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Achieving tunable acoustic properties is crucial for adaptive sound regulation in dynamically changing envi-
ronments across engineering and biomedical applications. However, conventional porous materials possess fixed
pore structures that result in static acoustic responses, while existing active systems often rely on complex, bulky,
and multi-component assemblies that limit practical integration. Here, we present a porous liquid crystal elas-
tomer (LCE) as a structurally simple yet highly reconfigurable material platform enabling wide-range acoustic
tuning. By exploiting reversible, thermal-driven reconfiguration of its pore structure, the porous LCE achieves
full-range modulation of sound absorption, transitioning from near-zero to near-perfect absorption at target
frequencies, while enabling frequency-selective tuning through on-demand shifts of absorption peaks. Experi-
ments combined with numerical modeling reveal that this tunability originates from temperature-controlled
changes in effective porosity and pore size, which can be systematically programmed during fabrication.
Importantly, the acoustic performance is highly reversible and repeatable over multiple heating and cooling
cycles, ensuring robust and reliable operation. This work establishes porous LCEs as a promising material
platform for active acoustic wave manipulation, with various potential applications, including adaptive noise
control, acoustic imaging, and wireless communication.

Introduction

Acoustic wave manipulation plays a vital role in a wide range of
engineering and medical applications, including noise control [1],
biomedical diagnostics [2,3], microfluidics [4,5], robotics [6,7], and
tissue engineering [8]. For these applications, porous materials are
widely used due to their effective sound absorption, low weight, and cost
efficiency [9-11]. The acoustic behavior of these materials is governed
not only by their mechanical properties but also by structural parame-
ters such as porosity, pore size, and pore shape [12-14]. By designing
porous materials with specific structural parameters, it is possible to
optimize sound absorption within specific frequency ranges and even
achieve perfect sound absorption at target frequencies [15-17]. How-
ever, conventional porous materials possess fixed pore structures after
fabrication, leaving their acoustic properties static and making them
unsuitable for dynamic acoustic environments. For example, on trains,
where noise levels vary with speed, tunable acoustic materials can
enhance passenger comfort by dynamically adjusting sound absorption
in real time [18]. Moreover, in the human body, skin, fat, and muscle
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exhibit very different acoustic responses, suggesting that tunable
acoustic materials can accommodate these tissue-specific acoustic
characteristics to improve medical imaging quality [19,20]. Similarly, in
underwater systems, tunable acoustic materials offer potential for
adaptive sonar, communication, and stealth technologies by actively
modulating impedance or absorption [21,22]. In summary, these diverse
applications highlight the importance of developing materials capable of
actively tuning their acoustic behavior.

Recent research has explored active porous systems that can tune
their sound absorption through mechanically reconfigurable compo-
nents. This includes motor-driven sliding structures [23], origami-based
foldable resonators [24], compressible soft foams [25], and stackable
modules with replaceable layers [26]. However, these systems often rely
on complex, cumbersome assemblies and external mechanical inputs,
which restrict their practical implementation. Alternative strategies
have introduced active materials that deform in response to external
stimuli, such as electric [27-30], magnetic [31], and thermal fields [32],
to tune acoustic properties. While these materials offer remote
tunability, they often exhibit limited sound absorption tuning ranges
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due to small actuation strains [27-31] or irreversible deformations
caused by one-way shape memory effects [32]. Thus, there remains a
critical need for structurally simple and reconfigurable porous materials
capable of providing wide-range and reversible acoustic tuning.

In this work, we present a liquid crystal elastomer (LCE)-based
porous material for active sound regulation. This material takes
advantage of the significant shape reconfiguration of LCEs, which is
driven by the thermally induced phase transition from the ordered
nematic state to the disordered isotropic state upon heating [33-35].
This transformation is fully reversible upon cooling and precisely
modulated by temperature control [36-41]. Although LCE-based porous
materials have been previously explored for tissue engineering and
mechanical/thermal property tuning [42-47], their acoustic tunability
has not yet been systematically investigated. Through combined
experimental and numerical investigations, we demonstrate that the
sound absorption coefficient of the porous LCE can be fully modulated
from near-zero to near-perfect under thermal actuation. During fabri-
cation, both the initial pore geometry and the extent of thermally
induced deformation are programmable, enabling tailored control of the
acoustic tuning range. Furthermore, we achieve real-time, reversible,
and repeatable acoustic modulation over multiple thermal cycles. In
summary, this approach of using LCEs as the basis of porous materials
allows for wide-range, programmable, and repeatable control of
acoustic properties, positioning porous LCEs as a promising platform for
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adaptive sound manipulation in dynamically changing environments.
Results
Design and fabrication of porous LCEs

