 thermal-responsive
water capture/release in a hydrogel,17 reversible electrodeposi-
tion of a metal,18 reversible crack creation on a low-E film,19

and mechanical flipping between high-/low-E faces.20 These
designs can spontaneously control the solar transmittance
while regulating the RC power. Consequently, these dual-
control smart windows offer significantly improved energy
efficiency compared to conventional smart windows, particu-
larly in regions with four distinct seasons.

Despite the promise of these dual-control smart window
designs, they still face limitations in terms of durability and
modulation capability. For example, the thermal-responsive
vanadium dioxide (VO2) is prone to oxidation21,22 and although
existing remedies such as sealing23,24 and encapsulation25 can
improve the durability of VO2, this is at the cost of

defunctionalizing VO2’s eBroadband modulation ability. Stimuli-
responsive hydrogels and reversible metal electrodeposition
also suffer from durability issues due to factors such as
vulnerability to drying26,27 and electrochemical cell perfor-
mance degradation.28,29 Meanwhile, the reversible crack crea-
tion approach has limited RC regulating performance19 and
the facile mechanical flipping technique requires specially
designed pivoted window frames and manual operation
to achieve high regulating performances.20 Therefore, a solar/
RC dual-control smart window with both good durability
and promising solar/RC regulating performance is highly
desired.

To address these issues, we have developed a new design of a
kirigami-inspired durable solar/RC dual-control smart window
by integrating thermal-responsive hydrogels with an out-of-
plane reconfigurable kirigami structure. As shown in Fig. 1(a)
and (b), the design consists of two components: (1) polydi-
methylsiloxane (PDMS) laminated thermal-responsive composite
hydrogels coated with AgNWs based on physical-crosslinked
poly(N-isopropylacrylamide) (PNIPAm) and acrylamide and
(2) a PDMS-based kirigami structure with strain-responsive
out-of-plane opening for emissivity tuning. Its working princi-
ples in summer and winter are illustrated in Fig. 1(c) and (d),
respectively. In summer, the high-E PDMS kirigami is in the
released state to cover the entire exterior surface of the window
to enhance RC, while the hydrogel composite becomes translu-
cent to suppress solar transmission when the ambient tem-
perature surpasses its lower critical solution temperature
(LCST, 20 1C for the thermal-responsive composite hydrogel).
In winter, the kirigami structure undergoes out-of-plane struc-
tural change and opens towards the outside environment to
expose the underlying low-E AgNWs layer to suppress RC, while
the smart hydrogel becomes transparent to allow for solar
transmission and heating. The transparent-to-translucent tran-
sition of the hydrogel is based on a phase separation process
due to the hydrophobic-to-hydrophilic changes of the PINIPAm
polymer across its LCST.30,31 The newly designed smart window
has a lifetime nine times longer than those of conventional
smart hydrogels and it exhibits a promising eBroadband regulation
ability (DeBroadband) of 0.5 (eBroadband, Release: 0.95, eBroadband, Stretch:
0.45). Due to its balanced luminous transmittance (Tlum, 360–
780 nm), solar modulation ability (DTsol, 250–2500 nm), and
DeBroadband, the new design outperforms the literature-reported
designs of state-of-the-art solar/radiative cooling dual-regulation
smart windows regarding the global energy-saving performance.
Our new design of a durable solar/RC dual-control smart window
provides a new strategy to pave the way for real-world applications.

