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1. Introduction

With the emergence of the hyperconnected era,
Internet of Things (IoT) devices have been
developed to collect data on environmental
changes and user conditions in real-time,
enabling to apply to various practical applica-
tions such as smart homes/farms, automation
factories, and remote patient monitoring.[1–3]

Especially, wearable health monitoring sensors
have been considered an attractive candidate for
next-generation IoT devices to continuously
measure bio-signal changes due to their light-
weight, body attachability, and versatility.[4,5]

Although various thin-film-based wearable sen-
sors with Si, compound semiconductors, and
complex oxides have been investigated by sev-
eral researchers, they have some structural and
process limitations to realizing the
high-performance devices such as low surface
area, inefficient manufacturing, and
high-temperature procedures.[6,7]
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A wearable health monitoring system is a promising device for opening the
era of the fourth industrial revolution due to increasing interest in health
among modern people. Wearable health monitoring systems were
demonstrated by several researchers, but still have critical issues of low
performance, inefficient and complex fabrication processes. Here, we present
the world’s first wearable multifunctional health monitoring system based on
flash-induced porous graphene (FPG). FPG was efficiently synthesized via
flash lamp, resulting in a large area in four milliseconds. Moreover, to
demonstrate the sensing performance of FPG, a wearable multifunctional
health monitoring system was fabricated onto a single substrate. A carbon
nanotube-polydimethylsiloxane (CNT-PDMS) nanocomposite electrode was
successfully formed on the uneven FPG surface using screen printing. The
performance of the FPG-based wearable multifunctional health monitoring
system was enhanced by the large surface area of the 3D-porous structure
FPG. Finally, the FPG-based wearable multifunctional health monitoring
system effectively detected motion, skin temperature, and sweat with a
strain GF of 2564.38, a linear thermal response of 0.98Ω °C�1 under the skin
temperature range, and a low ion detection limit of 10 μM.

RESEARCH ARTICLE
Sensors Wearable Systems

Energy Environ. Mater. 2025, 0, e70005 1 of 11 © 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in

any medium, provided the original work is properly cited.

https://orcid.org/0000-0003-2866-5947
https://orcid.org/0000-0003-2866-5947
https://orcid.org/0000-0003-2866-5947
mailto:haneol@jbnu.ac.kr
mailto:parkjh1151@kumoh.ac.kr
https://doi.org/10.1002/eem2.70005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feem2.70005&domain=pdf&date_stamp=2025-03-11


Porous graphene has attracted attention as a promising active layer
of wearable devices, due to its lightweight, permeability, excellent elec-
trical properties, and large surface area.[8–13] Nevertheless, previously
reported porous graphene has critical issues of expensive, inefficient,
and complex fabrication processes.[14–16] Recently, light-polymer inter-
action has been proposed to form porous graphene film owing to the
simple fabrication process, micro-processability, and ease of forming
the desired pattern.[17] However, conventional laser-induced graphene
fabrication is unsuitable for massive and rapid production because of its
limited processing area, slow/expensive process, and high-energy light
dependence.[18–20] According to the necessity of a low-cost and scalable
photo-reactive process, the flashlight is regarded as an emerging light
source to realize porous graphene film since the flash has the advan-
tages of ultrashort radiation time (�ms), large-scale processability
(>5× 10 cm2 by one flash shot), and high energetic efficiency.[21]

Despite these excellent characteristics of the flashlight, which has a wide
wavelength range and large irradiation area, has an inherent limitation
for precisely controlling the pore size/shape, density, and arrangement
of the porous graphene, making it difficult to apply electronic devices
requiring specific characteristics. To solve this issue, in-depth analysis
of the flashlight-material reaction mechanism is required to enable pre-
cise control of photo-process parameters with various degrees of
freedom.[22]

Electrode formation onto the porous structure surface has been rec-
ognized as a significant obstacle to realizing wearable devices.[23–27]

The conventional physical deposition including sputtering, thermal
evaporation, electron beam evaporation, and pulsed laser deposition
hardly forms metal thin-film electrodes owing to their poor step
coverage, low adhesion force, and cracking.[28] Although several
electrode-forming technologies with nanocomposite (e.g., 3D-printing,
electrospinning, sol–gel method) have been suggested to resolve these
issues, some assignments for commercialization still remained such as
high resolution, large-scale/rapid process, and applicability of diverse
materials.[29–34] Screen printing method is conceded as a potential
method for making large-scale electrodes onto the porous structure
since it can rapidly provide the desired large-scale patterns using a metal
shadow mask.[35–37] In addition, this method allows the realization of
thin electronic devices on uneven/rough material surfaces without any
defects by modifying the electrode dimension.[38,39]