Fig. 1 illustrates the concept and fabrication process of the thermally
actuated porous LCE designed for acoustic tuning. As shown in Fig. 1a, a
cylindrical porous LCE thermally reconfigures between two distinct
states: an initial state with small pores and a heated state with signifi-
cantly enlarged pores. In the initial state, the negligible porosity causes
the material to behave like a bulk solid, reflecting most of the incident
acoustic waves. In the heated state, the increased porosity enables the
material to absorb most of the incident acoustic waves, effectively
behaving like a porous material. Therefore, the heat-induced pore
deformation enables the material to exhibit a wide range of acoustic
functions, including high reflection and absorption. As shown in Fig. 1b,
the acoustic response of the porous LCE is characterized using a two-
microphone impedance tube setup, in which a hot plate is integrated
at one end of the tube for in situ thermal actuation. Additional details on
the acoustic experiment setup are provided in the “Experimental Sec-
tion” and Fig. S1.

Fig. 1c describes the fabrication process of the porous LCE, which
utilizes a template method combined with a two-step crosslinking
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Fig. 1. Acoustic tuning mechanism and fabrication process of porous LCEs. a) Acoustic tuning mechanism. The porous LCE is thermally reconfigured between
the initial (Ieft) and heated (right) states, which results in different acoustic responses. The bottom surface of the porous LCE is in contact with a rigid wall, imposing a
hard-wall boundary condition with no transmission. b) Experimental setup to measure the sound absorption coefficients of the porous LCE at different temperatures.
A hot plate is attached to the end of a two-microphone impedance tube. ¢) Fabrication process and thermal actuation mechanism of the porous LCE. (i) LCE precursor
infiltrated into a cylindrical salt template. (ii) Partially-crosslinked porous LCE obtained after salt removal. (iii) Fully-crosslinked porous LCE obtained via thickness-
direction compression followed by UV curing. The nematic-to-isotropic transition of the LCE matrix drives reversible thermal actuation primarily along the thickness

direction with minimal change in sample diameter.
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strategy [45-48]. First, an LCE precursor is poured over a prepared
cylindrical salt template (Fig. 1c-i). Details on the salt template prepa-
ration are described in the “Experimental Section” and Fig. S2. The LCE-
infiltrated salt template solidifies at room temperature, during which the
liquid crystal network undergoes partial crosslinking. The solidified
template is then submerged in water to dissolve the salt, yielding a
partially-crosslinked porous LCE (Fig. 1lec-ii). At this stage, the liquid
crystal mesogens (denoted as RM257) can still be reoriented because the
polymer network is not yet fully crosslinked. Before the second cross-
linking step, the cylindrical porous LCE sample is mechanically
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compressed along the thickness direction. This compression collapses
the pores primarily along the thickness direction, while the lateral di-
mensions remain nearly unchanged. Subsequent UV exposure completes
the second crosslinking step, yielding a fully-crosslinked porous LCE
with an unidirectionally compressed pore structure (Fig. 1ec-iii, left).
When this fully crosslinked sample is heated, the LCE undergoes a
nematic-to-isotropic transition, which reduces the orientational order of
the mesogens and drives actuation toward a less-compressed pore
structure (Fig. lc-iii, right). Because the programmed deformation is
imposed along the thickness direction, the thermally induced actuation
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Fig. 2. Thermally tunable porosity of porous LCEs. a) Partially-crosslinked porous LCE directly obtained from the salt template. hy, Do, and ¢ denote the
thickness, diameter, and porosity of the uncompressed sample, respectively. Scale bar: 5 mm. b) Fully-crosslinked porous LCE with reversible thermal actuation. The
sample is compressed to a height h; and fully crosslinked at a compressive strain ¢, resulting in initial porosity ¢;. Upon heating, the sample is actuated to a height h,,
and the porosity changes to ¢,. ¢) Initial (green) and heated (purple) porosities as a function of a compressive strain. Compressive strains: (i) 67%, (ii) 50%, and (iii)
33%. d) Photos of the corresponding porous LCEs in the initial and heated states. Scale bars: 5 mm (full view) and 2 mm (enlarged view). e) Porosity (red) and
actuation strain (black) as a function of temperature for the corresponding porous LCEs. €4 max and A¢max denote the maximum actuation strain and the maximum

