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Supplementary Methods
1. Acoustic measurement

The sound absorption coefficient of a porous LCE is measured using a custom two-microphone
impedance tube system, as shown in Figure S1a. The system includes 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). The diameter of the tube is 29 mm, and an electronic hot plate (Walfront
Electronics, China) is incorporated at one end for in situ thermal actuation of the porous LCE, as
shown in Figure S1b. The porous LCE is fabricated to match the inner diameter of the tube,
ensuring proper fit and effective heating. The two microphones record the total pressure field,
which is the summation of the incident wave field from the speaker and the reflected wave field
from the porous LCE. Heating is expected to have a negligible effect on the calibration and
sensitivity of the speaker and microphones because these components are positioned sufficiently
far from the hot plate, with the nearest microphone and speaker located 185 mm and 475 mm away,
respectively. Therefore, they are not directly exposed to elevated temperatures during the
measurement. MATLAB-based software (A|Lab) is used to generate the excitation waveform and

analyze the acquired signals.

The sound absorption coefficient a is calculated as follows. First, the transfer function H, between
the two microphones is obtained from the measured pressure signals. The reflection coefficient r,
defined as the ratio of the reflected wave pressure p, to the incident wave pressure p;, is computed

as
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where k = 2zf / c is the acoustic wavenumber, fis the frequency, c is the speed of sound, s is the
distance between the two microphones, and L is the distance from the sample to the microphone,
as depicted in Figure Sla. j is the imaginary unit. The sound absorption coefficient is then

calculated as

a=1-|r|%



2. Material characterization
Density

To determine the density of the bulk LCE, a cubic sample with dimensions of 5 mm x 5 mm x 5

mm is fabricated. The sample mass is measured to be 0.15 g, resulting in a density of 1.2 g-cm™.
Actuation strain

The actuation strain versus temperature curve is obtained using a dynamic mechanical analyzer
(DMA 850, TA Instruments, USA) operated in controlled force mode with a 0.01 N preload, as
shown in Figure S4a. The analyzer measures the thermally induced actuation strain as the sample
expands or contracts in response to temperature changes. First, the sample is ramped to 125 °C
prior to measurement. Thermal actuation is then characterized by subjecting the sample to
consecutive cooling and heating cycles between 25 °C and 125 °C. Strain measurements are
recorded at 10°C intervals, with a 5-minute soak at each temperature to ensure thermal
equilibration. Figure S4b shows the reversible actuation behavior of the porous LCE. The
actuation strain versus temperature curve in Figure 2e represents the average response from both

heating and cooling cycles.
Temperature control

A hot plate (Walfront Electronics, China) is used to apply heat to the porous LCE, with the sample
placed directly on its surface. A thermocouple (Gain Express, Hong Kong) is inserted into the
center of the sample to monitor its temperature. The temperature is incrementally adjusted by
changing the hot plate setting, allowing the sample to reach and maintain thermal equilibrium at
each target value. Since heat is applied from the bottom, a temperature gradient exists along the
height of the porous LCE. In this work, the temperature measured at the center of the sample is

used as the representative value.



3. Porosity calculation

The porosity ¢ of the porous LCE is defined as the volume fraction of air in the porous structure

and is subsequently calculated using
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where Viotal 18 the total volume of the sample, and Vick is the volume of the LCE matrix. Before
compression, the sample is cylindrical, with diameter Do and height 4. Assuming the mass of

entrapped air inside the sample is negligible, the porosity ¢o is calculated as
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where mo and V) are the mass and volume of the sample before compression, respectively.

When the sample is compressed and thermally actuated, its total volume changes while the LCE
matrix volume remains constant. Thus, the porosities in the initial (compressed) state ¢; and the

heated (actuated) state @, are calculated as
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where 4; and h, are the heights of the sample in the initial and heated states, respectively.

