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a b s t r a c t

Flexible electronics is a new paradigm with strong implications from healthcare to energy applications.
In this context, electrically conductive polymers are the critical components. Here, we report the design,
formation mechanism, and applications of a polymer nanocomposite obtained by single-step laser
integration of functionalized graphene into a polymer matrix. Laser processing manipulates the physical-
chemical properties of this nanocomposite in a controlled and straightforward way, tuning the electrical
resistance from a dielectric (MU sq�1) to a highly conductive material (U sq�1). We combine experi-
mental and computational approaches to elucidate graphene nanocomposite's nature and formation
mechanism, evidencing different processes from photothermal polymer melting to shock wave mixing in
a liquid phase within a millisecond time scale. We exploit these fundamental insights on the graphene/
polymer nanocomposite in the design and fabrication of electrochemical sensing and antenna devices,
showing the potential for healthcare and the Internet of Things.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Conductive polymer nanocomposites are the emerging functional
materials to face such challenges as lightweight flexible sensors,
portable healthcare devices, batteries, and the Internet of Things. The
synergetic effect of flexible polymer matrix and 2D conductive
nanofiller modulates the crystallinity, mechanical robustness and
electrical properties of the composite and offers an alternative for
conventional conductive inks, flexible electronic components, and
multifunctional sensors [1e4]. The most well-known approach to
produce nanocomposites with improved properties is graphene/
polymer integration [5e8]. The key feature is that both - polymers'
chemistry and graphene's functionalization could be tailored.
The conventional routes to obtain bulk graphene/polymer
mixtures with homogeneous flakes distributions include a solution
or melt blending [4,9], and covalent grafting via in situ polymeri-
zation [10]. These approaches require modifying the whole matrix
volume, while further structuring to form flexible devices involves
extra steps. Instead, local selective treatment of the outermost
surface is more cost-efficient for electronic applications. To this
end, laser processing provides a brilliant opportunity to treat only
the top layer of an already prepared polymer surface. Moreover, this
photostructuring is mask-free, environmentally friendly, fast, scal-
able, and allows fabricating arbitrary patterns with a controllable
spatial resolution [11,12].

The first way for laser processing of polymers involves high
surface carbonizationwith the formation of so-called laser-induced
graphene (LIG) [13,14]. By adjusting laser parameters, the optical,
electrical, and wetting properties of LIG could be tuned [15e19].
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However, most laser wavelengths do not interact with transparent
substrates, restricting LIG formation to only a few polymers. To
overcome this, the integration of molecular or nanoparticle addi-
tives [20e23] is used to promote light absorption in an initially
transparent polymer matrix such that subsequent photothermal
conversion occurs. The second way to transfer graphene to other
substrates is with laser-induced forward transfer (LIFT), which al-
lows the use of solid or liquid materials as donors to perform LIG
single-step deposition as voxels [24]. LIFT is promising for modern
applications and leads to the composite formation, even though it
could not be called straightforward as donor and acceptor polymers
are required. The mechanical robustness of the material/substrate
interaction obtained by LIFT was not yet reported.

In this work, we show the spatially selective laser integration of
graphene into the surface of polymers to directly achieve a robust
graphene/polymer composite. Compared with the state-of-the-art,
we report a better alternative to bulk mixtures of the components
or infiltration.

Earlier, we demonstrated that laser processing of graphene
functionalized with diazonium salts (Mod-G) deposited as thin
films on glass or Kapton enables the fabrication of highly conduc-
tive circuits [25]. By changing the substrate to polyethylene tere-
phthalate (PET), we realized that laser processing reverses
graphene functionalization and forms an extraordinary Mod-G/PET
nanocomposite. In this work, we carefully investigated the under-
lying mechanisms behind the nanocomposite formation using
experimental physical-chemical methods, high-speed imaging, and
computer simulations that allow real-time visualization of the
dynamics during laser-graphene-PET interaction. The new insights
on laser processing of Mod-G significantly expand our under-
standing of this new technology to fabricate in a single-step elec-
trically conductive polymer composites, decrease graphene
consumption, and avoid the use of complicated power-hungry and
costly equipment.

