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ABSTRACT: On-demand and selective regulation of the radiative cooling (long-
wave infrared, LWIR) and solar heat gain (ultraviolet-, visible- and near-IR, UV−
vis−NIR) of building facades is a grand challenge but essential to decrease energy
usage in buildings. Here, we report a reconfigurable interwoven surface that can
dynamically switch the overlapping sequence to achieve spectral selectivity and
ultrabroadband modulations for windows, walls/roofs with decent spectral
modulations, and energy-saving performance. The result surpasses the best
reported passive radiative cooling smart windows with a more than doubled
visible transmittance (Tlum = 0.50) and LWIR modulation (Δ εLWIR = 0.57). Our
energy-saving samples outperform the commercial building materials across
climate zones 2−6. This design principle is scalable and applicable for diverse
materials, interwoven structures, and 2D-3D surfaces, which provide a strategy to give programmable heating/cooling
modulations in various applications.

Buildings account for ∼51% of electricity and ∼33% of
black carbon emission globally, which is expected to
increase with modernization.1,2 In developed regions

such as the United States and European Union, up to ∼40% of
the primary source of energy is consumed in buildings.1,2

Building facades undergo heat exchange with outer space via
radiative cooling (RC) and gain solar heat from the sun. RC
cools the buildings through radiating heat in the form of long-
wave near-infrared (LWIR, 2.5−20 μm) to the cold outer space,
while the sun heats the buildings by absorbing ultraviolet−
visible−near-infrared (UV−vis−NIR) light.3−8 Modulation of
both the RC and solar heat gain is desirable to reduce all-year-
round energy consumption,7−9 and the efficiency has been
demonstrated by changing the roof materials via rotor10 or
flipping window.6

However, ultrabroadband modulation is always an inevitable
challenge, and the spectral selectivity in building components
differs. For example, compared with walls/roofs, windows need
to have high luminous transparency to save lighting.11−14 The
reported approaches for the spectral tunability and selectivity are
limited by the intrinsic material properties, such as using the
phase-change materials7 and mechano-/electrochromic devi-
ces.15,16 There is a lack of an efficient and universal method to
provide a design rule for different applications, including
building windows, walls/roofs, and beyond. A programmable
surface could be a different strategy to address some of those
issues.

Mechanically reconfigurable structures17,18 are known for
their subtle designs of structural architectures with spatial
rearrangement of 2D-3D blocks, leading to unique physical
properties, which have been used in broad applications.19−22 To
maximize the ultrabroadband modulation for various heating/
cooling demands, we design a dynamically tunable interwoven
architecture with switchable overlaying sequences. It demon-
strates a high spectra selectivity andmodulation, as well as a high
energy-saving performance for walls/roofs and windows in
different climate conditions. Such a universal design could be
extended to diverse materials, multidimensional switchable
surfaces, andmultiple scales that could be used but not limited to
thermal management applications in buildings.
The switchable architected surface for modulating heating/

cooling demands is constructed from perpendicularly weaved
belts (x-y plane), giving packed and overlapped building blocks
(Figure 1a). Each block can be designed to perform cooling or
heating functionality by engineering its UV−vis−NIR-LWIR
optical response (see calculation details in Note S1). The surface
formed by these blocks can be switched, for example, by sliding
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the x-belts (belts along the x-axis) horizontally for one block
distance (Figure 1ai); consequently, the spectra can be tuned
and selected for potential ultrabroadband modulation. A side-
view schematic is presented for two adjacent blocks to better
illustrate the principle (Figure 1b). During the pulling process,
the originally exposed block (denoted as surface 0, e.g., for
heating) on top slides along the moving direction and becomes
concealed (Figure 1bi,ii), while the block underneath (denoted
as surface 1, e.g., for cooling) shifts to the right and becomes fully
exposed (Figure 1biii). The process leads to the architected
surface changing in blocks from 0 to 1 for all x-belts, which
counts for half of the surface. A fully 0-to-1 switchable surface is
achievable by repeating the process for all the y-belts. The
successful production of the surface requires two types of blocks:
the effective blocks and the substitution highlighted in white and
orange, respectively (Figure 1c). In each pull, only the effective
blocks take effect with the substitution hidden. The area ratio
between the effective blocks and substitution is calculated to be

