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Flexible sensors have emerged as a promising tool in applications ranging from pilot physiological monitoring to mo-
tion capture and complex training environments. However, conventional approaches often face inherent limitations, such as
susceptibility to electromagnetic interference, instability in humid or sweat-rich conditions, and restricted multifunctional
integration. To overcome these challenges, we present a flexible sensor based on a multifunctional MXene/LIG composite
structure. By combining surface-modified MXene with laser-induced graphene (LIG), we developed a robust conductive
framework characterized by hierarchical porosity. Thanks to this innovative design, the sensor achieves exceptional multi-
functional performance. It exhibits high electromagnetic shielding effectiveness of 31.5 dB through synergistic reflection
and absorption, demonstrates strong hydrophobicity with a contact angle of 151.1°, and delivers enhanced thermal con-
ductivity. These features enable accurate monitoring of operational movements in simulated cockpit environments while
ensuring durable performance under complex aviation requirements. Moreover, this design strategy offers a novel pathway
for advancing high-performance flexible sensors, opening new opportunities in wearable electronics, healthcare monitoring,
and intelligent human-machine interaction systems.

Keywords: laser-induced graphene (LIG), MXene, electromagnetic shielding, hydrophobicity, flexible sensor
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1. Introduction

With the rapid advancement of flexible electronics and
wearable technologies, there is a growing demand for high-
performance and multifunctional sensors capable of reli-
able operation in complex environments.!'=3] Such sensors
are expected to deliver excellent sensing performance while
maintaining long-term stability,[*>! even under conditions
involving high humidity, sweat, or strong electromagnetic
interference.!®”! This requirement is particularly critical in
fields such as aerospace, healthcare, and intelligent manufac-
turing, where sensors must integrate functions such as mo-
tion detection, environmental adaptability, and electromag-

[8-101 However, conventional sensors often

netic compatibility.
face inherent limitations in these challenging environments,
including limited resistance to electromagnetic interference,
poor stability in humid or sweat-rich conditions, and restricted
multifunctional integration.!!'’:'?] These bottlenecks severely

hinder their widespread application in demanding scenarios.
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Laser-induced graphene (LIG) has emerged as a promis-
ing candidate for flexible electronic devices due to its sim-
plified preparation process, high patterning precision, cost-
effectiveness, and scalability.['>-15] Despite its advantages,
pure LIG-based sensors typically suffer from limited electro-
magnetic shielding effectiveness and insufficient environmen-
tal adaptability, which hinder their application in multifunc-
tional integration. In contrast, MXene materials offer high
electrical conductivity, outstanding electromagnetic shielding
performance, and good sensing capabilities.!'®2°1 The com-
bination of MXene with LIG therefore provides a promis-
ing pathway to synergistically enhance conductivity, shield-
ing, and sensing functionalities. Nevertheless, pristine MXene
suffers from intrinsic hydrophilicity and susceptibility to oxi-
dation, which severely compromise its long-term stability and
environmental adaptability.[>!=23] Although strategies such as
surface functionalization and hybridization with polymers or
carbon-based materials have been proposed to mitigate these
issues, they often come at the expense of electrical conductiv-
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ity and structural integrity. Thus, achieving an optimal balance
between sensing performance, shielding effectiveness, and en-
vironmental stability remains a key challenge.

To address these challenges, this study proposes a novel
modified MXene/LIG(M-MXene) composite sensor with ex-
ceptional electromagnetic shielding, hydrophobicity, and ther-
mal conductivity, The sensor was fabricated by integrat-
ing surface-functionalized MXene with CO;-laser-induced
graphene on PI films, yielding a multifunctional composite
that demonstrates robust performance in complex environ-
ments. Specifically, the material achieves high electromag-
netic shielding effectiveness (31.5 dB) through synergistic re-
flection and absorption, exhibits strong hydrophobicity with a
contact angle of 151.1°, and delivers enhanced thermal con-
ductivity, ensuring reliable operation under simulated cock-
pit conditions. These advanced functionalities not only en-
able precise capture of pilots’ movements but also highlight
the sensor’s potential to provide multidimensional support for
enhancing flight safety. This design strategy offers promis-
ing insights for the development of high-performance flexi-
ble sensors with broad applications in wearable electronics,
healthcare monitoring, and intelligent human-machine inter-
action systems.