To further understand how the initial porosity affects the thermally induced porosity change, we
derive an analytical relation based on the unidirectional actuation behavior of the porous LCE.
Assuming that the sample diameter and the volume of the solid LCE matrix remain constant during

thermal actuation, the porosity in the heated state is calculated as follows:

P =1-(1-¢p)x (A +e)™"

Accordingly, the thermally induced porosity change is expressed as
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This equation shows that A¢ increases with decreasing ¢; and increasing &,, which is consistent
with the experimental observations. Samples with lower initial porosity exhibit larger longitudinal
actuation upon heating and, consequently, larger porosity changes. This behavior originates from
the compressive strain applied prior to the second crosslinking step during fabrication. Larger
compression mechanically densifies the sample, reducing the pore size in the initial state and
lowering ¢;. At the same time, this larger compression increases the degree of mesogen alignment

in the initial states, leading to a larger ¢, upon heating.



4. Pore structure model

To numerically model the porous LCE, we adopt a periodic three-dimensional unit cell containing
a central spherical pore, as illustrated in Figure 3a. The pore radius ro is estimated based on the
average size of the salt particle used in the templating process, since the resulting pore size closely
corresponds to the particle size, as shown in Figure 4a. Assuming that the salt particles are

spherical, ro is calculated by

1

ro = ( 3Tnsalt )3
° 4N Psalt '

where msait is the total mass of N salt particles, and psar = 2.17 g-cm™ is the density of salt. For this

study, N = 50 is used for calculation.

To capture the pore connectivity observed in the actual porous LCE microstructure, each spherical
pore is assumed to be connected to its six neighboring pores along the x-, y-, and z-directions
through short cylindrical channels, as shown in Figure S5. These channels represent narrow air
passages between adjacent pores. To reflect the partially open nature of these connections!!!] the
diameter of each channel is assumed to be 40% of the maximum circular diameter that can
geometrically fit between two adjacent spherical pores. The channel height is set to 1% of the
central pore diameter. The side length /o of the cubic unit cell for the central pore is then selected
such that the overall porosity of the periodic unit cell, including both the central pore and the
connecting channels, matches the experimentally measured porosity ¢o. During mechanical
compression and thermal actuation, the geometry of the unit cell is assumed to deform primarily
in the z-direction, corresponding to the applied compressive or actuation strain. In these deformed
configurations, the lateral radii ; and r, are adjusted to ensure the porosity of the deformed unit
cell matches the experimentally measured values ¢; and ¢, in the initial and heated states,
respectively. The complete geometric parameters used for numerical simulations are summarized

in Table S2.



5. Johnson-Champoux-Allard-Lafarge-Pride (JCALP) model

To predict the macroscopic acoustic behavior of porous materials, the Johnson-Champoux-Allard-
Lafarge-Pride (JCALP) model is used?. This method combines numerical calculations of
microstructural parameters (such as porosity, tortuosity, and permeability) with analytical
formulations based on homogenized effective medium theory. In the model, sound propagation
through a porous material is treated as occurring in a homogenized fluid characterized by
frequency-dependent effective density p. and effective bulk modulus B.. Finite element
simulations are conducted using COMSOL Multiphysics 6.1 to compute the microstructural
parameters required for the model, and MATLAB R2023b is used for the analytical calculations

of the corresponding effective material properties and sound absorption coefficients.

The JCALP model requires eight microstructural parameters for homogenization: porosity ¢,
tortuosity o, static viscous tortuosity aoy, static thermal tortuosity aom, viscous permeability Ko,
thermal permeability 6o, viscous length Ay, and thermal length An. Among these, ¢ and Aw are

directly determined by the geometry of the periodic unit cell and are given by
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where Qo 1s the total domain of the periodic unit cell, Qr is the fluid domain of the periodic unit
cell, and T'sr 1s the solid-fluid boundary of the periodic unit cell. The remaining six parameters are
determined by solving three uncoupled problems: the Laplace problem, the Stokes problem, and
the Poisson problem. The Laplace problem for the scaled electric potential g to the length unit is

described as
Vig =0 in Qg
Vg-n=e-n onlg,

where e is the unit vector parallel to the wave propagation direction, and n is the unit vector normal

to the boundary I'st. By solving the Laplace problem, a. and A4y can be obtained as
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where E = e — Vq.

