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Abstract

Skin is a rich source of invaluable information for healthcare management and disease diagnostics. The integration
of soft skin electronics enables precise and timely capture of these cues at the skin interface. Leveraging attributes
such as lightweight design, compact size, high integration, biocompatibility, and enhanced comfort, these
technologies hold significant promise for advancing various applications. However, the fabrication process for most
existing soft skin electronics typically requires expensive platforms and clean-room environments, potentially
inflating production costs. In recent years, the emergence of laser-induced-graphene (LIG) has presented a
practical solution for developing soft skin electronics that are both cost-effective and high-performing. This
advancement paves the way for the widespread adoption of intelligent healthcare technologies. Here, we
comprehensively review recent studies focusing on LIG-based soft skin electronics (LIGS’E) for intelligent
healthcare applications. We first outline the preparation methodologies, fundamental properties of LIG, and
standard regulation strategies employed in developing soft skin electronics. Subsequently, we present an overview
of various LIGS’E designs and their diverse applications in intelligent healthcare. These applications encompass
biophysical and biochemical sensors, bio-actuators, and power supply systems. Finally, we deliberate on the
potential challenges associated with the practical implementation of LIGS’E in healthcare settings and offer insights
into future directions for research and development. By elucidating the capabilities and limitations of LIGS’E, this
review aims to contribute to advancing intelligent healthcare technologies.
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INTRODUCTION

As the human’s largest organ, the skin provides abundant physiological information for health
management. For instance, skin mechanical deformations reflect health status, including cardiovascular

7,8]

health™", expressions”, and joint movements”, and sweat at the skin interface contains a series of

biochemical biomarkers, including lactate®, cortisol"

, etc. Accurate and real-time monitoring of these
indicators provides users and doctors with important information for precise healthcare"*?. Most existing
clinical devices for detecting these indicators exhibit shortcomings, such as high cost, large volume, low
comfort, discontinuous monitoring, etc. Various soft skin electronics have been developed to address these
challenges, characterized by cost-effectiveness, small size, high comfort, and continuous detection

14,15

capabilities. These devices have been fabricated using diverse techniques"*'", including traditional
lithography"* and printing technology"”'*. However, complicated processing, expensive platforms, and
clean-room environments are required to fabricate most of these soft skin electronics, which increase the

economic cost and hinder the widespread applications of intelligent healthcare.

The laser engraving strategy showcases overpowering manufacturing advantages in effective cost due to
one-step processing and clean-room-free, as well as performance superiority in uniformity and repeatability
originating from precise programmable features. There are various soft skin electronics fabricated by laser
techniques, including laser sintering of metal nanomaterials", laser processing of conductive polymers™,
and laser producing of functional materials". Polyimides (PI) are widely utilized in flexible electronics,
profiting from their remarkable physicochemical properties, such as high mechanical strength and thermal
and chemical stability”””. Laser engraving with a PI sheet can produce porous graphene, termed laser-
induced-graphene (LIG)"". Laser processing parameters, including laser powers, speeds, and pulse density,
can regulate the morphology of LIG. The fabricated LIG exhibits excellent conductivity (square resistance <
10 Q)9 and a large superficial area of 340 m*/g"”. The overall pattern of LIG can be precisely programmed
using computer design. In addition, this processing method is green because it can be finished in ambient
conditions with negligible waste generated. All these advantages inspire researchers to fabricate various
LIG-based flexible devices for broad applications, including soft sensors®**, RF (radio frequency)
circuits™, functional surfaces™, energy storage"'!, soft robotics™, efc.

This review mainly discussed the recent advances in LIG-based soft skin electronics (LIGS’E) for human
health management, emphasizing engineering design strategies and intelligent applications. Based on the
preferred reporting items for systematic reviews and meta-analyses (PRISMA) process”, this study mainly
summarized and reviewed the literature from January 2014 to January 2024. Following a rigorous screening
process, a total of 86 articles were thoroughly assessed and subsequently included in this comprehensive
review. As illustrated in Figure 1°°°***"), the preparation strategies and the regulatory approaches of LIG for
soft skin electronics are reviewed first. Following this, various applications of LIGS’E for intelligent
healthcare are reviewed, including biosensors (biophysical and biochemical sensors) and bio-actuators,
power supply, multimodal sensing realization, and artificial intelligence integration. Finally, the potential
challenges and futural outlook of LIGS’E for intelligent healthcare are discussed.

SYNTHESIS AND REGULATION STRATEGIES OF LIG

Fabrication and properties of LIG

In 2014, Lin et al. discovered accidentally that a commercial CO, infrared (IR) laser (wavelength: 10.6 um)
could transform PI film into porous graphene in ambient conditions®. As shown in Figure 2A, the
localized high temperatures induced by the instant laser irradiation can rearrange carbon atoms to porous
LIG structures by breaking C-O, C=0, and N-C bonds. The patterns of LIG can be precisely regulated by
the programmable computer design without using a mask. Benefiting from the thermal effect, the LIG
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Figure 1. Schematic illustrating LIGS’E for intelligent healthcare. Porous LIG is employed in three leading roles (S, sensing element; E,
electrode; C, conductor) to develop various flexible skin-integrated electronics (biophysical sensors, biochemical sensors, bio-
actuators, and power supply) for intelligent healthcare. Copyright 2023, Cell Press™. Copyright 2023, Springer Nature™®’. Copyright
2020, American Chemical Society™. Copyright 2020, WILEY-VCH™. Copyright 2018, WILEY-VCH"®. Copyright 2018, WILEY-
VCH™" . Copyright 2020, Elsevier B.V®®.Copyright 2022, Springer Nature™”.Copyright 2021, Elsevier B.V*”.Copyright 2017,
American Chemical Society™®*". Copyright 2022, Springer Nature™"“?. Copyright 2020, Cell Press*¥. Copyright 2019, Wiley-VCH
GmbH"*. Copyright 2020, American Chemical Society™. Copyright 2023, Springer Nature™®.Copyright 2022, AIP Publishing™”".
Copyright 2019, Elsevier B.V.¥. Copyright 2019, Springer™®’. Copyright 2017, Wiley-VCH GmbH™’.LIGS?E: LIG-based soft skin
electronics; LIG: laser-induced-graphene.