2. Experimental details
2.1. Preparation of MXene/LIG composite film

Figure 1 illustrates the fabrication process of the MX-
ene/LIG composite film. Initially, the preparation method for
the MXene/LIG film was consistent with the steps reported
in our previous work,! which involved immersing a PI film
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For the M-MXene/LIG composite film used in this
study, we further employed CPTMS and FOTS as silane cou-

layer.

pling agents to functionalize the surface of MXene, aiming to
improve the interfacial compatibility and hydrophobicity. To
prepare surface-functionalized MXene (FoShan XinXi Tech-
nology Co., Ltd., Foshan, CHN. Purity > 98%), 400 g of
finely ground Ti3C, T, powder was dispersed in a mixture of
3-Chloropropyltrimethoxysilane (CPTMS. Shanghai Aladdin
Biochemical Technology Co., Ltd., Shanghai, CHN. Purity >
97%) and Perfluorooctyltrichlorosilane (FOTS. Shanghai Al-
addin Biochemical Technology Co., Ltd., Shanghai, CHN. Pu-
rity > 97%) precursors (5% concentration in 40-mL ethanol)
for 24 hours. The mass ratio of CPTMS to FOTS is set at 1:1.
CPTMS and FOTS were selected as silane coupling agents;
in particular, FOTS was chosen due to its fluorine-containing
molecular chain, which is highly effective in imparting hy-
drophobic properties, while CPTMS facilitates general sur-
face functionalization and is capable of forming cross-linking
structures. After the reaction, the resulting suspension was pu-
rified by centrifugation using a deionized water and ethanol so-
lution to remove unreacted silane molecules, ensuring a clean
and effectively functionalized MXene surface. Subsequently,
20 mL of ethanol was carefully added to the top of the sus-
pension, followed by complete drying under ambient condi-
tions. To fabricate the M-MXene/LIG composite film, a 125-
pm thick PI film (Shenzhen Jihongda Plastic Products Co.,
Ltd., Shenzhen, CHN) was pretreated by immersion in the as-
prepared M-MXene dispersion prior to undergoing the LIG
process, as shown in Fig. 1.
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Fig. 1. Preparation, working principle, and application of M-MXene/LIG composite thin films.

First, the PI film was ultrasonically cleaned in deionized
water for 10 minutes and then dried in an electric thermostatic
drying oven (DHG-202, Shaoxing Subo Instrument Co., Ltd.,
Zhejiang, CHN) at 50 °C for 30 minutes. Subsequently, an

M-MXene solution with a concentration of 20 mg/ml was pre-
pared by accurately weighing a specific quantity of MXene
powder and mixing it with deionized water in a beaker ac-

cording to the predetermined ratio. The mixture was then thor-
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oughly stirred using a magnetic stirrer. Due to the incomplete
dispersion of MXene powder in deionized water, the mixture
underwent further ultrasonication to obtain a well-dispersed
M-MZXene solution. The pretreated PI film was immersed in
the prepared MXene solution for 30 minutes, followed by dry-
ing in a drying oven. This immersion-drying process was re-
peated 3 times to produce the dark-colored PI film coated with
an MXene layer, as shown in the right side of Fig. 1. The re-
peated immersion of the PI film into the M-MXene solution,
followed by drying, enabled the gradual and controlled adhe-
sion of the M-MXene flakes onto the surface of the PI film
surface. In the following sections, the LIG generated from the
M-MXene/PI will be referred to as M-MXene/LIG and abbre-
viated as M-MXene/LIG. The PI film, now coated with the
M-MXene layer, was mounted on a three-dimensional mov-
able platform. A laser treatment was then conducted using a
CO; infrared laser (Synrad P150, Novanta Corporation, Bed-
ford, MA, USA) under fixed laser parameters: a focal length of
95.5 mm, laser power of 10 W, scanning speed of 100 mm/s,
and scanning pitch of 200 um. This process illustrates the
corresponding relationship between the fabrication routes of
MXene/LIG and M-MXene/LIG. The two processes are es-
sentially identical, differing only in the surface modification
step of MXene.