2. Materials and methods

2.1. Mod-G suspension fabrication and films deposition

The technology of Mod-G powder synthesis was kept as pub-
lished in our previous work [25]. The obtained powder of func-
tionalized graphene was further filtered and rinsed with water,
ethanol, and acetone. Washed Mod-G was dried at ambient con-
ditions. The powder was dispersed in either deionized water or
ethanol following 4 mg/mL concentration and sonicated for 15 min.
This concentration was selected in accordance with the one typi-
cally used for graphene oxide, which is themost common graphene
form for the solution and laser processing of flexible electronics.
Mod-G is an alternative to GO and for that reasonwe used 4mg/mL.
We kept this condition the same to make a more adequate com-
parison between these two graphene forms and their properties
after laser treatment. Finally, the suspension was drop-casted on a
PET substrate and dried in air. For comparison, we also prepared
two more suspensions at concentrations of 2 mg/mL and 6 mg/mL
(see Note S1, Fig. S1), and further focused on the original concen-
tration, which is the most optimal according to our observations.

2.2. Laser treatment of Mod-G films

A 438 nm laser diode was used for direct patterning of specific
geometry for the different sensors/applications. A laser power of
~500mWwas set as an optimal conditionwith respect to all types of
sensors except chemical (~16.8mW). The diameter of the laser beam
at the focal point of the film surface was ~50 mm. For more detailed
information see Note S1, in the Supporting Information (SI).
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2.3. Characterization

Changes in the surface during laser processing were tracked by
the high-speed imaging system (CuBr vapor brightness amplifier
with a time resolution of 500 and 900 frames per second) [26]. The
thickness of the nanocomposite was estimated by two methods of
cross-section analysis: Scanning ElectronMicroscopy (SEM) using a
Thermo Fisher Scientific Apreo S and optical microscopy. X-ray
photoelectron spectroscopy (XPS) was measured on a Thermo
Scientific K-Alpha system with an Al Ka X-ray source, with a spot
size of 400 mm2 and pass energies of 50 eV and 200 eV for narrow
regions and survey spectra, respectively. TGA-DSC and TGA-MS
analysis were performed using Q600 Simultaneous TGAeDTA
analyzer (TA Instruments) coupled with VG ProLab quadrupole
mass spectrometer (ThermoFisher Scientific) through a heated line
(80 �C). TGA-DSCwas carried out in an open alumina crucible under
a dynamic argon atmosphere with a 100 mL/min flow rate, from
ambient temperature to 1200 �C at a heating rate of 5 �Cmin�1. The
mass spectra were obtained under the electron impact ionization
energy of 70 eV. Sheet resistance was obtained by two methods.
First, measurements were done using the four-point probe method
on a MS Tech MST 4000A microprobe station. The second method
was Eddy Current Testing [27]. In order to investigate the wetta-
bility of Mod-G films and LMod-G/PET nanocomposites, the contact
angle of a drop of distilled water was measured on the surface of
the samples using the EasyDrop KRUSS device and drop shape
analysis software (DSA). Finite element method (FEM) simulations
of pulsed laser heating were performed employing the COMSOL
Multiphysics software. More details on the characterization are
described in the Supporting Information.

2.4. Sensor validation

Bending sensor performance was estimated using a three-point
flexural test. The indenter movement was controlled by a micro-
processor and a step motor. The bending diameters were 15, 20, 25,
and 50 mm. The resistance measurements were obtained for every
10 bend-relax state cycles per constant diameter. The temperature
sensor response was evaluated by the change in resistance of the
sample from 80 �C to room temperature using a DS18B20 Water-
proof temperature sensor chip. The reflection coefficient and
voltage standing wave ratio results were obtained using the Agilent
N22A PNA Network Analyzer at room conditions. For the evaluation
of the resistance as a function of time for the chemical sensor, an
Arduino ohm-meter was used. Skin conductance sensor testingwas
performedwith 20 mL of NaCl water solution deposited on the clean
dry pointer and middle fingers in contact with two LMod-G elec-
trodes. The sensors’ resistance was measured with a conventional
multimeter. The electrochemical LMod-G sensor was tested in
screen-printed electrode (SPE) configuration in 0.1 M aqueous so-
lution of potassium ferrocyanide using Electrochemical In-
struments P-45X potentiostat-galvanostat. For more information
on validation see Supporting Information.

