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Abstract
Smart windows with tunable optical properties that respond to external environments are being
developed to reduce energy consumption in buildings. In the present study, we introduce a new
type of 3D printed hydrogel with amazing flexibility and stretchability (as large as 1500%), as
well as tunable optical performance controlled by surrounding temperatures. The hydrogel on a
PDMS substrate shows transparent-opaque transition with high solar modulation (∆Tsol) up to
79.332% around its lower critical solution temperature (LCST) while maintaining a high
luminous transmittance (T lum) of 85.847% at 20 ◦C. In addition, selective transparent-opaque
transition above LCST can be achieved by patterned hydrogels which are precisely fabricated
via a projection micro-stereolithography based 3D printing technique. Our hydrogel promises
great potential applications for the next generation of soft smart windows.

Supplementary material for this article is available online
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1. Introduction

Energy dissipation in ventilation, air conditioning, lighting,
and heating occupy over 40% of building energy consump-
tion, along with the continuous increase in greenhouse gas
emission and global population, greatly worsen the global
warming [1, 2]. Thus, smart windows capable of modulating
solar radiation in response to the external environment are
of great research interests for reducing building energy con-
sumption [3] by tuning light transmittance based on the intens-
ity of sunlight [4–6]. Smart windows are generally fabric-
ated from thermochromic, photochromic, mechanochromic,
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and electrochromic materials [4, 7–10]. Among various types
of smart windows, thermochromic smart windows are themost
widely studied due to their adaptive responses to weather and
temperature [11]. The typical vanadium dioxide (VO2) based
thermochromic smart window tailors its solar transmission
with a large solar modulation around its critical temperature
[12–15]. However, VO2 based smart windows usually present
a high critical temperature and a low luminous transmittance
(T lum) with a low solar modulation (∆Tsol), which severely
limit its practical applications [11].

Thermal responsive hydrogels have been developed as
a new type of thermochromic smart window because their
fast, reversible conversion between transparent and opaque
states when its temperature exceeds the lower critical solu-
tion temperature (LCST) [16]. Thermal responsive hydro-
gel based windows can achieve the maximum use of heat
from sunlight without an external power supply, which plays
a significant role in reducing energy consumption [10].
Poly(N-isopropylacrylamide) (PNIPAM) is the most common
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thermo-responsive material with a LCST around 32 ◦C, which
is a comfortable temperature for humans [17–19]. PNIPAM
based hydrogel exhibits high solar modulation during revers-
ible phase transition around its LCST and a high T lum at room
temperature to ensure good indoor visibility, which promises
potential for switchable smart windows in practical applica-
tions, such as automobiles and buildings [20–22]. However,
pure PNIPAM hydrogel exhibits a fragile mechanical prop-
erty, which is hard for fabricating complex patterns with such a
material via traditional manufacturing techniques, limiting its
full potential for commercialization. Developing a new kind
of hydrogel with excellent mechanical properties, high solar
modulation, and high luminous transmittance by new fabrica-
tion techniques is in high demand for smart windows [22].

3D printing techniques, also known as additive manufac-
turing, opens a new gate for the fabrication of complex hydro-
gel patterns with different desirable properties [23, 24]. With
the fast development in 3D printing techniques, various 3D
printing methods including stereolithography [25], extrusion
3D printing [26], and digital light processing lithography [27]
have been applied to create complex hydrogel patterns due to
their merits of design flexibility, low cost, time efficiency, and
high precision [28]. Furthermore, printed hydrogels exhibit
different unique properties, such as high flexibility [29], large
stretchability [30], high conductivity [25], super-anti-freezing
[31], self-adhesiveness [32], self-healing [33], etc. Hydrogels
with these unique properties are widely applied as sensors
[29], human-machine interfaces [31], wearable devices [32],
microrobots [17], etc. However, achieving a high-resolution
hydrogel pattern acting as smart windows by 3D printing
techniques remains challenging due to the lack of stimulus-
responsive monomers.