2.2. Material characterization

In this experiment, a scanning electron microscope (SEM;
Thermo Scientific Helios 5 CX, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was employed to observe the microstruc-
tural morphology of the LIG surface. An energy-dispersive
x-ray spectrometer (EDS; Thermo Scientific Helios 5 CX,
Thermo Fisher Scientific Inc., Waltham, MA, USA) was used
to analyze the elemental composition and distribution within
the LIG. X-ray diffraction (XRD; Rigaku Ultima IV, Rigaku
Corporation, Akishima, Japan) was conducted to identify the
crystalline structure and corresponding peak intensities of the
LIG. A Renishaw in Via confocal micro-Raman spectrome-
ter (Raman, Gloucestershire, UK) was applied to determine
the positions and intensities of the D, G, and two-dimensional
(2D) Raman peaks of the LIG. X-ray photoelectron spec-
troscopy (XPS; FEI ESCALAB Xi+, Thermo Fisher Scien-
tific Inc., Waltham, MA, USA) was performed to investi-
gate the atomic species and their relative concentrations in the
LIG. A microwave network analyzer (MNA; Agilent ES071C,
Keysight Technologies Inc., Santa Rosa, CA, USA) was used
to test the electromagnetic shielding performance of LIG. A
digital multimeter (RIGOL DM3058E, RIGOL Technologies
Co., Ltd., Suzhou, CHN) was employed for real-time resis-
tance measurements, and a tensile testing machine (WNMC,
Beijing, CHN) was used to assess the tensile strain properties
of the material.

3. Results and discussion
3.1. Optical spectrum analysis

In this section, optical spectrum detection and analysis
were performed on MXene/LIG samples fabricated via laser
direct writing technology following the immersion of the PI
film in an M-MXene solution. Figures 2(a)-2(c) show the
SEM images of LIG, MXene/LIG, and M-MXene/LIG, which
were used to examine the microstructural morphology of the
graphene surface. Specifically, figure 2(a) displays the SEM
image of LIG. As shown in Fig. 2(a), the PI film undergoes
carbonization under laser irradiation, resulting in the forma-
tion of a porous carbon layer characterized by distinct strip-
like textures aligned with the scanning path. This indicates the
successful transformation of PI into a porous carbon structure
containing graphene sheet. Figure 2(al) further shows a more
evident porous structure, with visible interlayer gaps and exfo-
liation features, forming a loosely packed structure with vary-
ing pore sizes that exhibit a “capillary channel” morphology.
This unique structure provides potential “anchoring points”
for subsequent MXene attachment and may contribute to en-
hanced sensing performance. However, the exposed nature of
this structure renders it vulnerable to moisture and electromag-
netic interference, which may compromise its long-term sta-
bility. Figure 2(a2) clearly displays a porous network struc-
ture, in which honeycomb-like pores are interspersed. The
graphene flakes are loosely arranged with occasional stacking,
showing a “flower-like” morphology, which facilitates charge
transport and improves sensitivity. Figure 2(a3) reveals sharp
edges of graphene, accompanied by curling and fragmenta-
tion; the porous channels remain at the nanoscale, contributing
to the formation of an efficient responsive structure. This is a
typical characteristic of laser-induced porous graphene, which
is known for its electrical conductivity, gas permeability, and
rapid response capability.

Figure 2(b) presents a magnified SEM image of MX-
ene/LIG. In Fig. 2(b), the overall surface morphology appears
rougher and more “fuzzy” or “fluffy” compared to Fig. 1(a),
indicating that MXene has been embedded and partially in-
tegrated with the LIG surface. However, the attachment is
uneven, with visible aggregation and localized surface protru-
sions. As shown in Fig. 2(b1), MXene flakes are observed
stacking on the surface, with cracks still present between the
flakes and the LIG substrate, indicating weak interfacial bond-
ing and partial coverage of the graphene framework. Fig-
ure 2(b2) shows a more compact layered morphology. How-
ever, certain regions exhibit expanded and detached layers,
indicating insufficient interlayer bonding, which leads to the
formation of non-uniform conductive pathways. Additionally,
the porous structure is partially filled, resulting in reduced gas
permeability. In Fig. 2(b3), the surface roughness is further
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increased, with MXene flakes exhibiting irregular coverage.
Some flakes exhibit curled edges and surface cracks, indicat-

ing that they have not yet been stably anchored onto the sub-

strate.
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Fig. 2. Characterization of LIG, MXene/LIG, and M-MXene/LIG: (a) SEM image of LIG, (b) MXene/LIG composite, (c) M-MXene/LIG
composite, (d) Raman spectroscopy analysis, (e) XPS analysis, (f) measurement of resistance values.

