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ABSTRACT: Laser-induced graphene (LIG) technology has !
streamlined the fabrication of patterned graphene for electronics. : : Region 3
However, the laser-induced ultrafast kinetics result in the formation g orehous carbon
of amorphous structures and high electrical resistivity, limiting its
applicability in high-performance devices. Herein, we report a facile
strategy of expanding interline spacing in LIG line-to-surface growth
for constructing high-crystallinity-riveted surface architectures with
significantly enhanced electrical conductivity. This approach enables
scalable fabrication of highly conductive LIG (3,290 S m™") under
ambient conditions. Compared with doping and defect-healing
strategies, this in situ optimization requires no additional reagents or
high-temperature treatment and enables single-step patterned
fabrication. Crucially, we first identify a heterogeneous structure
along the vertical scanning direction in LIG lines, comprising defect-enriched, highly crystallized, and amorphous carbon phases.
Combined experimental and theoretical analyses reveal that the structural gradient arises from the laser-pulse-induced Gaussian
temperature field and far-from-equilibrium reaction dynamics. On this basis, we design an interline spacing exceeding the laser spot
diameter to form high-crystallinity-riveted surface architectures, an interval conventionally considered unsuitable for producing high-
quality LIG. The optimized LIG demonstrates substantially enhanced performance in electromagnetic shielding, Joule heating, and
strain sensing, highlighting its potential for multifunctional, application-tailored devices.
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1. INTRODUCTION

Graphene has attracted significant attention due to its
exceptional mechanical strength, electrical conductivity, and
thermal conductivity,' > motivating the development of
various synthesis strategies such as chemical vapor deposi-
tion,*™° liquid exfoliation,”® and epitaxial growth.9’10 However,
scalable fabrication under mild reaction conditions remains
challenging for practical applications.

Currently, high-temperature treatment has proven effective
for defect healing in amorphous carbon, but it is incompatible
with patterned LIG due to the extreme conditions (>1000 °C)
required in vacuum or inert atmospheres (Figure S1). These
conditions prevent localized heating, thus damaging both the
LIG and its substrate.””** To address this issue, Cheng et al.”®
reported a method using flash Joule heating through DC
voltages applied selectively to LIG patterns to enable rapid
defect migration within milliseconds. However, the require-

In 2014, the development of laser-induced graphene (LIG)
technology marked a significant breakthrough by enabling
graphene synthesis under ambient conditions."' This method
utilizes high-energy-density laser pulses to directly convert
carbonaceous precursors into patterned graphene in a single
step. Consequently, LIG has been extensively studied for
applications in mechanical sensors,">~"* chemical sensors,">~"*
nanogenerators,’”>' and supercapacitors.”>~>* Nevertheless,
the ultrafast kinetics involved in laser processing results in
amorphous structures, high resistivity, and diminished device
pe1‘formance,26_28 necessitating strategies to enhance LIG’s
electrical conductivity for next-generation electronics.
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ment for vacuum environments and voltage control across
different patterns limits scalability. Doping-based defect
engineering also faces challenges. While nonmetallic and
metal-oxide dopants can improve conductivity, they often
result in modest improvement or introduce toxicity. For
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Figure 1. Design of high-crystallinity-riveting method. (a) Schematic illustrating the difference of laser scanning employed in reported works and
this work. (b) Conceptual diagram showing the influence of d,, on S, and electrical conductivity. (c) Electrical conductivity of LIGs fabricated
under varied dj,. (d) Schematic of the LIG growth and HrLIG surface architecture. (e) Raman analysis at Regions 1—3, showing variations in I,/I,
Lp/Ig and 2D fwhm. (f) Photograph of fabricated large-area LIG film. (g) Radar chart comparing the comprehensive performance of high-

crystallinity-riveted strategy versus metal-based doping.

example, metal-based dopants (e.g,, NiCo, CuO, VO,, Co;0,,
and Fe;0,) significantly raise the density compared to pristine
LIG (1.48 X 107> g cm™) and pose environmental risks.****
Although codoping with N and B nonmetals can reduce
structural defects and densify graphene networks, conductivity
improvements remain limited, typically by only ~29.3% (from
959 S m™" to 1,240 S m™*).”” Additionally, these approaches

introduce complex processing steps and stringent conditions,
undermining LIG’s primary advantage of single-step fabrication
under ambient conditions.