In the present study, we introduced the co-polymerization
of N-isopropylacrylamide (NIPAM) and hydrophilic 4-
Acryloyl morpholine (ACMO) vinyl monomers to fabricate
a thermo-responsive hydrogel achieving sunlight manage-
ment for designing a smart window. The hydrogel showed
high flexibility, tunable mechanical properties, and effective
optical properties manipulation. In particular, our hydrogel on
a Polydimethylsiloxane (PDMS) substrate was totally trans-
parent in the region of 380–2500 nm with a highest T lum of
85.847% at room temperature. Additionally, our hydrogel
presented ultra-fast transparent-opaque transition to modu-
late solar transmission with a high ∆Tsol of 79.332% when
the surrounding temperature was above its LCST. Most sig-
nificantly, our hydrogel was 3D printable with the highest
manufacturing resolution up to 40 µm when performed by
projection micro-stereolithography (PµSL) based 3D print-
ing technique. Furthermore, several hydrogel patterns were
fabricated to demonstrate our hydrogel’s amazing selective
transparent-opaque transition, validating its potential applica-
tions for energy saving smart windows.

2. Results and discussion

2.1. Hydrogel based soft thermo-responsive smart windows

Figure 1(a) presents the conceptual design of a new type of
hydrogel for smart windows controlled by their surrounding

temperature. PNIPAM is the most utilized thermo-responsive
polymer with a LCST around 32 ◦C, while poly (4-Acryloyl
morpholine) owns a high LCST at 88 ◦C because its mor-
pholine is less hydrophobic [34]. The underlying mechan-
ism of thermo-responsive poly(NIPAM -co- ACMO) for light
management is that its scattering behavior can be tuned by
reversible hydrophilic/hydrophobic phase transitions around
its LCST (figure 1(a)). The intermolecular hydrogen bonds
between poly(NIPAM -co- ACMO) and water below LCST
allow the homogeneous incident light to pass through, which
is responsible for a high T lum (figure 1(a-i)). In contrast, the
hydrophobic association dominates the transmission of sun-
light once the temperature exceeds its LCST, which estab-
lishes the optical contrast between poly(NIPAM -co- ACMO)
and the surrounding water to strongly scatter the incident
light (figure 1(a-ii)). Thereby, the hydrogel changes from a
transparent state to an opaque state and blocks the irradi-
ation of scorching sunlight, which is preferable for smart
windows.

Figure 1(b) shows the conversion from the transparent
state to the opaque state for our printed hydrogel with a
thickness of 500 µm. A hydrogel window was colorless
and transparent at 20 ◦C (figure 1(b-i)). Then, the transmit-
tance of our printed hydrogel window decreased with the
increase of the temperature (figures 1(b-ii)–(b-v)). Finally,
it became translucent and opaque when the temperature
reached 40 ◦C (figure 1(b-vi) and movie S1 (available online
at stacks.iop.org/IJEM/4/025302/mmedia)). A hydrogel film
was attached to the surface of an apple at different temper-
atures. Similarly, the hydrogel film was transparent at low
temperatures from the comparison of figures 1(c-i) and (c-ii).
However, the hydrogel film turned opaque when the temper-
ature exceeded its LCST, and the part of the apple covered by
the hydrogel film became invisible (figure 1(c-iii)). The hydro-
gel film returned to its original transparent state once the tem-
perature decreased to 20 ◦C, demonstrating its great optical
reversibility (figure 1(c-iv)).

2.2. Preparation and printing of the thermo-responsive
hydrogel

The photo-curable solution was prepared by mixing specific
monomers, a cross-linker, a photoinitiator, and deionized
water (tables S1 and S2). ACMO and NIPAM acted as thermo-
responsive monomers. Ethyl (2, 4, 6-trimethylbenzoyl)
phenylphosphinate (TPO-L) worked as photoinitiator with
a relatively high molar attenuation coefficient and efficiency,
which initiated the free radical crosslinking co-polymerization
of ACMO and NIPAM monomers in the presence of the
Poly (ethylene glycol) diacrylate (PEGDA) cross-linker
(figure 2(a)). Raman spectroscopy was employed to char-
acterize the 3D printed hydrogel’s chemical composition
and analyze the presence of poly(NIPAM -co- ACMO) in
it (figure 2(b)). The typical Raman signal of CH3 indic-
ated antisymmetric and symmetric stretching correspond-
ing to the methyl group in the NIPAM monomer and
C–O–C stretching in the ACMO monomer, indicating
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Figure 1. Mechanisms of thermo-responsive hydrogel and conceptual design of our smart window. (a) Schematic of designed optically
transparent-opaque switchable window by thermo-responsive hydrogel. (b) Photographs of the thermo-responsive hydrogel window with
the increase of the temperature. The scale bar is 5 mm. (c) Photographs of the thermo-responsive hydrogel on the surface of an apple at
different temperatures. The scale bar is 10 mm.