2.5. Antibacterial activity of LMod-G/PET

For antimicrobial assay three types of bacterial species were
used: Escherichia coli (B-11333), Staphylococcus aureus (B-6646),
Staphylococcus epidermidis (PCI 1200). All bacterial species were
purchased from the Scientific Center “Kurchatov Institute” of the
Research Institute for Genetics and Selection of Industrial Micro-
organisms. The bacteria were cultured on the following nutrient
mediums: the Luria-Bertani medium for E. Coli, beef extract agar
medium for S. aureus, and the MGYP agar medium for S. epidermidis
at 37 �C for 18e24 h. The tested specimens were placed on Petri
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dishes with 1% agar nutrient cultivating medium and inoculated
with 0.2 ml of the microbial suspensions with a density of 1x108

CFU/ml (according to 3 of McFarland scale). Then the Petri dishes
with samples were incubated at 37 �C for 48 h. After incubation, the
plates were checked for zones of inhibition of bacterial growth in
transmitted light (More details of the antimicrobial assay in the
Supporting Information).
3. Results and discussion

A robust, conductive, and flexible graphene/polymer nano-
composite was achieved by laser processing of Mod-G deposited on
a PET surface (Fig. 1a, b, and 1c) since it is one of the most widely
used polymers and has already shown an impressive combination
with laser processing and graphene [28]. Mod-G was obtained
following a recent report [25], by electrochemical exfoliation of a
graphite electrode in 0.1 M sulfuric acid with 4-
carboxybenzenediazonium tosylate (ADT-COOH) or 4-
aminobenzenediazonium tosylate (ADT-NH2). In the synthesis
process, sulfate anions increase the carbon interlayer distance in
graphite that, with simultaneous salt intercalation, results in effi-
cient functionalization and exfoliation, as demonstrated previously
[25]. The presence of eNH2 or eCOOH functional groups signifi-
cantly improves the dispersibility of graphene flakes making the
solution processing straightforward and forming super-hydrophilic
surfaces with a zero contact angle (CA) (Fig. S4, Supporting
Information).

In contrast to conventional state-of-the-art approaches with
nanofiller dispersed in the whole bulk polymer, the deposition of
sufficiently homogeneous hydrophilic films is an essential factor to
locally laser-pattern the graphene film on the polymer's surface. A
related approach to process only the top layer was recently
implemented using ink films for polymer marking [29], or reduced
graphene oxide functionalization of carbon nanotubes covered
polymer membranes for biosensing [30]. The critical process
responsible for the final composite properties is the laser treatment
of Mod-G (Fig. 2b) that induces several simultaneous processes
discussed below (Fig. 1a). From now on, we denote the laser-treated
Mod-G/polymer composite as LMod-G/PET (Fig. 1b). We found that
the drastic structure modification induced by laser processing of
Mod-G film promotes local PET melting with simultaneous LMod-
G/PET composite formation (thickness is in the range 10e30 mm).
Fig. 1. Flexible and conductive graphene/polymer nanocomposite for implementation in sen
Scanning electron microscopy cross-section images of Mod-G and LMod-G/PET showing
Schematic illustration of LMod-G/PET composite fabrication process: from the synthesis of M
demonstration of some applications developed in this work.
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This observation is evidenced by scanning electron microscopy
(SEM) cross-section and optical microscopy images in Fig. 2a.
Typically, laser irradiation of graphene (i.e.; GO) results in visible
patterning and a more porous structure because of gas release,
carbonization, and ablation [31]. That is also the case for laser
treatment of electrochemically-exfoliated graphene without dia-
zonium salts, as shown by SEM results in Fig. S5 (Supporting In-
formation). However, the situation is entirely different for Mod-G
that shows a smoother surface after laser processing (compare
Fig. 2b and c). That is an indication of melted PET acting now as a
matrix for graphene incorporation. This hypothesis is confirmed by
energy-dispersive X-ray spectroscopy (EDX) results that show a
decrease in carbon content and an increase of oxygen after laser
processing (Fig. S6, Supporting Information), which agrees with
SEM. X-ray photoelectron spectroscopy (XPS) results (Fig. 2d and e)
support EDX revealing an initial carbon content of 81.0% with a
minor change after irradiation (81.5%) and oxygen rise from 15.9%
to 18.5%. Notably, the shape of XPS O1s and C1s high-resolution
regions after laser processing become more PET-like, supporting
our PET integration theory.

