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The rapid expansion of wireless communication and data transmission has resulted in highly saturated
electromagnetic (EM) environments, where undesired electromagnetic interference (EMI) can
compromise signal integrity and lead to malfunctions in electronic systems. However, conventional
EMI shielding materials typically attenuate broadband frequencies without selectivity, rendering them
incompatible with wireless communication technologies. Moreover, their limited mechanical
robustness restricts their applicability in wearable platforms. This study introduces a wearable
metasurface-based EMI shielding material that enables selective transmission at 2.4 GHz with
simultaneous broadband EMI attenuation across untargeted frequencies. To ensure reliable
electromagnetic performance under mechanical deformation, a strain-controlling layer was
incorporated to preserve the geometry of the metasurface unit cells. The resulting metasurface
maintained consistent frequency-selective transmission at 2.4 GHz and effective EMI shielding under
biaxial strain. These findings demonstrate a viable strategy for developing next-generation EMI
shielding materials for deformable, wearable, and textile electronic systems through the integration of

functional metasurfaces.

As artificial intelligence continues to advance, wearable electronics are being
designed to collect and process increasingly large volumes of data"”. This
trend has shifted the focus of flexible electronic technologies from solely
achieving mechanical robustness to ensuring reliable signal acquisition and
processing under extensive mechanical deformation’™. Such developments
have enabled a wide range of health-monitoring applications, including the
continuous and remote real-time tracking of physiological signals such as
heart rate and glucose concentration’’. However, the expansion of wearable
and bio-integrated devices has contributed to a highly saturated electro-
magnetic (EM) environment. Saturated electromagnetic interference (EMI)
poses a serious risk to device functionality and user safety by degrading
signal fidelity and causing system instability'*"". Therefore, there is a critical
need for EMI shielding technologies specifically engineered for mechani-
cally dynamic, soft electronic systems. Conventional wearable EMI shield-
ing approaches often employ low-dimensional materials. Two-dimensional

(2D) conductive materials such as graphene and MXenes have been
extensively investigated due to their high electrical conductivity and large
specific surface area, offering substantial EMI shielding effectiveness under
static or mildly deformed conditions'*"". However, when subjected to
continuous mechanical loading such as bending, stretching, or twisting,
these materials frequently suffer from mechanical failure, including cracking
and delamination, leading to diminished and inconsistent shielding per-
formance over time'*". In addition, their broadband shielding character-
istics may unintentionally attenuate signals within frequency ranges
essential for wireless communication, thereby restricting their practical
utility”**. To address these limitations, there has been increasing interest in
selective EMI shielding technologies capable of suppressing unwanted sig-
nals while permitting transmission within specific frequency bands vital to
the operation of wearable systems. In this context, metasurfaces have
emerged as a promising strategy. Composed of periodically arranged
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resonant unit cells, metasurfaces possess engineered electromagnetic
responses that enable functionalities such as negative refractive index,
cloaking, and arbitrary wave manipulation®". Among these, frequency-
selective metasurfaces are particularly advantageous, as they can be precisely
engineered to allow transmission only within designated frequency ranges
while suppressing other untargeted frequencies™ .

However, maintaining frequency-selective performance under
mechanical deformation remains a critical challenge for wearable meta-
surfaces. Because the electromagnetic response of metasurfaces is highly
sensitive to their precise geometric configurations, even minor mechanical
perturbations can lead to shifts in the resonant frequency and degradation of
filtering performance”~*". Furthermore, the conductive networks within the
metasurface must remain electrically continuous under repeated and mul-
tidirectional strain; any disruption to these pathways can attenuate signal
strength and compromise frequency-selective functionality’””. These
challenges highlight the requirements for careful material selection and
structural design to develop metasurfaces that are mechanically robust and
compatible with the functional requirements of next-generation wearable
electronic systems.

