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Femtosecond-Laser-Enabled Printing of a Magnetically
Gated Hydrovoltaic Smart Window for High-Performance
Solar Regulation

Chao Chen,* Long Zhang, Jianhan Wang, Zhaoxin Lao, Sizhu Wu, Youdi Hu,* Yuxin Li,*
Wanqun Chen, Dong Wu, and Yanlei Hu*

Superhydrophobic smart windows (SWs) hold great potential for use in
self-cleaning, energy-saving green buildings. SWs resembling nepenthes that
respond to external stimuli have gained the interest of researchers; however, it
suffer from unreliable service stability and inferior optical switching sensitivity,
hindering their practical applications. In this study, a three-dimensional
(3D) magnet-gated SW fabricated by seeding dual magnetic robotics (DMRs)
on a femtosecond-laser-printed superhydrophobic transparent droplet-energy
generator is reported. With the help of a remote untethered magnet, coaxially
magnetized DMRs with reverse magnetic poles can be shape-morphed
between open and closed states, achieving visibility switching (𝚫Tvis = 86.3%)
and solar modulation (𝚫Tsol = 75.7%) within 1 s. Owing to its characteristic
all-solid-state features, the superhydrophobic 3D DMR-SW maintains its
superior self-cleaning performance even after over 10 000 high-impact droplet
cycles. Notably, the current multi-layered DMR-SW can function as an indoor
thermal regulator in hot summers and also as an electric generator
(instantaneous voltage of ≈35 V) during rainfall. This novel 3D magnet-gated
DMR-SW with fast responsivity, energy conservation, water repellency, robust
longevity, and multifunctionality is envisioned to accelerate the advancement
of self-cleaning optics, hydrovoltaic green buildings, and others.
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1. Introduction

Buildings consume ≈40% of total energy
in developed countries,[1] with 50% of
residential housing energy being used to
regulate indoor comfort primarily for air
conditioning.[2] Considering the global
endeavor for carbon neutrality, a sus-
tainable solution should be developed to
enhance building efficiency.[3] Smart win-
dows (SWs), which use stimuli-responsive
materials that respond to temperature,[4]

electricity,[5] pH,[6] light,[7] mechanical
stress,[8] and other factors,[9] can dy-
namically modulate the solar spectrum
based on the user’s requirement and
may alleviate the energy crisis.[10] Among
these, electrochromic windows exhibit a
high standard of controllability and are
more commercially available, particularly
VO2-derived products,[11] which are highly
reliable devices with streamlined yields.
Without an electric field, VO2 remains
in a monoclinic phase-insulated state at
room temperature, enabling the passage
of solar light. Upon electric stimulation,

the temperature of the VO2 nanomaterials increases above the
phase transition temperature (𝜏c) with the assistance of Joule
heating, transitioning to a tetragonal phase metallic state that re-
flects the solar spectrum and emits infrared wavelengths to the
cold outer space.[12] Considering that VO2-based SWs demon-
strated good solar regulation and thermal emitting abilities, their
poor optical transparency (Tvis = 45.6%) and inferior solar mod-
ulating ability (ΔTsol = 22%) significantly hinder their practical
applications.[13]

To further enhance its optical performance, researchers
have explored emerging representative SW based on hy-
drogel materials, such as poly(N-isopropylacrylamide),[14]

hydroxypropylmethyl cellulose,[15] hydroxypropyl cellulose,[16]

N-vinylcaprolactam,[17] polyampholyte hydrogel,[18] and their
hybrids.[19] The hydrogel SWs offer the advantages of high
visibility (Tvis = 90.82%) and excellent solar-regulating ability
(Tsol = 81.52%),[20] making them promising candidate mate-
rials for next-generation energy-saving buildings. Under cool
climatic conditions, hydrogel SWs exhibit a clear appearance
and facilitate the penetration of sunlight into warm houses.
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In sharp contrast, once the indoor temperature rises above the
lower critical solution temperature on a hot summer day, the
hydrogel SW automatically exhibits a white appearance and
self-cools by reflecting the solar spectrum.[21] The underlying
mechanism is attributed to reversible hydrated extension and
dehydrated agglomeration of the cross-linked polymer chains.[22]

Although hydrogel SWs are energy-efficient and highly trans-
parent, they are water-affinitive and prone to contamination
by muddy water.[23] Once the muddy water dries, the resid-
ual dust particles that dwell on the window surface generate
strong light scattering, substantially decreasing the daylight
transmission.[24]