the full co-polymerization of anionic NIPAM and ACMO
monomers to form the poly(NIPAM -co- ACMO) hydrogel
network.

Printable hydrogel enables free design and fabrication
of various complex patterns. We utilized the PµSL based
3D printing technique to fabricate hydrogel patterns with
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Figure 2. Hydrogel patterns fabricated by PµSL based 3D printing technique. (a) Compositions of the photo-curable resin. (b) Raman
spectroscopy of the printed hydrogel. (c) Schematic diagrams of PµSL based 3D printing technique. (d) A 3D printed high-resolution
hydrogel pattern. The scale bar is 100 µm. (e) Photographs of selective transparent-opaque transition of patterned hydrogels. The scale bar
is 5 mm.

the aforementioned photo-curable solution. As shown in
figure 2(c), a designed 3Dmodel was sliced into a series of 2D
images, and these 2D images modulated UV light (405 nm)
with the corresponding patterns by a digital micromir-
ror device (DMD), which acted as dynamic photo-masks.

The patterned UV light illuminated onto the surface of
hydrogel precursor solution to form a solidified structure
layer by layer [35]. In order to demonstrate the mach-
inability of our hydrogel, a 2D patterned structure was
firstly fabricated (figure 2(d)), indicating the highest printing
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Figure 3. Optical properties of our hydrogel. (a) Transmittance spectra of the hydrogel at different temperatures between 20 ◦C and 45 ◦C.
(b) T lum, Tsol, and T IR of the hydrogel at different temperatures. (c) ∆T lum, ∆Tsol, and ∆T IR of the hydrogel at different temperatures. (d)
Transmittance spectra of the hydrogel for different thicknesses (100 µm, 200 µm, 500 µm, and 1000 µm) at 20 ◦C and 40 ◦C, respectively.
(e) Transmittance spectra of a 500 µm hydrogel on a glass substrate for different ACMO contents of 25 wt.%, 22.5 wt.%, 20 wt.%,
17.5 wt.%, and 15 wt.% at 20 ◦C and 40 ◦C, respectively. (f) Transmittance spectra of a 500 µm hydrogel on a glass substrate for different
PEGDA contents of 0.1 wt.%, 0.25 wt.%, and 0.5 wt.% at 20 ◦C and 40 ◦C, respectively. (g) Transmittance spectra of a 500 µm hydrogel on
a glass substrate changing the temperature between 20 ◦C and 40 ◦C for ten cycles.
(h) The stability of T lum, Tsol and T IR at 20 ◦C and 40 ◦C for ten cycles. (i) The ∆T lum, ∆Tsol, and ∆T IR between 20 ◦C and 40 ◦C for ten
cycles.

resolution up to 40 µm for our hydrogel with PµSL based
3D printing technique. Next, we fabricated several hydro-
gel patterns on glass substrates based on the same 3D
printing technique. The hydrogel patterns were transparent
at 20 ◦C (figure 2(e-i)). However, the patterned hydrogels
presented selective transparent-opaque transition to form
shadow when their temperature increased from 20 ◦C to 40 ◦C
(figures 2(e-ii), S1, and movie S2). The 3D printed complex
structures present reversible transparent-opaque transition and
high flexibility (figure S1). Such a phenomenon promises sig-
nificant potential in the field of customized micro-patterned
windows and micro-optical switches.