Characterization of the PNIPAm-based hydrogel and AgNWs
coating

As PNIPAm is the active ingredient that fulfils the functionality
of solar transmittance regulation in the hydrogel composite,
we investigated the thermochromic property changes in
terms of the PNIPAm concentration in the hydrogel composite
(Fig. S1 and Table S1, ESI†) and summarized the results in
Fig. 2(a). All the hydrogel composites show a similar Tlum,15 1C of
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B90%, irrespective of their PNIPAm concentration, while their
DTsol increases when the PNIPAm concentration was increased
from 5 wt% to 10 wt% and reached a plateau at approximately
60% for samples with a PNIPAm concentration above 10 wt%.
All the smart hydrogel samples experience hydrophobic-to-
hydrophilic phase transitions in response to a thermal stimulus
and show an LCST of 20 1C (Fig. S2, ESI†), which is significantly
lower than the pure PNIPAm of 30 1C.32 Additionally, the
viscosity of the monomer ink increased with increasing the
NIPAm concentration (5 wt% PNIPAm sample: 115.8 cP; 20 wt%
PNIPAm sample: 2650.6 cP) and the monomer ink successfully
crosslinked to form hydrogels under UV irradiation, which has
been proven by the storage modulus (G0) and loss modulus (G00)
changes (Fig. S3, ESI†). Meanwhile, Fig. S4 (ESI†) illustrates the
stress–strain curve of the crosslinked hydrogel with different
PNIPAm concentrations. It can be observed that when the PNIPAm
concentration increases from 5 wt% to 20 wt%, the Young’s
modulus of the hydrogel decreases from 38.08 � 0.35 kPa to
24.64 � 0.25 kPa. To balance the thermochromic properties,
fabrication quality, and mechanical properties, the hydrogel with
10 wt% PNIPAm was chosen for the application in the durable
solar/RC dual-control smart window. Fig. 2(b) shows the UV-Vis-
NIR spectra for the composite hydrogels with 10 wt% PNIPAm at
15 1C and 45 1C. The 1 mm thick hydrogel sample has a Tlum of
88.8% and a DTsol of 60.5% with a transparent appearance at 15 1C
and a translucent appearance at 45 1C (Fig. 2(c)). The photos of the
hydrogel composites with different PNIPAm concentrations are
shown in Fig. S5 (ESI†). The light regulation behaviour of the
PNIPAm-based hydrogel composite is attributed to the porous
polymer networks as demonstrated by the scanning electron

microscope (SEM) images. At low temperatures, the size of the
pores is large, which allows the light to pass through. In contrast,
the pores shrink when heated and serve as scattering centres,
resulting in a decrease in transmittance.

Meanwhile, we tested and calculated the Tlum, Tsol, and
eBroadband for the PDMS films with different layers of coatings
of AgNWs (Fig. 2(d), Fig. S6, S7 and Table S2, ESI†). The transpar-
ency of the PDMS films with varying layers of coatings of AgNWs is
shown in Fig. S8 (ESI†) and the eBroadband of the coated PDMS films
decreases from 0.70 to 0.16 with increasing the coating layers from
1 to 15, which is consistent with their IR photos (Fig. S9, ESI†).
The Tlum and Tsol follow a similar trend to the eBroadband. Since
DeBroadband is crucial for energy saving, an optimal 15-layer AgNWs
coating on PDMS film was chosen for application in the durable
solar/RC dual-control smart window. The eBroadband of the stretched
AgNWs coated PDMS is lower (0.16) than that of the released state
(0.34) throughout the wavelength range of 2.5–20 mm, as shown in
Fig. 2(e). This behaviour can be attributed to the surface roughness
change induced by the stretch/release of the PDMS substrate
(Fig. 2(f)). As the PDMS substrate is pre-stretched to 40% strain
during the spin coating process, the AgNWs layers become
wrinkled in the released state, leading to increased surface rough-
ness and consequently an increase in eBroadband. In contrast, the
surface of the AgNWs layer is smooth in the 40% stretched state,
causing a lowered eBroadband.

The design of the kirigami-inspired out-of-plane shape-
morphing structures

In contrast to the reported cutting methods used for kirigami
structures, which commonly produce in-plane structural