In this study, a wearable metasurface-based EMI shielding platform
was developed to retain frequency-selective transmission capabilities under
omnidirectional mechanical deformation, thereby addressing the limita-
tions of conventional approaches. The metasurface design was based on a
split-ring resonator (SRR) architecture with geometric parameters opti-
mized to preserve the target resonant frequency independently of the per-
iodicity. This configuration enabled selective transmission of
electromagnetic waves at 2.4 GHz, a key frequency for wireless commu-
nication, and maintained spectral fidelity even under tensile strain. To
achieve mechanical stability and electrical reliability, a silver nanowire
(AgNWs) interfacial layer was introduced to enhance adhesion between the
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Fig. 1 | Principle of wearable Electromagnetic interference (EMI) shielding
metasurfaces with frequency selective transmission. a Expanded view of the
multilayer configuration of the EMI-shielding metasurface. (False colors).

b Schematic of the EMI shielding metasurface composed of silver nanowire
(AgNW)/ Eutectic Gallium-Indium (EGaln) conductive materials patterned on a
Polydimethylsiloxane (PDMS) substrate with strain-controlling structures. ¢ A
schematic of the EMI shielding metasurface illustrating consistent selective trans-
mission of the target frequency (blue) while blocking untargeted frequencies (red)
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intrinsically stretchable eutectic gallium-indium (EGaln) electrode and the
underlying textile substrate. This bonding strategy ensured robust
anchoring of the liquid metal, preserved high conductivity, and maintained
consistent electrical performance under repeated mechanical loading.
Additionally, localized rigidity was incorporated to prevent deformation of
the resonant unit cells during strain, without sacrificing overall device
stretchability. Using the integration of geometrically engineered meta-
surfaces and strain-controlled structural features within a mechanically
resilient composite architecture, this work demonstrates a wearable EMI
shielding material capable of stable frequency-selective transmission under
mechanical deformation. These results establish a promising approach for
advancing the practical deployment of deformable, frequency-selective
metasurfaces in future wearable technologies.

Results

Principle of wearable EMI shielding metasurfaces with frequency
selective transmission

Figure la presents the structural design of the EMI shielding metasurface,
which was fabricated on an elastomeric polydimethylsiloxane (PDMS)
substrate and integrated with strain-controlling layers (Polyethylene Ter-
ephthalate, PET) to impart localized mechanical rigidity. The metasurface
consists of periodically arranged resonators that exhibit distinct electro-
magnetic behavior. In this work, resonators were patterned on a conductive
surface to suppress broadband untargeted electromagnetic waves while
selectively transmitting electromagnetic wave at a designated frequency. The
metasurface was engineered to allow the transmission of electromagnetic
waves at 2.4 GHz, a frequency widely used in wireless communication, while
simultaneously providing broadband EMI shielding. The strain-controlling
structure plays a critical role in preserving the geometry of the meta-unit
cells (Fig. 1b), thereby maintaining frequency selectivity even under biaxial
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under mechanical bending. d A schematic of the EMI shielding metasurface illus-
trating consistent selective transmission of the target frequency while blocking
untargeted frequencies under mechanical stretching. e A schematic of a seamlessly
integrated wearable EMI shielding metasurface into clothing. f Images of fabricated
EMI shielding metamaterial under uniaxial stretching (left: X-axial direction, right:
diagonal direction) Scale bars: 5 cm. g Simulated transmission spectra of our EMI
shielding metasurface at 30% mechanical strain, showcasing consistent electro-
magnetic performance even under mechanical strain.
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Fig. 2 | Design of metasurfaces for wearable EMI shielding with 2.4 GHz wave
transmission. a Design and geometric parameters of the optimized meta-unit cell.
b Simulated transmission spectra comparing Split Ring Resonator (SRR)-based
metasurfaces under different polarization angles and the optimized design under
plane wave incidence with x-polarized electric field. The (SRR)-based metasurface
has a polarization-dependent electromagnetic response owing to the asymmetry,
whereas our optimized metasurface induce only a 2.4 GHz dipole resonance
transmission peak without polarization dependency. ¢ Z-component of the electric
field profile of the optimized metasurface at 2.4 GHz resonance, demonstrating the

dipole resonance field profile; scale bar: 1 cm. d Simulated transmission spectra of
optimized metasurface comparing cases with and without strain-controlled struc-
tures at 30% mechanical strain. Without strain control, diagonal (purple) and biaxial
(blue) strains cause significant resonance shifts. In contrast, strain-controlled
structures preserve resonance near 2.4 GHz under both diagonal (green) and biaxial
(red) strains, consistent with the pristine case (black). e Simulated transmission
spectra comparing an infinite array (black) with a finite 4-unit cell array (red),
demonstrating comparable performance. f Simulated transmission spectra of the
optimized 4-unit cell metasurface at varying electrical conductivities.