exhibits porous structures [Figure 2B], which probably enhances the sensing performance of LIG-based soft
sensors. Different from pure PI films, the Raman spectra of LIG showcase three prominent peaks at
1,312 cm’ (D-band), 1,598 cm™ (G-band), and 2,612 cm™ (2D-band) [Figure 2B]. The 2D peak occurs due
to defects and damaged sp, C-C bonds, and the G peak is related to graphite-derived structures. The sharp
2D peak dominates in monolayer graphene, which is probably raised from graphene structures resulting
from laser processing. The introduction of graphene flakes endows LIG-based devices with specific
electronic conductivity. Besides IR laser, other laser sources, including visible and ultraviolet (UV), facilitate
LIG. It is worth mentioning that the LIG developed by the UV laser exhibits better uniformity and higher
resolution than that prepared by the IR laser. In addition to traditional PI sheets, other aromatic polymers,
including polyetherimide (PEI)*", poly(ether sulfone) (PES)"”, poly (ether ether ketone) (PEEK)"”, and
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Figure 2. Preparation and regulation strategies of LIG for soft skin electronics. (A) Schematic illustrating the preparation of LIG; (B)
Micromorphology and chemical elements analysis of LIG. Reproduced with permission™®.Copyright 2014, Springer Nature; (C)
Biocompatibility results of LIG. Reproduced with permission“’ol. Copyright 2020, WILEY-VCH. LIG: Laser-induced-graphene.

green environment-friendly materials, including wood", leaf®”, paper"™, and food"?, are successfully
utilized to prepare LIG. Besides the traditional 2D pattern, the LIG can be fabricated in a 3D fiber
configuration using a laser pyrolytic jetting process'™”.

Due to close interaction with human skin, soft skin electronics are required to exhibit excellent biosafety
and biocompatibility, avoiding allergies and other discomfort. Previous studies revealed that skin irritation
was almost negligible after a long-term integration of LIG-based devices onto the skin surface”**.
Meanwhile, Kaidarova et al. evaluated the biocompatibility of LIG through cytotoxicity assays and
fluorescent staining'*”. The fluorescent photographs showcased that the HCT 116 cells could grow on the
LIG sensor in a confluent manner [Figure 2C]. As expected, the cell viability maintained was higher than
90%, exhibiting no negligible difference from the control group after 24 h of incubation. In addition,
d’Amora et al. conducted a comprehensive assessment of the biosafety of LIG by administering various
concentrations of LIG into zebrafish embryos and evaluating its effects on key biological parameters,
including embryo viability and morphological changes’. The findings demonstrated that LIG had no
discernible impact on zebrafish development or the activities, such as swimming and cardiac function, of
the treated zebrafish. These results provide direct evidence of the biocompatibility of LIG. Besides its
remarkable biocompatibility, LIG showcased remarkable antibacterial and antiviral properties. Huang et al.
investigated the bacterial killing efficiency of LIG using Escherichia coli (E. coli) as a model, achieving an
efficiency of approximately 81%. Furthermore, when combined with the photothermal effect, the bacterial
killing efficiency was further improved to 99.998%!”. Additionally, when examining human coronaviruses
(HCoV-OC43 and HCoV-229E) as models, LIG exhibited a high inhibition rate of over 95% against these
coronaviruses'®. The obtained results collectively confirmed the remarkable biocompatibility of LIG
materials, thereby ensuring their biosafety in various bioengineering applications.

Regulation strategies of LIG for soft skin electronics

For soft skin electronics development, LIG must be regulated with suitable properties or patterns. This
section mainly discusses the enhancement strategies of electric conductivity and stretchability and the roles
design of LIG in soft skin electronics.

Conductivity enhancement
The conductivity of LIG can be regulated by engraving parameters and blended strategies [Figure 3A].
Benefiting from the laser engraving strategy, the conductivity of LIG is precisely controlled by laser



Ma et al. Soft Sci 2024;4:26 | https://dx.doi.org/10.20517/ss.2024.20 Page 5 of 34

A € Conducitivity enhancement
i) 'P v, p i Doped film Doped LIG III
m 5 Doped
i - - B H - -
Direct engraving Engraving composites Coating conductive NPs
B 200
Infrared laser =
g 150 t
g
e A 5 ol
~ o
‘ ' : 50 F
g
%]
o A A A
0 1 2 3
Concentration (mol/L)
100 v
C ) /. 7 /,,
s —a— 2 UL 3 4 /o
HAUCI, Bt——an [/ S
v o —o— 6L ,0/0/ Vs
‘ ‘
LIG
-
200

Figure 3. Conductivity enhancement strategies of LIG. (A) Schematic illustration exhibits the conductivity regulation strategies of LIG;
(B) A mechanically stable Mo,C,@LIG electrode developed by laser engraving a modified composite™. Copyright 2018, WILEY-VCH;
(C) An AuNPs@LIG electrode is prepared by coating and heating treatments'””. Copyright 2022, American Chemical Society. LIG:

Laser-induced-graphene.

processing parameters, including laser wavelength, pulse duration, laser power, scanning speed, etc."". A
portion of laser energy is absorbed by substrates irradiated by a laser beam, converting into local high
thermal energy and heating the substrates. Thus, the laser wavelength can affect the light absorption
efficiency of substrates and, thereby, the production efficiency of LIG. The laser wavelength for LIG
preparation [including < 400 nm (UV), 400-750 nm (visible), 0.74-2.5 pm (near-infrared), 2.5-25 pm (mid-
infrared)] can be optimized by determining the most efficient wavelength range strongly absorbed by

substrates!®.