Fig. 1 (a) The formula of acrylamide and N-isopropylacrylamide monomers used in smart monomer ink and schematics of the fabrication process and
structure of the durable solar/RC dual-control smart window. (b) The working principle of the durable solar/RC dual-control smart window in summer
and its corresponding photo and IR camera image. The red arrows represent thermal radiation and the yellow line represents sunlight. In summer, the
high-E kirigami overlayer closes to promote thermal radiation and the hydrogel turns translucent to block the sunlight. (c) The working principle of the
durable solar/RC dual-control smart window in winter and its corresponding photo and IR camera image. In winter, the kirigami overlayer opens towards
the outside environment under in-plane stretching, which allows sunlight to enter the room to suppress the RC to minimize heat loss.
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changes,33,34 we adapted a kirigami pattern to achieve out-of-
plane reconfigurable structural changes35 and investigated its
behaviour with different feature parameters. The geometric
designs of the kirigami patterns and their feature parameters
are displayed in the upper part of Fig. 3(a) and Fig. S10 (ESI†),
respectively. We defined the asymmetric cut ratio as the height
ratio between the upper patterns (labelled as H1 in Fig. 3(a))
and lower patterns (labelled as H2 in Fig. 3(a)). The photos of
the paper kirigami structures with different asymmetric cut
ratios are illustrated in the middle part of Fig. 3(a). Under the
40%-stretching state, the sample with an asymmetric ratio of
1 deforms and opens symmetrically on two sides out of the
original plane (highlighted with the red dashed line in
Fig. 3(a)). Conversely, the sample with a ratio of 3 opens
asymmetrically towards one side only. Similar structural
change behaviour was observed in the PDMS kirigami struc-
tures (Fig. 3(a), lower part, Fig. S11, ESI†).

To quantitatively understand the asymmetrical reconfigura-
tion behaviour of the kirigami structure, we defined two
performance indices, namely, length ratio and covering ratio
(Fig. 3(b), upper part). Finite element method simulations
(FEM) were conducted for the samples with various asymmetric
ratios and the results are presented in Fig. 3(b) (middle part).
Both the simulation and experiment results suggest that the
length ratio increases linearly with the increasing asymmetric
ratio (Fig. 3(b), lower part): i.e., kirigami structures with higher
asymmetric ratios tend to open towards one side upon stretch-
ing with a smaller portion at the other side of the original
plane. The one-side opening will minimize the squeezing and
scratching of the underlying AgNWs layer during the kirigami
structural reconfiguration and extend the lifetime of the

AgNWs. On the other hand, the change in the covering ratio
is insignificant regarding the asymmetric ratio changing, indi-
cating that the change of opening direction will not affect
the exposure degree of the underlying AgNWs layer and its
maximum eBroadband regulation ability. The working principle
for the directional opening is further investigated by FEM
simulations (Fig. S12 and Videos S1–S5, ESI†). The models with
different asymmetric ratios from 1 to 10 were stretched and all
the structures buckle out of the stretching plane and overlap
with a pivot axis at the centre of two adjacent cut slits (Fig, S13,
ESI†). Meanwhile, the stress distributions in the kirigami
structures with different asymmetric ratios are mapped
(Fig. S14, ESI†). The maximum value of the concentrated stress
in the kirigami structure is B0.00186 MPa, which is signifi-
cantly lower than the rupture stress threshold of the PDMS
materials (B0.83 MPa).

In the design of kirigami for smart window applications,
strength and stiffness are critical factors. The ideal kirigami
structure for smart window applications should be responsive
to small amounts of tensile stress, which means that it should
have low tensile strength and stiffness. We prepared kirigami
structures with different PDMS thicknesses (Fig. S15, ESI†) and
tested their tensile strength and stiffness. Fig. 3(c) shows the
stress–strain curves of kirigami structures with different PDMS
thicknesses from 0.3 to 0.6 mm. With the film thickness
increasing, the kirigami structures show an increased Young’s
modulus and toughness (Fig. 3(d)). The opening angle is also
affected by the thickness: the 0.3 mm sample exhibits an open
angle of 75.51 at a stretched strain of 40%, while the 0.6 mm
sample only opens to 44.51 (Fig. 3(e)). Therefore, a PDMS film
with a thickness of 0.3 mm is preferred for smart window

Fig. 2 (a) Thermochromic properties for the hydrogel composite and viscosity of monomer ink with different PNIPAm concentrations. (b) UV-Vis-NIR
spectra for 10 wt% PNIPAm hydrogel at 15 1C and 45 1C. (c) The photo and SEM image of the smart hydrogel at 15 and 45 1C. (d) The Tlum, Tsol, and
integrated eBroadband for the PDMS film with different layers of coatings of AgNWs. (e) The broadband emissivity spectra of the 15-layer AgNWs-coated
PDMS film in its released and 40%-stretched states. (f) IR camera images and SEM images for the 15-layer AgNWs-coated PDMS film in its released and
40%-stretched states.
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applications due to its relatively low tensile strength and
stiffness, as well as the relatively large opening degree upon
stretching. It is worth noting that the 0.3 mm PDMS kirigami
structure shows little change in Tlum between the released and
40% stretched states (Fig. S16, ESI†), which suggests that the
out-of-plane structural change process will not affect its optical
properties.

