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Development of 3D Reversible Smart Energy-Saving Devices
for Adaptive Energy Management

Ho Jun Jin, Junyong Seo, Ha Uk Chung, Minkyu Jung, Simon Kim, Su Eon Lee,
Jun Hyun Park, Jun Seok Choe, Sun-Kyung Kim,* Bong Jae Lee,* Jin-Tae Kim,*
and Bong Hoon Kim*

Conventional 2D thin-film-based energy-saving devices face limitations in
controlling phase transition temperatures and in material selectivity. In
contrast, 3D devices offer better temperature tunability and broader material
options for surface coatings. However, existing designs still face challenges
like limited deformation and asymmetric structures, hindering adaptation to
varying sunlight incidence and azimuth angles. This study proposes
symmetric 3D devices incorporating a shape memory alloy actuator, black
paint for solar absorption, and a polydimethylsiloxane (PDMS)/Al2O3

composite as an RC film, exhibiting the following characteristics: i) reversible,
continuously tunable 3D mechanical deformation between solar heating (SH)
and radiative cooling (RC) modes via a temperature-responsive actuator; ii)
autonomous operation without external power or manual intervention,
ensuring energy-saving functionality; and iii) effective operation across diverse
climates with durable, flexible, and adaptable design and adjustable transition
temperatures for enhanced thermal responsiveness. Theoretical simulations
confirm maximum cooling power reduction of 6.8% in summer and heating
power reduction of 5.6% in winter. Performance evaluations under varying tilt
angles and solar incidence, along with climate simulations across 15 global
zones, validate the effectiveness and adaptability of the device for real-world
applications. These findings highlight its potential as a scalable, sustainable,
energy-efficient solution for future architectural and environmental uses.
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1. Introduction

The continuous increase in global energy
consumption has created an urgent need
for innovative energy-saving technologies,
including carbon-neutralization strategies
and initiatives such as 100% Renewable En-
ergy (RE100).[1,2] Buildings account for 30–
45% of global energy consumption, con-
tributing significantly to critical environ-
mental challenges such as global warming
and air pollution.[3–7] In this context, the en-
ergy consumption of heating, ventilation,
and air conditioning (HVAC) systems varies
widely, ranging from 18% to 73% of a build-
ing’s total energy use, making it a key focus
for improving energy efficiency.[7–9] Among
the various technologies aimed at reduc-
ing energy consumption in buildings, so-
lar thermal harvesting.[10,11] radiative cool-
ing (RC),[12] and other radiation-based
heat transfer methods[13] have emerged
as promising solutions due to their ef-
ficiency and sustainability. In particular,
for RC technology, recent research has fo-
cused on the development of innovative
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materials, such as metasurfaces[14,15] and organic/inorganic
composites,[16,17] to effectively dissipate excess heat from build-
ings to outer space through atmospheric transparent windows.
These studies have achieved notable success in reducing cooling
energy consumption by utilizing materials characterized by low
solar absorption and high thermal emissivity. However, most RC
devices operate exclusively as cooling systems, which can unin-
tentionally increase heating energy demand when surface tem-
peratures drop below comfort levels, such as during nighttime
or winter. To address these limitations, dual-mode smart energy-
saving technologies capable of switching between RC and solar
heating (SH) have gained notable attention.[18,19]

Recent advances in 2D thin-film-based smart devices have
introduced innovative strategies for dynamic thermal manage-
ment, including humidity- and temperature-adaptive modula-
tion of refractive indices,[20] voltage-controlled tuning of opti-
cal properties,[21] and motor-driven systems.[22] Among these,
humidity- and temperature-adaptive methods are particularly
appealing because of their simplicity and low energy require-
ments. Porous materials, such as poly(vinylidene fluoride-
co-hexafluoropropylene) polymers,[23] cellulose acetate porous
coated textile,[24] and porous polytetrafluoroethylene,[25] exhibit
humidity-dependent changes in porosity, which modulate so-
lar transmittance through humidity-induced variations in light
scattering. This enables reversible transitions between RC and
SH modes depending on the humidity level, thereby offer-
ing efficient and sustainable thermal management solutions.
In addition, VO2-based materials doped with elements such
as molybdenum,[26–28] tungsten,[29,30] or strontium[31,32] provide
dual-mode thermal regulation capabilities. VO2 undergoes a
phase transition between dielectric andmetallic states depending
on temperature and its critical temperature (Tc), enabling tunable
emissivity control.[33] This unique property facilitates the devel-
opment of self-regulating thermal management systems.
The applications of these 2D thin-film-based smart materials,