Meanwhile, the laser duration can affect the formation of LIG. It revealed that the LIG could be prepared by
various lasers with different pulse durations, such as continuous waves'*”, millisecond lasers'*”, microsecond
lasers™/, nanosecond lasers"™, etc. Short pulse duration generates thin heat-affected zones, benefiting the
high spatial resolution LIG fabrication. After the determination of laser type, the conductivity of LIG can be
precisely controlled by laser power and scanning speed. For instance, the sheet resistance of the LIG,
prepared by CO, laser engraving PI substrate, was within a range of 5-115 Q/sq'”.. The sheet resistance of
LIG decreased with increased laser power. However, the excessive laser power decreased conductivity,
originating from an increase in the graphitic tracks’ defect level or the graphene’s oxidation*”. High
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scanning speed could compensate for this defect while benefiting large-scale production™*..

To enhance the conductivity further, researchers have proposed a blended strategy. It can be divided into
two types: laser engraving substrates blended with conductive sources and LIG with conductive sources.
Before laser engraving treatment, doping the substrate with conductive nanoparticle sources is an effective
approach to improve the electrical properties of LIG. For instance, Zang et al. developed a mechanically
stable Mo,C,@LIG electrode by laser engraving a fibrous paper soaked with gelatin-mediated inks rich in
molybdenum ions'* [Figure 3B]. The prepared Mo,C,@LIG electrodes showcased high conductivity
(~30 Q/sq) and fascinating porous structures, exhibiting potential applications, including biochemical
sensors, energy harvesters and supercapacitors.

Meanwhile, modification of fabricated porous LIG with conductive nanoparticles (such as Ag paste”, silver
nanowires (AgNWs)", Aul***7 Ni*, polyaniline (PANI)*", carbon nanotubes (CNT)"”, MXene”, and
MXene-Ti,C,Tx@3, 4-ethylene dioxythiophene (EDOT)"") or conductive polymers [for example, poly(3,4-
ethylenedioxythiophene) (PEDOT)"] can significantly improve the conductivity of electrodes. For
instance, Huang et al. reported a gold nanoparticles (AuNPs)@LIG electrode prepared by coating a
chloroauric acid (HAuCl,) onto the porous LIG electrode and then baked in the thermostatic oven'”"
[Figure 3C]. The fabricated AuNPs@LIG electrodes showcased a low impedance of 16 Q, facilitating the
electron transfer between the enzyme active center and electrode surface, endowing the device’s better
performance. Meanwhile, Yang et al. developed a stretchable AgNWs electrode by spray-coating an AgNWs
solution on a prestressed LIG/polydimethylsiloxane (PDMS)-Ecoflex substrate and then releasing the
substrate”””. Profited from the evenly distribution AgNWSs on the 3D porous LIG/PDMS-Ecoflex substrate
and a pre-strain (30%) design, the conductivity of the LIG electrodes reduced from 48.6 to 3.2 Q/sq.

Stretchability enhancement

Human skin exhibits natural strain up to 50%-80%". Therefore, stretchability is important in soft skin
electronics to withstand daily skin deformations while maintaining stable performance. Several engineering
strategies are utilized to realize high stretchability [Figure 4A]. Due to the thermoplastic property of the PI
film, the LIG directly fabricated on PI sheets showcased limited stretchability (up to 10%)">**”". This limited
stretchability hinders the development of high-fidelity soft skin electronics. To tackle this problem,
researchers have attempted several mechanical strategies to improve the stretchability of LIG/PI composites,
including kirigami™, serpentine patterns'*’, and 3D architectures. For example, Ling et al. reported a
straightforward and practical strategy for developing LIG’s 3D hierarchical architectures with designed
configurations through mechanically guided and 3D assembly™. The resulting device with 3D helical coils
exhibited negligible variations in electrical resistance when stretched to 150%. The electrical resistance only
increased by approximately 0.3%, even after undergoing 1,000 biaxial stretching cycles with a strain of 50%.

To further improve the stretchability of LIG functional composites, the elastomers containing carbon
sources were employed to be thermal treatment with laser to prepare LIG, such as PDMS"™ directly, PDMS/
PI composites”™, PDMS/photosensitive PI (PSPI) composites'™, etc. For instance, Wang et al. utilized
PDMS/PI composites, prepared by blending PI particles in PDMS precursors, to develop LIG-based
stretchable and soft electronics™’. Benefiting from the flexible and stretchable properties of the PDMS/PI
composites, the fabricated LIG-based flexible electronics exhibited outstanding mechanical stretchability
(> 15%).