Herein, we report the first wearable multifunctional health monitor-
ing systems via ultrafast flash-induced three-dimensional porous gra-
phene (FPG). Upon an initial flash exposure, the surface of a
conventional polyimide (PI) film rapidly transformed into the FPG
within 3ms via various synergistic photothermal reactions, including
PI decomposition, carbonization, graphenization, and subsequent gas
expulsion. The porosity of the FPG structures could be further maxi-
mized by irradiating additional flashlight because the gaseous bypro-
ducts generated from light-polymer interaction explosively released
through numerous FPG pore channels, expanding its 38.58% porous
network and 726% surface area. The developed FPG process enabled
the generation of large-scale (5× 10 cm2) patterned (e.g., circle and
rectangle) FPG on the PI surface by introducing a shading mask during
the flash lamp process, which ensured scalability and adaptability of the
FPG formation process for customized technological applications. In
addition, two successive shots of the flash lamp enhanced the electrical
conductivity of the FPG via additional carbonization/graphenization
reactions and defect annihilation, resulting in 31.37% improvement of
FPG sheet resistance compared to that of FPG formed by initial flash
irradiation. The flash energy fluence and shot number effects to the

FPG morphology and quality were analyzed using various
characterization tools, including scanning electron microscopy (SEM),
computer-aided vision image analysis, Raman spectroscopy, X-ray pho-
toelectron spectroscopy (XPS), and Fourier transform infrared spectros-
copy (FT-IR). The theoretical basis of the FPG methodology was
thoroughly verified by 3D transient photothermal calculations based on
finite element analysis. Flexible electrodes on the uneven FPG surface
were accomplished by the simple screen printing process of carbon
nanotube-polydimethylsiloxane (CNT-PDMS) nanocomposite ink. The
FPG-based flexible biomedical sensors were constructed to measure
joint strain, skin temperature, and sweat ions (K+ and Cl�). Finally, a
wearable multifunctional sensing system was successfully realized in a
single substrate for monitoring the change of biosignals in real time.

2. Results and Discussion

Figure 1a displays a 3D schematic illustration of wearable health moni-
toring sensors, performed by ultrafast flash-polymer interaction and
large-scale screen printing process. The detailed procedure is as follows:
i) The pulsed flashlight with a broad spectrum (wavelength from 200
to 1000 nm) was exposed to a polyimide (PI) substrate within a few
milliseconds, leading to a highly efficient conversion of the PI surface
into the porous graphene via rapid PI decomposition and subsequent
release of gaseous byproducts (e.g., carbon dioxide [CO2] and nitrogen
[N2]); ii) CNT-PDMS nanocomposite-based electrodes were screen
printed onto the uneven/rough surface of the FPG. Prior to the print-
ing, the 3 wt% CNT powder was mixed with PDMS, and subsequently
stirred during 60min to make CNT-PDMS nanocomposite ink. The
customized stainless mask was aligned on the FPG and then spread
the poured CNT-PDMS ink by moving a printing head with
50mm s�1. After thermal curing for 1 h at 80 °C, 100 μm-thick elec-
trode for each sensor could be made at a desired position by detaching
the shadow mask. Ionophore-based membrane, which can selectively
penetrate specific ions from top to bottom side, was coated onto the
surface of the electrode/FPG structure for realizing ion sensors; and iii)
Since the aforementioned processes of flashlight irradiation and screen
printing were enabled to fulfill with large scale with the desired pattern
shape, various sensors for measuring K+ ion, Cl� ion, mechanical
stress, and temperature were simultaneously manufactured onto a sin-
gle PI film for achieving wearable multifunctional sensor systems. The
detailed fabrication process is described in Figure S1, Supporting
Information.

The developed FPG method enabled the formation of either large
area or patterned graphene on the surface of a PI substrate, as presented
in Figure 1b. The broad-area emission capability of the flash lamp effec-
tively facilitated the transformation of the PI film into homogeneous
graphene across a substantial surface area measuring 3× 3 cm2. This
conversion was achieved through a single flash irradiation, which
ensured the uniform and scalable capability of the flashlight-polymer
interaction for FPG synthesis. We believe that the scalability of the FPG
process can be further enhanced by optimizing the reflector design of
the flash lamp to ensure uniform irradiation across the substrate as well
as minimizing the overlapped area during seamless processing for
large-scale production. In addition, the selective FPG pattern, precisely
aligning with the designated locations for the sensor array, was demon-
strated by employing a shadow mask during the flash irradiation pro-
cess. This adaptability allows for the fabrication of customized FPG
structures with high spatial accuracy, meeting the requirements of
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specific technological applications. Figure 1c presents the bent multi-
functional sensor system with ion, strain, and temperature sensors.
Resistive-type sensors for evaluating vertical/horizontal mechanical
strain, and temperature were simply fabricated by the structure of the
CNT-PDMS electrodes on rectangle-shaped FPGs (10× 5mm2 size),
and circle-shaped FPG (diameter of 5mm), respectively. In the case of
K+ and Cl� ion sensors, the interdigitated electrodes (IDEs) were
formed onto the circular graphene to enhance the carrier collection
efficiency.[40] The inset shows a micro-computed tomography (micro-
CT) image of the FPG surface, indicating high numerous micropores in
2× 2mm2.