porosity change upon heating.
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occurs predominantly along this direction, resulting in longitudinal
expansion with minimal change in sample diameter. Upon cooling, the
nematic order is restored, and the sample returns to its compressed state,
enabling reversible thermal actuation (see Video S1). Additional details
on the sample fabrication are provided in the “Experimental Section”
and Fig. S3.

Thermally tunable porosity of porous LCEs

Fig. 2a shows a fabricated sample of the partially-crosslinked porous
LCE, which has a height hy, diameter Dy, and porosity ¢¢. This sample is
subsequently compressed and fully crosslinked such that the height of
the sample decreases to h; (Fig. 2b, left). Since the diameter of the porous
LCE remains the same at Dy, the porosity decreases from ¢ to ¢;. Upon
heating, the height of the porous LCE increases from h; to h, (Fig. 2b,
right), and with no corresponding change in diameter, the porosity in-
creases from ¢; to ¢p,. While the transition between the initial and heated
states produces a noticeable change in porosity, the magnitude of this
change is governed by the applied compression during the full cross-
linking process. As shown in Fig. 2¢, increasing the compressive strain
(defined as ¢, = |h; — hg|/ho x 100%) significantly reduces ¢;, while ¢,
remains largely unaffected. Therefore, the difference in porosity be-
tween the initial and heated states (defined as A¢ = ¢ — ¢;) is reliably
programmed by controlling the compressive strain, as demonstrated by
the growing gap between the ¢; (green) and ¢, (purple) curves in Fig. 2¢
with increasing compressive strain. See Supplementary Methods for
porosity calculation details. Fig. 2d shows three porous LCEs with initial
porosities of 10%, 40%, and 55%. Further details on the samples are
found in Table S1. Fig. 2d-i presents the porous LCE with the lowest
initial porosity (¢; = 10%), which results from a high compressive strain
(¢c = 67%). Upon heating, its porosity increases by 46%, representing a
drastic transformation from a nearly solid structure to a highly porous
one. In contrast, the porous LCE in Fig. 2d-ii is compressed to a lower
strain (e, = 50%), resulting in a higher initial porosity (¢; = 40%) and a
smaller porosity increase of 21%. Finally, the porous LCE in Fig. 2d-iii,
with the lowest compressive strain (¢, = 33%), undergoes only a 10%
porosity change, from ¢; = 55% to ¢ = 65%. These three examples
clearly demonstrate that a higher applied compressive strain leads to a
greater change in porosity during thermal actuation. Videos of thermal
actuation can be found in Video S2.

Fig. 2e provides further details on the temperature-dependent actu-
ation strain and porosity of the porous LCE. The actuation strain is
defined as e; = |hq — hi|/h; x 100% and describes the longitudinal
expansion of the porous LCE during heating (see Supplementary
Methods and Fig. S4 for details). The thermally induced increase in
porosity results from the longitudinal expansion of the porous LCE.
Therefore, as shown in Fig. 2d, the porosity (red) increases with tem-
perature in accordance with the increase in actuation strain (black).
Notably, all three samples exhibit an abrupt increase in both actuation
strain and porosity within a similar temperature range around 70 °C,
despite their different initial porosities. This behavior arises because the
samples are prepared using the same LCE formulation, resulting in
similar nematic-to-isotropic transition temperatures. Here, we note that
the initial porosity of 10% is not a fundamental lower limit of the
template-assisted fabrication method. In principle, the partially-
crosslinked porous LCE can be mechanically compressed further,
potentially approaching a fully compressed state with an initial porosity
close to 0%. However, excessive compression of the porous structure
hinders UV penetration into the interior during the second crosslinking
step, leading to nonuniform network fixation and reduced reversibility
of thermal actuation. Therefore, the 10% initial porosity demonstrated
in this work should be regarded as a practical lower limit under the
present sample geometry, rather than an intrinsic lower bound of the
template method.
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Thermally tunable acoustic properties of porous LCEs