2.3. Transmittance modulation of the thermo-responsive
hydrogel window

We further investigated the temperature dependent optical
properties of our hydrogel with a thickness of 500 µm on a
glass substrate. The optical transmittance spectrum of a glass
substrate with a thickness of 1 mm was firstly measured in
the region of 380–2500 nm (figure S2). The transmittance of
a 500 µm hydrogel film on such a glass substrate within the
wavelength range of 200–2500 nm at different temperatures
is shown in figure 3(a), and the integral calculation results are
summarized in figure 3(b). It can be seen that the transmittance
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of the hydrogel window in the visible region (380–780 nm)
was higher than 81.758% at 20 ◦C. When the temperature
increased to 40 ◦C, the hydrogel window converted from
the transparent state to opaque state, and its transmittance
declined to 0.095%, which exhibited an unprecedented∆T lum

of 81.663% (figure 3(c)). Notably, the Tsol decreased sharply
from 74.980% to 0.100% when the temperature increased
from 20 ◦C to 40 ◦C, indicating an extremely high ∆Tsol of
74.880% that met the requirements of near-room-temperature
transition and sharp gradient of transmittance for an ideal ther-
mochromic smart window.

To further investigate the transparent-opaque transition per-
formance of the hydrogel window, we studied the effect of
hydrogel thickness on the optical properties of our printed
hydrogel. As can be seen from figure 3(d) and table S3,
although a 100 µm hydrogel on a glass substrate demonstrated
an impressive T lum of nearly 90%, its high Tsol (larger than
18.643% at 40 ◦C) was unsatisfactory for an ideal smart win-
dow. Synchronous trends appeared for both T lum (at 20 ◦C)
and Tsol (at 40 ◦C) to a hydrogel with a thickness of 1000 µm.
The extremely high thickness of the hydrogel was accompan-
ied by a relatively low T lum and poor Tsol when the temperature
was above the LCST. The T lum below the LCST increased with
the decreasing thickness of the hydrogel, while the luminous,
solar, and IR transmittance (T lum/sol/IR) at temperatures above
the LCST increased. A hydrogel with a thickness of 500µmon
a glass substrate was used to investigate the thermo-responsive
performance of our hydrogel window with different weight
contents of ACMO monomer. The thermo-responsive tem-
perature of a hydrogel window increased with the increasing
weight content of ACMOmonomer, resulting in a poor modu-
lation of solar radiation within a temperature range from 20 ◦C
to 40 ◦C (figure 3(e) and table S4). The hydrogel window with
a lower content of ACMO monomer presented a much higher
∆T lum/sol/IR within a temperature ranging from 20 ◦C to 40 ◦C
and a relatively lower T lum/sol/IR at a higher temperature, except
for the hydrogel window with 15 wt.% of ACMOwho presen-
ted a low T lum after UV polymerization at 20 ◦C.

In addition, the PEGDA cross-linker also played a key role
in modulating the luminance transmittance and solar reflect-
ance of our hydrogel window (figure 3(f) and table S5). The
T lum and Tsol were almost unchanged for hydrogel windows
with different weight contents of PEGDA at 40 ◦C. Whereas
T lum and Tsol decreased to less than 70.523% and 69.522%
at 20 ◦C, respectively, resulting in the decrease of T lum and
Tsol with increasing weight content of PEGDA. Moreover,
the reusability of our hydrogel window is one of the key
points for its practical application. As shown in figure 3(g),
the hydrogel window demonstrated little change in light trans-
mittance after varying the temperature between 20 ◦C and
40 ◦C for ten cycles. In addition, figures 3(h) and (i) also
show that the T lum/sol/IR at both 20 ◦C and 40 ◦C, as well
as ∆T lum/sol/IR between these two temperatures are respect-
ively constant after ten cycles, indicating that both transmit-
tance and solar modulation abilities of our hydrogel window

are stable and reliable enough acting as a switchable smart
window.

