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ABSTRACT

The integration of flexibility, electrical conductivity, and cost-effectiveness remains a central challenge in the fabrication of metasurfaces for
electromagnetic applications. Here, we introduce a hybrid pen-based and mask-assisted fabrication strategy for Ti;C, T, MXene-based meta-
surfaces on paper substrates, enabling precise patterning with minimal material waste. The approach combines screen-printing-derived
adhesive masks with a direct ink writing process using MXene inks, yielding conformable and conductive metasurfaces that operate effi-
ciently across the microwave range. Atomic force microscopy and scanning electron microscopy analyses confirmed the formation of &
uniform, ultra-smooth MXene films (root-mean-square roughness ~ 438 pm, with a thickness of ~ 13um) atop paper layers with a total =
device thickness of 163.6 um. Experimental transmission spectra revealed strong stopband resonances for metasurfaces based on square-ring
and split-ring resonators, with reflection dips near —12 dB. These results are consistent with finite-element method simulations performed
using COMSOL Multiphysics, confirming the consistency between numerical predictions and laboratory measurements. The main limita-
tion we observed was the moderate conductivity of our prepared MXene films (8.97 x 10° S/m), which can be enhanced through ink opti-
mization. The low-cost, scalable, and sustainable MXene patterning shown in this work opens new opportunities for fabricating lightweight,
flexible, and reconfigurable electromagnetic devices, particularly in wearable and next-generation wireless communication systems.
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I. INTRODUCTION electromagnetic (EM) waves with unprecedented precision, provid-
ing control over amplitude, phase, polarization, and wavefront

Metasurfaces, first demonstrated nearly three decades ago,"” N ) .
shaping.”™ As a result, metasurfaces have found extensive applica-

have since become a cornerstone of modern photonics. Unlike con-

ventional metamaterials that rely on bulky three-dimensional arrays tions in advanced antennas, ' biosensors,~"" absorbers,"” and
of subwavelength resonators, metasurfaces employ carefully engi- wearable technologies.

neered two-dimensional unit cells to control electromagnetic Metasurfaces may exhibit bandpass, low-pass, high-pass, and
responses. Their ultrathin architecture, often less than one-quarter stopband functionalities, broadly explored as compact platforms
of the operating wavelength (d < 1/4), enables compact integration capable of tailoring electromagnetic propagation through engi-
and has revolutionized the performance of optical and microwave neered resonant responses.’” Among these categories, stopband
devices.”™ This unique combination of planar geometry and metasurfaces are particularly attractive because their resonant unit
electromagnetic tunability allows metasurfaces to manipulate cells [such as split-ring resonators (SRRs) and square-ring
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resonators (SqRRs)] enable the sharp rejection of specific frequency
bands, making them suitable for filtering, shielding, and sensing
applications.'™"” While substantial progress has been made in
designing resonant inclusions that enhance stopband selectivity,
angular stability, or bandwidth, most existing implementations con-
tinue to rely on rigid or semi-rigid substrates and fixed geometries,
which restrict their use in mechanically demanding or conformal
environments. This reliance on non-flexible platforms not only
limits the conformability of the metasurfaces but also constrains
their integration into flexible, deformable, or sensor-embedded
wearable systems, in which stable electromagnetic performance
must be preserved even under bending, stretching, or motion.

To address these limitations, recent efforts have focused on
developing flexible metasurfaces using polymeric substrates such as
polydimethylsiloxane (PDMS), polyethylene terephthalate (PET),
poly(methyl methacrylate) (PMMA), and even paper.”’~*’
Although these advances represent important progress toward
mechanically adaptable metasurfaces, existing fabrication strategies
still face considerable challenges. In particular, most rely on sophis-
ticated deposition techniques or metallic inks to form highly con-
ductive resonant unit cells. However, metallic inks suffer from
inherent drawbacks, namely, high density and viscosity, that
demand specific application methods, often leading to material
waste and defects during mask removal in screen-printing pro-
cesses. In this context, MXenes, a family of two-dimensional transi-
tion metal carbides and nitrides with metallic conductivity and
mechanical flexibility,””” are a promising alternative. Over the last
few years, MXenes have demonstrated exceptional performance in
electronics,”™”” photonics,28 energy storage,zq catalysis,s” chemical
sensing,”’ and electromagnetic interference (EMI) shielding.’”
Particularly relevant for flexible metasurfaces, MXenes exhibit
excellent adhesion to paper-based substrates when processed in
liquid-phase form,” enabling scalable, low-cost fabrication through
spray-coating, inkjet printing, dipping, and screen printing.’*"
Despite these advantages, these methods are still limited in terms
of material waste and patterning precision when used to fabricate
metasurfaces.”"’ >