1/n for an n × n matrix (Figure 1c), eliminating the extra
requirement for storing the substitution in the methods such as
simply changing the surface materials.10

We first experimentally demonstrate the proof of concept of
switchable interwoven surfaces using green and blue paper
sheets with equidistant parallel cuts along the x- and y-axes with
premarked 1 and 0 (Figure S2a). These two components are
assembled perpendicularly along the x- and y-axes, forming an
architected surface with all the effective building blocks showing
surface 1 (Figure 1d). We denote this state as phase 1. After
sequentially pulling along the x-axis followed by the y-axis, the
entire surface can transit from phase 1 to 0 with all the effective
building blocks showing surface 0 (Figure 1d). We can use the
matrices Ak (k is an integer) to accurately describe all
combinatorial phases (Note S2) of the switchable architected
surface. The switching process between two different phases
represented by two matrices Al and Ak can be mathematically
expressed as Al = TlkAk, where Tlk represents the geometrical

Figure 1. Design principle of the switchable surface. (a) Top-view schematic of the surface design with typical geometry parameters and the
switchable principle along the x-axis as an example. (b) Side-view schematic of the switchable surface during the pulling process with a position
exchange between surfaces 0 and 1. (c) Illustration of the “effective blocks” and “substitution” for an n× n surface and the area ratio of them. (d)
Photographs to demonstrate a complete phase 0−1 transition by pulling the x- (blue paper) and y- (green paper) belts. (e) IR images to
demonstrate a complete transition from paper-based high εLWIR to Al-based low εLWIR surfaces. The samples are heated on an∼30 °C hot plate.
(f) Demonstration of the surface transition in a meter-scale Al-paper sample. (g) Simplified beam model. (h) Experimental (1) and theoretical
(2) analyses of the s/l ratio to the pulling force for samples with different thicknesses. (i) Nominal strain distribution contour.
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transformation including translation and rotation (Note S2 and
Figure S1).
We demonstrate the switchable LWIR emissivity (εLWIR)

functionality by differentiating the two phases using aluminum
(Al) foil (εLWIR = ∼0.1) and white paper (εLWIR = ∼0.93) as an
example (Figure 1e). The surface is observed to gradually
transform from an Al foil- to a white paper-covered surface, the
corresponding infrared (IR) images of which show a transition
from a dark low-εLWIR (phase 0) to a bright high-εLWIR (phase 1)
state (Figure S2 and Video S1).We further demonstrate that this
concept can be readily upscaled to a meter-scale sample with an
effective area of 2.8 m × 2.8 m (Figure 1f and Video S2).
To evaluate the pulling force needed for actuating the

dynamic switching, we conduct tensile tests (Figure S3) and
develop a simplified mechanics model (Figure 1g and Note S3)
to reveal the quantitative relationship between the force and the
geometry of the interwoven belt structure. It shows an
approximately constant pulling force during the dynamic switch
on samples made of paper or PVC-based plastic foils (Figure
S4). The pulling force for actuating the surface switch is mainly
determined by the belt thickness t (Figure 1b) and the ratio of
gap length s to belt width l (Figure 1a), i.e., s/l. s/l also
determines the surface porosity of the gaps between belts, which
can be negligible (less than 1%) even for a large gap with s/l = 0.1
(Figure S3) and thus provide an excellent surface coverage for
heating/cooling modulation. The pulling force can be reduced
by decreasing t and/or increasing s/l (Figure 1h and Figure S5).
For example, for a typical paper-based belt, as the t is reduced by
half from 0.185 to 0.09 mm, the pulling force can drop by 10-
fold, i.e., reducing from∼5 to 0.5 N for the design with s/l = 0.02
(Figure 1h1). At constant t (t = 0.185 mm), as s/l increases from
0.02 to 0.1, the pulling force is reduced by nearly half from about
5 to 2.5 N. This is consistent with the analytical model (Figure
1h2). Despite the stress concentrates at the two ends of the gap
section (Figure S6), the local maximum principal strain is ∼1%

in the paper-based design, lower than the elastic strain limit
(Figure 1i). When scaling up the design, as l increases from 8 to
30 mm, the pulling force decreases (Figure S7). For the meter-
scale sample with l ∼ 0.45 m in Figure 1f, only a small pulling
force as low as ∼1.8 N is needed for actuating the mechanical
switching (Video S3), indicating its promising application and
actuation on large scales.
In the following section, we designed the interwoven surface