Even though the relative element content does not change
significantly, laser treatment leads to significant changes in the
molecular structure and chemical bonds, as shown by the C1s
(285.0 eV) and O1s (532.0 eV) XPS regions. Untreated Mod-G film
C1s region (Fig. 2d inset) was deconvoluted into three components
attributed to CeC (284.5 eV), CeO (286.5 eV), and C]O (288.7 eV)
bonds. Laser processing drives a sharp rise in the relative intensity
of C]O, and to a lesser extent, the decrease in CeO one evidencing
the change in polymer composition after patterning. Even the more
drastic changes take place in the O1s region (532.4 eV) with the
splitting of the oxygen-carbon peak into two closely-spaced peaks
attributed to O]C (533.0 eV) and OeC (531.6 eV) bonds. This
splitting reveals the presence of oxygen in two different chemical
environments, which is compatible with the scenario of polymer
coverage after laser-induced melting. The impact of functionaliza-
tion is also illustrated in the XPS results of graphene obtained
without diazonium salts (Fig. S7, Supporting Information). We see a
significant rise in carbon content in this case, indicating that the
top-layer surface does not contain melted PET.

In contrast to the smooth nanocomposite's outer surface, the
inside of the layer is characterized by pores (Fig. 2a) caused by the
intense gas release during laser processing. Similar pore formation
sors. a) Illustration of the composite formation mechanismwith the different processes.
the morphological and chemical changes. b) A photo of LMod-G/PET composite. c)
od-G to the fabrication of a versatile sensing platform using laser processing, and the



Fig. 2. Surface characterization of Mod-G/PET and LMod-G/PET. a) Optical and SEM cross-section images showing the composite formation. SEM images reveal the morphology of b)
Mod-G film on PET, and c) LMod-G/PET composite. XPS survey spectra with O1s and C1s high-resolution regions (inset) of d) Mod-G/PET and pristine PET, and e) LMod-G/PET with
bulk PET as a reference.
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was previously observed after nano- and microsecond laser treat-
ment with the occurrence of chemical reactions, bond openings,
and phase transitions [32]. Studying the nature of the gases
released during laser treatment helps to understand the mecha-
nism of nanocomposite formation, inner processes during irradia-
tion, and the nanocomposite composition. To this end, we
qualitatively investigated the gas products content by gas mass
spectrometry (MS) in the argon atmosphere to exclude the impact
of air. Fig. S8 (Supporting Information) shows the results of mass
spectrometry within the graphs divided into 3-time stages corre-
sponding to (I) blanketing of argon atmosphere, (II) saturation, and
(III) gas release during laser irradiation. The results show that the
157
gaseous products include O2, N2, CO, H2O, and H2S as evidenced by
the rise of these components during laser treatment of Mod-G film
(Fig. S8a, Supporting Information).