such as coatings on building exteriors, show promise for adap-
tively reducing heating and cooling energy demands.[34–41] How-
ever, several challenges hinder their practical implementation,
including manufacturing difficulties, limited control of regulat-
ing performance owing to a mismatch of the target and phase
transition environments, and material constraints in achieving
high selectivity of the radiative property spectrum. Addressing
these limitations is essential for realizing the full capabilities of
film-based smart devices for energy-efficient thermal manage-
ment. To address these challenges, 3D mechanical actuation of-
fers a promising alternative for enabling transitions between RC
and SH modes.[42–51] By harnessing thermal expansion differ-
ences between materials, these systems can generate dynamic
structural responses to temperature changes. For example, the
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combination of hydrophilic oxidized cellulose and hydrophobic
ethyl cellulose enables self-folding mechanisms that open at ele-
vated temperatures and close at lower temperatures.[44] In such a
case, a key advantage is the ability to store solar energy during the
day and suppress radiative heat loss at night, offering excellent
performance from an energy storage perspective. However, a po-
tential limitation is the dependence on ambient temperature and
humidity. Furthermore, thermally responsive polymers or phase-
change materials that expand or contract at specific temperature
thresholds can facilitate structural deformation and activate ra-
diative cooling or heating functions. For example, thermorespon-
sive polymers, such as poly(N-isopropylacrylamide), can be uti-
lized to enable on/off dual-mode actuation by exploiting their
characteristic volume changes, expanding at elevated tempera-
tures and contracting at lower temperatures depending on ambi-
ent conditions.[45] This study also offers the advantage of enabling
reversible thermal management modes; however, its drawbacks
include potential performance degradation due to the humidity-
sensitive nature of the polymer, as well as the requirement for
complex nanopatterning fabrication processes.
Shapememory alloys can undergo temperature-induced phase

transitions accompanied by dimensional changes, offering a
promising platform for thermally regulated radiative cool-
ing and heating systems while being unaffected by ambient
humidity.[46,51,52] Lee et al.[47] also developed macro- and micro-
scale energy devices capable of reversible dual-mode transitions
by harnessing the buckling behavior of polymers induced by me-
chanical forces. Despite their potential, most existing studies on
3D thermal regulation structures have been limited to control-
ling motion along a single degree of freedom. However, in out-
door environments, the incidence and azimuth angles of sunlight
vary continuously throughout the day and across seasons owing
to diurnal solar motion. Consequently, the need for symmetri-
cally designed 3D structures with multidirectional actuation ca-
pabilities has been increasingly emphasized to ensure effective
light modulation under dynamic solar trajectories. For the same
reason, when these structures are deployed on inclined building
surfaces for architectural integration, only symmetric structures
can maintain the desired optical modulation performance, irre-
spective of changes in illumination angles. Therefore, it is nec-
essary to develop a modern and smart 3D energy device that can
overcome the limitations of the reported 2D thin-film structures
and 3D devices.
This study introduces a novel 3D energy-saving device that uti-