Building upon recent developments in electrochemical sensing
and energy storage, where MXene inks have been successfully
applied through pen-based direct ink writing (DIW) approaches,”
we introduce here a novel hybrid strategy for the fabrication of
paper-based  metasurfaces. Our method combines a
screen-printing-derived masking step, used to define precise two-
dimensional patterns, with a pen-like direct ink writing process
that deposits MXene conductive traces directly onto the substrate.
Specifically, the direct deposition of Ti;C,T, MXene ink using a
controlled pen-like pipet enables excellent solution-based pattern-
ing while remaining fully compatible with flexible and low-cost
substrates. This hybrid approach simultaneously eliminates material
waste common in conventional screen-printing methods and pre-
vents structural defects associated with mask removal. As a
proof-of-concept, we fabricated metasurfaces based on various
unit-cell geometries, such as SQRR and SRR, both exhibiting strong
stopband filtering with pronounced microwave attenuation. All
samples show excellent agreement between numerical simulations
and experimental measurements. The high fidelity of the MXene
nanopatterning was corroborated by atomic force microscopy
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(AFM) and scanning electron microscopy (SEM), which confirmed
the high surface quality, ultra-low roughness, and uniform film
thickness of the resulting conductive layers. Owing to their light-
weight, flexible, and conformal nature, such MXene-based metasur-
faces open clear pathways toward intelligent communication
systems, wearable and skin-mounted sensing, and flexible EMI
shielding applications, in which adaptable and conductive patterns
are required.

Il. METHODS
A. MXene ink synthesis

The synthesis of TizC,T, MXene Ink was conducted following
the procedure in Ref. 39. Commercially available Ti;AlIC, MAX
phase (>90%, <200 um, Sigma-Aldrich) was used as the precursor
material. The etching of the MAX phase and subsequent delamina-
tion of the resulting multilayered MXene were performed using
hydrofluoric acid (HE, 40%, Vetec), hydrochloric acid (HCl, 36%,
Synth), and lithium chloride (LiCl, Synth). In the procedure, 12 mL
HCl and 24mL HF were added to 5.6mL de-ionized water.
Subsequently, 1 g of the MAX phase was slowly added to the solu-
tion. The system was stirred at 35°C for 24 h. Centrifuging cycles
(3500 rpm for 5 min) were repeated to wash the resulting multilayer
MXene until the pH of the supernatant exceeded 6. The delamina-
tion of the multilayer MXene was performed by dispersing it in
50 mL of a 0.5 mol/L LiCl solution. The dispersion was kept under
stirring at 35 °C for 20 h. To obtain the delaminated MXene, centri-
fuging cycles (3500 rpm for 5min) were initially used to remove
LiCl, until the supernatant exhibited a darker coloration indicative
of MXene, which was then collected. The concentration of the
MXene was achieved through centrifuging at 8000 rpm for 10 min,
followed by sediment collection and resuspension in de-ionized
water.