Performance evaluation of the durable solar/RC dual-control
smart window

We further evaluated the performance of the fabricated durable
solar/RC dual-control smart window. Fig. 4(a) shows the UV-Vis-
NIR spectra of the smart window at 15 1C and 45 1C,

respectively. The smart window has a lower Tlum and DTsol than
the smart hydrogels (Tlum: 37.1% vs. 88.8%; DTsol: 23.7% vs.
60.5%), which is due to the AgNW-induced strong reflection in
the visible and NIR regions (Fig. S17, ESI†). Notably, the Tlum of
37.1% meets the building energy standard of the American
Society of Heating, Refrigerating, and Air-Conditioning Engi-
neers (ASHRAE), which recommends an assembly maximum
solar heat gain coefficient of 0.21 to 0.40 for climate zones 1 to
7.36 Fig. 4(b) illustrates a photo of the 5 cm � 5 cm durable
solar/RC dual-control smart window sample at different tem-
peratures from 15 to 45 1C and the sample gradually changes
from transparent to translucent. The eBroadband spectra of the
smart window at 40% stretched and released states are shown

Fig. 3 (a) A schematic of the out-of-plane reconfigurable kirigami pattern with different asymmetric cut ratios (upper part), its corresponding paper
kirigami structures under 40% stretching (middle part), and its corresponding PDMS structures under 40% stretching (lower part). The red dashed line
indicates their original plane in the released state. (b) Numerical analysis for the out-of-plane structural changes of kirigami structures. Upper part:
Schemes of the indexes to describe the out-of-plane structural changes: the length ratio and the covering ratio. Middle part: simulated model for
asymmetric ratio 1, 3, and 10 samples. Lower part: experimental (solid dots) and simulated (hollow squares and dashed line) results for the length ratio and
covering ratio of samples with different asymmetric ratios. (c) Stress–strain curves for the kirigami structures with different PDMS film thicknesses. (d) The
effect of the PDMS thickness on the Young’s modulus and toughness. (e) A schematic of the opening angle and the experimental angle analysis for
samples with different PDMS thicknesses under 40% stretching.
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in Fig. 4(c). In the released state, the sample has a high
eBroadband of 0.95 since its surface is fully covered by the high-
E PDMS. In the 40%-stretched state, the out-of-plane structural
deformation of the kirigami structure partially opens and
exposes the low-E AgNWs layer underneath, resulting in a
significantly decreased eBroadband of 0.45. Fig. 4(d) demonstrates
the switching process of eBroadband via an IR camera, where the
sample shows a gradual change from orange (high eBroadband) to
blue (low eBroadband) upon stretching.

The ageing test was conducted to assess the durability of the
smart window. The PNIPAm hydrogel control sample and
PDMS laminated hydrogel were subjected to durability evalua-
tion in an environment of 25 1C and humidity of 10%RH.
Fig. 4(e) shows their change of transmittance at 650 nm
(DT650 nm) with an increasing exposure time. It is observed that
the control sample lost its optical modulation function after
6 h, while the PDMS laminated hydrogel retained its optical
modulation ability for approximately 52 h, which is 9 times
longer than the control sample. Furthermore, the laminated
hydrogel exhibits a lifetime of 4 times longer than that of the

conventional smart hydrogel in the high-temperature durability
test (Fig. S18, ESI†). The durability evaluation results demon-
strate that the PDMS lamination can effectively extend the
lifetime of the smart hydrogel through sealing and preventing
water evaporation. We further compare the lifetime of the
laminated hydrogel with that reported in the literature
(Table 1) and found that it has a longer service time than
conventional hydrogel preservation methods such as forming
organohydrogel37–40 or introducing ionic salt-based water
absorbents.41 Furthermore, it is worth mentioning that the
introduction of an ionic salt can deactivate the smart function
of hydrogels,42 which is not preferred. The cycle stability test
results of the smart window are presented in Fig. S19 (ESI†),
which demonstrates that the window retains its solar modula-
tion ability within 125 heating–cooling cycles.