Researchers proposed a new type of waterproof SW to ad-
dress the surface contamination problem. For example, Aizen-
berg and co-workers reported the first paradigm of slippery SW
by mimicking the architecture of Nepenthes plants.[25] Through
the self-impregnation of low-surface-tension oils into a porous
polytetrafluoroethylene substrate, the window could slip surface
droplets at a tilting angle of <5°. This surface could be dynami-
cally switched between a clear and an opaque state in response
to a graded mechanical stimulus, and is considered the first-
generation slippery SW. Inspired by this classical strategy, nu-
merous slippery SWs triggered by temperature,[26] electricity,[27]

chemical solvents,[28] and mechanical stress[29] have been stud-
ied by various researchers. By doping the phase-change mate-
rial paraffin with polydimethylsiloxane (PDMS), Yao et al. re-
ported a temperature-activated slippery SW with exceptional
water-repellent features, which prevented the invasion of muddy
droplets.[30] Additionally, in a previous study, we developed a
Joule-heated slippery SW made of paraffin and porous PDMS,
and an underlying silver nanowire heater, capable of reversibly
modulating optical transparency by loading/discharging a low
voltage of 5 V.[31] The underlying mechanism states that once the
surface temperature exceeds the melting point of paraffin owing
to Joule heat, the window transitions to a transparent state. In
contrast, once the Joule heat is removed, the liquefied paraffin
transitions into a solid phase when the window acquires a highly
reflective state to block the incident light. Notably, this light ma-
nipulator can repel diverse organic and inorganic droplets. These
studies have significantly facilitated the experimental and theo-
retical understanding of stimuli-responsive SWs capable of self-
cleaning.
Although significant efforts have been dedicated to the devel-

opment of advanced slippery SWs, several limitations are ob-
served: (1) Slippery SWs always suffer from severe viscous dis-
sipation, resulting in unreliable operational stability.[25–31] (2)
Slippery SWs are triggered to discolor within several minutes,
signifying low optical-switching sensitivity.[26–31] (3) To date,
2D planar slippery SWs have always been restricted to a sin-
gle function;[25–31] If a window could continuously harvest en-
ergy from natural rainfall, it would be conducive for a sustain-
able target. Zhen and coworkers innovatively integrated a rain-
energy-harvesting function into the conventional optical window
through patterning super-hydrophilic polydopamine coating on a
hydrophobic PTFE/ITO/PET substrate, which provides great in-
spirations for next-generation smart windows.[32] Consequently,
developing a 3D multimode SW with robust durability, superior
sensitivity, self-cleaning capacity, and hydrovoltaic function is still
highly-desirable.

To address these challenges, we propose an ultrasensitive
yet robust 3D SW by seeding dual magnetic robotics (DMRs)
on a femtosecond-laser-printed superhydrophobic transparent
droplet energy generator (DEG) platform. Owing to magnetic
coding, DMRs with reverse magnetic poles can be reversibly
switched to open or closed states in response to an untethered
magnet, achieving an on-demand steering of the optical trans-
mittance between 86.4% and 0.1% within 1 s. As a magnet-gated
optical switch, the DMR-armored 3D SW exhibited a high solar
modulation (ΔTsol) capacity of 75.7% and a small water-slipping
angle of ≈5°, which was superior to most previous 2D win-
dows. The current 3D DMR-SW could retain its superhydropho-
bic property even with the violent impact of water droplets over
10 000 cycles, resulting in ultra-robust durability. Moreover, the
influence of the magnetic doping ratio and magnetic flux on the
dimming dynamics was systematically studied. Finally, post the
novel integration of magnetic robotics with DEG, the function of
DMR-SW as a circuit controller, thermal regulator, and droplet-
electricity-generator was successfully demonstrated. This study
opens new avenues for 3D SWs with multifunctionality andmul-
timodes, and bridges the gap between soft robotics and optical
manipulators.

2. Results and Discussion

2.1. Facile Fabrication of a Magnet-Gated Hydrovoltaic SW

SWs are desired to achieve high-efficiency solar modulation and
sustainable hydrovoltaic energy generation simultaneously. The
proposed device architecture comprises two key functional units:
The first component is a superhydrophobic transparent DEG,
which serves as a stiff supporter. The second component is a
light-dimming actuator composed of soft DMRs featuring a re-
verse magnetic dipole moment. The hydrovoltaic mechanism of
DMR-SW is illustrated in Figure 1a. The interface between the
shape-memory polymer (SMP) and indium tin oxide (ITO) forms
capacitor C1, whereas the droplet impacting the superhydropho-
bic SMP micropillars induces the formation of an electric dou-
ble layer at the liquid–solid interface, generating a new capaci-
tor C2.