Figure 2a schematically illustrates the formation mechanisms of the
FPG structures generated under the first and second flash lamp

exposures. The PI film temperature rapidly
increased up to approximately 1700 °C
upon an initial flash exposure, causing fun-
damental transformation of the PI via com-
binatorial photothermal reactions, including
dissociation of PI bonds (C=O, C–N, and
C–O bonds), carbonization,
and graphenization.[41–44] The generated
CO2, N2, and CO gases during bond
decomposition were expelled through the
carbon structures, resulting in the creation
of the FPG. Under the second flashlight irra-
diation, photon energy absorbed by the
FPG/PI film enabled the formation of the
FPG with significantly increased porosity by
expanding its porous network. The porosity
enhancement effect by the sequential flash
exposure could be induced because the gas-
eous byproducts produced from further FPG
formation actively released via numerous
FPG pores, which served as channels for the
efficient expulsion. Such structural evolution
of the FPG enabled by additional flash lamp
processing proposes that consecutive flash
lamp treatments can be employed to achieve
highly porous FPG structure for applications
requiring high surface area and tailored
porosity. To establish a theoretical basis for
the FPG formation, 3D transient photother-
mal simulation was carried out based on the
finite element method, as shown in
Figure 2b. As the fluence of the pulsed
flashlight increased to 22 J cm�2, the
flash-induced maximum temperature
reached to �1875 °C within the pulse
width of 3ms, which was sufficient to facil-
itate the formation of graphene.[41,42]

Figure 2c presents the photographic images
of PI films exposed under a flashlight (pulse
width of 3ms) with different energy densi-
ties ranging from 10 to 22 J cm�2. The sur-
face of the PI substrate slightly transformed
into a carbonaceous layer at the flashlight
fluence of 10 J cm�2 because the irradiated
photon energy could raise the temperature
of the PI up to approximately 856 °C and

subsequently induce a carbonization reaction.[43,44] Upon the exposure
of a flashlight with energy density of 22 J cm�2, a dark black carbon
layer was observed, which could be formed on the PI surface via com-
binatorial photothermal effects, including carbonization and
graphenization.

Figure 2d shows the SEM images illustrating the surface morphology
of PI films subjected to various flash lamp processing parameters (pulse
duration was fixed to 3ms), including flashlight energy densities and
the number of applied pulses, to comprehensively investigate their
effects on FPG structural evolution. A flashlight fluence of 14 J cm�2

triggered the breakdown of complex PI molecular chains through a car-
bonization reaction, leaving behind a melted PI surface with disordered
carbon-rich residue. Upon irradiation with a flashlight energy density

Figure 1. a) Schematic illustration of (i) FPG synthesis, (ii) fabrication process of CNT-PDMS
nanocomposite electrode via screen printing, (iii) ionophore drop casting on FPG, and (iv) signal detection
mechanism. b) Photographs of pristine PI and FPG on PI film, producing FPG layers with various shapes
onto the desired locations. c) Optical image of flexible multifunctional sensor. The inset is a micro-CT
image of FPG surface, showing its porous structure.
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of 22 J cm�2, the FPG structure emerged on the PI surface due to the
carbonization and subsequent graphenization process. This transforma-
tion suggested that the high flashlight fluence not only initiated the
decomposition of the PI into carbonaceous residues but also promoted

the rearrangement of these carbon atoms to facilitate the FPG formation
with graphitic domains. At the consecutive flash lamp exposures
(energy density: 22 J cm�2, and number of pulses: twice), the surface
morphology of the created FPG exhibited a higher density of

Figure 2. Fabrication process and structural characterization of FPG. a) Schematic illustration of FPG formation enabled by successive flashlight irradiation, b)
Temperature distribution of PI simulated by COMSOL under flash fluence of 10, 18, 22 J cm�2, c) FPG synthesized under flash energy densities of 10, 18,
22 J cm�2, d) SEM images of FPG generated under first (at 14 and 22 J cm�2) and second (at 22 J cm�2) flashlight exposures, e) Porosity of pristine PI, and
FPGs synthesized upon first (at 14 and 22 J cm�2) and second (at 22 J cm�2) flash lamp processes. f) Pore size distribution of the optimized FPG obtained by
consecutive two shots of flash fluence at 22 J cm�2, g) Quantitative pore size distribution of the optimized FPG (twice exposures at 22 J cm�2).