The Stokes problem for the scaled velocity v to the permeability unit and scaled pressure p to the

length unit is described as

—V?v+Vp=e in{y
V.v=0 inQ

v=0 onlg.

By solving the Stokes problem, ooy and Ko are obtained as
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The Poisson problem for the scaled temperature 7 to the permeability unit is described as

—V2T =1 inQy
T =0 onlg.

By solving the Poisson problem, aow and 6y are obtained as
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The above three problems are solved using the Electric Currents, Creeping Flow, and Heat Transfer
in Fluids modules, respectively, in COMSOL Multiphysics. The resulting numerical solutions are

presented in Figures S8-S10, and the extracted parameters are summarized in Tables S3—S4.

Using these numerically obtained microstructural parameters, the sound absorption coefficient is
analytically calculated as a function of the angular frequency w = 2zf. The dynamic viscous

tortuosity ay is given by
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and the dynamic thermal tortuosity o is calculated as
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where v and vy, are the kinematic viscosity and thermal diffusivity of air. Then, p. and B. are

determined as
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Finally, a is determined as
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where Zj is the characteristic impedance of air, and /4 is the sample height. Temperature effects are
incorporated via the temperature-dependent properties of air (see Table S5 for details) to account

for the difference between the initial and heated states!!.
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Figure S1. Acoustic measurement setup. a) Schematic and b) experimental photo of the custom

two-microphone impedance tube integrated with a hot plate for measuring the sound absorption
coefficient of the porous LCE under in situ thermal actuation. Scale bar: 3 cm.
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Figure S2. Fusion process of the salt template. Disconnected salt particles are wetted with drops
of water and subsequently placed in an oven at 80 °C, resulting in a fused salt particle template.
Scale bar: 1 cm.
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Figure S3. Fabrication process of the porous LCE. The fused salt template is infiltrated with liquid
crystal monomer solution, followed by solvent evaporation. The salt is then removed via

dissolution, and the resulting porous LCE is subjected to uniaxial compression and UV exposure
to complete the crosslinking process.
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Figure S4. Thermal actuation strain measurement setup. a) Thin rectangular porous LCE mounted
in a dynamic mechanical analyzer. b) Actuation strain versus temperature curves measured during

the heating (red) and cooling (blue) cycles. The initial porosity of the porous LCE is 55%. Scale
bar: 1 cm.
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Figure SS. Pore structure model of the porous LCE before compression. The cubic unit cell (side

length: /o) contains a spherical central pore (diameter: do) and is connected to adjacent unit cells
via six cylindrical channels with partially open cross-sections.
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Figure S6. Acoustic characterization of the bulk LCE. a) Photo of the cylindrical bulk LCE. Scale
bar: 5 mm. b) Sound absorption coefficient as a function of frequency for the bulk LCE.
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Figure S7. Numerically calculated sound absorption coefficient in a broader frequency range of
0-30 kHz for the porous LCEs with the initial porosities of a) 10%, b) 40%, and c) 55%.
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Figure S8. Numerical solutions for the a) Laplace, b) Stokes, and c¢) Poisson problems on the
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periodic unit cell corresponding to the porous LCE with the initial porosity of 10%.
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Figure S9. Numerical solutions for the a) Laplace, b) Stokes, and c¢) Poisson problems on the
periodic unit cell corresponding to the porous LCE with the initial porosity of 40%.
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Figure S10. Numerical solutions for the a) Laplace, b) Stokes, and c) Poisson problems on the
periodic unit cell corresponding to the porous LCE with the initial porosity of 55%.
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Table S1. Parameters of the porous LCEs used for experimental demonstrations.