Finally, transferring prepared LIG from the PI substrate to a stretchable elastomer substrate provides a
practical approach to developing soft skin electronics. The stretchability of resulting LIG/elastomer
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Figure 4. Stretchability enhancement strategies of LIG. (A) Schematic illustration exhibits LIG's stretchability regulation strategies; (B)
Serpentine LIG is transferred onto a soft, stretchable hydrogel Iayer[m.Copyright 2023, Springer Nature; (C) A kirigami-patterned
PDMS sponge with transferred porous LIG®®. Copyright 2020, WILEY-VCH; (D) Electromechanical response comparison of typical LIG
composites. LIG: Laser-induced-graphene; PDMS: polydimethylsiloxane.

composites depends on the material properties of the elastomer. For example, a commercial medical
polyurethane film (MPU) is widely used for wound healthcare, exhibiting several advantages, including high
stretchability (> 100%), long-term and conformal attachment on the skin (> 72 h), gas permeability, etc.
These features enable it to be a potential substrate for skin electronics development. Motivated by this,
Dallinger et al. transferred porous LIG from a PI substrate onto an ultrathin MPU film (~50 pm in
thickness), achieving a remarkable stretchability (> 100%) and long-term stability in electromechanical
tensile tests (> 200 cycles)”". Furthermore, introducing mechanical design in elastomer enhances the
stretchability of LIG/elastomer composites, such as serpentine design®’ and kirigami configuration®. For
instance, Lu et al. transferred prepared serpentine LIG onto a soft and stretchable hydrogel layer, achieving
a high stretchability up to approximately 220% [Figure 4B]®”. In addition, Sun et al. transferred porous LIG
onto a PDMS sponge with a kirigami pattern to improve the stretchability, originating from the fact that the
kirigami cuts could tolerate the applied strains®’. As expected, the electrical resistance of the LIG/PDMS
sponge only increased by approximately 6%, even when stimulated by a tensile strain of 1,000% [Figure 4C].
Figure 4D illustrates the strain range and electromechanical sensitivity of typical LIG

,26,33,36,40,41,43,44,68,74,77,81-89]

composites”

Role design of LIG in soft skin electronics
For the development of soft skin electronics, versatile LIG plays three leading roles, including sensing
materials, electrodes, and conductors [Figure 5]. The densely interconnected graphene flakes endow porous
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Figure 5. Schematic showcasing three leading roles of LIG playing in soft skin electronics. LIG: Laser-induced-graphene.

LIG with remarkable piezoresistive capability. The porous LIG materials can be directly utilized as sensing
materials in soft skin electronics, including pressure, strain, and temperature sensors. The LIG-based
pressure sensors can convert pressure stimuli into electrical resistance variations. The underlying working
mechanism is briefly described as follows: the pressure stimulus decreases the interval between adjacent
graphene interlayers, enlarging the contact area and reducing the electrical resistance. Various LIG-based
pressure sensors with outstanding sensing performance have been developed for intelligent healthcare, such
as pulse wave monitoring' and gait analysis'”. In addition, engineers have fabricated strain sensors based
on porous LIG for human health management, including joint movement detection®, cardiovascular
healthcare™, etc. Under the external tensile stimulus, corresponding electrical resistance variations in LIG
will occur. The distance between adjacent graphene interlayers was increased under strain stimuli, resulting
in decreased contact area and increased electrical resistance. Additionally, elevated temperatures lead to
increased electron-phonon scattering and thermal velocity of electrons within the sandwiched layers of LIG,
ultimately leading to enhanced conductivity®. This character enables researchers to develop temperature
sensors based on LIG™*",

Benefiting from its programmed conductivity and micromorphology, porous LIG is widely adopted as
electrodes in soft skin electronics, including pressure, humidity, electrophysiological and biochemical
sensors for bio-signals recording, triboelectric nanogenerators (TENGs) for energy harvesting, battery/
biofuels for power supply, and micro-supercapacitors (MSCs) for energy storage. Due to the release of
gaseous compounds during laser engraving, the LIG electrodes showcased porous structures with a high
surface area of approximately 340 m?/g™'. These multiscale porous structures within LIG electrodes
rendered biochemical sensors with remarkable sensing performance resulting from the large contact area
between the chemical stimulus source and electrodes””. Meanwhile, engineers utilized LIG as conductors to
develop various bio-actuators as effective interfaces for intelligent healthcare. Driven by specific voltage
sources, the LIG-based device could realize thermal production/, sound generation", designed
deformations™, etc. For example, Yang et al. reported a smart and wearable artificial throat (AT) based on
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porous LIG, achieving speech recognition and generation to rehabilitate the patient’s vocalization
capability!*.

APPLICATIONS OF LIGS?E FOR INTELLIGENT HEALTHCARE

LIGS’E for biophysical signals detection

Physical signals detection

A densely interconnected 3D network of graphene flakes renders LIG with conductivity and excellent
piezoresistive response capability. Motivated by this, engineers have designed LIGS’E to monitor
biophysical signals. Kaidarova et al. developed a soft pressure sensor by laser-printing conductive porous
graphene structure onto polyamide film packaged with an ultrathin coating material [Figure 6A]*". The
fabricated pressure sensor exhibited an outstanding sensitivity of 1.23 x 107 kPa, a low detection limit of
approximately 10 Pa, a wide dynamic range (> 20 MPa), and excellent cycling stability (> 15,000 cycles).
Profited by excellent mechanical sensing performance, the pressure sensors manage health when attached to
the skin surface, such as heart rate monitor, gait analysis, and tactile perception. In addition, Luong et al.
reported a 3D LIG foam printing process based on laminated object manufacturing [Figure 6B]"". The
fabrication process of the LIG foam is simple and low-cost: firstly, the PI layer with prepared LIG was
stacked with one another using ethylene glycol as a binding agent; then the sandwiched layers were lased to
fabricate macroscale LIG foams; finally, a fiber laser was utilized to mill the bulk LIG, forming LIG foams.
The piezoresistive effect of the LIG foam was investigated by applying stress, which exhibited a significant
gauge factor (GF) of approximately 40. In addition, the LIG foam presented an increased GF overuse while
maintaining full stretchability. The developed pulse sensor based on LIG/PDMS precisely captured pulse
waveforms from wrist arterial sites.