[33] Parallel capacitors (C1 and C2) accumulate abundant
surface charges.[34] Once the droplet contacts the Cu electrode,
another capacitor C3 is created at the droplet–Cu interface, actu-
ating the charge to transfer along the loop-locked circuit to gen-
erate an instantaneous voltage.[35] This phenomenon resembles
the behavior of a field-effect transistor (Figure S1, Supporting In-
formation).
For solar modulation, in the absence of magnetic actuation,

the DMRs remain upright on the DEG substrate, enabling the
passage of the incident solar light. Upon exposure to a remote
untethered magnet, the two soft robots turn to a closed status, ef-
fectively blocking incoming solar light (Figure 1c). Based on the
above principle, we designed a desirable hydrovoltaic magnet-
gated SW for indoor thermal modulation in hot weather and
harvesting water-based energy during rainy weather (Figure 1b).
This novel conceptual hypothesis depends on the fabrication of
a superhydrophobic transparent DEG platform and the coaxial
magnetization of two soft robots with reverse magnetic poles
(Figure 1d).
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Figure 1. Conceptual hypothesis over a magnetic robotics-actuated hydrovoltaic SW. a) Topological design of a superhydrophobic transparent droplet-
energy-generator (DEG) substrate similar to a field-effect transistor structure, including laser-printed superhydrophobic SMPmicropillars, ITO glass and
Cu electrodes. b) Schematic diagram for displaying a bifunctional SW with solar regulation function in hot weather and DEG function in rainy climate.
c) Solar modulating principle for a SW steered by dual magnetic robotics (DMRs) under the aid of a remote untethered magnet. d) Magnetic definition
over DMRs with reverse magnetic poles grafted on a superhydrophobic and transparent DEG substrate.

The fabrication of the desired DMR-SW involved eight key
steps: (i) A regenerative amplified Ti: Sapphire femtosecond laser
system (Legend Elite-1K-HE, Coherent, USA) is used to rapidly
ablate a dense array of microholes onto a piece of PTFE film
(thickness of ≈100 μm), which serves as a soft transfer template
(Figure 2ai). The laser power, scanning frequency, scanning cy-
cles, scanning speed, and scanning interval were set as 200 mW,
10 kHz, 10 times, 50 mm s−1, and 300 μm, respectively. Notably,
the femtosecond laser with high power density serves as an en-
vironmentally benign, high-precision, mask-free, and highly ef-
ficient micro/nano-fabrication technology across a wide range of
materials, such as polymers, glass, metals, and hard crystals.[36]

(ii) Thereafter, the pure SMP precursor is spin-coated (spinning
speed: 400 rpm and spinning duration: 30 s) onto the as-prepared
template and placed in a vacuum pump for 1 h (room temper-
ature of ≈25 °C) to eliminate air bubbles (Figure 2aii). (iii–iv)
Subsequently, indium tin oxide (ITO) glass (resistance R = 14.2
Ω and transmittance at 550 nm T550 = 92%) (Figure S2, Sup-
porting Information) was pressed onto the above semi-solidified
SMP membrane with a loading pressure of ≈20 N, and then
heated and cured at 65 °C for 4 h. Finally, the superhydrophobic

transparent DEG substrate was readily harvested by demolding
and hydrophobic SiO2 nanoparticles modification. As shown in
Figure 2b,c, scanning electron microscopy (SEM) and laser con-
focal microscopy reveal that the laser-printed SMP micropillars
exhibit a good morphological uniformity (Figure S3, Supporting
Information), with height and spacing of ≈110 and 300 μm, re-
spectively. Notably, owing to the cooperation of the SMPmicropil-
lars and the hydrophobic SiO2 coating, the DEG substrate exhib-
ited waterproof properties, including water contact angle (WCA)
of ≈153°, and superhydrophobic features, including water slid-
ing angle (WSA) of≈5° (Figure 2d,e; Figure S4, Supporting Infor-
mation). Figure 2f further confirms the lyophobic behavior of the
transparent DEG in diverse liquids, including inorganic droplets,
such as water, and organic species, such as ethylene glycol, cof-
fee, and milk. Owing to its super-hydrophobicity, the transpar-
ent DEG can sense the surface falling droplets, generating an in-
stantaneous voltage of ≈30 V in an ultra-short period of 12.5 ms
(Figure 2g).
After the achievement of a transparent DEG substrate, DMRs