Energy Environ. Mater. 2025, 0, e70005 4 of 11 © 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.70005 by K
um

oh N
ational Institute, W

iley O
nline L

ibrary on [29/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



interconnected voids. Such FPG structure with enlarged porosity and
surface area was more beneficial to enhance material’s flexibility and
improve the electrochemical or adsorption capabilities for realizing
wearable multifunctional sensors that can monitor a variety of bio-
signals, including strain, temperature, and sweat ions. It was notewor-
thy that an additional third shot of the flashlight caused severe cracks
within the FPG matrix due to the internal thermal and mechanical stres-
ses accumulated during the repeated flash lamp process (Figure S2, Sup-
porting Information). These cracks disrupt the continuity of the
material, which is detrimental to the mechanical stability, and func-
tional performance. Considering this critical threshold for the number
of applied flash pulses, the flash lamp exposure was optimized to two
pulses for the morphology and structural integrity of FPG. Figure 2e
presents the porosity of the FPG fabricated by different flash lamp pro-
cessing conditions. The porosity was obtained using computer-aided
vision image analysis, which enabled precise quantification of the FPG’s
void structure. As the energy density of a single pulsed flashlight
increased from 0 to 22 J cm�2, the porosity of the FPG was correspond-
ingly enhanced from 0 to 4.67%, indicating a direct correlation
between energy input and pore generation during the FPG formation.
Under the application of two flash pulses at an energy fluence of
22 J cm�2, the porosity of the FPG increased substantially to 38.58%.
This enhancement in porosity contributed to increased structural adapt-
ability and flexibility of the FPG by facilitating the formation of a highly
interconnected graphitic network. In addition, the resulting surface area

of 41917.5 μm2, measured within a total
characterization area of 108643.8 μm2, was
726% higher than that of the FPG produced
with a single flash pulse at an energy density
of 22 J cm�2, which provided a significant
advantage to improve performance of sens-
ing applications that require high surface-to-
volume ratios. Notably, among all flash
lamp irradiation conditions performed for
optimization, the application of two flash
pulses at a fluence of 22 J cm�2 resulted in
the maximum porosity and pore area within
the FPG structure (Figure S3, Supporting
Information).

Figure 2f graphically illustrates the pore
size distribution of the optimized FPG,
revealing uniformly distributed voids with
radii ranging from several micrometers to
10 μm across the entire analyzed region
(average pore size: 6.1 μm2). According to
the statistical data for the area of the FPG
pores, approximately 62% of the voids in
the optimized FPG exhibited pore area
below 17 μm2. Such a controlled degree of
uniformity in pore size was beneficial for
achieving consistent material property and
stability while simultaneously increasing the
effective surface area and mechanical
flexibility.

Two consecutive shots of the flash lamp
not only increased the porosity of the FPG
but also enhanced its electrical conductivity
through further carbonization and grapheni-
zation processes. Figure 3a shows the sheet

resistance of the FPG demonstrated by various flash lamp processing
parameters (pulse width was fixed to 3ms), including energy densities
and numbers of applied pulses. As the fluence of a single flash pulse
increased up to 28 J cm�2, the sheet resistance decreased and eventually
saturated down to approximately 15Ω sq�1, attributable to the com-
bined effects of carbonization and graphenization. After a second expo-
sure of the flashlight with prior irradiation conditions, the overall sheet
resistance of the FPG was additionally reduced via further FPG forma-
tion reaction followed by possible graphenization, achieving 31.37%
improvement in electrical performance (sheet resistance of �10.5Ω
sq�1 at 22 J cm�2).

Figure 3b presents the Raman spectra of the FPG produced after the
first and second flashlight irradiation at an energy density of 22 J cm�2.
Both FPGs exhibited D peak, G peak, and 2D peak around 1350, 1580,
and 2700 cm�1, respectively.[45,46] Note that the 2D peak serves as an
indicator of graphene formation rather than amorphous carbon or
graphite oxide.[47–49] The FPG obtained after a single flash lamp process
showed a relatively high Raman intensity of the D peak (ID) compared
to the G peak (IG), yielding an ID/IG ratio of 0.57. On the other hand,
the FPG produced through two consecutive flashlight irradiations
exhibited a decreased ID/IG ratio of 0.45. Given that the ID/IG ratio is
widely regarded as a reliable indicator of defect density in
graphene-based materials, this reduction in the ID/IG ratio implies that
the crystalline quality of the FPG improves with successive irradiation
steps due to the defect healing or annihilation within the graphene

Figure 3. Physicochemical properties of FPG. a) Sheet resistance of FPG as a function of flash fluence
(from 12 to 28 J cm�2), and the number of irradiations (single and double), b) Raman spectra of FPG
formed by single and twice exposure of flashlight with the energy density of 22 J cm�2. Inset shows ID/IG
ratio of the corresponding FPGs, c) XPS spectra of pristine PI, and FPG processed by single and double
exposure of flashlight with 22 J cm�2