Learning from the bean pod structure, Tian et al. showcased a self-healable pressure sensor, which was
composed of a polystyrene (PS) microspheres-based micro-spacer layer sandwiched between two laser-
induced graphene/polyurethane (LIG/PU) sheets [Figure 6C]"”. The developed devices presented an
outstanding sensitivity of 2,048 kPa’, a short response time of 16 ms, and self-healable performance. The
sensors demonstrated several healthcare application scenarios, including human arterial pulse detection and
gaits monitoring. Besides, a pressure sensor array (4 x 4) was fabricated, realizing a mapping of a two-
dimensional spatial of pressure. Flexible pressure sensor arrays face an urgent challenge during practical
applications, i.e., the realization of high spatial resolution and low crosstalk interference. To tackle this
problem, Li et al. proposed a high-resolution pressure sensor array through a simple laser processing
method, where the individual sensing elements were prepared by laser-induced graphitization and
interconnects were created by laser-induced ablation to reduce crosstalk interferences [Figure 6D]"". A
0.7 mm-resolution pressure sensor array validated that the crosstalk coefficient reduced from -8.21 to
-43.63 dB. Besides, the individual sensing element inside the pressure sensor array presented a wide pressure
working range of 80 kPa, a remarkable sensitivity of 1.37 kPa™, and a short response time of 20 ms.

In addition to compressive strain detection, the LIG functional materials are sensitive to tensile strain.
Benefiting from this, engineers have developed various strain sensors based on LIG for healthcare. Carvalho
et al. employed an UV laser to fabricate a flexible strain sensor, achieving a fourfold decrease in the
penetration depth (5 pm). At the same time, the spatial resolution is doubled compared with the devices
prepared by the typical IR source [Figure 6E]"". The developed sensor showcased a mechanical sensitivity
(GF) of approximately 20 in a 0%~1% strain range. Furthermore, when integrated into the skin surface, the
sensor could detect radial and carotid pulse waves with detailed features. To increase the stretchability of the
LIG/PI composites, researchers have attempted to prepare LIG on the PI/PDMS composites directly. For
instance, Wang et al. employed a PDMS/PI composite substrate to fabricate LIG under the irradiation of an
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based on LIG. Reproduced with permission[m.Copyright 2018, WILEY-VCH; (F) A soft and stretchable strain sensor using LIG on
Pl/PDMS composites substrate. Reproduced with permission™". Copyright 2022, Springer Nature; (G) A LIG-based strain sensor using
water-soluble tape-assisted transfer strategy. Reproduced with permission™”. Copyright 2023, WILEY-VCH; (H) An ultrathin and
stretchable LIG/hydrogel conductive composites prepared by cryogenically transferring process. Reproduced with permission”!
Copyright 2023, Springer Nature; (1) A stable temperature sensor based on LIG for personal mobile monitoring. Reproduced with
permission”. Copyright 2020, WILEY-VCH; (J) A flexible and wearable humidity sensor based on LIG. Reproduced with permission®®®.
Copyright 2020, Elsevier B.V. LIG: Laser-induced-graphene; Pl: polyimides; PDMS: polydimethylsiloxane.

IR laser beam [Figure 6F]"*'.. As expected, the developed device exhibited a wide strain detection range of
over 15% and was able to match complex 3D shapes. In addition, three representative demonstrations,
including wrist pulse monitoring, finger motion detection, and the tool of remote gesture control, validated
that the proposed strain sensor had great potential for intelligent healthcare. To further increase the strain
detection range, transferring LIG from a PI substrate into a rubber [such as PDMS, EcoFlex, polystyrene-
block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS), hydrogel, etc.] substrate is a practical
approach. For example, Yoon et al. fabricated a conformal strain sensor through water-soluble tape (WST)-
assisted transfer™™ [Figure 6G]. The reduced graphene oxide (rGO)-modified LIG was prepared by laser
engraving a PI film modified with graphene oxide (GO). The WST-assisted transfer strategy, minimizing
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the peel stress during the transfer process, could fabricate an ultrathin device. The fabricated ultrathin strain
sensor (~30 pm in thickness) exhibited a high sensitivity of 2,425 (GF) in a wide strain range from 0% to
115%. Moreover, the developed sensor could monitor on-body strain and was suitable for broad, intelligent
healthcare, including pulse wave monitoring, vocal sound detection, body movements perception, and
translation of American sign language.

Meanwhile, to tackle the mechanical shortcomings in LIG’s transfer process to elastomers, Lu et al.
proposed a cryogenic transfer strategy (at -196 °C) with a super thin (thickness of 1.0-1.5 pm) and adhesive
polyvinyl alcohol-phytic acid-honey (PPH) hydrogel®” [Figure sH]. The fast-cooling process could improve
the interfacial binding strength between porous LIG and crystallized water inside the hydrogel. The
interfacial PPH hydrogel layer could be an energy dissipation layer and out-of-plane conductive paths.
There were electrically consistent deflected cracks in the developed LIG composites, resulting in an
enhancement in stretchability from approximately 20% to 110%, with a further increase to approximately
220%.

Real-time monitoring of human temperature achieved by wearable soft skin electronics is vital in
personalized mobile health monitoring. Based on the thermal response property of LIG, researchers have
developed different kinds of soft temperature sensors”>*"**. For instance, as illustrated in Figure 61, Gandla
et al. reported a LIG-based soft temperature sensor featuring high stability and linearity, realizing real-time
recording of skin temperature via the wireless platform for intelligent health management”. The proposed
temperature sensor was a standalone system composed of LIG-based temperature, battery, signal processing
circuits, and wireless modules that could be easily attached to human skin surfaces. The fabricated device
showcased a negative temperature coefficient of resistance (TCR) of 0.00142 °C™* and stable performance
even under complex environments. Benefiting from its excellent performance, the proposed temperature
sensor can manage human health, such as breathing, touching with a finger, and blowing by mouth.