Figure 2(c) shows the SEM image of the M-MXene/LIG
composite. As shown in Fig. 2(c), the surface morphology be-
comes more uniform without obvious aggregation, indicating
that the M-MXene is more evenly distributed on the LIG sur-
face, with sharper edges and improved compactness and struc-
tural stability. These characteristics contribute to enhanced re-
sistance against moisture erosion and an extended service life.
Figure 2(cl) clearly illustrates the integration of LIG flakes
with MXene, presenting a “flat-rough-flat” gradient structure,
which suggests the formation of a denser interfacial layer with
strong adhesion between the modified materials. In Fig. 2(c2),
the surface appears rough yet compact, without significant de-
tachment observed, indicating the effectiveness of the modi-
fication process. This also indicates that the M-MXene ex-
hibits improved dispersibility and adhesion, providing a solid
structural foundation for subsequent stable performance. Fig-
ure 2(c3) demonstrates the absence of visible cracks or parti-
cle detachment, with layers more tightly connected and par-
tially sealed pores. The hydrophobic layer may have formed
a nanofilm-like coverage, further enhancing corrosion resis-
tance. In summary, the three sets of SEM images shown in
Figs. 2(a)-2(c) reflect the progressive evolution of the mate-
rial from no additives, to the introduction of MXene, and fi-
nally to the use of M-MXene. Figure 2(a) corresponds to the

basic porous graphene structure formed after the laser-induced
carbonization of a pure PI film. Figure 2(b) displays the MX-
ene/LIG composite, where the graphene pores formed under
laser action are more uniformly distributed and the structure is
more regular. In Fig. 2(c), the surface of the M-MXene/LIG
exhibits more pronounced sheet stacking and coverage, indi-
cating that the M-MXene is more likely to form a covering
layer on the surface of the composite structure. The structural
differences among the three present a progressive change from
“LIG — MXene/LIG — M-MXene/LIG”, which provides a
morphological basis for the subsequent performance differ-
ences. EDS detection was performed on the M-MXene/LIG
composite (Fig. S1(a) in supporting materials). Elemental
spectral analysis revealed the presence of titanium (Ti) and flu-
orine (F) elements, confirming the incorporation of M-MXene
within the LIG structure. Based on these observations, it can
be inferred that the M-MXene/LIG composite utilized in this
experimental set may exhibit enhanced hydrophobic proper-
ties.

Subsequently, Raman and XPS analyses were performed
on LIG, MXene/LIG, and M-MXene/LIG, with the results
shown in Figs. 2(d)-2(e). Figure 2(d) demonstrates the
offset-stacked Raman spectra of LIG, MXene/LIG, and M-
MXene/LIG. The D peak observed at 1350.108 cm™! is in-
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dicative of sp>-hybridized carbon atoms and structural defects.
The G peak at 1582.489 cm™! corresponds to sp>-hybridized
carbon atoms and reflects the graphite crystal structure. The
2D peak at 2697.143 cm !, represents the second-order har-
monic of the G peak and is closely associated with the num-
ber of layers and the degree of crystal order. The Ip/Ig and
Dbp /I ratios exhibit distinct trends, which are closely associ-
ated with the extent of graphene defects, the crystalline struc-
ture of graphene, and the variations in the number of graphene
layers. In LIG, the Ip/Ig ratio is relatively higher at 1.026,
indicating a greater density of defects. Meanwhile, the Lp /I
ratio of 0.620 indicates a larger number of graphene layers
and a moderate degree of structural order. This phenomenon
may be attributed to the formation mechanism of LIG via laser
ablation of polyimide, which typically results in a higher con-
centration of edge defects and regions with non-ideal graphite
crystallinity. Consequently, the D peak is more pronounced,
reflecting a higher level of defects and a generally developed
graphitic structure. In MXene/LIG composites, the Ip/Ig ra-
tio is 0.213, which represents a significant decrease compared
to that of pure LIG, indicating a considerable reduction in de-
fects density. Meanwhile, the Lp/Ig ratio is slightly lower
at 0.555, suggesting that while the structural defects have de-
creased, the overall orderliness of the graphene lattice has not
improved significantly. This phenomenon can be attributed to
the introduction of MXene, which may induce a reorganiza-
tion of the carbon structure in LIG.