O2, CO, and H2O are the expected ablation products, while H2S
comes as an electrolysis byproduct, with sulfur's presence
confirmed by XPS and EDX. The XPS survey spectra of Mod-G film
on the substrate reveal the widening of N1s peak compared to pure
PET (Fig. 2d), confirming the successful diazonium functionaliza-
tion of graphene that results in eN]N- groups. Nitrogen gets
released by laser treatment which explains the disappearance of
N1s peak in XPS (Fig. 2e). The unexpected finding is the absence of
the CO2 component in the mass spectra. This is surprising since
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heating up to 460 �C must result in PET carbonization with solid
carbon forms accompanied by CO2, water, and H2 release [33]. After
considering different scenarios to explain this, and following pre-
vious reports for laser-reduced GO [34,35], we propose that the
absence of CO2 release is due to the graphene-mediated photo-
catalytic CO2 reduction to CO: CO2 þ 2H2 þ 2e�/ CO þ H2O.

To compare the photothermal laser-processing approach to
conventional thermal annealing [36], we performed
thermogravimetric-differential thermal analysis (TGA-DTA) com-
binedwithMS of Mod-G powder (Fig. S8b, Supporting Information)
in the Ar atmosphere. Contrary to the laser treatment investigated
by MS, in TGA-DTA we observe CO2 and H2O release above 150 �C
due to eCOOH decomposition with continuous weight reduction
up to 1200 �C. The temperature rise above 1200 �C can explain
these differences in gaseous products obtained by thermal
annealing and laser processing during laser treatment or by a vital
contribution of photochemical reactions expected for the violet
laser we used (@438 nm). This second alternative implies that both
photochemical and photothermal effects contribute significantly to
the laser-induced LMod-G/PET composite formation.

The abrupt temperature rise in the area of the laser spot size
(~50 mm) within tens ms per laser pulse provides heat transfer that
induces local melting of the polymer in the presence of light ab-
sorption centers. State-of-the-art simulations show that in the
process of laser patterning, the addition of impurities leads to a
temperature rise in the PET matrix of up to 1000 �C for metallic
absorbance centers and ~1475 �C for pristine graphene [37,38].
These temperatures are much higher than the PET melting point
(~250 �C) [39]. The selective effect of laser patterning prompts an
agile cooling system, slowing down the heat dissipation that leaves
bulk PET unaffected while ensuring integration to the top layers.

To verify this hypothesis and optimize the material processing
conditions, we performed finite elementmethod (FEM) simulations
of Mod-G/PET laser treatment. Fig. S9 (Supporting Information)
shows a pulsed laser heating simulation of the Mod-G/PET with a
set of power values covering a range representative of actual ex-
periments. With the increase of laser power, we observe the tem-
perature growth and the heat diffusion area over the sample. The
most drastic temperature rise appears within the first second of
laser-induced heating. Meanwhile, there is a noticeable decrease in
the temperature for all powers used at the fifth second. This phe-
nomenon is attributed to the pulsed nature of the laser load heat, as
with continuous lasers, we expect a stable increase in the tem-
perature over time. In simulations, themelting point of PET is firstly
hit with 179 mW laser power at the first second of treatment when
the temperature reaches 260 �C. At the third second, the highest
temperature ~1250 �C is observed under a laser power of 542 mW.

Motivated by these simulation results, we fabricated samples
using the same laser powers as in the computations to investigate
how different temperatures contribute to the composite
morphology. In Note S6 we correlate and discuss the temperatures
reached after 1 s (since at this time occurs the most significant
temperature rise and structural changes), optical images of the
composite surface, and wetting properties (see Fig. S10, Supporting
Information). Indeed, the laser power significantly contributes to
the structure and surface properties that make different structural
modifications accessible due to photothermal heating.

To see the laser-induced changes in real-time and evidence
details that occur within the very first seconds and beyond, we
recorded high-speed time-resolved videos (500 frames per second,
fps) of the laser irradiation process in a single spot at different laser
power values. This analysis clearly shows that PET starts melting
within the first second of irradiation, for instance, using ~300 mW
laser power (Video S1, Supporting). Then the area of melted poly-
mer expands due to heat dissipation, and the temperature rises
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beyond the boiling point of PET (350 �C). These results correlate
with our simulations that show the temperature values that could
be reached in our experiments. Besides, we also performed high-
speed video recording while scanning the laser over the sample
with a speed of 5 mm/s (Video S2, Supporting Information). This
video shows that the surface modification occurs via photothermal
heat transfer in a liquid phase without PET boiling. More obviously,
all these undergoing processes could be observed in the same ex-
periments using a higher laser power (~450 mW). In this case, we
examine surface changes characteristic of a shock wave (started
from 0.01 s) and PET melting in the middle at the laser focus. After
0.3 s, the wave stops propagating, which means the equilibrium
state is reached (Video S3, Supporting Information). Even with a
fast laser scanning mode, graphene-PET modification can be ob-
tained (Video S4, Supporting Information).