Fig. 3 presents the porous LCE’s acoustic tunability enabled by the
thermal reconfiguration of its pore structure. To numerically calculate
the acoustic response, a representative pore structure model is first
constructed. It is well established that periodic unit cells with simplified
geometries are used to model porous acoustic materials [49-52]. Here,
the uncompressed porous LCE prior to full crosslinking is modeled using
a cubic unit cell with side length Iy, containing a centrally positioned
spherical pore of radius ry (Fig. 3a). See Supplementary Methods and
Fig. S5 for modeling details. The initial and heated pore structures are
then modeled by modifying the cubic unit cell to accurately portray the
thermomechanical deformation of the porous LCE, as shown in Fig. 3b.
Specifically, the unit cell height in the z-direction is scaled from [ to
Iohi/hg in the initial (compressed) state and to lphg/hg in the heated
(actuated) state, where hg, h;, and h, are the experimentally measured
uncompressed, compressed, and actuated sample thicknesses, respec-
tively. The x- and y-direction dimensions remain fixed at ly. As a result,
the spherical pore (Fig. 3a) becomes ellipsoidal (Fig. 3b), with its lon-
gitudinal radius adjusted to roh;/hg in the initial state and rohg/hg in the
heated state. The lateral radii of the ellipsoidal pores, denoted as r; and
rg, are tuned to match the experimentally measured porosities in each
state (see Supplementary Methods for details). The complete set of unit
cell dimensions used in the simulations is provided in Table S2. Using
these geometries, the sound absorption coefficients of the porous LCE in
both the initial and heated states are computed. To account for the effect
of temperature on the acoustic response, the thermophysical properties
of air inside the heated porous LCE are incorporated as temperature-
dependent parameters in the Johnson-Champoux-Allard-Lafarge-Pride
(JCALP) model [53]. Additional simulation details are provided in
Supplementary Methods.

Fig. 3c presents both experimentally measured and numerically
calculated sound absorption coefficients a as a function of frequency f
for porous LCEs with initial porosities of 10%, 40%, and 55% (the same
conditions as presented in Fig. 2), to capture a broad range of thermally
tunable acoustic responses. For each case, cross-sectional views of the
corresponding pore structure models are shown with the frequency-
dependent sound absorption coefficient. In the case of the porous LCE
with the lowest initial porosity (¢; = 10%), a significant difference in
sound absorption is observed between the initial and heated states, as
presented in Fig. 3c-i. In the initial state, the material exhibits negligible
sound absorption due to its low porosity, behaving similarly to a bulk,
non-porous solid. Upon heating, the porosity increases significantly,
resulting in a substantial enhancement in sound absorption. For
example, at 4 kHz, the absorption coefficient increases from a = 0.04 to
0.99, demonstrating full-range tunability from near-zero to near-perfect
absorption. This result demonstrates that the sound absorption capa-
bility of the LCE arises from its porous structure. See Fig. S6 for acoustic
measurements on a solid, non-porous LCE, which shows negligible ab-
sorption performance. Fig. 3c-ii shows the case of the porous LCE with
an intermediate initial porosity (¢; = 40%). In contrast to the previous
case, this sample exhibits considerable sound absorption even in the
initial state due to its more open pore structure. Upon heating, the
porosity and sample thickness increase further, leading to a noticeable
shift in the peak absorption frequency from 4.5 kHz to 3.7 kHz. While
the overall change in absorption spectrum is less dramatic than in
Fig. 3c-i, this on-demand frequency shift enables frequency-selective
acoustic modulation. Absorption is enhanced at lower frequencies (e.
g., f = 3.7 kHz) and reduced at higher frequencies (e.g., f = 4.5 kHz),
allowing directional tuning of the acoustic response through thermal
actuation. Fig. 3c-iii presents the response of the porous LCE with the
highest initial porosity (¢; = 55%). In this case, both the initial and
heated states already feature high porosity and similar geometry, lead-
ing to nearly identical acoustic responses. The peak absorption fre-
quencies differ by only 0.2 kHz (from 3.6 kHz to 3.4 kHz),
demonstrating that high initial porosity and low actuation strain limit
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Fig. 3. Tunable acoustic properties of porous LCEs enabled by thermal-driven changes in pore structure. a) Pore structure model representing the un-
compressed porous LCE. The cubic unit cell (side length: ly) contains a centrally located spherical pore (radius: o). A cross-sectional view is shown on the right. b)
Pore structure models representing the initial (left) and heated (right) states of the porous LCE. Each cuboidal unit cell contains an ellipsoidal pore. r; and r, denote
the lateral radii of the ellipsoidal pores in the initial and heated states, respectively. ¢) Sound absorption coefficient as a function of frequency for porous LCEs with
initial porosities of (i) 10%, (ii) 40%, and (iii) 50% in the initial (blue) and heated (red) states. Insets show cross-sectional views of the corresponding pore structure
models. The circular marks and solid lines denote the experimental and numerical results, respectively.