B. Metasurface design and fabrication

Figure 1(a) illustrates the proposed metasurface, which con-
sists of MXene conductive patterns deposited onto a paper-based
substrate. A normally incident microwave interacts with the meta-
surface, and under resonant conditions, the electromagnetic wave
couples efficiently with the subwavelength unit-cell elements. This
design was aimed to demonstrate the feasibility of integrating
MZXene and paper to create low-cost, flexible metasurfaces for
microwave applications. To explore the design flexibility and func-
tional potential of this approach, we selected two well-established
resonator geometries in the metasurface literature: the SQRR and
the SRR. These structures are known for their characteristic stop-
band filtering behavior, with resonant frequencies that can be
tuned by adjusting geometric parameters. This tunability is illus-
trated here by fabricating two SqRRs with distinct geometries,
alongside an SRR, thereby also demonstrating the ability to realize
various unit-cell designs using our fabrication method.

As schematized in Fig. 1(b), the metasurfaces were parame-
trized with the same square lattice with period A along the
xy-plane, external and internal MXene boundaries as a and b,
respectively, which determine the MXene strip width, and the gap
g only for the SRR shape. A step-by-step parametric workflow was
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FIG. 1. (a) Schematic illustration of the flexible MXene metasuface and (b) the
geometric parameters A, a, b, and g for SqQRR and SRR unit cells.

then carried out to refine the geometrical parameters of both SQRR
and SRR units. First, a coarse sweep of a, b, and g (for SRRs) was
performed to identify the approximate regions of strong resonant.
Next, a finer parametric optimization was conducted to simultane-
ously tune the resonance depth and spectral position. The resonant
frequencies were determined using full-wave EM simulations
through the finite-element method (FEM) in COMSOL
Multiphysics®. To consider a two-dimensional infinite periodic
structure, Floquet boundary conditions were set along the xy-plane.
Perfectly matched layers (PMLs) were applied in z-boundaries to
circumvent undesired reflections. Since our proposal works in
microwaves, the results were analyzed in the frequency range of 1-
17 GHz under normal incidence. Along with MXene conductivity
OMxene and its thickness fyixene, We considered the paper substrate
permittivity as &, = 1.5 and thickness t; = 75.3 um.

Following the numerical design process, the MXene-based
flexible metasurfaces were fabricated using a screen-printing
method, as illustrated in Fig. 2. Adhesive labels (21 x 29.7 cm,
Pimaco), consisting of an offset paper layer bonded to a supporting
liner via a removable adhesive (A), were employed as substrates for
MXene deposition. This configuration enables the top layer to be
peeled off cleanly without leaving adhesive residue on the backing,

ARTICLE pubs.aip.org/aip/jap

making it suitable for use as a stencil mask. The metasurface geom-
etries (B), designed in COMSOL Multiphysics, were transferred to
a cutting machine (Silhouette Cameo 3) to produce precise screen-
printing masks (C). These adhesive masks were cut into the desired
patterns corresponding to the metasurface unit cells. The cutting
machine provides edge resolutions on the order of several tens of
micrometers through a computer-controlled cutting (well above the
precision required for microwave unit-cell geometries), ensuring
that ink deposition occurs strictly within the defined boundaries.
MXene dispersion (D) at a concentration of 1.8 mg/mL was then
applied to the masked regions, selectively forming the conductive
elements of the metasurface (E). The MXene concentration was
systematically tested and adjusted to obtain an appropriate viscosity
for DIW deposition, ensuring homogeneous and complete surface
coverage. The same predefined volume of MXene ink was dis-
pensed per unit area using a calibrated pipette tip and the DIW
motion was constrained by the mask geometry. This method effec-
tively standardizes the lateral spreading of the ink and ensures a
consistent film thickness across all samples. After deposition, the
samples were allowed to dry at room temperature (approximately
25°C) (F). Once fully dried, the adhesive mask—now devoid of
MXene—was carefully removed (G), leaving behind the patterned
conductive structures. The resulting metasurfaces (H) were then
ready for electromagnetic characterization. It is worth noting that
any lateral spreading of the MXene ink during deposition does not
hinder the formation of the desired pattern. The use of the adhesive
mask ensures that, after solvent evaporation and complete drying,
the subsequent mask removal yields well-defined MXene features
exclusively in the intended regions. As a result, the final patterned
structures accurately reproduce the designed geometry, as evi-
denced in the metasurfaces obtained.