In this study, we identify, for the first time to our knowledge,
a vertical structural gradient in LIG lines consisting of defect-
enriched, highly crystalline, and amorphous carbon phases.
Building on this discovery, we designed a high-crystallinity-
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riveted LIG (HrLIG) by expanding the interline spacing (d,, =
SOum) during LIG’s line-to-surface growth. Compared to
reported works, such spacing exceeds the laser spot diameter
(Dy = 35um) and is conventionally recognized to be
unsuitable for producing high-quality LIG, as it cannot
guarantee complete pattern coverage. Surprisingly, this
configuration enables a high-crystallinity-riveted architecture
with greatly enhanced conductivity (3,290 S m™"), more than
2.5 times that of nonoptimized LIG (1,308 S m™, d;, =
35 um). Crucially, this approach exhibits in situ optimization,
scalability and simplicity for LIG synthesis, requiring no
additional reagents or post-treatment. Finite element and
molecular dynamics simulations confirm the formation
mechanism of the structural gradient. As a unique form of
high-energy input, lasers produce a rapid thermal cycle of
heating (40,746 K s™') and cooling (1,940 K s™') within the
precursor, contributing to far-from-equilibrium reaction
dynamics. Simultaneously, the Gaussian heat distribution
leads to varied reactions, including ablation (high temper-
ature), fine crystal growth (appropriate temperature), and
incomplete reactions (low temperature). The resulting HrLIG
exhibits superior performance, improving shielding effective-
ness from 11,411 dB cm™! to 12,920 dB cm™, increasing the
Joule heating rate by 49.2%, and elevating the strain sensor
gauge factor (GF) from 9.6 to 32.9. The method reported in
this work offers a new paradigm for the facile design of highly
conductive LIG for future applications in flexible and high-
performance electronic devices.

2. EXPERIMENTAL SECTION

2.1. Preparation of LIG. PI films were purchased from Zhuzhou
Times New Materials Technology Co. Ltd. (China). LIG was
fabricated by laser scanning in a laser processing platform (Proteases
S, LPKF, Germany), in which the PI films were irradiated by infrared
laser with a 25 pm spot diameter. The sample height was set to 2 mm
to achieve defocused laser scanning. The thickness of PI film was 150
um. Experiments were conducted under atmospheric conditions at 26
°C and 45% relative humidity. The wavelength of the laser was 1,064
nm. Laser pulses were delivered at 200 kHz, and the scan speed was
15mm s~

2.2. Preparation of LIG/PDMS. Substrate transfer was adopted
for preparing the LIG multiaxial strain sensor. A PDMS solution was
prepared by mixing the prepolymer (part A) and its cross-linking
agent (part B) (Sylgard 184, Sigma-Aldrich) according to the mass
ratio of 10:1. Then, the PDMS was coated on the patterned LIG/PI
and cured under vacuum at 80 °C for 1.5 h. Afterward, PI substrate
was peeled off to get the PDMS/LIG sensor.

2.3. Molecular Dynamics (MD) Simulations. All molecular
dynamics (MD) simulations were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) pack-
age.'® The interactions between atoms were described by the reactive
force field (ReaxFF), which is capable of modeling dynamic bond
breaking and formation, making it suitable for simulating high-
temperature pyrolysis.*" Specifically, the CHON-flield.reax parameter
set, developed for high-energy and combustion systems containing
carbon, hydrogen, oxygen, and nitrogen, was employed for all
simulations.