Additionally, interfacial interactions may occur between
the functional groups on the MXene surface and the carbon
framework, making a more ordered carbon phase and a re-
duction in defects, without significantly improving the crys-
tallinity of the layered structure. In M-MXene/LIG compos-
ite, the Ip /I ratio increases to 0.409, higher than that of the
MXene/LIG composite, but still lower than that of pure LIG.
The ILp /I ratio is 0.631, slightly higher than that of pure LIG
(Fig. S1(b) in supporting materials). This increase in the Ip /I
ratio may be due to the introduction of additional functional
groups during fluoroalkane surface modification, which causes
minor structural disturbances and results in a slight rebound in
defect density.

To further confirm the bonding interaction between MX-
ene and LIG as well as the variations in surface functional
groups, XPS analysis was conducted on the three materials:
LIG, MXene/LIG, and M-MXene/LIG. The XPS results are
presented in Fig. 2(e). The data reveal that in the pure LIG
material, only typical C—C bonds and a small quantity of C-O
bonds are present, indicating that its structure is predominantly
composed of a porous graphitic carbon framework, which ex-
hibits excellent conductivity and a large specific surface area.
In the MXene/LIG sample, the emergence of the Tiy, peak
confirms the successful introduction of MXene, and the pres-
ence of C-Ti bonds suggest a certain degree of chemical bond-
ing between MXene and LIG. For the M-MXene/LIG mate-

rial, the XPS spectrum exhibited characteristic peaks corre-
sponding to Ti—C, and Ti—-O-F bonds, indicating the success-
ful introduction of the modified components (Figs. S1(c) and
S1(d) in supporting materials). Subsequently, resistance tests
were conducted on strain sensors fabricated using the three
different materials. As shown in Fig. 2(f), the resistance of
the LIG-based sensor was measured as 35.9 Q, while the MX-
ene/LIG flexible wearable strain sensor exhibited a resistance
of 14.1 Q, and the M-MXene/LIG strain sensor demonstrated
a resistance of 15.7 Q.

The selected testing frequency window for this study
(8 GHz-12 GHz) corresponds to typical external electromag-
netic sources found in aviation and common environments.
Electromagnetic shielding effectiveness (SE) is typically de-
termined by factors such as reflection (R), absorption (A), and
transmission (7) of electromagnetic waves by the material.
Based on the scattering parameters measured by a vector net-
work analyzer,

reflection coefficient

R=|S1|* =[Sl (D

transmission coefficient

2

T =|Sx]* =S| (2)
absorption coefficient
A=1-R-T. 3
Thus, the total shielding effectiveness can be obtained by
SEt = —10log,T. 4)

When absorption dominates (SE4 = 10 dB), the total SE can
be approximately decomposed as

SE1 ~ SER + SEa, )
SEr = —10log( (1 —R), (6)
T
SEa= —10log,, (1—13) ) (7)

As shown in Figs. 3(a)-3(f), the test results indicates that
although LIG possess a three-dimensional (3D) porous struc-
ture and exhibits certain conductivity, its overall electromag-
netic shielding effectiveness remains relatively low. However,
when MXene is introduced into LIG to form a composite ma-
terial, the electromagnetic shielding effectiveness significantly
increases, reaching up to 31.5 dB (Fig. S2 in supporting ma-
terials). This improvement can be attributed to the excellent
conductive properties of MXene, as its flakes exhibit metal-
like conductivity, which provides efficient pathways for elec-
tron migration and thereby enhance the overall electrical con-
ductivity of the composite.
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Fig. 3. Characterization of EMI shielding performance and electrothermal behavior of LIG, MXene/LIG, and M-MXene/LIG: (a) EMI test
of LIG, (b) EMI test of MXene/LIG, (c) EMI test of M-MXene/LIG, (d) electromagnetic shielding mechanism diagram, (e) average values
of SEa, SER, and SEt, (f) comparison chart of EMI shielding performance, (g) electrothermal performance test of LIG, (h) electrothermal
performance test of MXene/LIG, (i) electrothermal performance test of M-MXene/LIG.