lizes a self-driven actuator with an adjustable operating range
and overcomes material constraints through the versatility of
material coatings with the following key features: i) The de-
vices exhibit reversible 3D mechanical deformation between SH
and RC modes, enabled by a temperature-responsive actuator.
This device enables continuous tuning across high- and low-
temperature ranges, rather than functioning in a simple bi-
nary (on/off) manner. ii) Energy-saving functionality is achieved
through autonomous operation without the need for external en-
ergy sources ormanual adjustments. iii) The system is applicable
across diverse climates and regions, offering robustness, versatil-
ity, and adaptability to varying environmental conditions. More-
over, the ability to adjust the heating and cooling transition tem-
peratures easily makes the system suitable for development as a
personalized thermal regulation platform.
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The device integrates two specialized surfaces: a carbon black-
coated surface for the SH mode, providing a heating effect ex-
ceeding 60 °C above ambient temperature in winter,[47] and an
Al2O3/PDMS surface for the RC mode, achieving cooling effects
as low as −9 °C below ambient temperature in summer.[53] Mode
transitions are regulated by temperature-driven variations in the
angle and opening of the wings of the device, inspired by tradi-
tional architectural practices that optimize eave angles based on
latitude. In this study, the dual-mode thermal management per-
formance of this passive 3D device is validated through theoreti-
cal analysis and experimental evaluation. Performance tests con-
ducted at angles of 0° (ground mounted), 45° (slope mounted),
and 90° (wall mounted) demonstrated its effectiveness across
various surface orientations. Additionally, simulations were con-
ducted to evaluate seasonal performance across different global
climates, quantify monthly energy savings, and highlight its po-
tential as a transformative solution for energy management in
buildings.

2. Results and Discussion

2.1. Reversible Motion-Enabled 3D Structures for Passive
Energy-Saving Devices

Figure 1a,b illustrate the differences in traditional house eave
angles based on latitude, comparing the “Hanok” in Seoul, Ko-
rea, and “Tingtai Teahouse” in Shanghai, China. In the Northern
Hemisphere, traditional houses with steeply angled eaves facing
upward are more commonly observed at lower latitudes. This
architectural adaptation effectively addresses the need to main-
tain comfortable indoor temperatures by obstructing sunlight in
summer and permitting solar gain. These design strategies are
particularly effective at lower latitudes, where the solar altitude
angle is higher during winter.[54] The principles derived from
such traditional architectural practices highlight the adaptability
of the proposed reversible 3D structures to environmental fac-
tors, such as variation in solar irradiance caused by different so-
lar altitudes. These structures demonstrated an effective reduc-
tion in cooling/heating energy consumption compared with that
of 2D planar structures (Figure 1c).
The proposed 3D device dynamically adjusts its heat transfer

pathway depending on the operating mode. In the RC mode,
when the ambient temperature increase, the shapememory alloy
(SMA) spring expands, causing the RC-coated wings to fold. This
configurationmaximizes RC in themid-infrared (MIR) range (8–
13 μm, i.e., the atmospheric transparent window range) and re-
flects incoming solar heat back to the atmosphere. The wings
maintain a cold temperature owing to the RC phenomenon,
which subsequently cools the underlying surface through con-
vection and radiative heat exchange. In the SH mode, when the
temperature drops, the SMA spring contracts, causing the RC
wings to open to a 90° angle. This directly exposes the under-
lying heat-absorbing, black-painted surface to sunlight, thereby
enabling solar thermal heating. In the external environment, the
wings of the 3D device adjust dynamically based on ambient tem-
perature. Under colder conditions, the wings open and maxi-
mize the solar exposure for heating. Conversely, under warmer
conditions, the wings close to block sunlight and reduce heat
gain, thereby enhancing cooling efficiency. Experimental results

at the baseline room temperature (25 °C) confirmed these adap-
tive responses. In cold environments (8 °C), the wings fully
open, whereas in hot conditions (32 °C), the wings fully close
(Figure 1d).
The adaptive 3D device is composed of five primary compo-

nents: the roof parts, joint parts, support parts, wing frames, wing
panels, and SMA spring (Figure 1e). The roof parts are fabricated
using a transparent KS158T 3D printing material to effectively
capture sunlight, whereas other structural components are fabri-
cated from acrylonitrile butadiene styrene (ABS) 3D printingma-
terial. The wing panels feature a dual-layer design, with an outer
layer coated with an RC film and an inner layer painted with car-
bon black for solar absorption. This design allows the wings to
interact with sunlight depending on the mode. The RC film, de-
veloped in prior research,[53] achieves RC by scattering the solar
radiation through alumina (Al2O3) nanoparticles and leveraging
PDMS as the base material for strong MIR emission. This film
exhibits efficient RC performance, is easy to produce, and is well-
suited for applications in 3D devices. The upper surface of the
support part is coatedwith carbon black paint to effectively absorb
solar radiation during the SH mode in cold environments. The
SMA, composed of a Ni/Ti alloy (nitinol), uses a tension spring
with a diameter of 8 mm and a thickness of 1 mm. These com-
ponents collectively contribute to the adaptive functionality and
energy-saving performance of the device (i.e., reduction in energy
consumption).
The heating and cooling temperatures of the common surfaces