mechanical deformation such as bending and stretching, as illustrated in Fig.
Ic, d. This large-area, soft metasurface can be seamlessly integrated into
wearable platforms, ensuring stable electromagnetic performance (Fig. le).
Figure 1f demonstrates the structural integrity of the meta-unit cells under
mechanical strain along both the x-axis and diagonal directions, made
possible by the strain-controlling framework. Furthermore, simulated
transmission spectra (Fig. 1g) confirm that selective transmission at 2.4 GHz
is maintained under both 30% uniaxial and biaxial strain, thereby validating
the capability to retain signal fidelity in deformable wearable electronic
platforms.

Design of metasurfaces for EMI shielding with 2.4 GHz wave
transmission

Figure 2a depicts the optimized meta-unit cell design for EMI shielding with
frequency-selective transmission, along with its geometric parameters:
periodicities (P,, P,), lengths (L,, L), line width (L,) and center square
length (L,). These parameters were determined using electromagnetic finite
element method (FEM) simulations to achieve resonance at 2.4 GHz,
yielding the following dimensions: P, = 50 mm, P, =50 mm, L, =44 mm,
L,=44mm,L, = 0.5 mmand Ly, = 2 mm on a 450 um-thick dielectric layer
consisted of 110 um-thick PET and then encapsulating with PDMS. The
meta-unit cell design is based on an SRR, a commonly used structure in
metasurface engineering due to its strong subwavelength resonance
characteristics” (Supplementary Fig. 1). To effectively suppress broadband
electromagnetic interference while allowing signal transmission at the target
frequency, the metasurface must exhibit strong dipole resonance at the
target frequency and suppress higher-order resonances such as quadrupole
and hexapole modes. Otherwise, additional resonances may lead to the

unintended transmission at untargeted frequencies. In addition, to ensure
stable operation under varying environmental conditions, the metasurface
must maintain consistent electromagnetic behavior regardless of the
polarization state of the incident wave. The meta-unit cell geometry was
therefore carefully optimized to meet these functional requirements, by
varying the geometrical parameters (L, and L,,) as shown in Supplementary
Fig. 2. Figure 2b presents the simulated transmission spectra for both the
conventional SRR-based and the optimized metasurface designs. The SRR-
based metasurface exhibited a sharper resonance peak (higher quality fac-
tor) with smaller unit cell; however, it also generated an undesired quad-
rupole resonance at a higher frequency, thereby impairing frequency
selectivity (red line). Although rotating the SRR structure by 90° eliminated
the quadrupole mode, it shifted the resonance away from 2.4 GHz, reducing
transmission amplitude and potentially compromising wireless commu-
nication reliability (blue line). In contrast, the optimized metasurface
demonstrated robust frequency-selective transmission centered at 2.4 GHz
over a broad frequency range (1-30 GHz), and under both polarization
configurations (black line), confirming its effectiveness. Figure 2c shows the
Z-component of the electric field at 2.4 GHz, clearly illustrating the dipole
resonance mode. Supplementary Fig. 3 further supports these findings by
comparing electric field distributions and transmission spectra between the
optimized and SRR-based metasurfaces.

To effectively implement a metasurface as an EMI shielding material
for wearable platforms, it is essential to maintain signal integrity under
mechanical deformation. However, ensuring consistent electromagnetic
performance in deformable conditions remains a significant challenge, as
the electromagnetic response of metasurfaces is highly sensitive to the
geometry of individual meta-unit cells. Figure 2d presents the simulated
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transmission spectra of the optimized metasurface under 30% mechanical
strain, comparing configurations with and without strain-controlling
structures. In the absence of such structures, mechanical deformation
alters the shape of the meta-unit cells, resulting in elongation along the
strain direction and contraction in the transverse direction due to Pois-
son’s effect'”'. This geometric distortion leads to a pronounced shift in
the resonant frequency. For instance, under diagonal strain, the resonant
frequency shifted from the target value of 2.4 GHz to 2.0 GHz (purple
line), while biaxial strain, which causes uniform expansion of the entire
structure, shifted the resonance further to 1.7 GHz (blue line). Such
deviations can impair signal transmission and lead to communication
failure. In contrast, the integration of strain-controlling structures allows
the applied strain to be absorbed by the peripheral regions surrounding
the meta-unit cells, preserving their original geometry while altering only
the periodicity. The resulting transmission spectra (green and red lines)
under both diagonal and biaxial strain demonstrate minimal change in
resonant frequency, confirming that signal integrity and frequency
selectivity are effectively maintained. This validation supports that the
strain-controlling design allows the stable electromagnetic performance
under mechanical deformation. This strain-invariance can be further
analyzed through the unit cell and its coupling characterization. Resonant
frequency of unit cells can be characterized with overall inductance (L)
and capacitance (C) as below.