Furthermore, the synergistic interaction between MXene
and LIG facilitates the formation of a multi-level conductive
network. This structure promotes multiple reflections and ab-
sorptions of electromagnetic waves within the material, conse-
quently enhancing its electromagnetic shielding performance.
The electromagnetic shielding performance of M-MXene/LIG
slightly decreases to 31.1 dB, however, it still shows a sub-
stantial improvement compared to pure LIG. The compos-
ites structure effectively maintains a multi-mechanism electro-
magnetic shielding performance through both reflection and
absorption. Test results indicate that the incorporation of MX-
ene effectively improves the electromagnetic shielding perfor-
mance of LIG material, primarily due to the excellent metal-
lic conductivity of MXene flakes, which, together with the
3D porous carbon framework of LIG, constructs a continu-
ous conductive network. This leads to stronger impedance
mismatch at the incident interface of electromagnetic waves,
thereby enhancing the reflection effect. Simultaneously, the
abundant interfaces between MXene and LIG, as well as the
polar functional groups on the MXene surface, introduce in-
terfacial polarization and dipole relaxation losses, allowing a
portion of the electromagnetic wave energy to be effectively
absorbed and dissipated.

Furthermore, the porous structure of LIG further extends
the propagation path of electromagnetic waves within the ma-
terial, promoting multiple scattering and absorption. Even af-
ter surface chemical modification of MXene, these conductive
networks and interfacial polarization mechanisms are main-
tained, thus the overall electromagnetic shielding performance
of the composite material is almost unaffected. Using Im-
ageView software, the pore size of the MXene/LIG compos-
ite was measured to range from 5.66 pm to 15.62 pum, with
an average pore size of 11.06 um, showing a relatively uni-
form distribution and dense structure. In contrast, the pore
size of the M-MXene/LIG composite ranged from 4.47 pum
to 27.20 um, with an average pore size of 13.86 um, ex-
hibiting a sparser and more uneven pore distribution. Over-
all, the slightly larger average pore size and higher porosity of
M-MXene/LIG reduce the continuity of its conductive path-
ways and weaken the multiple scattering and absorption of
electromagnetic waves, thereby resulting in a slightly lower
overall electromagnetic shielding effectiveness. Figures 3(g)—
3(i) present the heating curves (T—t) of LIG, MXene/LIG,
and M-MXene/LIG under applied voltages of 1 V,2V, 3V,
and 4 V, respectively, with corresponding thermal images dis-

played on the right. Under the same voltage, all samples
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exhibit a rapid temperature increase during the initial 2 s—
5 s, followed by a gradual approach to a steady-state tem-
perature. Among them, MXene/LIG demonstrates the high-
est heating rate and reaches thermal equilibrium in the shorter
time, followed by M-MXene/LIG, whereas LIG requires the
longest time to achieve a steady-state temperature. This be-
havior can be attributed to the mechanism of electrothermal
heating governed by Joule heating. At the same voltage, the
core factors determining the heating performance are the effec-
tive resistance and the thermal conduction pathway. MXene
is an intrinsically highly conductive material, and the three-
dimensional porous structure of LIG enables uniform bridg-
ing of MXene flakes, forming a multi-scale parallel conduc-
tive network. The significantly reduces interfacial contact re-
sistance, thereby decreasing the overall resistance and increas-
ing the applied power, which results in faster and more intense
heating. Surface modification slightly increases the contact re-
sistance between flakes and slightly reduces the effective con-
ductive area to a certain extent, leading to a steady-state tem-
perature that is marginally lower than that of the unmodified
sample. Although LIG itself is conductive, its porous and dis-
continuous flake contact structure results in high overall resis-
tance and lower in-plane thermal conductivity compared to the
composite material, which in turn leads to slower heating and
lower steady-state temperature.

3.2. Hydrophobic-sensing performance test

In the performance evaluation phase, the M-MXene/LIG-
based flexible strain sensor was initially subjected to hy-
drophobicity analysis. As shown in Fig. 4(a), the static wa-
ter contact angles of various material surfaces were mea-
sured. The untreated PI film exhibited a contact angle of
approximately 56.49°, showing a distinctly hydrophilic na-
ture. In comparisons, owing to its inherently porous and
rough surface structure, LIG demonstrated a significantly in-
creased contact angle of approximately 138.83°, reflecting
pronounced hydrophobic behavior. Upon incorporating MX-
ene into the PI film, the contact angle increased to approxi-
mately 88.53°. This improvement was attributed to the for-
mation of a micro/nano-flake morphology on the PI surface
after MXene deposition, which enhanced surface roughness.
However, the MXene/LIG composite exhibited a contact angle
of approximately 123.69°, which was lower than that of pure
LIG. Therefore, even though MXene flakes may macroscopi-
cally increase the contact angle, their polar functional groups
still increase the chemical affinity between water droplets
and the surface, reducing the overall hydrophobicity. Af-
ter surface chemical modification, the contact angle of M-
MXene/PI increased to approximately 113.19°, whereas that
of M-MXene/LIG reached approximately 151.10°, exhibiting
the development of superhydrophobic properties.