with suitable materials and demonstrate their potential for
energy-saving window and roof application. Windows are one of
the least energy-efficient and most complicated parts of
buildings.7 We produce the sample consisting of the functional
layers of ITO, tungsten-doped vanadium dioxide (VO2), and
PVC plastic foil in sequence (denoted as ITO/VO2/PVC)
(Figures 2a and S8a−d). In phase 0 for cold days (Figure 2a),
the solar energy (UV−vis−NIR) passes all layers for heating due
to the high transparency of the materials in each layer. The
LWIR emission remains low since the exposure of low-ε ITO
(30Ω/sq) is on the top surface. Once switching to phase 1 for
hot days (Figure 2a), the NIR solar energy is blocked by the VO2
layer due to the temperature-induced crystal transition from
monoclinic to rutile VO2.

23 The optical transition of VO2 is
preserved in the transparent matrix, and detailed optical
investigations can be found in previous reports.21,24−26 The
LWIR emission changes to high state by switching the high-ε
PVC-based plastics on top. The sample exhibits a dark and a
bright IR image on phases 0 and 1, respectively, accompanied by
a consistent transparent yellow-brown color (Figure 2b). An
ideal energy-saving single pane window needs to maintain all-
year visible transparency, a low εLWIR, and a high NIR
transmittance on cold days, as well as a reversed response on
hot days (Figure 2c).7 Our sample exhibits a constant luminous
transmission (Tlum) of 0.50 ± 0.02 on both phases (Figure 2c),
while they perform reversely on the NIR-LWIR spectra. The
solar transmittance in the NIR region (TNIR) increases from 0.41

Figure 2. (a) Schematic of the ITO/VO2/PVC sample design for windows. Phases 0 and 1 are for cold and hot days, respectively. (b)
Photographs and corresponding thermal images of the ITO/VO2/PVC sample on the two phases. Effective areas are marked by the dashed
lines. (c) Ideal cases and experimental spectrum performance of the ITO/VO2/PVC sample. (d,e) Annually estimatedHVAC (d) energy-saving
potential in the United States and (e) energy-saving percentage in zones 2−6 (ii) using the ITO/VO2/PVC sample. Alaska and Hawaii are
mostly beyond climate zones 2−6 and are not included here.
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± 0.02 to 0.59 ± 0.02, and the εLWIR decreases from 0.93 ± 0.02
to 0.36 ± 0.02 during the transition from phase 1 to 0 (Figure
2c). The method effectively addresses the limitation of the RC-
regulated smart window,7 giving more than doubled Tlum (0.50
vs 0.22) and Δ εLWIR (0.57 vs 0.23) (Note S1).
The energy-saving simulation is conducted using the same

medium office building (Figure S9) from climate zones 2−6 in
the United States (Table S1). We compare the window sample
against the commercial glass (Table S2) with fixed Tsol = 0.5 and
εLWIR = 0.84 (Figure S10). The ITO/VO2/PVC sample shows
overall total energy savings from zones 2 to 6 in typical US cities
with up to 214 GJ energy savings (Figure 2d) and 10.8% in zone
6 (Figure 2e). By examining the monthly energy savings, our
sample saves more energy in both cold and warm seasons: e.g., in
zone 6, the sample gives an energy savings of 42 GJ in January
and 4 GJ in July (Figure S10). The monthly energy savings
across 5 climate zones in all seasons suggest that by tuning both
εLWIR and TNIR favorably, the energy could be saved through
windows in both winter and summer seasons.
We further modified the programmable interwoven surface

and demonstrate their potential for energy-saving walls/roofs.
We produce the sample consisting of indium tin oxide (ITO),
black paint (BP), and porous poly(vinylidene fluoride-
hexafluoropropylene) (PVDF-HFP) functional layers in se-
quence to approach the ideal modulation surface (denoted as
ITO/BP/PVDF-HFP) (Figures 3a and S9e−h). In phase 0
(cold days) (Figure 3a), the solar energy (UV−vis−NIR) passes
through the transparent ITO (30Ω/sq) and PET layers and then
is absorbed by the black paint for heating, while the LWIR
emission remains low since the low-ε ITO layer (30Ω/sq) is on
the top surface. In phase 1 (hot days) (Figure 3a), the top layer
of porous PVDF-HFP (Figure S9h) shows a strong reflectance
to solar (UV−vis−NIR) and a high-ε for radiative cooling. Phase
1 has a white high-reflectance appearance, and phase 0 shows a
high-absorbance black color; while phase 1 displays a brighter IR