1
fumt cell an ( )

In the case of periodic array, additional coupling terms (L., C,) were
added due to the coupling from the adjacent resonators. Resonant frequency
of periodic array becomes as below.

1

farmy = 20T (L+LC)(C+ Cc) (2)

Due to the broad dipole resonance, coupling effects have little influence
on the resonant frequency as the periodicity varies from 50 mm to 65 mm,
maintaining over 90% transmission amplitude at 2.4 GHz (Supplementary
Fig. 4a, b). In other words, the resonant frequency of our optimized meta-
surface is dominated by the intrinsic resonant frequency of its unit cell.
Without strain-controlling structures, applied strain induces distortion of
the unit cell, resulting in deviation of geometry-dependent resonant fre-
quency of the unit cell (Supplementary Fig. 4c), and consequently altering
resonant frequency of metasurfaces (Fig. 2d). Moreover, conventional
electromagnetic analyses of metasurfaces assume an infinite periodic array.
However, implementing a large number of unit cells in practice can be
impractical for wearable platforms due to spatial and integration con-
straints. Figure 2e compares the simulated transmission spectra of the
optimized metasurface configured as an infinite array and as a 2 x 2 array
(4-unit cells). The results confirm that even with only 4-unit cells, the dipole
resonance can still be effectively excited, demonstrating strong signal
transmission at 2.4 GHz while concurrently suppressing unwanted fre-
quencies. This enables the metasurface to be miniaturized to compact
dimensions (e.g., 10 cm x 10 cm), is particularly advantageous for integra-
tion into wearable platforms. Even with only a 4-unit cell, the transmission
spectra of the finite array closely resemble those of the infinite periodic array
(Supplementary Fig. 5a), supporting the reasonable approximation of the
finite structure as an infinite array. Simulated spectra of 4-unit cell array
exhibited strain-invariant frequency-selectivity under 30% uniaxial and
biaxial strain, similar to the infinite array case from Supplementary Fig. 5b, c.
In addition to geometric considerations, the electrical conductivity of the
conductive material is a critical factor in achieving effective electromagnetic
performance. Insufficient conductivity can significantly impair resonance
characteristics. Figure 2f presents the simulated transmission spectra of the
optimized 4-unit cell metasurface for various conductivity values. The
simulations indicate that a conductivity of ~30,000 S/cm is required to

achieve a dipole resonance comparable to that of an idealized perfect electric
conductor (PEC) as shown in Supplementary Fig. 6. Additionally, this level
of conductivity must be maintained under mechanical deformation to
ensure stable electromagnetic functionality in flexible and stretchable
applications. Note that detailed simulation information is described in
Method section.

Characterization of the AgNWs-assisted EGaln and fabrication of
wearable EMI shielding metasurface