As a crucial physical indicator influencing our daily lives, humidity means the quantity of water in the
atmosphere. It can be employed to monitor respiratory activities in a non-contact manner, facilitating the
prevention and treatment of infectious respiratory diseases. Soft humidity sensors can be easily attached to
curved surfaces, realizing various applications. The LIG has been widely utilized to develop humidity
sensors because of the simple fabrication process, porous structures, good conductivity, and strong chemical
stability®**>**. For example, as illustrated in Figure 6], Lan ef al. reported a flexible and wearable humidity
sensor based on a LIG-based interdigital electrode prepared by a laser direct engraving technology, which
was convenient, effective, and robust”. Besides, due to unique 2D structures and super permeability to
water molecules, GO was integrated as a humidity sensing element, which improved the humidity sensing
performance of the device. The fabricated humidity sensor exhibited remarkable sensitivity [3,215.25 pF/%
relative humidity (RH)], high stability (variations < +1%), and low hysteresis. The noteworthy performance
of the humidity sensor realized various applications, including non-contact humidity detection and human
breath recording.

Electrophysiological monitoring

Benefiting from its electrical conductivity, the LIG can be used as a superficial electrode for
electrophysiological signal recording, including electrocardiography (ECG) and electromyography (EMG).
For instance, Dallinger et al. fabricated a LIG/MPU-based EMG sensor, which consisted of a pair of circular
electrodes, connecting wires, and vertical interconnect access (VIA) for external wiring®™ [Figure 7A]. The
developed EMG sensor was ultrathin, realizing outstanding conformal integration on the skin surface,
excellent stretchability, and inelegant breathability. The subject wore the EMG sensor for three consecutive
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Figure 7. LIG-based biophysical skin electronics for electrophysiological monitoring. (A) Optical image of an ultrathin conformal LIG-
based EMG sensor; (B) EMG recording results at different time points. Reproduced with permission™*.Copyright 2020, American
Chemical Society; (C) Schematic of adhesive LIG electrodes for ECG recording; (D) Comparison of SNR of ECGs captured by different
type electrodes. Reproduced with permission™. Copyright 2021, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (E) Optical
photograph of gas-permeable skin electronics containing electrophysiological, hydration, and temperature sensors; (F) Schematic for
mounting the devices in the different positions to record various electrophysiological activities; (G) Enlarged ECG signals illustrate clear
features. Reproduced with permission™®®. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. LIG: Laser-induced-
graphene; EMG: electromyography; ECG: electrocardiography; SNR: signal-to-noise ratio.

days while maintaining normal daily activities, including work, exercise, showering, and sleep. It was
evident that there was only a small variation in signal quality in the recorded EMG signals [Figure 7B].

In addition to conformal attachment, the robust bonding strength between LIG and the substrates, enabling
it to resist abrasion and washing, is crucial for long-term wearability and monitoring in daily life. Yang et al.
proposed dry electrodes LIG/PDMS composites, achieving flexible, durable, and high performance™. A
PDMS/ethoxylated polyethylenimine (PEIE) mixture was coated on the region outside LIG, achieving a
single-sided adhesive epidermal electrode [Figure 7C]. The results revealed that the fabricated LIG/PDMS
dry electrodes exhibited high electrical performance and excellent robustness after high-intensitive
mechanical treatments (bending tests: > 10,000 cycles; high-power ultrasonic treatments: 5 h), showcasing
great potential for long-term monitoring. Furthermore, they fabricated an integrated staff-shaped chest
electrode for 12-lead ECG monitoring, which exhibited excellent performance rivaling commercial Ag/AgCl
electrodes [Figure 7D].

Most existing skin electronics exhibit restricted air permeability, impeding the evaporation of sweat and
consequently limiting their long-term feasibility. Sun et al. reported an effective approach for fabricating
breathable skin electronics, utilizing porous LIG and silicone elastomer sponges [Figure 7E]". The
fabricated devices exhibited remarkable water-vapor permeability (~18 mg-cm™h™), approximately 18 times
higher than the silicone films without pore structures. The developed sensors were soft and flexible and
could be attached to different skin surfaces to collect signals [Figure 7F]. For instance, the device collected
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Table 1. Summary of typical LIG-based single-mode biophysical sensors for healthcare

LIG composites (role)/substrate Signals Sensitivity Working range Ref.
LIG (S)/PI Pressure 123x10° 0-20 MPa [60]
LIG foam (S)/PDMS Pressure GF: 40 0%-20% [36]
LIG (S)/PS@PU Pressure 2,048 kPa™ 0-100 kPa [38]
LIG (S)/PI Pressure 137 kPa’ 0-80 kPa [93]
LIG/PI Strain GF: 20 0%-1% [37]
LIG/PI Strain GF:14.1 0%-1.2% [84]
LIG/PI Strain GF: 1.2 0%-1.4% [77]1
LIG/PI Strain GF: 112 0%-1.5% [85]
LIG/PI Strain GF: 40 0%-0.25% [42]
LIG/PI Strain GF:316.3 0%-10% [44]
LIG/PI-PDMS Strain GF: 75 0%-10% [81]
LIG/PSPI-PDMS Strain GF: 380 0%-120% [82]
LIG/Pl/Ecoflex Strain GF: ~1.3 0%-135% [41]
LIG/PDMS Strain GF: 2,336 0%-3% [3]

Graphene/PVA Strain GF:1.33 0%-4% [86]
LIG/PDMS Strain GF: 950 0%-30% [45]
LIG/PDMS Strain GF: 160 0%-30% [87]
LIG/PDMS sponge Strain GF:1.3 0%-60% [83]