2.4. Performance of flexible hydrogel devices

Unlike pure PNIPAM hydrogel based smart windows that
present poor mechanical properties, the addition of thermo-
responsiveACMOmonomer provided the new hydrogel excel-
lent flexibility. As shown in figure 4(a), a hydrogel film on
a PDMS substrate exhibited significant flexibility and high
transparency at 20 ◦C with large deformations, such as bend-
ing, stretching and twisting, which were fully reversible. Like-
wise, such a flexible hydrogel device could also endure sig-
nificant deformation after transitioning from transparent to
opaque at 40 ◦C (figure 4(b)). To further demonstrate the
influence of different amounts of ACMO monomer on the
mechanical properties of our hydrogels, uniaxial tensile tests
were carried out, and the results were shown in figures 4(c)
and S3. It could be seen that increasing the weight content
of ACMO monomer increased stretchability of the hydrogel
before reaching themaximum of 1500%with 20wt.%ACMO.
Then, the stretchability of our hydrogel decreased with the
further increase of ACMO. In addition, figures 4(d) and S3
show that increasing the cross-linker concentration decreased
stretchability of our printable hydrogel but increased its stress
due to a higher crosslinking density and smaller space between
polymer chains in the hydrogel films. Moreover, the mechan-
ical property of our hydrogel slightly depended on the tem-
perature. As observed from figures 4(e) and S3, the elong-
ation of the hydrogel slightly decreased from 12.6 to 10.5
when the surrounding temperature increased from 20 ◦C to
40 ◦C.

Additionally, the hydrogel could also be printed directly
on flexible substrates to produce a flexible thermo-responsive
smart window. As shown in figure 4(f) and table S6, a
hydrogel film with a thickness of 500 µm was printed on
a 500 µm commercial transparent PDMS substrate. It can
be seen that the flexible thermo-responsive switchable win-
dow exhibited a T lum as high as 85.847%. However, the
hydrogel device rapidly became opaque, and the T lum sud-
denly declined to 0.153% when the temperature increased to
40 ◦C, which exhibited an extremely high ∆T lum (85.694%).
Furthermore, the Tsol and T IR decreased significantly from
79.638% to 0.306% and 76.966% to 0.533% at 40 ◦C, respect-
ively, indicating an extremely high ∆Tsol of 79.332% as
well as a super-high ∆T IR of 76.433%. Likewise, the hydro-
gel could also be printed directly on a PC substrate with
a thickness of 200 µm, showing high ∆T lum, ∆Tsol, and
∆T IR as the temperature increased from 20 ◦C to 40 ◦C
(figure 4(g)). Figure 4(h) displays a comparison of our work
with some previous reported thermochromic counterparts. It
can be seen that our flexible hydrogel window presents ultra-
high performance in both T lum and ∆Tsol when compared
with those of previous reported switchable smart windows
[12–15, 21, 35–38].
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Figure 4. Performance of flexible thermo-responsive hydrogel devices. (a) Photographs of a transparent hydrogel film on PDMS enduring
large deformations such as bending, stretching and twisting at 20 ◦C. The scale bar is 10 mm. (b) Photographs of an opaque hydrogel film
on PDMS enabling large deformations such as bending, stretching and twisting at 40 ◦C. The scale bar is 10 mm. (c) Stress–strain curves of
hydrogel with different weight contents of ACMO. (d) Stress–strain curves of hydrogel with different weight contents of PEGDA.
(e) Stress–strain curves of hydrogel at different temperatures. (f) Transmittance spectra of a hydrogel film with a thickness of 500 µm on a
500 µm PDMS substrate at 20 ◦C and 40 ◦C. (g) Transmittance spectra of a hydrogel film with a thickness of 500 µm on a 200 µm PC
substrate at 20 ◦C and 40 ◦C. (h) Performance comparisons (T lum and ∆Tsol) of our hydrogel window with some previous reported results
including singer layer VO2 [12, 13], multilayered layer VO2 [12, 13], dope VO2 films [14, 15], VO2/hydrogel hybrid [36], HPC hydrogel
[37], ionic gel [38], and PNIPAM hydrogel hybrid [22, 39].