EGaln is a promising material for wearable EMI shielding metasurfaces
due to its ability to retain high electrical conductivity under mechanical
strain. However, its poor adhesion to elastomeric substrates, e.g. PDMS,
can lead to delamination and loss of electrical continuity, compromising
performance. To address this limitation, a AgNW interfacial layer was
introduced to improve bonding between EGaln and PDMS. Figure 3a
compares the electrical conductivities of pristine EGaln (red) and
AgNW-assisted EGaln (blue). The conductivity of the AgNW-assisted
EGaln reached 31,000 S/cm which is comparable to that of pristine
EGaln and above the threshold required to support strong dipole reso-
nance in the optimized metasurface (Supplementary Fig. 7). Further-
more, measurements of normalized resistance (R/R,) under mechanical
strain demonstrate that the inclusion of the AgNW bonding layer is
essential for preserving electrical integrity, as it effectively prevents
delamination and disruption of the EGaln layer during deformation.
When subjected to tensile strain up to 90% corresponding to the fracture
strain of the PDMS substrate, the normalized resistance of the AgNW-
assisted EGaln electrode remained substantially more stable than that of
pristine EGaln, indicating the preservation of the conductive network
(Fig. 3b). Furthermore, under cyclic tensile deformation at 30% strain,
the AgNW-assisted EGaln exhibited negligible changes in normalized
resistance, in contrast to the pristine EGaln, which showed a 4.8-fold
increase in resistance after 2000 cycles (Fig. 3¢). The inset images in Fig.
3c reveal the surface morphology following cyclic loading, clearly
demonstrating the improved adhesion and structural integrity of the
AgNW-assisted composite. For the successful realization of wearable
EMI shielding metasurfaces, both the selection of mechanically and
electrically stable conductive materials and the adoption of precise fab-
rication techniques are essential. Figure 3d illustrates the multilayer
architecture of the fabricated metasurface. The metasurface is embedded
between a top PDMS encapsulation layer and a bottom PDMS layer, with
a patterned polyethylene terephthalate (PET) strain-controlling layer
incorporated to preserve the geometry of the meta-unit cells during
mechanical deformation. The PET layer was structured using a 355 nm
ultraviolet (UV) laser to create through-hole patterns, which improved
adhesion between the PET and PDMS encapsulation layers. The EMI
shielding metasurface layer was formed using the AgNW-assisted EGaln
electrode, sandwiched between the structural layers. To achieve high-
resolution patterning of the metasurface, a laser lift-off technique was
employed, wherein a 355 nm UV laser was used to locally ablate the
PDMS layer beneath the electrode, enabling simultaneous detachment of
the overlying conductive material (Fig. 3e). Scanning electron micro-
scopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) elemental
mapping confirmed that the patterned resonator structures accurately
matched the simulated optimal linewidth (~500 um). Additionally, the
elemental distributions of silicon (Si, green), gallium (Ga, cyan), and
indium (In, red) verified that the conductive material was effectively
removed from the patterned regions (Fig. 3f). The consistent pattering
resolution via laser processing was inspected through statistical analysis,
revealing line width with an average of 484.65 um and standard deviation
of 9.9 um. Simulated transmission spectra of optimized metasurface
confirmed consistent electromagnetic behavior with feasible line widths
during laser patterning process (Supplementary Fig. 8). Further fabri-
cation details are provided in the Methods section and in Supplementary
Figs. 9-11. Figure 3g presents a bottom-view image of the fabricated 2 x 2
metasurface, presenting distinctly visible metasurface pattern and the
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Fig. 3 | Characterization of AgNW-assisted EGaln and fabrication of the wear-
able EMI shielding metasurface. a Electrical conductivity comparison between
AgNW-assisted EGaln and pristine EGaln electrodes. b Normalized resistance
change (R/R,) under uniaxial tensile strain, comparing AgNW-assisted EGaln
electrode and pristine EGaln electrode. ¢ Comparison of resistance variation during
30% cyclic tensile deformation (2000 cycles) between the AgNW-assisted EGaln
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electrode and the pristine EGaln electrode. d Schematic of the multilayer structure of
the EMI shielding metasurface device. e Schematic of the laser patterning process,
along with SEM image and EDS elemental mapping of the patterned region; scale
bar: 500 um. f EDS images showing the precise patterning of the conductive layers
and distribution of Si (green), In (cyan), and Ga (red) atoms; scale bars: 500 pum.

g Bottom-view image of the fabricated 2 x 2 metasurface; scale bar: 5 cm.

four integrated strain-controlling structures (4.8 cm x 4.8 cm). The
dielectric layer was fabricated to a sufficiently thin thickness (450 um) to
minimize signal attenuation from dielectric loss. In addition, it offers
both mechanical comfort and facile strain control, arising from the large
mismatch in elastic moduli between PET (3 GPa) and PDMS (1.23 MPa).
The simulated strain distribution of our 2 x 2 metasurface under 0-30%
applied strain validates the local rigidity of the strain-controlling region,
while effectively redistributing the strain toward the peripheral regions
(Supplementary Fig. 12).