and the proposed 3D device were computed for various exter-
nal temperatures and coating conditions (Section S1, Support-
ing Information) based on conventional and detailed heat trans-
fer analysis. Please note that the measured spectral emissivity of
coatings (i.e., black paint, urethane coating, and RC film) (Figure
S1, Supporting Information). Simulations revealed that black
paint and urethane coatings, due to their strong solar absorption,
achieved high heating temperatures, while the RC film achieved
sub-ambient cooling temperatures through passive cooling phe-
nomena. For the 3D device’s bottom surface, we have considered
both radiative and convective heat transfer between the variously
tilted wings and the bottom surface (Sections 1–2, Supporting
Information). A sharp drop in temperature difference above the
ambient temperature was observed within the 30–35 °C range,
corresponding to the SMA spring’s transition range. In addition,
as shown in Figure 1, when the ambient temperature increased,
the RC mode was gradually activated, resulting in a smaller tem-
perature difference. This behavior enables dynamic switching be-
tween cooling and heatingmodes, providing passive temperature
regulation (Figure 1f). As a result, our 3D smart device performed
maximal 51.3 °C of heating temperature and 65.7% (i.e., ratio be-
tween incoming solar irradiance and the net solar heating power)
of solar thermal conversion efficiency at SH mode (i.e., ambient
temperature at 6 °C), and minimal −6.1 °C of cooling tempera-
ture and 36.1 Wm−2 (i.e., net radiative cooling power) of cooling
power at RC mode (i.e., ambient temperature at 40 °C).
Theoretical energy savings were calculated for a conventional

building located in Daejeon, South Korea (36.4°N, 127.4°E) using
typicalmeteorological data (Section S2, Supporting Information).
The results indicate that the 3D device reduces summer cooling
energy consumption (June to August) by 4.9%–6.8% (Figure 1g)
and winter heating energy consumption (December to February)
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Figure 1. a,b) Images and schematics of the traditional houses: “Hanok” in Seoul, Korea (left), and “Tingtai Teahouse” in Shanghai, China (right).
c) Schematic of the 3D smart energy-saving devices. d) Images of the devices in various temperature environments (8, 25, and 32 °C). e) Schematic
illustration of the device components. f) Thermal properties of the carbon black paint, urethane paint, radiative cooling film, and 3D smart devices
under ambient conditions. Representative performance data with and without the 3D smart energy-saving devices are shown in g) cooling and h)
heating modes.
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by 4.9–5.6% (Figure 1h). Annual energy savings for other regions
were also calculated (Figure S12, Supporting Information). These
findings confirm that the proposed 3D device, incorporating an
SMA spring, is an effective passive energy-saving solution for
cooling and heating applications across various regions, without
the need for external power sources.

2.2. Mechanical Characteristics of Passive 3D Energy-Saving
Devices

Figure 2a b, provides a schematic of the behavior and operation
of the SMA spring in the 3D passive energy-saving device that
responds to temperature variations. In a high-temperature envi-
ronment, the SMA spring elongates, causing the wing frame to
rise and the wings to close. In contrast, in a low-temperature en-
vironment, the SMA spring contracts, thereby lowering the wing
frame and opening the wings. As the SMA length changes with
temperature, both the angle between the device’s wings and the
ground, as well as the opening area, vary accordingly. At ≈10 °C,
the SMA maintains a length of 2.5 cm, whereas at ≈35 °C, it ex-
tends up to 5 cm, demonstrating reversible variability. When the
SMA reaches its minimum length, the wing angle increases to a
maximum of 90°, with the opening area expanding to 88 cm2.
Conversely, when the SMA reaches its maximum length, the
wing angle decreases to aminimumof 45°, fully closing the open-
ing area and blocking sunlight (Figure 2c).
The forces exerted on the device vary depending on the push-