Figure 4(b) illustrates the mechanism underlying the dif-
ference in surface hydrophobicity between MXene/LIG and

M-MXene/LIG. The MXene/LIG relies on its micro/nano-
porous structure to generate significant surface roughness,
which increase the contact angle to about 123.69°, however,
due to the presence of hydrophilic functional groups on its sur-
face, it still fails to achieve superhydrophobicity. After mod-
ification with fluorine-containing groups (-CF3, —CF2), the
surface free energy is significantly reduced, resulting in wa-
ter droplets adopting a Cassie—Baxter state. This leads to an
increase in the contact angle to approximately 151.10°, show-
ing a typical “lotus effect”” Mechanistic analysis reveals that
the synergistic effect of surface roughness and low surface en-
ergy functional groups plays a critical role in achieving su-
perhydrophobicity. This property provides long-term stable
protection for flexible sensors, enabling them to maintain reli-
able motion signal monitoring performance in simulated flight
As shown in Fig. 4(c), the relationship be-
tween contact angle and surface roughness (R,) is presented
and compared with data from existing literature. Most stud-
ies indicate that the contact angle generally increases with
increasing surface roughness, although the extent of this in-
crease is typically limited. However, the M-MXene/LIG ma-
terial proposed in this study exhibits not only a large surface
roughness but also a contact angle exceeding 150°, signifi-
cantly outperforming superior performance compared to most
reference results (Fig. S3, supporting materials). This char-
acteristic is particularly crucial for civil aviation pilot motion
detection scenarios, as it enables the materials to effectively
resist interference from sweat, ambient moisture, and conden-

environments.

sation, thereby maintaining stable sensing performance.

To further investigate the sensor’s long-term cyclic sta-
bility under 1% strain, figure 4(d) presents the continuous re-
sistance variation during the stretching-releasing cycles over
a period of 0 s-3600 s, corresponding to a cumulative num-
ber of cycles of approximately 1080. The resistance change
curve remained stable without significant degradation, and the
locally magnified waveform remained its regularity. To in-
vestigate whether the hydrophobic performance of the sens-
ing material changes during the stretching process in cyclic
loading, as shown in Fig. 4(e), the contact angle of water and
sweat variation of M-MXene/LIG was measured throughout
cyclic stretching. The contact angle of sweat remained be-
tween 150.2° and 148.7° within the stretching range, which
was consistent with the corresponding change for the water
contact angle from 151.1° to 150.0°. The results indicated
that the contact angle exhibited only a minimal decrease over
time, while maintaining a relatively high level, thereby pre-
serving the sensor’s protective capability in complex environ-
ments. Consequently, this flexible strain sensor demonstrates
outstanding cyclic reliability and durability, making it suitable
for long-term dynamic monitoring applications.

Figure 4(f) shows the relative resistance change of the
flexible strain sensor under various tensile strains (1%, 2%,
3%, 4%). It can be observed that during repeated stretching
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and releasing cycles, the sensor’s resistance response change
increasing progressively as the strain amplitude increases.
This behavior indicates that the sensor can produce stable re-
sponse signals under different levels of mechanical deforma-
tion, verifying its high strain sensitivity and controllable out-
put characteristics. Subsequently, the variation in water con-
tact angle on the M-MXene/LIG surface under different strain

(a) 200

conditions was evaluated, as shown in Fig. 4(g). Even within
the tensile strain range of 0%—4%, the contact angle of wa-
ter and sweat exhibited only slight fluctuations, consistently
maintaining a high value. This suggests that the surface hy-
drophobicity remains intact during stretching (Figs. S4 and S5,

supporting materials).
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Fig. 4. Sensing performance and hydrophobicity evaluation of the flexible strain sensor: (a) water contact angle measurements on various
material surfaces, (b) schematic illustration of the hydrophobicity difference between MXene/LIG and M-MXene/LIG surfaces, (c) comparative
chart of hydrophobicity, (d) cyclic repeatability assessment of the flexible strain sensor, (e) water and sweat contact angle variation on the M-
MXene/LIG surface during cyclic stretching, (f) relative resistance change under 1%, 2%, 3%, 4% stretch-release over five cycles, (g) water
and sweat contact angle variation on the M-MXene/LIG surface at different stretch levels.