Electromagnetic performance of wearable EMI shielding meta-
surface with selective electromagnetic wave transmission
Figure 4a compares the simulated (dashed line) and experimentally mea-
sured (solid line) transmission spectra of the 4-unit cell metasurface (black)
and unpatterned sheet (red), showing good agreement in selectively trans-
mitting the target frequency while effectively attenuating unwanted fre-
quency ranges. To simulate a realistic application scenario, the metasurface
was positioned directly in front of Antenna 2, mimicking its attachment to
clothing for the purpose of shielding incident electromagnetic waves (Fig.
4b). Three different samples were measured to ensure reproducibility of our
EMI shielding metasurface, exhibiting consistent frequency-selective
transmission with broadband EMI shielding performance (Supplemen-
tary Fig. 13). Our wearable metasurface demonstrated not only exhibit
frequency-selective transmission but also comparable broadband shielding

effectiveness considering its thickness (overall 450 pm with 10 pm of pat-
tern), compared with other soft EMI shielding materials (Supplementary
Table S1). Supplementary Fig. 14 further depicts the seamless integration of
the EMI shielding metasurface into wearable garments. Figure 4c demon-
strates the conformal attachment of the metasurface on textile, maintaining
the integrity of the meta-unit cell geometry even during bending, without
observable distortion. Ensuring reliable performance across different tem-
peratures is essential for wearable applications in diverse climatic
environments*”™*. Owing to the negligible change in the conductivity of the
AgNW-assisted EGaln electrode, the metasurface exhibited consistent
electromagnetic performance over a wide temperature range (Supplemen-
tary Fig. 15 and Fig. 2f). In addition to standardized transmission mea-
surements (Fig. 4b), the EMI shielding performance of our metasurface was
further evaluated under practical, real-world conditions. Specifically, Wi-Fi
signal amplitudes at 2.4 GHz and 5 GHz from the router were measured
using embedded software on a smartphone (Fig. 4d). These measurements
were conducted in both unstretched (pristine) and mechanically stretched
states, with the receiving antenna in the used smartphone shielded from the
Wi-Fi router using either a conventional EMI shielding material (a 1-mm-
thick aluminum plate) or the metasurface (Supplementary Fig. 16 and
Supplementary Videos 1 and 2). As shown in Fig. 4e, f, conventional
shielding materials significantly attenuated both the 2.4 GHz and 5 GHz
signals. In contrast, the metasurface allowed the 2.4 GHz Wi-Fi signal to
pass through with minimal attenuation, maintaining a signal amplitude
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Fig. 4 | Electromagnetic performance of the real-world wearable EMI shielding
metasurface with frequency-selective transmission. a Comparison between
simulated (dotted) and measured (solid) transmission spectra of optimized EMI
shielding metasurface (black) and unpatterned sheet (red). Fabricated metasurface
exhibits selective 2.4 GHz electromagnetic wave transmission with simultaneous
shielding of untargeted electromagnetic waves. b Schematic of the standardized
measurement setup for the measured data in (a). ¢ Images of wearable metasurface
integrated into clothing, showing distortion-free meta-unit cell structures under a
bending motion. d Images of measurement setup utilizing commercial Wi-Fi routers
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and smartphones under realistic conditions. The metasurface was placed in front of
the smartphone to block the Wi-Fi signal from the router in the pristine (left) and
diagonally stretched (right) states. e Measured signal intensity of 2.4 GHz Wi-Fi
signal blocked by either the conventional shielding material (1-mm-thick Al plate,
green-shaded) or metasurface (purple-shaded). The white-shaded regions indicate
unblocked states. f Measured signal intensity of the 5 GHz Wi-Fi signal blocked by
either the Al plate (green-shaded) or metasurface (purple-shaded). The white-
shaded regions indicate unblocked states. Additional measurements were performed
using the metasurface in a diagonally stretched state, as indicated in (e and f).

comparable to that observed in the unshielded condition. Importantly, this
selective transmission was preserved even when the metasurface was sub-
jected to mechanical stretching. Meanwhile, the 5 GHz signal was effectively
blocked under both pristine and strained conditions, demonstrating its
frequency-selective shielding capability. These findings validate the practical
applicability of the proposed EMI shielding metasurface, confirming its
suitability for integration into wearable electronic platforms while ensuring
robust wireless communication at designated frequencies.