must be integrated for the dimming function. (v–vii) Initially,
we infused a uniform neodymium iron boron (NdFeB)/PDMS
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Figure 2. Facile fabrication of a high-performance bifunctional DMR-SW. a) Eight crucial procedures for a hydrovoltaic DMR-SW, including (i)
femtosecond-laser-drilling for a microhole template, (ii) impregnation of SMP precursor, (iii) ITO glass lamination, (iv) thermo-crosslinking and soft
transfer for a transparent DEG substrate, (v) 3D-printing a magnetofluid (NdFeB/PDMS matrix) reservoir, (vi) Magnetic definition and thermo-curing,
(vii) Peeling off and labeling the DMRs, and (viii) Integration of DMRs with transparent DEG platform. b) SEM and c) 3D confocal microscope character-
ization of the femtosecond-laser-printed SMP micropillar array; The scale bar is 200 μm. The results evidenced that the fabricated microstructures have
a good uniformity. Digital clips for displaying the droplet (≈10 μL) wetting performance on the SMP micropillars, including d) water contact angle and
e) water sliding angle. f) A digital image for witnessing its robust repellency over diverse liquids (e.g., water, ethylene glycol, milk, coffee). g) Instanta-
neous electrical power generation of a water drop (≈40 μL) impacting on transparent DEG substrate. h) Reversible optical switching of DMR-SW between
a transparent status and an opaque status via steering a remote untethered magnet.

matrix (C = 50 wt.%) into a 3D-printed mold (length × width ×
depth= 3 × 3 × 0.1 cm). Themold was then sealed and placed be-
tween two oppositely polarized magnets for axial magnetization
to define the magnetic poles, which was placed at room temper-
ature for 10 h to cure the arrangement of the magnetic chains.
Thereafter, the magnetically encoded DMRs were peeled off, and
the alignment direction of their magnetic chains was recorded.
Finally, DMRs with reverse magnetic poles were arranged onto
the as-prepared DEG platform, achieving the terminal establish-
ment of the DMR-SW. By alternately applying and removing the
magnetic field, the DMRs could be reversibly switched between
the upright and bent states above 1000 cycles, signifying a ro-
bust mechanical stability (Movie S1, Supporting information).

Owing to their opposite magnetic poles, the DMRs bend inward
simultaneously under the same magnetic field, enabling the de-
vice to transition between the transparent and opaque states and
demonstrating excellent light-adjusting performance, as shown
in Figure 2h. By loading/discharging a remote untethered mag-
net, the optical visibility of the DMR-SW could be reversibly
switched between the transparent and opaque states within 1 s
(Figure S5, Movie S2, Supporting information). Regarding a
large-area window, we can employ the fine-designed electromag-
netic coils to control theDMRs separately, which can steer the soft
robotics on-demand in a large scope via regulating the applied
current, magnetic dimension and scale.[37] As well, by leveraging
the optimized arrayed magnets,[38] the current dual soft robotics
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Figure 3. Magnetic actuation of DMR-SW with multimode. a) Hysteresis loops of DMRs with varied NdFeB doping ratio relative to PDMS matrix. b,c)
Evolution of DMR bending dynamics as a function of NdFeB doping ratio and Ba. d) Multi-physics field simulation of DMR-SW under the function of a
magnetic field. Through varying the location and dimension of a single magnet, the DMR-SW could be readily deformable with multimode. e) Photos
for displaying its circuit switching together with optical regulating capability depending on its multimode merit.

as optical dimming unitsmay be preciselymanipulated in a large-
area extent according to the user’s request.

2.2. Magnetically Steering Dynamics Over Reconfigurable DMRs

The deformation is driven by magnetic force (Fm); however, the
DMRs recovery depends on the elastic stress (Fes) (Figure S8,
Supporting information). Therefore, investigating the influence
of CNdFeB and actuation magnetic flux (Ba) on the steering dy-
namics of DMRs is essential (Figure S6, Supporting informa-
tion). As shown in Figure 3a, as CNdFeB increases from 30% to
50% and then to 70%, the corresponding remnantmagnetization
(Mr) decreases from 52 to 39 emu g−1 and then to 26 emu g−1.
However, their coercivity (Hc) remained constant at 870 mT. No-