the degree of acoustic tunability. Notably, the numerical simulation in
Fig. 3c-i predicts an increase in absorption beyond 5 kHz in the initial
state, suggesting the existence of a peak frequency at which maximum
absorption occurs. This implies the possibility of a significant shift in
peak frequency between the initial and heated states. However, due to
experimental limitations in the measurement range, this behavior could
not be fully captured (see Fig. S7 for the extended numerical results
beyond 5 kHz).

Programming acoustic properties of porous LCEs via template control

The pore structure of the porous LCE can be further controlled by
adjusting the salt particle size used in the salt template, as shown in
Fig. 4. To demonstrate this effect, three porous LCEs are fabricated using
salt templates with particle size ranges of 1-2 mm, 2-3 mm, and 3-4
mm. To ensure only the role of salt particle size is examined, the initial
porosity is set as 40% for all three conditions (see Table S1 for further
details). Fig. 4a includes experimental photos of salt particles and cross-
sectional images of the uncompressed porous LCEs. These images
demonstrate that the size of the salt particles is directly related to the
pore size, with larger salt particles resulting in larger pores. More
importantly, Fig. 4b confirms that changing the salt particle size directly
tunes the pore size in the initial and heated states. Larger salt particles
yield larger pore radii, with both the initial pore radius r; and heated
pore radius r, increasing accordingly (see Supplementary Methods for
pore size calculation details). Notably, the three porous LCEs prepared
with different salt particle sizes exhibit comparable height changes upon
heating, as well as similar porosities in the initial and heated states (see

Video S3 for actuation videos). This indicates that salt particle size
primarily controls the pore size, while having a limited influence on the
overall thermal actuation behavior. Fig. 4c shows the effect of pore size
on the sound absorption response of the porous LCE. Despite their
similar sample heights and porosities, the three porous LCEs exhibit
distinct absorption spectra due to differences in pore size. As salt particle
size increases, the peak absorption frequency increases from 4.2 kHz to
4.5 kHz and 4.7 kHz in the initial state. Similarly, in the heated state, the
peak frequency increases from 3.5 kHz to 3.7 kHz and 3.9 kHz. These
trends are consistently observed in both experimental measurements
and numerical simulations, which show strong agreement. These results
demonstrate that the acoustic properties of the porous LCE, namely the
range of the peak frequency shift, can be further programmed by
adjusting the salt particle size during the templating process, in addition
to controlling the applied compressive strain during crosslinking.

Real-time, reversible, and repeatable acoustic tuning

Fig. 5 demonstrates real-time, reversible, and repeatable acoustic
tuning of porous LCEs. Fig. 5a shows the real-time control of tempera-
ture and the corresponding porosity change in the porous LCE. Here, we
use the porous LCE with an initial porosity of 10%, which enables sound
absorption to be tuned from near-zero to near-perfect. As the tempera-
ture of the porous LCE increases from 25 °C to 125 °C over 20 min, its
porosity correspondingly increases from 10% to 56%. To demonstrate
the controlled intermediate states, the sample temperature is sequen-
tially raised to 65 °C, 75 °C, and 85 °C at five-minute intervals (see
Supplementary Methods for temperature control details). The porosity
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Fig. 4. Programming pore size and acoustic properties of porous LCEs via template control. a) Photos of salt particles and cross-sections of the corresponding
uncompressed, partially-crosslinked porous LCEs. Scale bar: 2 mm. Salt particle size ranges: (i) 1-2 mm, (ii) 2-3 mm, and (iii) 3-4 mm. b) Side-view photos of the
corresponding compressed, fully-crosslinked porous LCEs in the initial and heated states. The initial porosity is fixed at 40% across the three cases. Scale bars: 5 mm
(full view) and 1 mm (enlarged view). ¢) Sound absorption coefficient as a function of frequency in the initial (blue) and heated (red) states. The circles and solid lines

denote the experimental and numerical results, respectively.

change closely follows the temperature change, indicating that this
stepwise heating process enables targeted control of the pore structure.