Strain GF: 0.006 0%-1,000%

LIG/PDMS Strain GF:2,212.5 0%-65% [58]
LIG/PDMS Strain GF:5 0%-100% [68]
MXene@EDOT/LIG-SEBS Strain GF: 2,075 0%-27% [74]
LIG/Ecoflex Strain GF:114.8 0%-50% [88]
rGO-LIG/Ecoflex Strain GF: 2,425 0%-115% [89]
LIG/MPU Strain GF: 40 0%-100% [34]
LIG/PPH/PDMS Strain GF: 30 0%-220% [27]
LIG/PI Temperature 0.00142 °C” -10-60 °C [35]
LIG/paper Temperature -2.8x107°C 10-60 °C [o1]
LIG/PI Temperature 0.001°C” 20-60 °C [94]
LIG (E)/PI Humidity 3,215.25 pF/% RH 10%-90% RH [38]
LIG (E)/PEEK Humidity 1,700 kQ/% RH 11%-97% RH [95]
LIG (E)/PI Humidity 28,231-fold increase in current 26.1%-90.2% RH [96]
LIG (E)/MPU EMG 10-30 dB - [34]
LIG (E)/PEIE-PDMS ECG >30 dB - [59]
LIG (E)/PDMS sponge ECG ~21.6 dB - [83]

LIG: Laser-induced-graphene; Pl: polyimides; PDMS: polydimethylsiloxane; GF: gauge factor; PS: Polystyrene; PU: polyurethane; PSPI:
photosensitive polyimides; PVA: polyvinyl alcohol; EDOT: 3, 4-ethylene dioxythiophene; SEBS: polystyrene-block-poly(ethylene-ran-butylene)-
block-polystyrene; rGO: reduced graphene oxide; MPU: medical polyurethane film; PPH: polyvinyl alcohol-phytic acid-honey; RH: relative
humidity; PEEK: poly (ether ether ketone); EMG: electromyography; PEIE: ethoxylated polyethylenimine; ECG: electrocardiography.

high-quality ECG signals when adhered to the human skin surface, which were quantitatively comparable to
those recorded with the conventional Ag/AgCl gel electrodes. The magnified ECG signals exhibited visible
P-wave, QRS complex, and T-wave [Figure 7G], validating the proposed device’s high performance. Typical
LIG-based single-mode biophysical sensors for healthcare are summarized in Table 1.

LIG-based skin electronics for multiple biophysical signals detection
Multiple biophysical signal collection can increase the diagnostic accuracy of healthy status. Motivated by
this objective, researchers have further attempted to develop various multimodal LIGS’E for multiple
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biophysical signals collection and intelligent healthcare. Chen et al. reported a high-performance porous
LIG composites-based sensor for strain and temperature detection fabricated by a simple laser process”
[Figure 8A]. The developed dual-mode sensor showcased a remarkable strain sensitivity (GF: 2,212.5) in a
wide linear range of 0%-65%, ultralow detection limit (< 0.0167%), and temperature sensitivity of
0.97 x 10?°C" in a broad linear range of 10-185 °C. Owing to this high performance, the proposed dual-
mode sensor could simultaneously record the heat stress and human pulse waves when integrated into the
wrist skin surface [Figure 8B].

To track the sleeping status of vulnerable populations, Xu et al. exhibited a wireless sensing patch based on
LIG, which could detect multimodal indicators (sleeping postures, respiration rate, and diaper moisture)
and feedback alarms"” [Figure 8C]. In this study, the LIG was utilized as active porous sensing materials in
strain sensors for respiration rate detection and was employed as highly conductive electrodes in tilt and
humidity sensors for sleeping postures and diaper moisture perception, respectively. The tilt sensor was
created by confining a GalnSn (Galinstan) droplet within a cavity integrated with patterned LIG electrodes,
achieving the perception of 18 slanting directions. Originating from the various slanting orientations, the
contact and separation between the liquid metal droplets and conductive LIG electrodes determine the
“ON” and “OFF” states. As a proof-of-concept, a volunteer wore an intelligent diaper integrated with the
proposed multimodal sensor device with feedback tracking functions, achieving real-time monitoring of
sleeping posture, respiration, and wetness.

Similarly, Babatain et al. reported fully standalone LIG-based multifunctional skin electronics for multiple
parameters (inertial, temperature, humidity, and breathing) detection® [Figure 8D]. The proposed inertial
sensor comprised graphene-coated liquid metal droplets and 3D circular channels. This creative design
rendered an inertial sensor with an excellent sensitivity of 6.52% m™s* in a wide range (1-30 m/s*) and
outstanding stability (> 12,500 cycles). After integrating optimized multifunctional sensors with a wireless
programmable system on a programmable system on a chip (PSoC) signal processing circuit, a fully
standalone platform was created, which achieved monitoring of human healthcare and soft human-machine
interfaces in a real-time manner.

Electronic gloves (e-gloves) integrated with multifunctional sensing capabilities can render robotic/
prosthetic hands with excellent perception performance to feel the physical aspects of the real world.
Sharma et al. reported an all-directional strain-insensitive e-glove through laser engraving techniques,
realizing real-time pressure monitoring, temperature, humidity, and ECG signals [Figure 8E]"”. To avoid
the influence of external stretch on the performance of e-gloves, the sensing area and interconnections were
designed as ripple-like meandering patterns. In addition, the crosslinking network of the CNT in the porous
LIG could reduce the stress effect. The developed e-glove could simultaneously assess the temperature and
humidity of objects, pressure profile on the fingers, ECG signals, hand movements, and gestures, exhibiting
great potential application in prosthetic hands.