fluence, d) FT-IR spectra of pristine PI, and FPG upon first and
second (at 22 J cm�2) flash lamp processes.
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lattice, and structural ordering and rearrangement of the FPG
material.[50] Figure 3c shows the XPS analysis results of the pristine PI
and the FPGs formed through successive irradiations using a
high-intensity flashlight with a fluence of 22 J cm�2 and a pulse width
of 3ms. In the spectrum of a PI film, distinct peaks were observed cor-
responding to the elemental states of carbon (C 1s at 284.5 eV), nitro-
gen (N 1s at 400.5 eV), and oxygen (O 1s at 532.5 eV), which were
characteristic of the PI molecular structure.[51] On the other hand, the
XPS data for both FPGs synthesized through the first and second flash
irradiations exhibited a significant increase in carbon signal intensity,
accompanied by a reduction in nitrogen and oxygen signal intensities.
These spectral changes signified that the progressive transformation of
the PI surface during the FPG formation process resulted in the devel-
opment of conductive, carbon-enriched graphitic structures. Figure 3d
displays the FT-IR spectra for the as-prepared PI and the FPGs generated
by the first and second flashlight treatments. The FT-IR analysis result
of the pristine PI film showed characteristic peaks in the range from

1090 to 1776 cm�1, which were attributed
to the C–O, C–N, and C=O bonds.[52] After
the flash lamp process, these peaks were no
longer observed in the FT-IR spectra because
specific functional groups originally present
in the PI polymer were decomposed, releas-
ing gaseous by-products such as CO2 and
N2 gases during the FPG formation
process.[22,44,52]

Conventional flexible electrodes formed
onto uneven surfaces have critical issues of
poor step coverage/adhesion and easy
breakdown.[21] To resolve these issues, fast
screen printing process was applied in flexi-
ble sensor electrodes by using conductive
CNT-PDMS nanocomposite ink, as shown in
Figure 4a. The 3× 3 cm2 stainless shadow
mask, which had the designed microhole
patterns at the desired locations, was accu-
rately aligned onto the prepared FPG. After
pouring the CNT-PDMS nanocomposite ink
at the edge of the metal mask, the blade-
connected printing head moved to the end
of the shadow mask at a constant speed,
spreading the viscous ink with the setting
thickness. Prior to the printing process, the
electrical property of the nanocomposite ink
was optimized various CNT filler concentra-
tions in the PDMS matrix from 1 to 5wt%,
as shown in Figure 4b. The resistance of the
nanocomposite was inversely proportional
to the CNT content in the matrix, decreasing
�80 kΩ at 1 wt% to �260Ω at 5 wt%. In
particular, a huge decrease of the resistance
was obtained as 94.65% between 1 and
2wt%, showing slight change of 420Ω
under 3wt% (the inset graph of Figure 4b).
These results came from the formation of an
increasing amount of 1D-structured CNT
connection, implying that conductive nano-
composite with >3wt% CNT is suitable for
the sensor electrodes. As displayed in

Figure S12, Supporting Information, the patterns from 1wt% nano-
composite were instantly spread as making the unwanted interconnec-
tion between two electrodes, and those from >4wt% nanocomposite
were broken as losing the original IDE shape. Although relatively sharp
edges of the IDEs were observed in range of CNT 2–3wt%, the nano-
composite with CNT 3wt% was used to optimize the screen printing
speed because of its low electrical resistance. Figure 4c presents the vis-
coelastic behavior of 3wt% CNT-PDMS nanocomposite ink. The storage
modulus (G0) exhibits negligible change across the frequency range,
indicating a stable elastic network structure within the nanocomposite
ink. In contrast, the loss modulus (G00) shows slight variations, suggest-
ing minor energy dissipation due to viscous flow. Although the elastic
behavior exhibited across the entire range is beneficial for preserving
the shape after printing, it presents a drawback by hindering the ink
penetration via the shadow mask pattern during the printing process.
Therefore, the printing speed of the screen printing process was opti-
mized to form the printed electrode patterns. Figure 4d shows

Figure 4. a) 3D illustration (left) and photograph (right) and of screen printing process for manufacturing
nanocomposite-based electrodes. b) Resistance of CNT-PDMS nanocomposite ink with various CNT
concentrations. c) Storage modulus and loss modulus of 3 wt% CNT-PDMS nanocomposite ink. d)
Printability of screen printed electrodes at different printing speeds. e) Viscosity of 3 wt% CNT-PDMS
nanocomposite ink at different shear rates.
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printability of the 3wt% CNT-PDMS nanocomposite ink, depending on
printing speed. Printability was calculated through the following equa-
tion.

Printability %½ �= A0=Að Þ � 100 (1)

A0 is the printed area, and A is the area of the shadow mask pat-
tern. At a printing speed of 50 mm s�1, a printability of 99.61%
was achieved, closely matching the intended electrode pattern area
(red line). Furthermore, at printing speeds lower than 50 mm s�1,
unprinted regions were observed, indicating the reduced printabil-
ity. Conversely, at printing speeds higher than 50 mm s�1, print-
ability exceeded 100% due to pattern spreading beyond the
intended electrode pattern area.