We produced flexible metasurfaces for the microwave range,
targeting specifically the S-, C-, and K,-bands. The optimization
process aimed to design two distinct SQRR unit cells resonating at
f =3.5GHz and f = 5.8 GHz, respectively. For the SRR unit cell,
which exhibits broken symmetry, the analysis accounted for both
horizontal, x-polarization (x-pol), and vertical, y-polarization
(y-pol), incident waves. This allowed resonant coupling at different
frequencies, specifically f = 5.8 GHz for x-pol and f = 14.2 GHz
for y-pol. Table I summarizes the optimized geometric parameters
used in the numerical simulations.

C. Morphological characterization

The metasurfaces were characterized by atomic force micros-
copy (AFM) with a Dimension Icon microscope (Bruker) operating
in the tapping mode, employing a TESP V2 probe with an oscilla-
tion frequency of 330 kHz and a spring constant of 40 N/m, and
scanning electron microscopy (SEM) with a JEOL JSM-6510 micro-
scope. The SEM cross-sectional images of the metasurface were
obtained by fracturing via immersion in liquid nitrogen to expose
the layered structure. The electrical conductivity of the MXene was
measured with a resistivity tester by applying a current of 100 mA
to the dried MXene surface. The resulting average sheet resistance
was Rg = 8.57Q/0. Determining the conductivity experimentally
is essential for incorporating real material parameters into the
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FIG. 2. Fabrication process of MXene-based metasurfaces. (a) Adhesive labels, (b) metasurface designs, (c) cutting printer to produce a screen-printing masks,
(d) MXene dispersion, (e) MXene deposition, (f) drying, (g) mask liting, and (h) resulting metasurfaces.

simulation environment, thereby enhancing the reliability of geo-
metric optimization and numerical results.

I1l. RESULTS AND DISCUSSION

Figure 3(a) shows an AFM image of the MXene film deposited
on the adhesive paper, featuring grain boundaries that indicate the
edges of the MXene layers. Due to the 2D morphology of the mate-
rial, the film also presents a characteristic slightly wrinkled surface.
The root-mean-square roughness (R,s) calculated for three film
regions was 437.9 + 44.1 pm, indicating a flat surface. Although
AFM characterization is shown for a representative unit cell, addi-
tional measurements performed at distinct locations on multiple
samples confirmed comparable thickness and conductivity values,
indicating that the manual DIW process introduces only minimal
variability and does not compromise the electromagnetic perfor-
mance of the metasurfaces. In the SEM image in Fig. 3(b), three
distinct regions of the metasurface cross section are observed.
Regions 1 and 2 correspond, respectively, to the supporting paper
and the adhesive layer onto which the MXene was deposited.
Region 3 shows MXene itself, and the image in the inset highlights
the characteristic layered structure of the 2D material. We observe
that the SEM image corresponds to a locally fractured and partially
delaminated edge created during sample cutting and, therefore,

TABLE |. Summary of geometric parameters.

does not represent the full through-thickness of the paper substrate.
At high magnification, the cross section captures only a small torn
flap of the paper rather than the intact multilayer structure, which
explains why the visible region appears much thinner than its
actual measured thickness. According to the SEM and AFM analy-
ses, the MXene film has an average thickness of tyixene = 13 4m.
The combination of fyjxene With R value yielded an estimated mean
conductivity of oyxene = 8.97 X 10° S/m, which was inserted in
our simulations. Thus, the flexible metasurface has a total thickness
of 163.6um (MXene + offset + liner), i.e., 316 times smaller than
the wavelength at f = 5.8 GHz. Additional characterizations of the
MZXene obtained using the same synthesis route used in this work,
including UV-vis spectroscopy, x-ray diffraction (XRD), and SEM
images of isolated Ti;C, T, flakes, are reported in Refs. 40 and 41.
The UV-vis spectrum confirmed the successful formation of high-
quality MZXene, while XRD patterns evidenced the complete
removal of the A layer from the MAX phase precursor. Additional
SEM images of individual flakes demonstrated the effective delami-
nation and complete exfoliation of the material, supporting the
structural and morphological reliability of MXene employed.