The corresponding acoustic response is presented in Fig. 5b. At 4
kHz, the sound absorption coefficient increases steadily from 0.04 to
0.34, 0.83, 0.94, and 0.99 at the five target temperatures outlined in
Fig. 5a, confirming real-time and continuous acoustic tuning enabled by
thermal control. Fig. 5¢ demonstrates the reversibility of the porous LCE.
The sound absorption coefficient at 4 kHz during one complete heating
and cooling cycle between 25 °C and 125 °C is shown. The absorption
curves from heating (red) and cooling (blue) closely overlap, with a
maximum deviation of less than 0.05 at any given temperature. There-
fore, the acoustic performance of the porous LCE depends only on the
material temperature and is independent of the direction of thermal
change. This ensures consistent behavior during both heating and
cooling, which is an essential characteristic for reliable operation in
dynamic environments. Lastly, the porous LCE is subjected to 50

consecutive heating and cooling cycles between 25 °C and 125 °C to
evaluate its repeatability, as shown in Fig. 5d. After the first cycle, the
material exhibits near-zero and near-perfect sound absorption co-
efficients in the initial and heated states, respectively. With continued
thermal cycling, these acoustic responses remain stable despite potential
microscopic structural variations, indicating that the thermally driven
tuning of the porous LCE is highly repeatable, with negligible degra-
dation in performance over extended operation.

Conclusion

In this work, we have presented a porous LCE capable of dynamic,
wide-range acoustic tuning through the thermally driven reconfigura-
tion of its pore structure. Using a salt template method combined with a
two-step crosslinking process, we program not only the material’s initial
geometry, including porosity, pore size, and pore shape, but also the
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Fig. 5. Real-time, reversible, and repeatable acoustic tuning of porous LCEs. a) Real-time temperature (top) and porosity (bottom) control of the porous LCE
with target temperatures of 25 °C, 65 °C, 75 °C, 85 °C, and 125 °C. The initial porosity is set to 10%. b) Real-time acoustic tuning of the porous LCE. The sound
absorption spectra at 0 s (blue), 300 s (green), 600 s (yellow), 900 s (orange), and 1200 s (red) are presented. ¢) Sound absorption coefficient at 4 kHz during heating
(red) and cooling (blue) cycles. d) Sound absorption coefficient at 4 kHz during 50 consecutive heating and cooling cycles.

resulting thermally induced porosity change. When fabricated with a
low initial porosity, the unactuated porous LCE exhibits near-zero sound
absorption, which can be tuned to near-perfect absorption upon heating
due to a substantial increase in porosity, enabling full-range acoustic
modulation. In addition, porous LCEs with higher initial porosity
demonstrate frequency-selective acoustic tuning through thermally
induced shifts in peak absorption frequency. Moreover, pore size can be
independently tailored by adjusting the salt particle size during tem-
plating, allowing further programming of sound absorption in both the
initial and heated states. Through combined experiments and simula-
tions, we demonstrate that the acoustic response of the porous LCE can
be modulated in real time with high programmability, reversibility, and
repeatability.

Although the present porous LCE functions as a dissipative sound
absorber, this platform can be further extended to acoustic meta-
materials by introducing intentionally designed periodic unit cells for
wave-propagation control [54]. By combining thermally tunable
bandgaps with dissipative losses, porous LCE-based metamaterials could
enable integrated control over the transmission, reflection, and ab-
sorption of acoustic waves. Future improvements to the response time
can be achieved by enhancing heat transport throughout the material.
For example, incorporating thermally conductive fillers, such as liquid
metal [40,45], can form efficient thermal pathways, while integrating
Joule-heating elements [38,41] can enable localized and rapid heating.
The same acoustic tuning mechanism can be implemented over different
temperature ranges by tailoring the LCE formulation, as the actuation

temperature of the LCEs can be broadly tuned from below 0 °C to above
150 °C through molecular and network-level material design, including
adjustment of mesogen content, incorporation of flexible spacer/linker
units, and control of crosslinking density [55,56]. In conclusion, this
work establishes a new class of active acoustic materials with remark-
able reconfigurability and adaptive functionality. Beyond acoustics, the
presented design strategy offers a promising framework for developing
active porous materials with potential applications in smart filtration,
energy storage, thermal management, and tissue engineering.