2.4. Characterization. Surface morphology of the sample was
characterized using a scanning electron microscope (JSM-7610F Plus,
JEOL, Japan). Raman spectra were characterized with a Raman
spectrometer (dxr3, Thermo Fisher Scientific, USA). X-ray diffraction
(XRD) patterns were characterized with an X-ray diffractometer
(Empyrean, PANalytical B.V., Netherlands). Transmission electron
microscopy (TEM) images were obtained using a high-resolution
transmission electron microscope (HRTEM, JEM-2100F, Japan).
Electrical conductivity was measured along the laser-scanning

direction using a 4-Point Probes Resistivity Measurement System
(RTS-8, four Probes Tech, China) to eliminate the influence of
contact resistance on results. A hyper-depth of field three-dimensional
microscopic system (VHX-600E, Keyence, Norway) was adopted to
capture high-definition images of surface topography. Electromagnetic
shielding measurements were carried out in a rectangular waveguide
using a vector network analyzer (N5225A, Keysight, USA). Near-field
shielding performance was conducted by a measurement system in
anechoic chamber. In this system, a scanning probe was employed to
capture a near field signal leakage (magnetic field signal, H) from the
covered shielding materials. One end of the microstrip antenna and
the scanning probe was connected to the port 1 and port 2 of VNA,
respectively. Mechanical tests were conducted using a mechanical
testing machine (Instron-$848, Instron, USA) for applying uniaxial
tensile strain, and the data was collected with a digital multimeter
(Keithely-6510, Tektronix, USA). An auto-ranging DC power supply
(IT 6953A, Itech Electronic, USA) was employed as power input in
Joule heating tests, and Infrared images were captured using an
infrared camera (ST9450, Wanchuang, China) to obtain the
temperature of LIG.

3. RESULTS AND DISCUSSION
3.1. Design of High-Crystallinity-Riveting Method.

Due to the pulsed nature of laser processing, dj, < D, is
commonly employed in LIG fabrication to ensure the full
coverage of the patterned area (Figure la). Under this
condition, decreasing d;, increases the overlapping irradiated
area (S,) and results in repeated graphene growth, thereby
improving electrical conductivity (Figure 1b). In this work, D,
is 35 um, and reducing d;, from 35 to 20 um, only slightly
improves conductivity from 1,228 S m™' to 1,308 S m™!
(Figure 1c). However, increasing dy, to 50 um leads to a
dramatic conductivity enhancement, reaching 3,290 S m™'.
This improvement arises from the formation of high-
crystallinity riveted LIG surface architectures (Figure 1d),
which is based on our discovery of a grooved surface
morphology and spatially uneven defect distribution in LIG
lines: (1) upon efficiently absorbing 1064 nm infrared light,
photothermal conversion induces a rapid temperature rise in
the precursor, and excessive energy input results in photo-
etching grooves along the laser scan path. Concurrently, lateral
heat diffusion broadens the fabricated LIG line width beyond
D,. (2) In the direction perpendicular to scanning, the LIG line
exhibits three distinct structural phases: defect-enriched
(Region 1), highly crystalline (Region 2), and amorphous
carbon (Region 3).

Raman spectroscopy was employed to investigate the defect
structure within the LIG lines. As displayed in Figure S3,
Regions 1 and 2 exhibit prominent D, G, and 2D peaks located
at approximately 1340 cm™" and 1580 cm™, and 2680 cm™’,
respectively, confirming the formation of LIG.*”~* Among
these, the D and G peaks correspond to the defect-activated
breathing vibration mode of C sp” and the in-plane vibration of
C sp” in an ordered graphene lattice, respectively, while the 2D
peak is indicative of multilayer graphene structures.**”** These
results suggest that the PI molecules in these two regions have
undergone graphitization, involving C sp* to C sp® conversion.
Notably, the Raman spectrum at Region 3 reveals significant
differences in peak intensity and shape: the 2D peak is
markedly diminished and broadened with an L/I; ratio of
only 0.08 (Figure le), and both the D and G peaks are
significantly broadened as well, indicating the absence of a
layered graphene structure and the presence of typical
amorphous carbon. We further conducted a quantitative
analysis of defect density distribution across the three regions.
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Figure 2. Formation mechanism of uneven structure in LIG lines. (a) Temperature and heating rate in different time. (b) Temperature distribution
on the surface of precursor. (c) Super depth-of-field microscope images of LIG line. (d) SEM images of LIG line in different magnification. (e)
Schematic illustrating function of laser pulse on precursor. (f) Simulated molecular structure of PI before and after thermal decomposition in 1,400
K. (g) RDFs of the PI molecular decomposed at various temperature. (h) RDF of C—C bond at different reaction time.