Viscosity of the 3wt% CNT-PDMS nanocomposite ink was analyzed
to investigate the factors influencing printability in relation to printing
speed. Figure 4e shows the viscosity change according to shear rate of
the printed ink. The nanocomposite ink exhibited shear-thinning
behavior, wherein its viscosity decreased with increasing shear rate. At
low printing speeds, a low shear rate raised the ink viscosity for effec-
tively penetrating the ink into the mask pattern without the unwanted
spreading. In contrast, at high printing speeds, the applied high shear
rate led to a low viscosity of the ink, which made it challenging to
maintain the integrity of the printed pattern. Notably, the viscosity of
the 3 wt% CNT-PDMS nanocomposite ink was measured to 19 Pa�s at a
shear rate of 250 s�1 (printing speed of 50mm s�1), falling within the
optimal range of 15–20 Pa�s suitable for screen printing.[53]

Figure 5a shows the resistance changing
ratio of the FPG-based flexible strain sensor
at different bending curvature radii from flat
to 0.1mm. The resistance changing ratio
(ΔR R0

�1) of the FPG strain sensor, which
is defined as the resistance change (ΔR) over
the initial resistance (R0), increased from
1.14 to 410 according to the decrease in the
bending radius. The quantified sensitivity of
the strain sensor can be expressed by the fol-
lowing gauge factor (GF) equation:

GF= ΔR=R0ð Þ=ε (2)

where ΔR R0
�1 is the resistance changing

ratio, and ε is the strain rate. According
to the equation, the highest GF of
2564.38 was obtained in a range of
1 mm bending radius, which was 1221
times higher value than the previously
reported GO-/rGO-based hydrogel
sensor.[54] These results are attributed to
strain-induced minute/elaborate contact
changes among micropores within the
3D FPG.[55] Figure 5b shows temperature
detecting performance of the FPG-based
resistive sensor from 20 to 100 °C. The
developed temperature sensor exhibited
the linear resistance decreasing tendency
with 9.1Ω °C�1, especially presenting a
noteworthy linearity of 0.98Ω °C�1

under the skin temperature range
(31–40 °C). The superior sensitivity of the developed temperature
sensor resulted from the 3D porous sensing layer with extremely
wide surface area, promoting heat exchange and shortening the
heat transfer path.[56]

Since the ion sensors measure the electrical potential from the inter-
action between an active layer and specific ions, a large-area active layer
with the IDEs is essential to improve the device performance including
sensitivity, response time, and ion interaction.[57] The 3D-structured
FPG with a large surface area-to-volume ratio was adopted to fabricate
flexible K+ and Cl� ion sensors for monitoring human sweat. After
coating different IDE-formed FPGs with K+ ionophore and Cl� iono-
phore, potentiometric measurements were carried out with various KCl
solutions (ion concentrations of 1 M, 100mM, 10mM, 1mM, 100 μM,
and 10 μM), as shown in Figure 5c,d. Flexible K+ and Cl� ion sensors
presented Nernstian behavior and adequate Nernstian response slope
(K+: 53.08mV decade�1, Cl�: �63.63mV decade�1), showing an
increasing value with cation concentration and a decreasing value with
anion concentration. This behavior is consistent with the Nernst equa-
tion, which governs the electrochemical response of ion-selective elec-
trodes. The equation predicts a positive slope for K+ cations and a
negative slope for Cl� anions, explaining the observed trends in sensor
responses. Both ion sensors presented stable sensing ability of K+ and
Cl� levels in human sweat within 1 to 100mM, especially exhibiting
enhanced detection capability of 10 μM.[58] Based on these results, it is
noteworthy that our FPG is suitable for applying to sweat ion sensors
due to its large surface area and efficient biomarker collection by 3D
porous structure.

Figure 5. a) Resistance change of FPG-based strain sensor under bent. b) Resistance of FPG-based
temperature sensor. The inset shows the resistance of the device in the range of typical human body
temperature. Potentiometric response of c) K+ and d) Cl� ion sensor in the successive concentration
range of KCl solution from 10�5 to 1 M.
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Finally, the developed FPG-based devices for sensing vertical/
horizontal strain, temperature and K+/Cl� ions were integrated on a
single PI film through the large-scale FPG fabrication process. Figure 6a
is a photograph of the wearable multifunctional sensor system attached
to the human forearm, indicating that all nanocomposite-based elec-
trodes were simultaneously formed on the exact location of the FPGs
by the optimized screen printing process. Figure 6b,c exhibit character-
istics of strain sensors with vertically and horizontally elongated shapes
under various finger angles (20, 45, and 70°), respectively. When the
finger bending direction was parallel to the long axial direction of the
device, the maximum value of ΔR R0

�1 (23.15%) was derived at a
bending radius of 37.5mm, but when they were perpendicular to each

other, ΔR R0
�1 of 1.98% was obtained. Because the elongated-shape

strain sensor had different magnitudes of the electrical signal depending
on the bending direction, it is expected that complex movements of the
human body can be more accurately monitored when the integrated
sensor system is attached to the surface of the joint skin. The developed
wearable sensing systems were attached to the skin surface of the
human chest and scapula to confirm the applicability of body move-
ments and temperature monitoring during workout (Figure 6d). The
scapula movements during a push-up/relaxing were measured by the
attached system, as shown in Figure 6e. During these push-up/down
cycles, the resistance changes in our vertical and horizontal strain sen-
sors were simultaneously measured to �0.07 and 0.28%, with