The three prototype metasurfaces were used in the experimen-
tal setup of Fig. 4, with measurements taken with a vector network
analyzer (VNA) from Rohde & Schwarz® model ZNB20. The
VNA calibration was performed to measure across the microwave
frequencies ranging from 1 to 17 GHz. Then, two identical pyrami-
dal horn antennas, model BTA 118 from BETA Telecom®—with a
flat gain of approximately 12 dBi in the same frequency range—
were connected to the VNA using matched cables at ports 1 and 2,

Jes (GHz) A (mm) a(mm) b(mm) g(mm)  ,jjowing transmission measurements through the scattering param-
SqRR 35 23 21 19 eter Sy, given in dB. The transmitting and receiving antennas were
SqRR 5.8 14 13 11 placed in line of sight to each other, separated by a distance of
SRR 5.8; 14.2 14 55 35 3 1.8 m to ensure measurements in the far-field region for the entire

analyzed frequency range. Since the antennas introduce undesired
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FIG. 3. (a) AFM image of the MXene film deposited onto the adhesive paper and (b) SEM image of the cross section of the metasurface. The inset in (b) confirms the

layered characteristic of the MXene film.

effects to Sy, we measured S,; without the metasurface positioned
between the line of sight. Then, the VNA was adjusted to produce
a flat S;; = 0dB response across the frequency range, effectively
compensating for the effects introduced by the antennas after
calibration.

Each metasurface was placed between the antennas and sur-
rounded by absorber walls to suppress undesired scattered waves
toward the receiving antenna. Nevertheless, since the measure-
ments were performed in the laboratory environment, S,; presented
ripples in the analyzed frequencies, as noticed in Fig. 5 that shows
the transmittances results for all metasurfaces. There is excellent
qualitative agreement between the simulated and measured stop-
band filter responses. As designed and predicted in full-wave simu-
lations (see red-dashed curves), the SQRR metasurfaces presented
resonance dips at f = 3.5 GHz and f = 5.8 GHz in Figs. 5(a) and

e Receiving= =

[_‘ Antcnna s /

Transmitting
Antenna

MXene Metasurface

FIG. 4. Experimental setup to measure the MXene-on-paper flexible metasurfa-
ces using a vector network analyzer (VNA) to transmit and receive EM micro-
wave signals through two line-of-sight antennas.

5(b), respectively. Since the SqQRR unit-cell shapes are symmetric,
the spectral response for y-pol and x-pol incident waves are the
same. On the other hand, SRR resonances differ for each polariza-
tion. As seen in Fig. 5(c), the SRR metasurface exhibited a resonant
coupling at f = 14.2 GHz for y-pol, while the same SRR metasur-

face shows resonance at f = 5.8 GHz for x-pol waves in Fig. 5(d).
| IR T ST N | I | I——
0 43— Measured - Simulated | 45— Measured
{(a) A y-pol 1(b)
'12 LI L | LI LI 1 1 L
2 4 6 8 10 12 2 4 6 8 10
f (GHZ)
" 1 "
0 -—_,Meesured ----- Slmu]ated B
24V -
g 47 ]
e -6 \“. -
“ -S-OTy-pol . F [
-10 - A o —>
1(©) w1 x-pol
12 ———————
4 8 1216 2 4 6 8 10 12
/(GHz) /(GHz)