Experimental section
Template preparation

Pure sea salt (Viva Doria, USA) was sieved using stainless-steel wire
meshes to capture particles with the desired size range. Screened salt
particles were packed into a cylindrical mold with a diameter of 50 mm.
1 mL of deionized water (Aqua Science, USA) was gradually and evenly
dropped into the mold to wet the particles. The mold was then placed in
an oven at 80 °C for 6 h to fuse the salt particles into a single, integrated
structure (see Fig. S2 for details). This fusion step ensured that the final
porous LCE has an interconnected open-pore structure, allowing air to
flow through the material to absorb sound.
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Material preparation

All chemicals in this work were used without further purification: the
liquid crystal monomer 1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoy-
loxy]-2-methylbenzene (RM257, Jiangsu Hecheng Display Technology
Co., Ltd., China), the chain extender 2,2-(ethylenedioxy) diethanethiol
(EDDET, Sigma Aldrich, USA), the crosslinker pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP, Sigma Aldrich, USA), the catalyst
dipropylamine (DPA, Sigma Aldrich, USA), and the photoinitiator
Irgacure 819 (Sigma Aldrich, USA).

Porous LCE fabrication

Porous LCEs were fabricated via a two-step crosslinking process.
First, 8 g of RM257 was dissolved in 4 g of toluene at 80 °C and cooled to
room temperature. Then, 1.78 g of EDDET, 0.5 g of PETMP, and 0.16 g of
Irgacure 819 were added and stirred for 5 min. Subsequently, 0.08 g of
DPA was added to the mixture and stirred for 1 min. This precursor
mixture was infiltrated into the fused salt template and left to partially
crosslink at room temperature for 12 h. This composite was then placed
in the oven at 80 °C for 48 h to evaporate the toluene. After drying, the
template was mechanically cut to the desired dimensions. The salt was
leached by dissolving it in water, yielding a partially crosslinked porous
LCE. Finally, the resulting sample was compressed to a predefined
compressive strain and exposed to UV light from all accessible surfaces
to facilitate UV penetration into the interior of the porous structure. The
detailed fabrication process is illustrated in Fig. S3.

Acoustic experiments

Sound absorption measurements were performed using a two-
microphone impedance tube setup (the ISO 10534-2 standard). The
system consisted of a speaker (AS07104PO-R, PUI Audio, USA), two
microphones (130F22, PCB Piezotronics, USA), a multichannel acoustic
test system (AIO-A2, Echo Test & Measurement, USA), and a signal
conditioner (482C05, PCB Piezotronics, USA). A hot plate (Walfront
Electronics, China) was integrated at one end of the impedance tube to
thermally actuate the porous LCE sample (see Fig. S1 for details). The
reflection coefficient r was calculated from the pressure signals recorded
by the two microphones. The sound absorption coefficient o was
calculated as a = 1 — |r|2%. Each measurement was repeated three times
and averaged. The tested frequency range was set from 2.5 kHz to 5 kHz,
selected based on the design of the impedance tube. Additional mea-
surement details are provided in Supplementary Methods.

Acoustic simulations

The sound absorption coefficient of the porous LCE was computed
using the Johnson-Champoux-Allard-Lafarge-Pride (JCALP) model.
With the commercial software (COMSOL Multiphysics 6.1), eight
microstructural parameters (porosity, tortuosity, static viscous tortuos-
ity, static thermal tortuosity, viscous permeability, thermal perme-
ability, viscous length, and thermal length) required for the JCALP
model were numerically calculated by solving three uncoupled prob-
lems: the Laplace problem (solved by using the Electric Currents mod-
ule), the Stokes problem (solved by using the Creeping Flow module),
and the Poisson problem (solved by using the Heat Transfer in Fluids
module). The resulting numerical solutions are presented in Figs. S8-
S10, and the extracted microstructural parameters are summarized in
Tables S3 and S4. The effect of temperature was considered by ac-
counting for the temperature-dependent thermophysical properties of
air (see Table S5 for details). Additional details are provided in Sup-
plementary Methods.
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