Figure 6. a) Optical image of FPG-based multifunctional sensor, attached to the human finger. Strain sensing characteristics under b) vertical strain and c)
horizontal strain of human finger. d) Measurement setup images for monitoring body movements and skin temperature through our FPG-based
multifunctional sensor. e) Resistance changes of FPG-based strain sensor by flat (push-up) and bending state (push-down) of the human scapula. f) Real-time
skin temperature monitoring by FPG-based temperature sensor during workout, comparing to commercial temperature sensor. g) Photographs of the skin-
attached multifunctional FPG-based sensor for sweat ion monitoring. The litmus paper color changes before and after exercise, confirming that human
perspiration occurred on the skin surface during the exercise. Real-time ion sensing results of the FPG-based h) K+ and i) Cl� ion sensors during exercise and
relaxation.
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corresponding GF of 0.921 and 0.875. Although the small and com-
plex movements of the human scapula occurred to the push-up exer-
cise, our strain sensors could detect the strain change of the skin
surface on the scapula. Figure 6f depicts skin temperature changes dur-
ing workout, which were simultaneously measured by our tempera-
ture sensor and an existing thermometer. As the workout was
implemented, the skin temperature increased from 29 to 31 °C,
decreasing ΔR R0

�1 by 1.1%. The FPG-based ion sensors in the wear-
able system were adhered onto the human chest for comparing the
change of the ion concentration before and after the workout, as pre-
sented in Figure 6g. In order to confirm the sweat ion sensitivity, the
multifunctional sensor device was attached to the human chest during
the exercise. Figure 6g shows the color change of litmus paper due to
the perspired sweat after the workout. The color of the litmus paper
turned from yellow to dark green, indicating the presence of alkaline
bicarbonate ions (HCO3�) in the absorbed sweat with pH 6.9. During
the workout in 1800 s, each of the K+ and Cl� sensors responded to
the increased ion concentration, displaying the potential change of 39
and 36.7mV, respectively. Despite the exercise stop, the potential of
the ion sensors was slowly changed with the prolonged relaxation
time, since the body perspired for hundreds of seconds by the
exercise-induced heat.[59,60]

3. Conclusion

In summary, we demonstrated a wearable multifunctional health moni-
toring system using a flashlight-induced simple and fast porous gra-
phene fabrication process. The forming conditions of the FPG were
theoretically and experimentally optimized to obtain a highly quality,
and defect-free film, showing a low sheet resistance of 10.5Ω. The FPG,
which was exposed under the double shots in irradiance power of
22 J cm�2, exhibited a low sheet resistance and ID/IG ratio compared to
the single shot condition due to carbonization and graphenization. The
nanocomposite-based electrode was realized to overcome the
rough/uneven surface of the 3D FPG through the optimized screen
printing technique with a 3 wt% of CNT-PDMS nanocomposite ink and
50mm s�1 of printing speed. The FPG-based strain and temperature
sensor with superior mechanical stability exhibited high GF of 2564.38,
and linear thermal response of 0.98Ω °C�1, respectively. Enhanced
detection capability in the K+ and Cl� concentration range from 10 to
100 μM was observed in our sweat ion sensors, which was sufficient to
monitor the ion change in the human sweat. Finally, the wearable mul-
tifunctional health monitoring system with strain, temperature, and
sweat ion sensors was successfully realized to analyze the human bio-
signal in a single PI substrate. During the push-up exercise, our strain
sensor detected the fine/complex movements of the scapula as well as
temperature sensor measured the skin temperature increase from 29 to
31 °C. In addition, the changes in K+ and Cl� ion concentration during
exercise were continuously monitored by our ion sensors with a supe-
rior detection limit of 10 μM. We believe that the FPG could become a
next-generation electronic material for a various industrial field such as
biomedical sensors, plant growth monitoring, and electronic skins.

4. Experimental Section

Methodology for FPG generation: Commercial PI films were precleaned in an
ultrasonic bath using ethanol and de-ionized water. Photothermal pyrolysis of the

PI films was carried out under ambient conditions using a flash lamp (Model: Pul-
seforge 1300). The flash lamp energy density was varied in the ranges of 10–-
28 J cm�2 at a fixed pulse duration of 3 ms. During the flash lamp irradiation
process, the distance between the flash lamp and the PI substrate was maintained
at 10mm by adjusting the Z-axis moving stage.