For flexible electronics, besides the essential control over
structural and morphological characteristics, the control of elec-
trical properties is critical [40]. Laser irradiation combining pho-
tothermal and photochemical effects promotes aryl groups’
removal, resulting in electron delocalization and graphene resto-
ration, turning thematerial to an effective electrical conductor [25].
Furthermore, the composite formation could be engineered to tune
the electrical conductivity by adjusting laser parameters like the
power. The laser power density controls the amount of atoms with
hybridization state from sp3 to sp2 due to aryl functionalization
removal and contributes to Mod-G ablation and the degree of its
integration into the polymer. To demonstrate and implement this,
we investigated the sheet resistance of untreated Mod-G film and
chose two values of laser power used in our simulations (179 mW
and 379 mW) for the real processing. For Mod-G, the sheet resis-
tance of 18.45 ± 2.40 MU sq�1 indicates the effective functionali-
zation of diazonium moieties, resulting in insulating properties.
Laser processing with 179 mW power leads to a highly conductive
composite with sheet resistance down to 30.03 U sq�1. More
interestingly, further increasing laser power leads to sheet resis-
tance rise to 83 U sq�1. The higher laser power values could even
lead to a total loss of conductivity. TGA-DTA analysis in the air
shows that the conductivity loss at the highest laser power is due to
the extreme heat that results in Mod-G decomposition (Note S7,
Fig. S11, Supporting Information). We associate the sheet resistance
increase with interruption of the graphene conductive network by
the non-conductive polymer matrix (Fig. S10, Supporting Infor-
mation). We also show additional simulations for these two laser
power values, including cross-section profiles and isothermal
contours (Figs. S12 and S13, Supporting Information). We found
that the electrical properties of our composites outperform laser-
reduced GO films (see Table S1, Supporting Information) [15].
Additionally, even low-intensity laser irradiationwith a laser power
of 16.8 mW already leads to partial graphene structure restoration
because of aryl removal. Under such mild conditions, there is no
significant graphene incorporation into the polymer, but a resis-
tance reduction from 106 to 103 range (13.6 ± 6.3 kU sq�1) which is
also useful for developing devices such as gas sensors.

Graphene, combined with other materials and functionaliza-
tions, is typically used to develop the latest sensors and catalysts
[41]. Motivated by the potential that offers the graphene/polymer
integration demonstrated above, we used LMod-G/PET to apply in
antenna and electrochemical sensing (Fig. 3) and several more
proof-of-principle devices shown in Note S11 (Supporting
Information).

The fabrication of sensors with high sensitivity and selectivity
for fast and reliable analysis is of uttermost importance for current
and upcoming technologies. Electrochemical sensing meets the
requirements mentioned above and offers easy integration in
miniaturized devices [42]. For instance, electrochemical impedance