tably, the maximum Ba used in the experiment was 500 mT,
which was lower than Hc, preventing remagnetization and pre-
serving their stable magnetic actuation.[39] In our experiment,
CNdFeB has an optimal value. At high values of CNdFeB, NdFeB
mixing evenly with the PDMS matrix is extremely difficult, as
pronounced agglomeration disrupts the orderly arrangement of
magnetic chains during magnetization. However, a lower CNdFeB
results in a smaller Fm, which is unfavorable for DMR deforma-
tion. Consequently, effective closure of the DMRs to completely
block the incident light requires an optimal binary combination
(CNdFeB, Ba), which is experimentally confirmed to be (50 wt.%
and 500 mT) and (70 wt.% and 400 mT) (Figure 3b,c). Con-
sidering the material costs, we selected the former as the op-
timal combination. To elucidate the deformation and recovery
dynamics, we used a multiphysics field simulation to study the
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reconfigurable DMR process in response to a locomotive mag-
net (Figure 3d). The simulation results are consistent with our
experimental observations, indicating that the opening and clo-
sure of DMRs are determined by the location and dimensions
of the magnet. By modulating these two factors, DMRs can be
actuated with multiple modes (Movie S3, Supporting informa-
tion). Taking advantage of this, we steered the DMRs to control a
dual-channel circuit composed of blue (B), yellow (Y), green (G),
and red (R) light-emitting diodes (LEDs) (Figure 3e). When Ba
approached the left side, the left DMR was bent as Fm > Fes, con-
necting the “H” and “F” circuits recorded as (1100). Similarly,
DMRs can evolve with multimode coupling and decoupling in
the range (1111) to (0000), which is envisioned to be conducive
to broadening the scope of electronics (Movie S4, Supporting in-
formation).

2.3. Optical Switching Performance of a DMR-Armored SW

The DMR-SW can promote daylighting while maintaining pri-
vacy by switching between the transparent and opaque magnets.
As a light manipulator, it turns transparent without the inter-
ference of the magnetic field, with DMRs similar to an open
gate; however, it becomes opaque with the function Ba, render-
ing DMRs similar to a closed gate. For practical applications,
SWs are required to exhibit good solar regulation (ΔTsol = 75.7%)
ability and high optical visibility (Tvis = 86.4%). In this study, we
used UV–Vis-NIR spectroscopy to investigate the optical perfor-
mance of DMR-SW. As shown in Figure 4a, the optical trans-
mittance of the dual-state DMR-SW lies in the range of 400–
2500 nm, demonstrating the device’s ability to modulate visible
and near-infrared spectra; the former determines the SW visibil-
ity, whereas the latter dominates the thermal regulating capabil-
ity. Without a magnetic field, the transmittance at 550 nm (T550,
peak sensitivity of the human eye) was measured to be 86.7%, in-
dicating exceptional optical clarity. In contrast, uponmagnetic ac-
tivation, T550 decreased to a negligible value of ≈0.1%. As shown
in Figure 4b–d, the reflectance (R) and absorbance (A) of DMR-
SW can reversibly switch from R = 9.4% and A = 3.8% to R =
4.1% and A = 95.7%, respectively. Notably, DMR-SW can endure
the cyclic bending and erecting operation under the functions of
Fm and Fes, demonstrating good reliability (Figure 4e). We quan-
titatively analyzed the visible light (T380–780), infrared (T780–2500),
and full-spectrum (T380–2500) transmission performance of the
dual-mode SW using the following empirical formulae:[40]

Tvis∕IR∕sol =
∫ 𝜑vis∕IR∕sol (𝜆)T (𝜆) d𝜆

∫ 𝜑vis∕IR∕sol (𝜆) d𝜆
(1)

and

ΔTvis∕IR∕sol = Tvis∕IR∕sol (transparent status) − Tvis∕IR∕sol (opaque status) (2)

where, 𝜑vis represents the human eye’s photopic efficiency func-
tion, and 𝜑IR/solar represents the AM1.5 solar irradiance spec-
trum. In the transparent state, T380–780, T780–2500, and T380–2500
reached 86.4%, 64.5%, and 75.8%, respectively. In contrast, when
switched to the shaded state, these values decreased drastically to
0.11%, 0.15%, and 0.13%, respectively. The values of ΔTvis and

ΔTsol were 86.3% and 75.7%, respectively. Compared with pre-
viously reported SWs, the current DMR-SW is more suitable for
high-performance solar regulation owing to its ultrahigh sensitiv-
ity, energy-saving merit, electric power generation, self-cleaning,
reconfigurable multimode, and good solar-modulating capability
(Figure 4f). Among these, the reconfigurable multimode merit
enables programmable optical penetration through theDMR-SW
by steering the magnetic field (Figure 4g; Movie S5, Supporting
information).