FIG. 5. Comparison between Sy; simulation and measured results for (a)—(b)
SqRR and (c)—(d) SRR unit cells in x-pol and y-pol.
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Figure 6 shows the normalized electric (first row) and mag-
netic (second row) near-field profiles under resonance conditions,
where the arrows indicate the LP sense for y-pol and x-pol. For the
SqRR metasurface, the electric field concentration observed in
Figs. 6(a) and 6(c) arises mainly from the formation of parallel-
plate regions between the horizontal ring segments and the sur-
rounding unit-cell vicinity, producing a strong capacitive effect. A
similar behavior is observed in the SRR metasurface, although
manifested differently in Figs. 6(e) and 6(g). Under y-pol excita-
tion, the resonance is driven by the dipole formed between the two
vertical SRR edges, whereas x-pol induces a highly localized electric
field across the gap, again resembling a capacitive parallel-plate
configuration. On the other hand, the magnetic near-field patterns
provide complementary insights into the underlying resonance
mechanisms. In the SqRR [Figs. 6(b) and 6(d)], the magnetic field
is predominantly concentrated along the ring perimeter, indicating
a loop-like surface current and a magnetic dipole contribution
superimposed on the capacitive electric response. In contrast, the
SRR distributions [Figs. 6(f) and 6(h)] exhibit intense magnetic
hot-spots inside the loop gap. Specifically, Fig. 6(f) shows that the
magnetic field splits into two distinct lobes on opposite sides of the
ring, indicating the excitation of a higher-order or hybridized mode
that couples more efficiently to the incident higher frequencies, as
also observed in Fig. 5(c). In this regime, the magnetic flux circu-
lates in opposite directions along different segments of the ring.

To evaluate the mechanical robustness of the MXene-based
metasurface and its suitability for wearable and conformal

©) 5
Z1S
T 2
o5
g 2
E 2
Q
2
> 8
142 GHz 5.8 GHz
6 -3 0 3 6
X (mm)
=)
°
=
2
o]
&
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=
14.2 GHz
-10 -5 0 5 10 6 3 0 3 6 6 3 0 3 6
x (mm) x (mm) x (mm)
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applications, we performed bending-dependent electromagnetic
measurements under three distinct curvature radii. Figure 7 pre-
sents the measured transmittance spectra of the four flexible meta-
surfaces when subjected to different conformal curvatures, namely,
the flat (black curves) and three bending radii r = 284 mm (red
curves), r = 142 mm (blue curves), and r = 95 mm (green curves),
as illustrated in the right-hand panel. Each plot corresponds to one
of the metasurfaces comprised by the unit-cell types investigated
previously, allowing a direct comparison between their response in
planar and bent conditions. As the curvature increases, i.e., as the
bending radius decreases, the resonant shape of all metasurfaces
exhibits notable modifications, including the increase in the reso-
nance frequency, variations in transmittance depth, and in some
cases, a broadening of the spectral response. These discrepancies
relative to the flat response arise primarily from the mechanical
deformation of the unit cells and the effective change in the local
electromagnetic boundary conditions, which jointly perturb the
metasurface impedance and coupling mechanisms. The impact of
bending is more pronounced for off resonance frequencies, where
even small geometric distortions lead to stronger electromagnetic
sensitivity [see Figs. 7(a) and 7(b)]. Overall, although the metasur-
faces preserve their stopband behavior under deformation, confor-
mal bending introduces measurable deviation in the amplitude and
spectral position of their resonances. These results indicate that the
paper-based substrate and MXene conductive traces maintain
stable electromagnetic behavior under realistic flexible conditions,
confirming that the device performance is resilient to mechanical

FIG. 6. (a), (c), (e), and (g) show the normalized electric near-field profiles under resonance frequencies, while (b), (d), (f), and (h) present the corresponding normalized
magnetic field distributions.
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FIG. 7. Sy spectra under different conformal curvatures for (a) SqRR (3.5 GHz), (b) SqRR (5.8 GHz), (c) SRR in y-pol, and (d) SRR in x-pol. The left side panel presents

a schematic of the bending radius analyzed, namely, flat (black), r = 284 mm (red

stress typically encountered in wearable and skin-mounted applica-
tions, an important consideration for scenarios requiring stable
operation in non-planar or dynamically reconfigurable flexible
platforms.

Table II provides a performance comparison between the pro-
posed MXene-based metasurface and previously reported
state-of-the-art MXene metasurfaces operating in the microwave
regime. The comparison highlights the differences in unit-cell geom-
etry, operating frequency range, substrate type, electrical conductivity,
and target applications. Despite employing a paper substrate and
moderate conductivity, the present work demonstrates competitive
electromagnetic performance, underscoring the practical advantages
of the proposed approach in terms of flexibility and cost.