3. Conclusions

We developed a new type of printable hydrogel with excel-
lent flexibility to endure large deformations, such as bend-
ing, stretching and twisting, tunable mechanical properties
(the largest elongation was 1500%), as well as tunable T lum

and Tsol via tailoring the material compositions and geometric
parameters. The highest printing resolution of our hydrogel

reached up to 40 µm by employing PµSL based 3D print-
ing technique. Most significantly, the hydrogel film on a
PDMS substrate was highly transparent with a T lum as high as
85.847% at 20 ◦C and exhibited transparent-opaque transition
to achieve solar modulation with a large ∆Tsol of 79.332%
around its LCST. In addition, several hydrogel patterns were
fabricated to further present the amazing selective transparent-
opaque transition property of our printable hydrogel at a high
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temperature. Our printable thermo-responsive hydrogel prom-
ises great potential energy-saving applications for the new
generation of ideal smart windows.

4. Experimental section

4.1. Materials

4-Acryloylmorpholine (ACMO, Monomer, Chengdu Sicheng
Optoelectronic Materials Co., Ltd.), (NIPAM, Monomer,
Aladdin), polyethyleneglycol (600) diacrylate (PEG600DA,
Cross-linker, RYOJI), (TPO-L, photoinitiator, RYOJI) formed
the photo-curable resin. All the materials were used without
further purification. Deionized water (18.2 MΩ·cm) was used
throughout all the experiments.

4.2. Preparation of UV curable solution

The UV curable solution was prepared by mixing monomers,
cross-linker, photoinitiator, and deionized water. Specifically,
0.2 g TPO-L and 0.02 g PEGDA were dissolved in 3.5 g
ACMO monomer using a mechanical stirrer to achieve solu-
tion A. Solution B was obtained by dissolving NIPAM (6.5 g)
to deionized water (10 ml). After mixing solution A and solu-
tion B, the mixture was degassed in the dark for 10 min before
being well prepared. For another type of UV curable solution,
the weight ratio of ACMO and PEGDA were set as shown in
tables S1 and S2.

4.3. PµSL based 3D printing process

3D printing was performed by a PµSL printer (S140, BMF,
Shenzhen, China) which utilized a UV projector (405 nm) as
the light source. The designed 3D structure was firstly sliced
into 2D images corresponding to every printing layer by using
a software, the patterned UV light was modulated with the cor-
responding 2D images by using a DMD projector, and then
illuminated onto the hydrogel precursor solution to solidify it
layer by layer. During the printing process, the printing time
was 10 s per layer and the layer thickness was set as 10 µm.

4.4. Mechanical property test

The mechanical properties of our hydrogels were tested using
a mechanical testing apparatus (ZQ-990A, China) with a 20 N
load cell. The tensile tests were carried out at 20 ◦C for
hydrogels with different weight contents of ACMO monomer
and different concentrations of cross-linker. To investigate
temperature dependent mechanical properties of hydrogel,
tensile tests were carried out within a temperature range of
20 ◦C–40 ◦C. The elongation of the hydrogel was obtained by
averaging the results from repeated tests.

4.5. Raman characterization and optical properties
measurement

The Raman spectroscopy was measured by a Raman spec-
trometer (Alpha 300 R, Germany). The transmittance of

hydrogels was performed on a UV–Vis-IR spectrometer
(UV-3600Plus, Shimadzu, Japan). The spectrophotometer
was equipped with a heating and cooling stage to control
the temperature. The integral luminous transmittance T lum

(380–780 nm), IR transmittance T IR (780–2500 nm), and solar
transmittance Tsol (300–2500 nm) are calculated by using the
following equations:

Tlum/IR/sol =

´
ϕlum/IR/sol(λ)T(λ)dλ´
ϕlum/IR/sol(λ)dλ

(1)

where T(λ) denotes spectral transmittance obtained from a
spectrophotometer, ϕlum(λ) is the standard luminous effi-
ciency function of photopic vision in the wavelength range of
380–780 nm [19], ϕIR/sol is the IR/solar irradiance spectrum
for air mass 1.5 (corresponding to the sun standing 37◦ above
the horizon) [40–45]. According to the data in the tables, part
of the measured data is linearly interpolated and then substi-
tuted into the formula. ∆T lum/ IR/sol will be obtained by using
the equation [22]:

∆Tlum/IR/sol = Tlum/IR/sol,L −Tlum/IR/sol,H (2)

where T lum/ IR/sol, L is the integral transmittance at a low tem-
perature and T lum/ IR/sol, H is the integral transmittance at a high
temperature.
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