3.3. Applications of MXene/LIG-based sensors

To evaluate the application potential of the flexible multi-
functional sensor in complex real-world environments, we ap-
plied it in a pilot cockpit simulation training system. Within
the simulation environment, pilots are required to frequently
manipulate flight control systems using their fingers and
hands. Therefore, real-time monitoring of hand movements
is crucial for enhancing flight safety and improving human-
computer interaction. Figure 5 shows the application scenario
of the flexible sensor in pilot simulator training.

The sensor was affixed to key parts of the pilot’s hand,
enabling the real-time acquisition of motion signals, which

were then converted into measurable resistance changes with-
out interfering with normal hand operation. Figures 5(a)-5(¢e)
present five sets of resistance variation corresponding to dis-
tinct hand movement patterns, all of which demonstrate con-
sistent and reproducible characteristics. Figure 5(a) illustrates
the opening and closing motion between the thumb and index
finger, where the sensor output curve presents obvious peri-
odic fluctuations. Each cycle of opening and closing corre-
sponds to a distinct resistance change, producing well-defined
peaks and troughs, which indicate that the sensor can consis-
tently distinguish subtle relative fingertip movements. Fig-

ure 5(b) shows the opening and closing movement between
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the index and middle fingers. The waveform similarly displays
regular fluctuations with relatively large amplitudes, indicat-
ing that this motion induces more pronounced deformation of
the sensor. The high repeatability of the curve further con-
firms the sensor’s reliability. Figure 5(c) illustrates the palm
bending motion at a 90° angle, where the resistance curve dis-
plays periodic fluctuations with distinct cycles and high am-
plitudes, reflecting the sensor’s high-sensitivity response to
large-angle palm bending. Figure 5(d) shows the back-of-
hand bending motion at 90°, where the waveform changes
rapidly and symmetrically, indicating the sensor’s prompt re-
sponse to both bending and recovery processes. The signif-
icant difference between peak and trough values further sug-

gests that the sensor is capable of accurately capturing large-
amplitude bending movements. Figure 5(e) demonstrates the
dorsal hand stretching-clenching motion, during which the
waveform exhibits continuous periodic fluctuations with the
maximum amplitude. This indicates that the motion gener-
ates the most significant strain, while the sensor signal re-
mains stable and highly reproducible, verifying the sensor’s
robustness during complex dynamic movements. According
to the test results, the developed flexible sensor is capable of
not only monitoring subtle finger movements but also captur-
ing large-amplitude hand bending, providing a reliable method
for human-computer interaction monitoring in pilot’s simula-
tor training.
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Fig. 5. Application of the flexible sensor in pilot simulator training: (a) relative resistance change during thumb-index finger abduction and
adduction, (b) relative resistance change during index finger-middle finger abduction and adduction, (c) relative resistance change during 90°
palm bending, (d) relative resistance change during 90° back-of-hand bending, (e) relative resistance change during extension and flexion of

the dorsal hand.

4. Conclusion and perspectives

This study demonstrates the successful development
of a multifunctional composite sensor based on surface-
functionalized MXene and laser-induced graphene (LIG). By
functionalizing MXene with CPTMS and FOTS, we effec-
tively mitigated its intrinsic hydrophilicity and susceptibility
to oxidation, thereby improving environmental stability and

achieving a high hydrophobic contact angle of 151.1°. When
combined with CO,, laser direct writing technology. the sen-
sor showed high-precision patterning capability. The resulting
M-MXene/LIG composite sensor delivers exceptional multi-
functional performance, including an electromagnetic shield-
ing effectiveness of 31.5 dB, excellent hydrophobicity, pre-
cise sensing capability, and enhanced thermal conductivity. In
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practical applications, such as simulated cockpit pilot train-
ing under complex environmental conditions, the sensor en-
ables highly accurate motion capture while providing effective
electromagnetic interference shielding. This work not only
addresses critical challenges in multifunctional sensor design
but also provides a promising pathway for advancing flexible
electronics. Such technology holds significant potential for fu-
ture applications in wearable devices, intelligent robotics. and
human-machine interaction systems, thereby driving innova-
tion across multiple fields.
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