image than phase 0 (Figure 3b). The design principle for walls/
roofs needs to be as follows (Figure 3c): A high εLWIR to promote
RC and low solar absorption (Asol) to reduce heat gain are
needed on hot days to cool the buildings, and a reverse spectrum
is required on cold days. Our sample shows a high εLWIR (0.91±
0.03) and a low Asol (0.05 ± 0.01) for phase 1 and switches to a
reverse performance for phase 0 with a reduced εLWIR (0.38 ±
0.03) and a high Asol (0.87 ± 0.01) (Figure 3c), which is
consistent with the desired modulation manner of energy-saving
walls/roofs.
To analyze the energy-saving performance, we conduct the

simulation using the same medium office building (Figure S10).
The produced ITO/BP/PVDF-HFP for walls/roofs is bench-
marked with commercial products (e.g., stucco and roofing
membrane) with fixed optical properties (Table S3). The ITO/
BP/PVDF-HFP sample gives all-year energy savings in climate
zones 2−6 in the United States (Figures 3d and S11) and the
highest total HVAC energy savings up to 137 GJ in climate zone
2 (Figure 3d) and 9.5% in zone 4 (Figure 3e). Our sample
outperforms the commercial walls/roofs in both cold and warm
seasons: e.g., in zone 2, it shows ∼5 and ∼18 GJ less energy in
January and July (Figure S11).
The two demonstrations show great potential in the

interwoven structure to solve one of the biggest challenges for
the building facades: the high-performance spectral modulation
on the ultrabroad bands. Both demonstrations are based on
switching emissivity mechanically. Further improvement is
necessary for practical application, such as thermal conductivity,
cost, durability, and abrasion loss of materials. Thermal
conductivity can be improved using the thin and thermally
conductive materials and/or applying an electrostatic force to
enhance contact as being reported previously.10 The VO2 is
expected to have a service life of ∼16−33 years if it is well
encapsulated to prevent water and oxygen.27−29 Reducing the
friction can improve the durability and reduce abrasion loss of

Figure 3. (a) Schematic of the ITO/BP/PVDF-HFP sample for walls/roofs. Phases 0 and 1 are for cold and hot days, respectively. (b)
Photographs and corresponding thermal images of the ITO/BP/PVDF-HFP sample on the two phases. Effective areas are marked by the
dashed lines. (c) Ideal cases and experimental spectrum performance of the ITO/BP/PVDF-HFP sample. (d,e) Annually estimated HVAC
energy-saving potential (d) and percentage (e) in climate zones of 2−6 in the United States using the ITO/BP/PVDF-HFP sample for walls/
roofs. Alaska and Hawaii are mostly beyond climate zones 2−6 and are not included here.
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materials, and potential improvement methods can reduce the
layer thickness and increase the gap size as demonstrated in
Figures 1h and S5.
Moreover, the design rule of the interwoven surface is

universally applicable to diverse structural and material designs.
We develop 6 more structures (Figures 4a and S12) for
inspiration by controlling 1) the width ratios of belts for each
axis, 2) the intersect angle among the axes, and 3) the number of
axes, including the equilateral 3-axes (Figure 4a1) and the 3-D
cubic structures (Figure 4a2). Besides the aforementioned
materials, we also explore 8 more combinations (Figure S13)
using commercially available materials as inspiring examples
(Figure 4b1). Their tunable spectra are detailed in Figure S13,
and the absorption/emission tunability is summarized in Figure
4b2.
In summary, we present a programmable interwoven surface

that can dynamically switch the overlapping sequence to achieve
high spectral selectivity and ultrabroadband modulations (UV-
to-LWIR). We design two structures to meet the energy-saving
demands for building windows and walls/roofs. The spectral
performance significantly surpasses the best-reported result of
radiative cooling regulated smart windows. Both designed wall/
roof and window samples outperform the counterpart
commercial building materials across climate zones 2−6. The
method is universal, scalable, and applicable for different
spectral-selective and ultrabroadband modulations, which
provide a design rule for further customization and improve-
ment with multiple scales to be utilized in various spectral
modulation applications.
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