Photothermal simulation by finite-element method: The temperature pro-
file within PI during flash lamp irradiation was simulated using the finite element
method with the heat transfer module of COMSOL Multiphysics 6.2. The simula-
tion was based on the heat transfer equation:

ρC
∂T

∂t
�r � krTð Þ=Q (1)

where ρ denotes density, C denotes specific heat capacity, T denotes tem-
perature, t denotes time, k denotes thermal conductivity, and Q denotes
heat flux. The temperature-dependent properties (ρ, C, k) for simulated
materials (PI, air, Fe) were sourced from the COMSOL material library. The
volumetric heat generation due to absorbed irradiation was derived as

Q x, yð Þ= 1�Rð ÞI0αCe�αcy (2)

where R is the reflectance, I0 is the lamp intensity, and αC is the absorption
coefficient. The reflectance and absorption coefficient of PI were determined
using a UV–Visible spectroscopy (Lambda 1050, Perkin Elmer).

Computer-aided vision image analysis: The images were acquired from a
designated data set and preprocessed to isolate the region of interest. Images
were cropped to a specified size to remove unnecessary background and con-
verted to grayscale to reduce complexity. This grayscale transformation allowed
for more efficient binarization and subsequent analysis. Next, image binarization
was performed to differentiate pores from the background using an adaptive
thresholding method. After binarization, noise reduction was achieved by remov-
ing small white artifacts within black regions, as well as small black speckles within
white regions, using connected component analysis. To analyze pore size and dis-
tribution, an Euclidean distance transform was applied to the binary image, calcu-
lating the distance from void pixels to the nearest background pixel. The
maximum distance was used as a reference for pore size estimation. Pore bound-
aries were then dilated to enhance the measurement of major and minor axes.
Key morphological properties, including pore area, and porosity, were extracted
using region-based shape analysis.

Characterization of FPG: The surface morphology of the PI and FPG sam-
ples was observed by using field-emission SEM (JSM-IT700HR; JEOL, Akishima,
Tokyo, Japan). The Raman spectra of FPGs were acquired using a Raman spec-
trometer (System 1000; Renishaw, Kingswood, UK) equipped with an excitation
source of 514 nm laser. The chemical state and elemental composition of the
samples were analyzed using XPS (Versaprobe III, ULVAC-PHI) and FT-IR (Nico-
let iS50; Thermo Fisher Scientific Instrument, Waltham, MA, USA).

Preparation of carbon nanotube-polydimethylsiloxane (CNT-PDMS)
nanocomposite ink: The multi-walled carbon nanotubes (MW-CNTs, Carbon
Nanomaterial Technology Co., Ltd, CNT MR99) were dispersed in ethanol with
various concentrations (0.375, 0.75, 1.125, 1.5, and 1.875 wt%). The solution was
mixed by ultrasonication in 20min to make homogeneous dispersion. Then, 2 g
of PDMS base (DOW, SYLGARD 184 silicone elastomer base) was added and stir-
red at 80 rpm with a magnetic bar at 60 °C. After fully drying the ethanol solvent
from the solution, the PDMS curing agent (DOW, SYLGARD 184 silicone elasto-
mer curing agent) was added to follow a mixture ratio of 10:1 and vigorously
mixed before the screen printing process.

Rheological Characterization of CNT-PDMS Nanocomposite Ink: The rheo-
logical properties of the CNT-PDMS nanocomposite inks were studied using a TA
Instrument Discovery HR 30 rheometer.

Fabrication of wearable multifunctional health monitoring systems: After
placing the synthesized FPG on the stage of the screen printer (AFA-VH; MTI
Corporation, Richmond, CA, USA), the vacuum was engaged to firmly fix the
FPG. A patterned metal shadow mask (3× 3× 0.3 mm) was accurately aligned
on the fixed FPG. The CNT-PDMS nanocomposite ink was poured onto the
metal mask and screen printed by moving the printing head from one end to
the other with a constant speed of 50mm s�1. The metal mask was carefully
removed from the FPG, preventing the detachment or breaking of the patterned
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ink. The nanocomposite-based ink was thermally cured at 80 °C for 1 h, then the
desired electrodes were formed on the FPG.

Evaluation of the sensing performances: The multifunctional sensing sys-
tem was attached to the finger, scapula, and chest of the human body to
measure resistance differences by the change of strain, temperature, and ion
concentration. After interconnecting Cu wires with both pads of the sensors,
the electrical properties were measured by a source meter (Keithley Instru-
ments, Keithley 2450, Cleveland, OH, USA). To confirm the resistance changes
under various bending radii from flat to 0.1 mm, the devices were mounted
on a conventional linear stage motor (Motorbank, LSM-NK235603, Seoul,
Korea), and then bent in accordance with the exact value.

Prior to electrochemical testing of the device, the electrodes for potentiomet-
ric responses were conditioned in 1mM KCl solution for 6 h at least, and stored
at room temperature. The potential differences were analyzed by using 1 M KCl
salt solution which was diluted by deionized (DI) water to make a concentration
of 1 M, 100mM, 10mM, 1mM, 100 μM, and 10 μM.
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