The Ip/I; ratios at Regions 1—3 are determined to be 1.10,
0.83, and 0.96, respectively, suggesting a defect-enriched
structure at Region 1 and the lowest defect density at Region
2. Meanwhile, the crystalline size along the a-axis (L,) can be
calculated from the I/I; ratio using the following equation:

L= (24 x10") x 4,* x (Is/Ip)

where A, represents the Raman laser wavelength of 532 nm."’

Compared to Regions 1 (17.5 nm) and 3 (20.1 nm), Region 2

shows the highest L, value of 23.2 nm. In addition, Regions 1
and 2 show comparable I,;/I; ratio of 0.22 and 0.18,
respectively. These results imply that the reaction conditions
favor the enlargement of the crystalline domains and defect
reduction in Region 2.

X-ray diffraction (XRD) reveals a dominant (002) reflection
at 26 = 26° for all regions, with pronounced variations in peak
shape (Figure S4a). Region 2 shows the most intense and
sharpest (002) peak at 26 = 25.97°, indicating a high degree of
graphitization'' and an interlayer spacing of ~3.39 A, whereas
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Region 3 features a weak, broadened peak consistent with
poorly ordered amorphous carbon. The expanded interlayer
spacing likely arises from defects distributed within the
hexagonal graphene layers. As shown in Figure S4b,
deconvolution of the diffractograms yields crystalline fractions
of 50.59% (Region 1), 67.30% (Region 2), and 7.95% (Region
3), quantitatively confirming the highest crystallinity in Region
2. Selected-area electron diffraction (SAED) further corrobo-

rates these differences at the nanoscale (Figure S4c). Region 2
presents bright, well-defined rings with azimuthal arc
intensifications, characteristic of polycrystalline graphene with
relatively large in-plane domains. Region 1 shows weaker, more
diffuse rings, while Region 3 is dominated by a broad halo,
evidencing an amorphous-rich matrix with only short-range sp

ordering.
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Overall, we achieve a high-crystallinity-riveted LIG surface
via a simple d;, tailoring strategy to enhance conductivity,

challenging the conventional constraint of di, < D,. Without

introducing additional reagents or complex processes, this
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method enables scalable, single-step fabrication of LIG under
ambient conditions, with a demonstrated sample size of 1.5 X
0.5 m?> (Figure 1f). Compared with metal-doped LIG
strategies, our approach not only yields higher conductivity
but also allows site-selective optimization through scan path
control. The resulting high-conductivity LIG thus offers
outstanding multifunctionality and broad application potential
(Figure 1g).

3.2. Formation Mechanism for Heterogeneous
Structure of LIG Lines. To elucidate the structural origin
of the heterogeneous structure in LIG lines, a series of
multiscale characterizations and simulations were performed to
investigate the thermal evolution behavior of the polyimide
(PI) precursor during laser irradiation. Figure 2a reveals a
temporal heating profile with an extremely high peak
temperature (~2,462 K) reached within milliseconds, corre-
sponding to a heating rate exceeding 40,000 Ks™'. This rapid
photothermal conversion contributes to far-from-equilibrium
reaction dynamics,”’ where ultrafast heating likely creates a
localized microvacuum environment for LIG formation, while
ultrafast cooling inhibits grain growth. Additionally, a strong
Gaussian-distributed temperature gradient is established across
the laser spot (Figure 2b), promoting directional heat
conduction. This nonuniform thermal field is further
confirmed by thermal mapping and deep-field microscopy
(Figure 2c), indicating that heterogeneous structures arise
from spatially varying heating. Due to the excessive central
temperature (~2,000 K), the center of the LIG line exhibits a
photoetched groove approximately 20 pm deep. Scanning
electron microscopy (SEM) imaging (Figure 2d) reveals a
distinct “flat-porous” dual-region morphology, with the porous
zone facilitating gas escape due to localized overheating and
groove formation. Compared with conventional heating
strategy, the laser-induced ultrafast temperature rise due to
photothermal conversion and uneven temperature distribution,
which lays the foundation for heterogeneous structural features
of LIG lines (Figure 2e).