ing and pulling forces of the SMA, which change with temper-
ature. As the temperature rises, the SMA expands significantly
from ≈30 °C, increasing its pushing force. At 40 °C, the force
exerted on the device reaches ≈9.8 N. In contrast, as the tem-
perature decreases, the SMA contracts significantly from ≈8 °C,
generating a pulling force. At 0 °C, the pulling force on the device
is ≈2.5 N. In the force measurement experiment of the SMA, the
deviation of themeasured data across 10 actuation cycles was less
than 0.1 N, confirming that SMA is a mechanically stable ma-
terial under repeated deformation (Figure 2d,e)[55,56]. The DSC
graph reveals the temperature range where the SMA undergoes
phase transitions. The shift to the rigid austenite (A) phase begins
at ≈35 °C, correlating with the increasing pushing force shown
in Figure 2d. As the temperature decreases, the SMA transitions
through the intermediate rhombohedral (R) phase before reach-
ing the softermartensite (M) phase. The transition to theMphase
starts at ≈4 °C, aligning with the increasing pulling force shown
in Figure 2e (Figure 2f). The SMA exhibited minimal variation in
phase transformation temperatures and hysteresis after 10 DSC
cycles, demonstrating its superior thermal durability (Figure S7,
Supporting Information)[55,56].
The opening area of the device was estimated based on the

temperature of the SMA spring under summer and winter con-
ditions. Assuming that the SMA spring temperaturematched the
ambient temperature, the relationship between the SMA spring
length and temperature (Figure S4, Supporting Information),
along with the correlation between the SMA spring length and
opening area (Figure 2c), was used to obtain the simulation re-
sults. Predicting variations in the opening area under the hottest
(i.e., approximately noon on August 7) and coldest (i.e., approx-
imately dawn on January 24) conditions in Daejeon, South Ko-

rea, the analysis confirms significant changes in the opening area
when the ambient temperature reaches the SMA transformation
temperature range (i.e., 30–36 °C). This suggests that, when ap-
plied in an actual environment, the 3D device will dynamically
switch between cooling and heatingmodes (Figure 2g). However,
in cold weather, the opening area remains open, keeping the de-
vice in heating mode (Figure 2h).
The outdoor temperature and corresponding opening area of

the 3D device were measured over 9 days in August 2024 in Dae-
jeon to validate its performance under summer conditions and to
investigate other external factors such as solar irradiance and heat
conduction to surrounding components. At night, the device re-
mained open, as expected, while during the day, the 3D structure
closed earlier than the theoretical value of 36 °C, activating the
cooling mode. These results indicate that increased solar irradi-
ance preheats the SMA spring. This characteristic enhances the
energy-saving function of the passive 3D device for building heat-
ing and cooling, as the activation temperature for cooling mode
closely aligns with a building’s thermal management target tem-
perature (e.g., ≈20–24 °C).[4,57] The findings highlight the effec-
tive energy-saving performance of the device and the importance
of external factors such as solar irradiance in optimizing its func-
tionality (Figure 2i).

2.3. Performance Testing of the Device on Surfaces at Various
Angles

Figure 3a b, presents a schematic and image of the outdoor
experimental setup for the 3D passive device, respectively. The
performance comparison under different tilt angles [0° (ground
mounted), 45° (slopemounted), and 90° (wall mounted)] andma-
terial configurations highlights the versatility of the device and
the critical influence of the manufacturing materials. The mate-
rial combinations include carbon black paint only, RC paint only,
urethane paint only, and the reversible 3D device. The theoreti-
cally predicted temperature variations for the lower surface of the
reversible 3D device under summer and winter conditions, based
on the ambient temperature data, are shown in Figure 3c,d, re-
spectively.
Consistent with the previous findings in Figure 2g,h, the am-