A simulation of the building energy consumption was con-
ducted to evaluate the energy-saving capability of the durable
solar/RC dual-control smart window. In this simulation, an
apartment model (8 m in length, 6 m in width, and 2.7 m in
height) with four windows (3 m in width and 2 m in height) was

Fig. 4 (a) The UV-Vis-NIR spectra of the durable solar/RC dual-control smart window at 15 1C and 45 1C. The orange shadow represents the AM1.5
global spectrum. (b) Photos of the durable solar/RC dual-control smart window at 15, 30, and 45 1C. (c) Broadband emissivity spectra of the durable solar/
RC dual-control smart window in released and stretched states. (d) IR camera images of the durable solar/RC dual-control smart window at 0%, 20%, and
40% stretching. (e) The durability test results for PNIPAm and PDMS laminated PNIPAm in the 10%RH and 25 1C environment. (f) The global average
energy saving performance of the durable solar/RC dual-control smart window, RCRT smart window, and STR smart window. (g) A performance
comparison of the durable solar/RC dual-control smart window and reported RCRT and STR smart windows.
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used (Fig. S20, ESI†). The windows were placed on all four sides
of the building to avoid orientation bias. To assess the durable
solar/RC dual-control smart window’s performance, we com-
pared its global average energy-saving performance with two
other types of smart windows reported in the literature: a
passive RC regulating thermochromic (RCRT) smart window15

and a solar and thermal regulatory thermochromic (STR) smart
window (Fig. 4(f)).17 In this energy-saving performance compar-
ison, clear glass served as the baseline and Table S3 (ESI†)
presents the optical data for the clear glass and the durable
solar/RC dual-control smart window utilized in the simulation.
A comparison of the average energy-saving performance shows
that the new design has a higher global energy-saving perfor-
mance (19.2%) compared to the passive stimuli-responsive
RCRT window (13.7%) and STR window (8.3%) (Fig. 4(f)). We
further compare their performance in Fig. 4(g) regarding the
five performance indexes of the window namely energy saving,
Tlum, DTsol, transition temperature (tc), and DeBroadband. The
durable solar/RC dual-control smart window exhibits the best
energy-saving performances with a good balance of Tlum, DTsol,
tc, and DeBroadband among the candidates. We further con-
ducted a 24 hours room temperature simulation for the smart
window, clear glass, conventional hydrogel, and low-E glass
(Fig. S21, ESI†). The results reveal that during the summer
season, the room with a durable solar/RC dual-control smart
window exhibits a lower temperature of B2 1C in the daytime
compared to the clear glass sample. Conversely, during the
winter season in cold regions, the smart window demonstrates
a higher room temperature than the other samples throughout
the day. Overall, the newly developed durable solar/RC dual-
control smart window displays a promising energy-saving per-
formance due to its tunable solar transmittance and longwave
infrared emissivity.

Conclusions

In this study, we presented a new design of a kirigami-inspired
durable solar transmittance/radiative cooling dual-control
smart window by integrating out-of-plane shape-morphing
kirigami structures with a PDMS laminated thermal-
responsive smart hydrogel. Our design has demonstrated signi-
ficant improvements in durability with a nine-fold increase
compared to conventional smart hydrogels such as organo-
hydrogels and ionic salt-soaked hydrogels. By manipulating the
geometrical features, the kirigami structure helps to maintain

the mechanical integrity of the underlying low-E layer through
out-of-plane structural changes, while retaining the promising
eBroadband regulation ability. Through balancing Tlum, DTsol, and
D eBroadband, the newly designed durable solar/RC dual-control
smart window demonstrated a better energy-saving perfor-
mance than the literature-reported RCRT and STR smart
windows. Given its enhanced durability and promising
energy-saving performance, the new smart window will inspire
energy-efficient window design and construction.
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