To further understand the structural evolution, molecular
dynamics (MD) simulations were employed. Molecular
snapshots (Figure 2f) show that at 300 K, PI chains form
dense amorphous aggregates. At 1,400 K, the aggregates
decompose into smaller molecular fragments, indicating
significant thermal degradation. Radial distribution functions
(RDFs) (Figure 2g) show that C—N bonds are preferentially
broken at 1,400 K, while at 2,000 K, C—N and C—O bonds are
nearly eliminated, leaving primarily C—C bonding. The
evolution of C—C bonding (Figure 2h) shows sharp peaks
around 1.42—1.50 A, characteristic of C sp2 networks, with
additional peaks around 1.32 A indicating defect sites or
strained configurations.

Overall, the heterogeneous morphology of LIG originates
from the interplay between rapid photothermal conversion,
spatiotemporal heat gradients, and incomplete relaxation of
carbon intermediates. Specifically, excessive temperatures
(~2,000 K) at the center decompose PI into gaseous products
and form porous and defect-enriched Region 1. In contrast,
moderately high temperatures promote more complete
carbonization and graphitization (Region 2), while lower
temperatures (Region 3) result in the formation of amorphous
carbon.

3.3. Characterization of HrLIG. Figure 1c has demon-
strated the enhanced conductivity of HrLIG (LIG-50), thus
SEM and transmission electron microscope (TEM) were

further employed to investigate the structural features of LIG
and to validate the formation of the high-crystallinity-riveted
structure. As shown in Figure 3a, LIGs with different interline
spacing (LIG-3S, HrLIG, and LIG-75) all display a consistent
stripe-like surface morphology, with increasing spacing
between the groove structures reflecting the progressive
increase in interline spacing. The SEM images of HrLIG
reveal an interline spacing of approximately SOum and a
moderately sized riveted region. Riveted regions that are too
small or too large, as seen in LIG-35 and LIG-75 respectively,
are presumed to correspond to defect-enriched or amorphous
carbon-dominated surfaces. TEM analysis (Figure 3b) further
reveals that the HrLIG sample exhibits a well-defined layered
lattice fringe structure, characterized by prominent graphitic
(002) planes with interlayer spacings of approximately 3.7 nm,
indicating high crystallinity. The selected area electron
diffraction (SAED) pattern displays a relatively sharp
diffraction ring, consistent with turbostratic stacking of
graphene layers. In contrast, LIG-35 predominantly exhibits
disordered carbon regions with numerous defects, evidenced
by irregular contrast and diffuse SAED patterns. These
observations confirm the laser-induced crystallinity diversity
and demonstrate that HrLIG achieves an optimal balance
between the amorphous matrix and embedded crystalline
graphene domains through a simple interline spacing adjust-
ment strategy.

The fabrication scalability of HrLIG is schematically
illustrated in Figure 3¢, highlighting its compatibility with
roll-to-roll laser processing and single-step patterning. Leverag-
ing this strategy, the electrical conductivity of HrLIG reaches
an impressive 3,290Sm™' (Figure 3d), exceeding that of
previously reported LIGs. In addition to superior conductivity,
HrLIG exhibits robust environmental and thermal stability. As
shown in Figure 3e, the normalized resistance (R/R,) remains
nearly unchanged (<+3.2%) after prolonged exposure (up to
72h) to harsh conditions, including tap water, Swt % NaCl,
0.5molL™" H,SO,, and heating at 100 °C. Such durability
under corrosive, humid, and thermal environments renders
HrLIG suitable for practical deployment in wearable
electronics and outdoor applications. Finally, the multi-
functionality of HrLIG is demonstrated through multiple
conceptual use cases (Figure 3f), including electromagnetic
interference (EMI) shielding, Joule heating, strain sensing, and
infrared stealth. The combination of high conductivity,
patternability, mechanical flexibility, and stability enables
HrLIG to serve as a universal platform for next-generation
electronic materials.