bient temperature during summer fluctuates around the SMA
transformation temperature, leading to alternating activation
of the cooling and heating modes. As shown in Figure 3d,
during winter, the low ambient temperature caused the SMA
spring to contract and continuously maintain the heating mode
(Figure 3c,d). Temperature measurements across different tilt
angles and material configurations further demonstrated the ef-
fective temperature regulation properties for broad applications,
such as rooftop, slope, and walls (Figure 3e–g).[58] Notably, the
temperature of the 3D device (i.e., orange-colored line) was col-
lected by measuring the point beneath the 3D device’s bottom
surface, and the 3D smart device blades (i.e., purple-colored line)
were determined by measuring the surface beneath the wings
of the device. Around noon, the SMA spring has not yet been
activated, keeping the 3D device in heating mode. This results
in a higher surface temperature than that of the RC-coated sur-
face. This observation also implies that the heating mode activa-
tion of the 3D smart devices can be expected. However, as the
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 15214095, 2025, 43, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202507682 by D
aegu G

yeongbuk Institute O
f, W

iley O
nline L

ibrary on [03/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 2. Schematic of the behavior and operation of the 3D smart energy-saving devices. In the a) cooling and b) heating modes. c) Mechanical
properties of the 3D smart devices: wing angle and opening area based on the Shape Memory Alloy (SMA) length. Thermal properties of the SMA:
d) pushing force under heating conditions, e) pulling force under cooling conditions, and f) DSC data. Mechanical properties of the 3D smart devices:
temperature-dependent opening area in g) summer and h) winter. i) Time-resolved mechanical response of the 3D smart devices: wing angle and
opening area over 24 h.
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Figure 3. a) Schematic and b) image of the experimental setup used to measure the temperature performance of various substrates. The thermal
properties of the 3D smart devices in c) summer and d) winter are shown. The thermal properties of various substrates in e) 0°, f) 45°, g) 90°, and h) 0°

are presented without a radiative cooling film. The curves represent urethane paint (black line), carbon black paint (red line), 3D smart devices (orange
line), ambient temperature (green line), radiative cooling paint (blue line), and the blade component of the 3D smart devices (purple line).

Adv. Mater. 2025, 37, 2507682 2507682 (7 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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temperature increases sufficiently, the device transitions to the
coolingmode, gradually cooling down until its lower surface tem-
perature aligns with that of the RC-coated surface across all tilt
angles.
An identical experiment with a non-RC-coated version of the

3D device further confirmed the crucial role of the RC wings
(Figure 3h). Unlike the RC-coated device, the non-RC version
did not cool down as effectively, even after the cooling mode was
fully activated at around noon. This indicates that the thermal ex-
change between the cooled RC surface and the lower surface of
the device plays a crucial role in its temperature regulationmech-
anism. Consequently, these findings suggest that a combination
of high-cooling and high-heating materials is essential to achieve
optimal temperature regulation. This performance test was con-
ducted over multiple days, and the results are provided in Figure
S10 (Supporting Information).

2.4. Simulation-Based Estimation of Energy Savings Using the
3D Smart Device Under Various Climate Conditions

Since a massive production of the 3D smart device for experi-
mental validation with it was practically impossible, a theoreti-
cal simulation was conducted to evaluate the energy-saving po-
tential of the proposed 3D smart device quantitatively.[59] The
energy consumption was assessed by comparing the HVAC
loads of a conventional building with and without the 3D de-
vice. Figure 4a illustrates the simulation model for heat ex-
change in a typical building. Following a simplified 0D nu-
merical model from the previous study,[59] various heat transfer
components were considered, including heat exchange through
the walls (qwalls), floors (qfloors), windows (qwindows), ventilation
(qvent), and rooftop (qroof). These heat transfer processes occur
naturally, leading to indoor temperature fluctuations that re-
quire additional thermal management via heat pump (HP) op-
eration (qHP). The energy required to operate the HP is deter-
mined by WHP = qHP/COP, where WHP represents the elec-
trical power consumed by the HP and COP represents the
coefficient of the HP performance (Section S2, Supporting
Information).
The application of the 3D smart device to a building’s rooftop

modulates the roof temperature in response to ambient con-
ditions, altering the qroof and reducing the heat exchange be-
tween the roof and indoor space. Consequently, the required
heating and cooling energy (qHP) and the corresponding power
consumption (WHP) decrease, leading to enhanced energy effi-
ciency. Figure 4b presents a schematic of the 3D device array in-
stalled on a rooftop, illustrating the heat transfer mechanisms
involved. During the cooling mode (i.e., when the opening area
is minimal), net RC occurs on the wing surfaces, thereby re-
ducing their temperatures. Consequently, heat is extracted from
the rooftop surface via radiative and convective heat exchange.
As the ambient temperature decreases, the device transitions
from cooling to heating mode (i.e., the opening area increases),
which allows solar radiation to penetrate through the open-
ings and be absorbed by the black-painted surfaces for thermal
conversion. This dynamic adjustment enables adaptive rooftop
temperature modulation and optimizes energy efficiency with-