ro(mm) | Do(mm) | ho(mm) o (%) hi (mm) i (%)
Fig. 2,1 &
Fig.3,1& 1.25 29 15 70 5 10
Fig. 5
Fig. 2, ii &
Fig. 3,11 & 1.25 29 15 70 7.5 40
Fig. 4, ii
Fig. 2, 1 & 1.25 29 15 70 10 55
Fig. 3, 111
Fig. 4,1 0.75 29 15 70 7.5 40
Fig. 4, iii 1.75 29 15 70 7.5 40
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Table S2. Dimensions of the unit cells used for numerical simulations.

Fig.3,i | Fig.3,ii | Fig 3,iii | Fig.4,i | Fig. 4,ii | Fig. 4, iii
7o (mm) 1.25 1.25 1.25 0.75 1.25 1.75
I, (mm) 2.197 2.197 2.197 1.318 2.197 3.076
r, (mm) 1.085 0.925 0.463 0.555 0.925 1.295
r,, (mm) 1.190 1.145 1.089 0.687 1.145 1.603
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Table S3. Microstructural parameters calculated for the unit cell in the initial state.

Fig.3,i | Fig.3,ii | Fig 3,iii | Fig.4,i | Fig.4,ii | Fig. 4,iii
b (%) 55 40 10 40 40 40
Aoy 433 4.76 3.91 4.76 4.76 4.76
Aoy 7.22 8.04 6.43 8.04 8.04 8.04
Qo 1.43 1.43 1.43 1.43 1.43 1.43
Ko (m?) | 834-101° | 3.90- 10710 | 3.14- 10" | 1.40- 10710 | 3.90 - 107 | 7.64 - 107"
6, (m?) | 3.40-10% | 1.56-10% | 1.27-10° | 5.62-10° | 1.56-10® | 3.06- 108
A, (m) | 1.00-10% | 8.14-10° | 4.48-10° | 4.88-10° | 8.14-10° | 1.14-10*
A (m) | 6.44-10% | 5.16-10* | 2.91-10* | 3.10-10* | 5.16-10* | 7.22- 10"
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Table S4. Microstructural parameters calculated for the unit cell in the heated state.

Fig.3,i | Fig.3,ii | Fig 3,iii | Fig.4,i | Fig.4,ii | Fig. 4,iii
b (%) 65 61 55 61 61 61
Aoy 3.81 4.09 433 4.09 4.09 4.09
Aoy 6.27 6.79 7.21 6.79 6.79 6.79
Qo 1.44 1.43 1.43 1.43 1.43 1.43
Ko (m?) | 1.39-10° | 1.11-10° | 8.50-107° | 4.00-107° | 1.11-10° | 2.18-107
0, (m?) | 5.45-10% | 4.46-10° | 345-10% | 1.61-10° | 4.46-10® | 8.74- 10
A, (m) | 1.16-10% | 1.08-10* | 1.00-10* | 6.48-10° | 1.08-10* | 1.51-10*
A (m) | 7.43-10% | 6.97-10* | 6.47-10* | 4.18-10* | 6.97-10* | 9.76- 10"
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Table SS. Temperature-dependent air properties.

T P, P, Co n K C,
(°C) | (kPa) | (kgm?®) | (ms™) (Pas) Wm'K" | (Jkg'K"
25 101.3 1.185 346.1 1.844 - 107 2.597 - 102 1.006 - 10°
125 101.3 0.886 399.9 2.285-107 3.295 - 102 1.014 - 10°

T — Temperature

P, — Ambient mean pressure

po — Density

co — Speed of sound

1 — Dynamic viscosity

Kk — Thermal conductivity

C, — Isobaric specific heat
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Supplementary Videos S1-S3
Video S1 — Reversible thermal actuation of porous LCE
Video S2 — Actuation of porous LCEs with different initial porosities

Video S3 — Actuation of porous LCEs with different initial pore sizes
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