2.4. Underlying Hydrodynamics of a Self-Cleaning Feature Over
Diverse Liquids

This self-cleaning functionality can protect SWs from contam-
ination by natural sludge and dirt, ensuring their optical clar-
ity and dimming performance.[41] To systematically assess this
property, we evaluated the droplet-repellent performance of the
DMR-SW substrate by comprehensively measuring the WCA,
WSA, and adhesive force (Fa). As illustrated in Figure 5a,b, the
substrate exhibits superior repellency against inorganic and or-
ganic liquids, including water, ethylene glycol, milk, and coffee.
High-resolution charge-coupled devicemeasurements were used
to measure their WCAs and WSAs (10 μL), where their corre-
sponding values were approximately measured as (156, 145, 13°,
and 139°) and (5, 7, 10, and 12°) (Movie S6, Supporting informa-
tion), respectively. In comparison with the conventional glass (Fa
= 0.8 × 10−6 N) and flat SMP membrane (Fa = 1.3 × 10−6 N), the
current DMR-SW exhibits a lower interfacial adhesive force (Fa
= 0.4 × 10−6 N), which may be attributed to its ultralow surface-
free energy (Figure 5c). High-speed imaging further elucidated
the distinct droplet dynamics: The DMR-SW surface facilitated
rapid droplet rebound with characteristic pancake-bouncing be-
havior, whereas flat SMP surfaces exhibited strong droplet ad-
hesion without detachment (Movie S7, Supporting information).
Quantitative trajectory analysis demonstrates a reduced wetting
ridge length (L) and enhanced rebound height (H) on DMR-
SW (Figure 5d), corroborating its superior liquid repellency and
waterproofing capability. To assess its practical applicability, we
evaluated its self-cleaning performance under simulated environ-
mental contamination using dyed particulate matter (Figure 5e).
Water droplets efficiently removed surface-bound contaminants,
restoring optical clarity without residual fouling, while maintain-
ing high transparency for background visibility. Notably, the ef-
ficient elimination of surface contaminants for an excellent self-
cleaning feature may rely on the cooperation of floating and lift-
ing removal theories.[42] Significantly, current DMR-SW is resis-
tive to cyclic mechanical rubbing >1000 cycles, demonstrating a
good mechanical durability (Figure S7 andMovie S8, Supporting
information).

2.5. Solar Regulation and Electric Power Generation via
All-In-One DMR-SW

To further evaluate the room-temperature regulation perfor-
mance of the DMR-SW as an energy-saving window, we simu-
lated direct sunlight using a solar simulator and monitored tem-
perature changes of a PDMS panda pattern (doped with carbon
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Figure 4. Optical switching performance over DMR-SW. Quantitative analysis of a) optical transmittance, b) optical reflectance, and c) absorbance of
dual-state DMR-SW by UV-vis-NIR spectrums. d) Typical optical figures of dual-state DMR-SW at a wavelength of 550 nm. e) Optical switching durability
test by cyclic loading/discharging magnetic field. f) Comprehensive performance comparison between current 3D DMR-SW and other conventional 2D
SWs. g) Programmable optical transparency on a multimode DMR-SW by fine-tuning the location of a remote magnet.

powder) at the base of a 5 × 5 × 5 cm acrylic model house via
thermal infrared imaging. This analysis yielded surface temper-
ature change curves under four shading conditions: air layer, or-
dinary glass, transparent state, and shaded state. As shown in
Figure 6a–c, after irradiation for 14 min, the indoor panda tem-
perature reaches 42.6, 41.3, 37.8, and 26.1 °C. Compared to tra-
ditional glass windows, the DMR-SW can flexibly and rapidly
switch between the transparent and shaded states via magnetic
control, achieving superior room-temperature regulation. To op-

timize the entire droplet-based power generation system, study-
ing the influence of droplet parameters on the output perfor-
mance is essential after understanding its power generation
mechanism. Therefore, we investigated the effects of two param-
eters: the initial droplet height and tilt angle of the DMR-SW. The
experimental results are shown in Figure 6d–g. At four height
parameters (10, 20, 30, and 40 cm), the voltage (V) and current
(I) exhibited an upward trend with increasing height, peaking at
30 cm (−32 V and−2.1 mA, respectively). This improvement was