out active mechanical intervention (Sections S1, S2, Supporting
Information).
Before conducting the building energy consumption simula-

tion, a simple calculation of the climate-dependent activation of
the 3D device was performed to guarantee its feasibility. A “mode
ratio” was defined as the proportion of time the device operates in
each operational mode. The opening area ratios for the cooling,
transition, and heating modes were 0–20%, 20–80%, 80–100%,
respectively. Themode ratio was calculated using annual ambient
temperature data for each city combined with the temperature-
opening area relationship established in Figure 2. Themode ratio
calculations were performed for 15 representative cities world-
wide, selected based on the Köppen–Geiger climate classifica-
tion (Figure 4e).[60] Please note that the 15 cities were selected
to be nearly-uniformly distributed on Earth, since there are sim-
ilar heating and cooling loads under the same climate classifi-
cation due to the criteria.[58] Among the 15 cities, 4 representa-
tive climates were selected for comparison: i) Puerto Ayacucho,
Venezuela (Am climate: tropical monsoon), ii) Moscow, Russia
(Dfb climate: cold and snowy regions), iii) Los Angeles, USA
(BSk: cold semi-arid), and iv) Kufra, Libya (BWh: hot desert),
as shown in Figure 4c,d,f,g, respectively. As expected, in Am
climates, the device remained predominantly in cooling mode
(Figure 4c), assisting in offsetting the high cooling demand. In
Dfb climates, the heating mode dominated, supporting heat re-
tention (Figure 4d). In the BSk and BWh climates, frequent tran-
sitions occur between the heating and cooling modes. Owing
to the higher annual temperature fluctuations in BWh climates,
both cooling and heating modes were actively engaged, whereas
transitionmodes dominated in BSk climates. These findings sug-
gest that 3D smart devices have the potential for effective ther-
mal regulation across various climatic conditions, enabling daily,
monthly, and annual thermal management without external en-
ergy input. Figure 4h,i illustrate the annual heating and cooling
energy consumption for buildings with and without the 3D de-
vice in the four representative cities.
Energy consumption for an additional 11 regions was also

calculated (Figure S12, Supporting Information). The results
demonstrate that the 3D device effectively reduces energy con-
sumption across all climates. In regions with high cooling de-
mands, cooling energy savings of 9.1% and 17.0% were achieved
in theAmandBWh climates, respectively. In colder regions, such
as Dfb, the heating energy consumption decreased by 4.6%. The
lower heating energy savings compared to cooling savings can be
attributed to insufficient solar energy availability in high-latitude
regions, where a lower solar altitude limits effective heat absorp-
tion. However, in the BSk and BWh climates, where solar en-
ergy is more abundant, higher heating energy savings (≈16%)
were observed owing to their lower latitudes. Both cooling and
heating energy savings for BWh climates exceeded those for
BSk climates because of the extreme annual temperature fluc-
tuations in BWh climates. These results further highlight the
3D reversible smart device’s ability to adaptively regulate tem-
perature and achieve significant energy savings, regardless of
climate, location, and time. Because of its non-motorized, self-
regulating thermal management capabilities, this device offers
an efficient solution for reducing building energy consumption,
making it a promising technology for sustainable construction
applications.