Discussion

In this study, a wearable metasurface based on SRR architecture was
developed to achieve frequency-selective EMI shielding on a textile-
compatible platform. The metasurface was engineered to exhibit a strong
resonance at 2.4 GHz while effectively suppressing higher-order resonances
and minimizing polarization dependence, thereby enabling broadband EMI
shielding with selective electromagnetic wave transmission. To ensure stable
performance under mechanical deformation, strain-controlling structures
were incorporated into the metasurface design. These structures preserved
the geometric integrity of the meta-unit cells during stretching and bending,
allowing the electromagnetic response to remain consistent in dynamic
conditions. Notably, simulations demonstrated that a compact array con-
sisting of only 4-unit cells exhibited transmission characteristics comparable
to those of an infinite array, confirming the practical feasibility of imple-
menting the metasurface in space-constrained, wearable applications.
AgNW-assisted EGaln was employed as the conductive material to achieve
both high electrical conductivity and mechanical compliance. The AgNW
interfacial layer significantly enhanced the adhesion between EGaln and the
PDMS substrate, maintaining electrical conduction under strain. Precise
laser patterning was utilized to define the resonator geometries, and the
conductive layer was integrated into a multilayer structure with embedded

strain-control features to prevent meta-unit cell distortion. The fabricated
metasurface was evaluated both in a controlled measurement setup using
horn antennas and in a realistic scenario involving a smartphone and Wi-Fi
router. The results confirmed reliable and selective transmission of 2.4 GHz
signals while suppressing untargeted frequencies, even under applied
mechanical strain. Strain-invariance through strain-controlling strategy
highlights its general applicability to other metasurface designs and across
diverse frequency regimes, including the mmWave and even the terahertz
range (Supplementary Figs. 17, 18). Overall, this study demonstrates the
practical integration of frequency-selective metasurfaces into wearable
platforms and introduces a scalable design approach for next-generation
EMI shielding materials that combine mechanical flexibility with electro-
magnetic functionality.

Methods

Materials

Glass substrates (1 mm thick, 120 x 120 mm) and PET films were obtained
from Daihan Scientific Group. EGaln alloy was purchased from Sigma-
Aldrich, and PDMS (Sylgard™ 184) was sourced from Dow Corning,
Hexane, isopropanol alcohol (IPA) and deionized (DI) water were acquired
from Daejung Chemicals. Clevios™ PH 1000 was obtained from Heraeus. A
AgNW solution (A70, research grade 0.5, in 100 mL ethanol, 5 mg/mL) was
purchased from Novarials. Nonwoven wipers (WW-2109) were supplied
by Kmbiz.

Electromagnetic simulation

Electromagnetic simulations were performed using the RF Module of
COMSOL Multiphysics. Periodic boundary conditions and port settings
were applied to model the metasurface. The conductive elements were
initially modeled as perfect electric conductors. The metasurface was made
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up bottom 40-pm-thick PDMS, 110-pm-thick PET strain-controlling layer,
metasurface layer, and 300-pm-thick PDMS encapsulating layer. Dielectric
constants of materials were set as 2.7 with loss tangent of 0.02 in both PDMS
and PET. To simulate deformation, periodicity was increased along the
strain axis in the case of metasurfaces with strain-controlling structures. For
configurations without strain control, both the periodicity and the geometry
of the meta-unit cells were modified: elongation occurred along the direc-
tion of applied strain, while contraction occurred along the transverse
direction, consistent with the Poisson’s ratio of PDMS. For simulations
involving the 4-unit cell metasurface, a perfectly matched layer (PML)
condition was used in place of periodic boundary conditions. The receiving
port was apart 20 mm from the metasurface to simulate practical situation,
where metasurface is attached to clothing. To investigate the influence of
finite conductivity, a 10-um-thick transition boundary layer with a specified
conductivity value was applied to model the conductive material.

Mechanical simulation

Mechanical simulation was performed with structural mechanics module in
COMSOL Multiphysics. The 2 x 2 metasurface structure was modeled same
with the electromagnetic simulation. Elastic modulus was set as 3 GPa for
PET strain-controlling layer, and 1.23 MPa for PDMS. Poisson’s ratio was
set as 0.37 for PET, and 0.5 for PDMS. A fixed boundary condition was
applied to left end surface of the structure, while a prescribed displacement
was applied at the right end surface, deforming the structure under strain
range of 0-30%.