Fig. 3. LMod-G/PET as a multi-sensing platform a) Demonstration of electrochemical sensor behavior by CV-curves with the detection 0.1 M K4[Fe(CN)6] at different scan rates. Inset
shows the dependence of cathodic current peak to the square root of the scan rate. b) Reflection coefficient of LMod-G/PET cone inverted planar antenna with a photograph of the
actual device.
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spectroscopy (EIS) is promising for real-time biosensing [43]. We
fabricated an LMod-G/PET-based electrochemical sensor with a
standard screen-printed electrode (SPE) geometry to investigate
our composite applicability in electrochemical sensing. We used
potassium ferrocyanide (K4[Fe(CN)6]) as a model analyte system
that is also widely used as a food additive. The obtained CVs show a
characteristic cathodic peak due to the reduction of [Fe(CN)6]3-, and
the anodic peak due to [Fe(CN)6]4- oxidation following the reaction
process on the electrode: [Fe(CN)6]3- þ e� ¼ [Fe(CN)6]4-. Notably,
the current values are above 1 mA in both regions, and the elec-
trode shows stable behavior in a potential window from�1 toþ1 V.
We also investigated changes in CVs obtained while decreasing the
diffused layer thickness by increasing the scan rate (from 30 to
100 mV s�1). The curve's shape and peak current dependence from
scan rate are in accordance with previous reports [44]. The scan
rate increase also enhances matter flux. This effect no can be
evaluated by plotting the peak intensity vs. the square root of the
scan rate, as shown in the inset of Fig. 3a. The excellent linear fit
with a coefficient of determination (COD) ¼ 0.99 shows the fast
dynamics of the reaction are not limited by charge transfer facili-
tated by the LMod-G electrode. Moreover, after detection, the
sensor surface could be renewed by rinsing with distilled water or,
if needed, electrochemically for further analysis with reusable
characteristics.

Recently, carbon materials, including graphene, became the
most promising candidates to overcome the limitation of poor
mechanical flexibility and a tendency to corrosion typical formetal-
based wireless communication antennas [45,46]. Thus, we
designed and fabricated a miniaturized cone-planar waveguide
antenna with a resonance frequency at 14.4 GHz, full-width-at-
half-maximum of ~1 GHz, and a reflection coefficient of �18dB
(Fig. 3b) [47]. Furthermore, the LMod-G-based Planar Inverted Cone
Antenna (PICA) shows a voltage standing wave ratio (VSWR) of 1.8
and covers a wide bandwidth range from 7 to 17 GHz. These
characteristics meet the requirements of wireless standards,
including UWB communication [48].
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Additionally, we successfully implemented LMod-G/PET for
reusable and robust flexor, gas/breath sensor, electrothermal
actuator, temperature, and skin resistance sensors (Note S11,
Table S2, and Fig. S14, Supporting Information). Notably, gas sen-
sors demonstrated a stable performance even after one year from
the fabrication date, which indicates the long-term use and po-
tential for mass production. This research may spark further de-
velopments in wireless charging and supercapacitor applications
where the flexibility, stability, and surface conformation offered by
this technology could be a game-changer. Considering all the op-
tions, our material enables the future development of a single
multi-sensing platform, even expanding to wearables considering
that the composite is not toxic and shows bacteriostatic behavior
(Note S12, Supporting Information).

4. Conclusions

We report for the first time the laser-driven fabrication and
formation mechanism behind a new type of graphene/polymer
nanocomposite (LMod-G/PET) investigated by experimental
physico-chemical methods, computer simulations, and real-time
high-speed video recording. We showed that the laser pulse in-
duces localized polymer melting and a shock wave in the liquid
phase that promotes the integration of functionalized graphene
into a conductive polymer-based framework. The absence of CO2

release during laser processing by TGA points to a photocatalytic
effect of functionalized graphene that could also play a role in the
nanocomposite formation, while the release of CO and other gases
explain the porous internal structure. Moreover, the tunable laser
processing removes aryl groups resulting in electrical conductivity
ranging from dielectric to metallic-like is particularly useful for
electronic devices. We demonstrated that LMod-G/PET is an inex-
pensive and scalable alternative for flexible electrochemical sen-
sors and antennas, and its bacteriostatic properties are prominent
for future use in healthcare platforms, including wearables. More-
over, we have already investigated the implementation of LMod-G/
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PET in temperature, breath/gas sensors, flexors, and skin conduc-
tance sensors. We consider the scalability of every engineering step
that could make the fabrication technology commercially available
and the high applicability of already fabricated sensors. Therefore,
we foresee that the applications shown here are the tip of the
iceberg of what could be done with this technology to engineer
universal platforms for wearable sensors and flexible electronics.
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