Adv. Funct. Mater. 2026, 36, e18211 © 2025 Wiley-VCH GmbHe18211 (7 of 12)
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Figure 5. Hydrodynamics over diverse liquids on DMR-SW surface. Characterization of a) contact angles and b) sliding angles over diverse liquids
(NaCl, ethylene glycol, milk, coffee, ≈10 μL) on the DMR-SW surface. c) Comparison of the adhesive force for the water droplet (≈10 μL) relative to
various surfaces (glass, flat SMPmembrane, laser-printed DEG). The result witnesses that DMR-SW has a smaller adhesive force toward a surface drop,
signifying a lower drop hysteresis. d) Left side: Time-lapse images for a drop (≈10 μL) impacting on the transparent DEG surface (upper) and flat SMP
surface (lower); Right side: Droplet jumping height and wetting length on two different surfaces. The result evidenced that DMR-SW is super-repellent
to water droplet on account of the presence of pancake bouncing. e) Self-cleaning function display and its dirt-detaching mechanism.

attributed to an increase in falling height, where the spreading
area of the droplet increased upon impact, further increasing
the friction area and duration.[43] Consequently, more charge ac-
cumulated in the capacitor, leading to a greater charge trans-
fer when the droplet contacted the upper electrode, enhancing
the output performance.[44] However, when the falling height
reached 30 cm, the droplet spread to its limit, and environmen-
tal factors caused instability in the output, resulting in a slight

decrease.[45] Similarly, at four angle gradients (15, 30, 45, and
60°), V and I increased with the angle, peaking at 45° (−34 V
and −2.1 mA, respectively), followed by a slight decrease. This
finding suggests that as the angle increases, the droplet tends
to stretch downward along the surface, increasing the friction
area and improving the output performance. However, beyond
45°, incomplete surface contact during spreading reduced out-
put performance. Therefore, the falling height and the tilting

Adv. Funct. Mater. 2026, 36, e18211 © 2025 Wiley-VCH GmbHe18211 (8 of 12)
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Figure 6. Thermal regulation and hydrovoltaic applications. a) Schematic diagram for displaying a home-built system composed of a solar simulator,
open-ended house model, indoor photothermal object, and a hand-hold IR imager. b) IR images and c) temperature-time curves for the roof shelters
made by air, glass, off-status transparent (without magnetic field) and on-status opaque (with magnetic field) DMR-SW. d–g) Influence of the droplets
impacting distance d and DEG tilting angle 𝛼 on the electric power generation performance. h) On-site electric power generation by drop (≈40 μL)
continuously impacting on a single DMR-SW (𝛼 = 45°) surface for lighting LEDs. i) Electric power generation and rectification for recharging a mini-
clock. j) Longevity test over DMR-SW impacted by continuous and vigorous droplets (≈40 μL) with a frequency of 3 drop/s. The result witnessedDMR-SW
has a good durability.
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angle must be optimized to achieve superior output perfor-
mance. Notably, this single DMR-SW can light 18 LEDs based on
the hydrovoltaic effect (Figure 6h;Movie S9, Supporting informa-
tion). Using a home-built rectification system, the instantaneous
voltage can be successfully converted to direct current, which can
serve as a power source for mini-clock operations (Figure 6i).
Moreover, DMR-SW maintains a stable peak output even with
>10 000 droplets impacting, demonstrating its ultra-robust dura-
bility (Figure 6j). Once current SMP material is substituted by
PTFE or FEP with excellent electronegativity as well as charge re-
tention capability, the hydrovoltaic performance is envisioned to
be further enhanced.

3. Conclusion

We developed a new magnet-gated SW by integrating dual soft
magnetic robotics onto a femtosecond laser-printed superhy-
drophobic transparent DEG substrate. Owing to the reversemag-
netic dipole moment, the DMRs can reversibly switch the optical
transmittance between the transparent and opaque states within
1 s, signifying unparalleled dimming sensitivity. Notably, the cur-
rent DMR-SW also features an admirable Tvis of ≈86.4% and
a ΔTsol of ≈75.7%, which are superior to most previous prod-
ucts. We quantitatively studied the effect of the NdFeB doping
ratio and actuation magnetic field (Ba) on the deformation per-
formance of soft DMRs. Multiphysics field simulations enabled
us to further elucidate the multimode deformation dynamics.
Moreover, owing to its superhydrophobic properties, DMR-SW
can repel diverse liquids to maintain an excellent self-cleaning
function. Finally, high-performance solar modulation for indoor
comfort regulation and a DEG-aided power supply for mini-
clock operationwere achieved using an optimizedDMR-SW. This
study provides valuable insights to researchers for advancing
in smart optics, laser micro/nanofabrication, energy conversion,
self-cleaning surfaces, and greenhouses, while paving the way for
future development in soft-robotics-assisted intelligent windows.