3.4. Application in EMI Shielding. The EMI shielding
capability was systematically evaluated in the X-band frequency
range (8—12.4 GHz), which is commonly used for radar
detection and specialized communications.”’ —>* As depicted in
Figure 4a and b, HrLIG shows significantly higher total
shielding effectiveness (SE;), with values exceeding 31 dB
across the measured spectrum, compared to ~26 dB for LIG-
3S. The average SE; of HrLIG and LIG-35 is determined to be
31.51 and 25.67 dB, respectively (Figure S17). Furthermore,
the power coefficients of transmission (T, reflection (R), and
absorption (A) are calculated using the following formula:

T = 1s,,/*
R=18,
A=1-R-T
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Figure S. Applications in strain sensor and Joule heating. (a) Change of AR/R, versus tensile strain for LIG-35 and HrLIG based sensor. (b)
Change of AR/R,, versus tensile strain for HrLIG based sensor in long-term cyclic test in 3200's. (c) Schematic and photograph of multiaxis strain
sensor. (d) Change of AR/R, under sequential human joint bending motions for LIG based multiaxis strain sensor. Temperature—time curves of
(e) LIG-35 and (f) HrLIG under various applied voltages. (g) Temperature of LIG-35 and HrLIG at various U?. (h) Photographs of ice melting
tests on HrLIG and LIG-35 surfaces under 7 V.

where S,; and S;; were measured using a vector network reduced A coefficient (0.053) compared to LIG-35 (0.10), and
an increased R coefficient (0.95) compared to LIG-35 (0.89).

When electromagnetic waves encounter the LIG/air inter-
lower T coefficient (0.00071) compared to LIG-35 (0.0028), a face, the reflection loss depends on the impedance mismatch

analyzer. As shown in Figure 4c, HrLIG exhibits a markedly
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between the two media (Figure 4d). The intensities of the
reflected and transmitted wave from a medium with impedance
Z, to a medium with impedance Z, can be calculated using the
following formula:

E, =TE = (2, - 2,)/(Z, + Z,)F,

E, =TE = (ZZZ)/(ZI + ZZ)Ei

where E;, E, and E, represent the intensities of the incident,
reflected, and transmitted electromagnetic waves, respectively.
Thus, the higher electrical conductivity of HrLIG increases the
impedance mismatch between LIG and air, resulting in
enhanced reflection. Importantly, the outstanding EMI
shielding effectiveness of HrLIG is achieved at minimal
thickness, which is important for miniaturized shielding
systems.”>*® As presented in Figure 4e and Table S2, the
average specific shielding effectiveness normalized by thickness
(SE;/t) achieves 12,359 dB cm™, positioning this work among
the top-performing nonmetallic materials reported to date.
This performance, coupled with the facile laser patterning and
scalable processing compatibility of HrLIG, would be a
significant advance toward ultrathin, lightweight, and flexible
shielding components for next-generation electronic and
aerospace devices.

Based on HrLIG, we developed a novel paradigm for
electromagnetic information encoding. As shown in Figure 4f,
electromagnetic waves from the source impinge on an encoded
surface comprising a 3 X S array of units. A scanning probe
then measured the transmitted wave intensity. Units coated
with LIG are defined as “1” and those without as “0”. For data
encoding or encryption, each unit can be assigned a “0” or “1”
and subsequently decoded or decrypted. To demonstrate
practicality, we employed a simple encoding scheme (Figure
4g) in which unit arrangement directly represents letter and
numeral shapes. An encoded surface representing the numeral
“3” is shown in Figure 4h. After near-field scanning, the pattern
was decoded as “3” and “A” (Figure 4i). In practice, the
mapping between digital codes and actual information can be
freely defined. This electromagnetic information encoding
strategy offers application potential in secure identification,
anticounterfeiting, and encrypted communication interfaces,
complementing traditional visual or chip-based tagging
systems.