Electrical and electromechanical characterization

Electrical conductivity (S/cm) was measured at room temperature using a
4-point probe system (Loresta-GX MCP-T700, NITTOSEIKO ANALY-
TECH). The electrode thickness was ~10 um, as determined by cross-
sectional SEM (Supplementary Fig. 7). Tensile strain-dependent resistance
(R/Ry) measurements were conducted using rectangular samples with
dimensions of 1cm x2.5cm. Each sample was clamped at both ends
(0.25 cm from each edge) using a dial-type tensile tester. Electrical contact
was established by attaching copper tape to the grips, which were connected
to a multimeter for real-time resistance measurements under varying strain
conditions.

Fabrication of wearable EMI shielding metasurfaces

A clean glass substrate was first coated with a PHI1000 solution
(IPA:PH1000 = 2:1 v/v) via spin-coating at 400 rpm for 10 s, followed by
drying at 100 °C for 5min to form a sacrificial layer. A layer of PDMS
prepolymer was then spin-coated at 1000 rpm for 30 s and cured at 100 °C
for 20 min. To enhance surface adhesion for subsequent processing steps,
the cured PDMS was treated using an ultraviolet ozone (UVO) cleaner
(Ahtech LTS) for 2000 s, generating surface hydrophilic Si-OH functional
groups. Following surface activation, an AgNW dispersion was spray-
coated using a 3 mm nozzle and annealed at 60 °C for 10 min. EGaln was
subsequently drop-cast onto the surface and uniformly spread using a
nonwoven wiper; excess material was removed by spin-coating at 1000 rpm
for 30 s. The metasurface pattern was defined using UV laser ablation (ML-
UVL, Gain Laser, 355 nm, 5 W), which selectively removed the underlying
PDMS while simultaneously lifting off the conductive electrode, thereby
forming the meta-unit cell structures. A second PDMS layer was then spin-
coated and cured at 100 °C. The entire laminate stack was immersed in DI
water for 5 min and gently delaminated from the glass substrate (Supple-
mentary Fig. 9).

For multilayer integration, a fresh glass substrate was prepared fol-
lowing the same cleaning and sacrificial coating procedure. A PDMS/hex-
ane mixture (1:1 v/v) was spin-coated at 1000 rpm for 30 s and partially
cured at 100°C for 1 min to form the top encapsulation layer (Supple-
mentary Fig. 10). The previously fabricated EMI metasurface layer was then
inverted and laminated onto the partially cured PDMS layer, followed by
complete curing at 100 °C. Another PDMS/hexane layer was spin-coated
and partially cured under the same conditions. A PET film (48 x 48 mm),

pre-patterned with laser-cut through-holes for strain-controlling structures,
was laminated onto the partially cured PDMS and fully cured. Finally, a
bottom PDMS encapsulation layer was applied by spin-coating and fully
cured. The entire device was immersed in DI water for 5 min and delami-
nated from the glass substrate to yield the completed EMI shielding meta-
surface (Supplementary Fig. 11).

Microwave measurement

Microwave measurements were performed using two horn antennas: a 3117
double-ridged waveguide antenna (ETS-Lindgren, 1-18 GHz) and an SAR-
1834031432-KF-S2-DR antenna (ERAVANT, 18-30 GHz), both con-
nected to a vector network analyzer (N5227B, Keysight Technologies). The
antennas were positioned 1.6 m apart, with an absorbing wall placed behind
them to minimize signal reflections. For simulation of a wearable applica-
tion scenario, the metasurface sample was mounted on a polystyrene panel
and placed directly in front of one of the receiving horn antennas. To absorb
bypassing electromagnetic waves, 30x30cm pyramidal microwave
absorber was placed around the sample. For the measurements shown in in
Fig. 4d-f, a commercial Wi-Fi router and a smartphone (SM-G996, Sam-
sung Electronics) were used. The smartphone was positioned 1.5 m away
from the Wi-Fi router. During testing, either a 1 mm-thick aluminum plate
or the fabricated EMI shielding metasurface was placed directly in front of
the smartphone’s receiving antenna to block incoming Wi-Fi signals.
Measurements were conducted under both pristine and diagonally stret-
ched conditions to assess the metasurface’s performance under mechanical
deformation. The received signal strength at 2.4 GHz and 5GHz was
recorded using embedded signal-monitoring software on the smartphone
(Supplementary Fig. 16 and Supplementary Videos 1-2).

Data availability
The data supporting the plots in this study and other findings of this study
are available from the corresponding authors upon reasonable request.
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