Adv. Mater. 2025, 37, 2507682 2507682 (8 of 11) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a) Schematic of the simulation model for heat exchange in a typical building. b) Schematic of the 3D device array installed on a rooftop,
illustrating the heat transfer mechanisms. The mode ratio of the 3D smart devices in the c) Am climate, d) Dfb climate, f) BSk climate, and g) BWh
climate is shown. e) Schematic of the 15 representative cities worldwide, selected based on the Köppen–Geiger Climate Classification. The energy-saving
performance data of the 3D smart energy-saving devices in the h) cooling and i) heating modes for four representative regions are shown.
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3. Conclusion

In this study, a 3D building energy-saving device utilizing an
SMA-based actuator is proposed. This device enables energy re-
duction in buildings without external power consumption.When
combined with conventional building construction strategies,
this approach proves applicable across various climates and envi-
ronmental conditions, both spatially and temporally. The unique
3D structure of the device effectively adapts to variations in so-
lar intensity and incident angles due to latitude, addressing the
challenges faced by previous energy-saving devices. The effective-
ness and versatility of the 3D smart energy-saving device were
validated through real-world temperature measurements and cli-
mate simulations across different times of day, seasons, and ge-
ographic locations. Additionally, performance tests on surfaces
with varying tilt angles and material configurations confirmed
the device’s capability to enhance energy efficiency across diverse
architectural designs. This energy-saving strategy has significant
potential for future development, particularly by adjusting the
SMA activation temperature to enable customized functionality
tailored to user requirements, making it a highly adaptable solu-
tion for sustainable building applications.

4. Experimental Section
Fabrication of Al2O3/PDMS Radiative Cooling Surface: The

Al2O3/PDMS mixture for the RC coating was fabricated using the
following procedure[53] 1) The PDMS base, curing agent (Sylgard 184 A
and B, Dow Corning), and 500 nm Al2O3 particles (DT-ALO-S45, Ditto
Technology) were mixed in a designated mass ratio (i.e., 1:2:5) for optimal
cooling performance[53] and stirred by hand for least 20 min; 2) The
mixture was applied to the target surface, such as a, wing surface or Al
foil; 3) The applied product was degassed in a low-level vacuum chamber
for over 30 min to eliminate air bubbles; 4) The degassed product was
thermally cured in a convection oven at 50 °C for more than 15 h. The
fabrication process is described in detail in the literature.[53]

Fabrication of 3D Smart Energy-Saving Devices: The framework com-
ponents of the 3D smart devices were made from ABS materials and fab-
ricated using a Zortrax M300 3D printing system. The roof components
of the 3D smart devices were composed of KS158T SLA materials and
fabricated using a Kings SLA 600 3D printing system. The SMA springs,
used as actuators in the 3D device, were fabricated using materials sup-
plied by SE Corporation. The inner surface of the wing frames was coated
with carbon black paint, while the outer surface was covered with an RC
film. Subsequently, the frames were integrated with the support compo-
nents. The roof components and wing frames were assembled using joint
elements. Finally, the SMA springs were inserted into the grooves of the
support components, thereby completing the assembly of the 3D smart
energy-saving devices.

Measurement of Thermal Properties of SMA Springs: The thermal prop-
erties were measured using the following commercial instruments: force
gauge (AMF-50, Shahe), SEM EDS (GeminiSEM 300, Carl Zeiss), DSC
(Discovery DSC, TA Instruments), hermetic pan, and thermogravimetric
analysis with an Auto Q500 (TA Instruments).

Measurement of 3D Smart Device’s Outdoor Temperature: The temper-
ature of the bottom surface of the 3D smart device was measured using a
K-type thermocouple (TC; OMEGA). The tip of the TC was attached below
the support of the 3D device (i.e., between the support part and the floor
surface). Time-variant temperature signals from the TC were collected us-
ing a data logger (GL820, Graphtec) at 1-min intervals. Notably, the tem-
peratures of the surfaces (i.e., the bottom surface of the 3D device and
the surfaces with other coatings, such as black paint, urethane paint, and
RC coating) were uniformly distributed, as the surfaces were thin and the
overall thermal capacitance was negligible.

Measurement of Spectral Emissivity: The emissivity spectra were mea-
sured using the following commercial spectrometers and corresponding
integrating spheres, depending on the spectral regimes: UV–vis spectrom-
eter (UV-3600i Plus, Shimadzu) with BaSO4 integrating sphere (ISR-603,
Shimadzu) for 0.3–2.5 μm, and Fourier-transform infrared spectrometer
(Nicolet iS50, ThermoFisher) with gold integrating sphere (Mid-IR Inte-
gratIR, PIKE Technologies) for 2.5–15.0 μm.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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