3.5. Applications in Strain Sensor and Joule Heating.
To demonstrate the potential of HrLIG for electronics-related
applications, we systematically evaluated its strain sensing and
Joule heating performance. As shown in Figure Sa, a
serpentine-shaped strain sensor was fabricated, and the gauge
factor (GF) of HrLIG reaches an impressive value of 32.9,
which is over three times higher than that of LIG-35 (GF =
9.6), indicating superior sensitivity to mechanical deformation.
This enhanced resistive response is attributed to the riveted
graphitic domains that not only facilitate efficient charge
transport under initial strain but also induce more pronounced
resistance variation due to interdomain disruption upon
stretching. The durability of the HrLIG-based strain sensor
was validated by long-term cyclic testing under repeated tensile
loading over 3,200 s (Figure Sb), during which the normalized
resistance (AR/R,) exhibited excellent stability and repeat-
ability with negligible signal degradation. The inset plots
confirm the sensor’s responsiveness and temporal consistency
in both early and late cycles, underscoring its robustness for
real-world applications.

To enable integration with wearable platforms, HrLIG has
been successfully transferred from the polyimide substrate to a
flexible polydimethylsiloxane (PDMS) matrix (Figure S$20),
resulting in a conformable and skin-compatible device.
Building upon this, a multiaxis strain sensor was fabricated
with three orthogonally arranged HrLIG elements (Figure Sc),
capable of decoding directional deformation. Furthermore, in
situ monitoring of joint motions from a human subject
demonstrates the sensor’s capability to resolve complex
biomechanical activities. As illustrated in Figure Sd, three
distinct signal outputs corresponding to finger bending events
are clearly distinguishable, showcasing real-time, multichannel
detection of sequential and dynamic motions. The signal
amplitude and temporal evolution confirm the sensor’s fast
response, high fidelity, and suitability for wearable electronics,
human-machine interfaces, and soft robotics.

Further, the Joule heating performance was systematically
investigated under varying input voltages and operational
conditions. As shown in Figure Se and f, HrLIG exhibits a
rapid and stable temperature rise within seconds upon
electrical stimulation. Notably, at 7V, HrLIG achieves a peak
surface temperature of 182 °C, significantly exceeding the 120
°C achieved by LIG-35 under identical conditions. This
superior thermal response is a direct consequence of the
markedly enhanced conductivity of HrLIG, which enables
more efficient resistive heating with minimal energy loss. The
heating behavior of both systems follows a quadratic
relationship with respect to the square of applied voltage
(U?), in accordance with Joule’s law (Figure Sg). Linear fitting
reveals that HrLIG exhibits a higher temperature coefficient
(slope = 3.06) compared to LIG-35 (slope = 1.96), indicating
that HrLIG can achieve higher temperatures at lower power
inputs, which is advantageous for energy-efficient heating
systems.

In practical terms, the superior Joule heating capacity of
HrLIG is vividly demonstrated in the ice-melting experiments
(Figure Sh). While the ice placed on LIG-35 melts slowly with
residual ice still visible after 390s, HrLIG enables complete
melting within 130 s at 7V, indicating rapid heat accumulation
and transfer to the overlying medium. This highlights its
potential utility in applications such as deicing coatings,
wearable thermotherapy, and antifogging devices. The long-
term heating curve further confirms that the device can operate
continuously at high temperatures (~180°C) for over 500s
before power cutoff, with excellent reproducibility and
negligible drift (Figure S22). Collectively, these results
demonstrate that HrLIG is not only a high-performance
electrical conductor but also an effective and reliable thermal
actuator. Its integration into lightweight, flexible, and scalable
architectures underscores its potential for next-generation
intelligent heating platforms.

4. CONCLUSIONS

This work presents a facile interline spacing tailoring method
to construct a high-crystallinity-riveting LIG structure,
significantly increasing the electrical conductivity to 3,290 S
m~'. Within the LIG line, a structural gradient along the
vertical scanning direction was discovered, which includes
defect-enriched, highly crystalline, and amorphous carbon
phases. This phenomenon is attributed to the Gaussian
distribution of laser-induced heat and far-from-equilibrium
reaction dynamics, in which the heating rate can reach as high
as 40,746 K s7. The optimal interline spacing for achieving
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highly conductive LIG is demonstrated to be larger than the
laser spot diameter. Based on the HrLIG architecture,
enhancements in EMI shielding effectiveness, Joule heating
rate, and strain sensor gauge factor are achieved, demonstrating
the multifunctional potential of HrLIG for flexible and high-
performance electronic applications.
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