4. Experimental Section
Materials: High-purity NdFeB magnetic particles (purity of ≈99.99%

and average size of 5 μm) were purchased from Shanghai Mingjue Trad-
ing Co., Ltd. The SMP (shape-memory polymer) material is synthesized by
doping the curing agent of polyether-amine-230 into the bisphenol-type
epoxy resin precursor with the mass ratio of 1:3, which was purchased
from Kunshan Julimei Electronic Materials Co., Ltd. PDMS prepolymer
and crosslinker for magnetic blade templating were obtained from Huis-
han District Chang’an Yifeisi E-commerce Firm. ITO glass substrates were
sourced from the Luoyang Luolong District Xuyu New Retail Center. Ethy-
lene glycol was supplied by Sinopharm Chemical Reagent Co., Ltd. Su-
perhydrophobic function was achieved by a hydrophobic spray (SF-04172,
Glaco Mirror Coat Zero, Japan), which was purchased from e-commerce
platform.

Laser-Writing PTFE Template: The point-by-point circular-scanning
(circular diameter≈20 μm) routine over PTFE templates was ablated by us-
ing a regenerative amplified Ti: Sapphire femtosecond laser system (Leg-
end Elite-1K-HE, Coherent, USA). Typically, the scanning power, scanning
speed, repeated scanning cycles and scanning area were fixed as 200 mW,
50mm s−1, 10 times and 4× 4 cm, where the intervals were set as 0.3mm.
The obtained template was a micro-groove-arrayed topography for a sub-
sequent soft transfer process.

Fabrication of Superhydrophobic Transparent DEG: Based on above
PTFE template with micro-hole array, the epoxy resin precursor and cur-
ing agent (3:1 mass ratio) were manually blended for 5 min and cast to
fully infuse into the microholes under vacuum oven (25 °C, 1 h). There-
after, a piece of ITO glass (4 × 4 × 0.03 cm) equipped with a Cu electrode
(Cu adhesive tape, width × thickness = 2 cm × 100 μm) was laminated
onto above semi-product, which could be cured at 65 °C for 4 h. Accord-
ingly, the SMP micropillars were successfully bonding with ITO substrate.
Finally, the commercially-obtained hydrophobic coating (SF-04172, Glaco
Mirror Coat Zero, Japan) was sprayed on above substrate, and then con-
ducted the spin-coating (1000 rpm, 30 s) and hot assembly (80 °C, 5 min)
operation. A fresh superhydrophobic transparent DEG could be prepared.

3D Printing Magnetically-Defined DMRs: A 3 × 3 × 0.1 cm groove tem-
plate was fabricated using a Bambu Lab P1S 3D printer. The PDMS pre-
polymer and crosslinker were mixed at a 5:1 mass ratio and stirred for
5 min at room temperature. The mixture was then blended with NdFeB
particles at mass ratios of 3:7, 1:1, and 7:3, injected into the template, and
degassed for 30min to eliminate themicrobubbles. Curing was performed
for 10 h between two opposing cylindrical magnets (at room temperature)
before demolding. Finally, we could harvest two pieces of magnetically de-
fined DMRs, which were integrated on the laser-printed superhydrophobic
transparent DEG via PDMS media.

Characterization: Field-emission SEM (JEM-2100F, Japan) was used to
analyze themicrocolumn arrays, and laser confocalmicroscopy (OLS5100,
Olympus) was used to characterize the surfaces of the magnetic smart
window (DMR-SW). The adhesion forces were measured using an elec-
tronic balance (PX224ZH, Ohaus, USA), and the contact/sliding angles
(10 μL droplets) were determined at 10% RH/25 °C using a goniometer
(CA100C, Innuo). UV–vis-NIR spectroscopy (3700DUV, Shimadzu, Japan)
with an integrating sphere was used to measure transmission and reflec-
tion, whereas the absorptivity is obtained from Kirchhoff’s Law (A + R
+ T = 1). Droplet dynamics (10 μL) were obtained at 6400 fps using a
Photron-SA3 high-speed camera with a Mitutoyo 2× objective. A medi-
cal infusion pump was used to generate deionized water droplets at con-
trolled flow-rate intervals. The output voltage was recorded using an oscil-
loscope (RIGOL DS1104 PLUS, PVP3150 passive probe), and the current
was measured using a low-noise preamplifier (SR570, Stanford Research)
connected to an electrometer (Keithley 6514). Thermal management anal-
ysis was conducted using a solar simulator (CME-Sol 8150, China) and IR
thermography (Fotric 348X, China).
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