Despite the qualitative agreement between experiments and
simulations, the resonance dips are higher than S5 = —12dB for
all cases. It means that the prototypes had low wave coupling levels
compared with the conventional metallic materials. The main

), = 142 mm (blue), and r = 95 mm (green).

reason is associated with the low MXene electrical conductivity
obtained in the synthesis (Gpxene = 8.97 X 10° S/m), which intro-
duces an additional ohmic loss and contributes to the reduced
Q-factor in the measured resonances. For comparison purposes, in
Fig. 8, we hypothetically assumed higher onxene values to analyze
the increase in the coupling strength. We discuss only the SQRR
seen in Fig. 5(b), but the phenomena can be extended for other
unit-cell shapes. Increasing the conductivity leads to stronger wave
coupling, evidenced by the low S5 dip levels in resonance fre-
quency in Fig. 8(a). In the inset, one notes that a MXene dispersion
with electrical conductivity at least opxene = 10° S/m would be
necessary to have resonance levels of S5 < —20 dB.

Remarkably, oyixene increase does not change the metasurface
resonance properties, as seen in Fig. 8(b). The blue inverted trian-
gles are for resonance frequencies fres (left y axis), while the red tri-
angles are for the S;; minimum dip in the fi.s (right y-axis). The
resonance remains unaltered for all hypothesized oyxene—with a

TABLE II. Performance comparison with existing state-of-the-art microwave MXene metasurfaces.

Reference Unit cell Freq. Substr. OMXene Contribution

24 Digitally coded 2-20 (GHz) PEDOT:PSS 2 x 10* (S/m) Origami/Kirigami absorbers
25 SRR 2-12 (GHz) Acetate 10* (S/cm) Kirigami selective surfaces

42 Dual SRR 3-5 (GHz) Rigid Rogers 4350 5.8 x 10° (S/cm) EMI shielding

43 Film 8.2-12.4 (GHz) Rigid borosilicate glass 1.32 x 10° (S/m) EMI shielding

This work SqRR; SRR 2-17 (GHz) Flexible paper 8.97 x 10° (S/m) Wearable wireless devices
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FIG. 8. (a) S1 spectra under different MXene electrical conductivities and
(b) respective fres (blue) and ST (red).

slight resonance displaced toward to fis = 6 GHz—and a quasi-
linear S35 decrease with each successive increase in electrical con-
ductivity by an order of magnitude. These resonance shifts can be
minimized through careful geometric optimization or compensa-
tion strategies, ensuring stable band positioning even at higher con-
ductivities. The key point highlighted here is that MXene-based
patterns remain capable of supporting well-defined resonances
whose quality systematically improves as the film conductivity
increases. In comparison with conventional copper layers
(ocy = 5.8 x 107 S/m), MXene presents a potential solution as a
conductive component for flexible metasurfaces. Obviously, this
requires optimization of MXene ink formulation and deposition,
not to outperform metals in absolute terms, but to enhance the
electromagnetic performance of flexible and paper-based MXene
microwave metasurfaces.

IV. CONCLUSION

This study introduced a novel flexible metasurface comprised
of MXene dispersion deposited on a paper-based substrate. The
proposal used an easy and inexpensive fabrication method by
depositing MXene dispersion onto adhesive labels, with the top
sheet working as the deposition mask outlined with the unit-cell
pattern through a cutter printer and the bottom sheet as the sub-
strate. AFM and SEM analyses confirmed the presence of 2D
MXene and paper layers, indicating that the total thickness of the
structure is 316 times smaller than the wavelength at the resonant
frequency at f =5.8GHz. The EM spectral responses agreed

ARTICLE pubs.aip.org/aip/jap

qualitatively with full-wave simulations for all designed unit-cell
shapes, but the results indicate that improvements on MXene syn-
thesis are required for better resonance coupling. Furthermore, EM
responses suggest that the materials used are promising candidates
for flexible devices in health monitoring and dynamic wireless
communication applications.
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