Although various multifunctional skin electronics have been fabricated, seamlessly integrating multiple
functional sensors into a common stretchable substrate without interfering remains challenging. To
overcome this shortcoming, Zhang et al. developed a multifunctional soft skin electronic system by
integrating strain, temperature, and ECG sensors into a stretchable and soft SEBS substrate without
interfering with each other [Figure 8F]"". The heterogeneity of these three different sensors was enabled by
electrophoretically depositing MXene-Ti,C,Tx@EDOT onto porous LIG, forming LIG/MXene-
Ti,C,Tx@EDOT composites. As expected, the fabricated device successfully exhibited synchronous strain,
temperature, and ECG detection.
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Figure 8. LIG-based biophysical skin electronics with multiple sensing modes for healthcare. (A) Schematic illustrating the structure and
preparation of LIG-based dual-mode sensors; (B) Simultaneous monitoring of skin temperature and pulse waves. Reproduced with
permission[ssl.Copyright 2022, Elsevier B.V.; (C) Schematic of a wireless multimodal sensor system integrated with tilt, breath, and
moisture sensors for body condition monitoring. Reproduced with permission™®”. Copyright 2021, Wiley-VCH GmbH; (D) Schematic
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illustrating a multifunctional wireless platform with different layers of inertial, temperature, humidity, and breathing sensors. Reproduced
with permission™®®’. Copyright 2022, American Chemical Society; (E) Schematic diagram of an electric glove integrated with pressure,
temperature, ECG, and humidity sensors. Reproduced with permission[72].Copyright 2023, American Chemical Society; (F) Schematic
illustrating layered structures of multifunctional sensors. Reproduced with permission””*.Copyright 2022, Springer Nature; (G)
[llustration of stretchable LIG/hydrogel-based multifunctional wearable electronics; (H) An optical image of developed LIG-based
sensing multimodal; (1) Real-time synchronous monitoring of typical five indicators at normal, walking, and jogging states. Reproduced
with permission[m.Copyright 2023, Springer Nature. LIG: Laser-induced-graphene; ECG: electrocardiography.

They benefited from conformal features; ultrathin multifunctional skin electronics achieve the perfect
balance between sensing performance and user comfort level. As mentioned above, Lu et al. proposed a
creative strategy, termed the cryogenic transfer approach, completing the transfer of LIG onto ultrathin
(~11 pm in thickness) PPH/PDMS substrate®””. They designed a stretchable and soft skin-integrated sensing
patch to collect biophysical signals containing mechanical, temperature, humidity, and ECG [Figure 8G and
H]J. A standalone multimodal skin electronics system was established by integrating the fabricated soft
sensor system with a flexible printed circuit board (fPCB) for signal processing and transmission. Five
indicators, including respiration rate, ECG, heart rate, skin temperature and humidity, were collected from
the volunteer performing three activities (baseline, walking, and jogging) [Figure 8I]. As expected, all these
five detected indicators reflected the corresponding health status. It was clear that this multimodal skin
electronics system offered a viable prediagnostic strategy for intelligent healthcare monitoring. Typical LIG-
based multimodal biophysical sensors for healthcare are summarized in Table 2.

Machine learning-assisted LIGS’E

The fast development of machine learning benefits the design and fabrication of flexible electronics,
facilitates signal processing, and improves system performance”'®.. Lu et al. developed a TENG-based soft
tactile sensor system, where machine learning was employed to guide the design, including output signals
selection and fabrication parameters*. The proposed tactile sensor consisted of four layers, i.e., top and
bottom PDMS encapsulations, porous LIG-based interdigital electrodes, and a Fluorinated ethylene
propylene (FEP) film [Figure 9A]. Its working mechanism was described as follows: When the human
finger touched the PDMS surface, the skin was positively charged, originating from their different electron
affinities. Following this, horizontal sliding of the charged finger will generate electron transfer between the
LIG electrodes, originating from the electrostatic induction principle [Figure 9B]. With the assistance of
machine learning for six contact modalities analysis, the parameter values of the output signals, the
distribution density of LIG electrodes, and diverse surface microstructures were optimized. The developed
tactile sensor with optimal sensing performance could precisely distinguish ten braille numbers with a high
accuracy of 96.12% by utilizing a customized convolutional neural network (CNN) model [Figure 9C].

Meanwhile, Xie et al. proposed a machine learning-assisted soft pressure sensor based on LIG to realize
real-time tactile perception and voice recognition [Figure 9D]"*. The intelligent pressure sensor integrated
with a triboelectric layer converted pressure stimulus into electrical signals, benefiting from the contact
electrification effect. Due to its softness and high performance, the developed intelligent pressure sensor
could be attached to a facemask to collect signal outputs that responded to the volunteer’s speaking. The
intelligent pressure sensor could recognize distinct voices when the speaker pronounced three different
sentences: “How do you do?”, “Nice to meet you”, and “See you later” [Figure 9E]. With the help of
machine learning, the intelligent pressure sensor could accurately classify various voices, achieving a high
accuracy of approximately 94.6% [Figure 9F].

The soft pulse sensor exhibits great potential for real-time monitoring and intelligent management of
cardiovascular health. Most existing soft pulse sensors have limitations, including high cost, clinical
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Table 2. Summary of typical LIG-based multimodal biophysical sensors for healthcare

LIG composites

(role)/substrate Signals Sensitivity Intelligent applications Ref.
LIG (S)/PDMS foam Strain; temperature GF:2,212.5; Simultaneously record heat stress and pulse waves [58]
TCR:0.97 x 107 °C”
LIG (S, E)/PDMS Tilt; strain; humidity GF: ~10; Sleeping safety monitoring for vulnerable populations (e.g., [97]
humidity: -0.667/% elderly, infants, disabled)
LIG (S, E)/PI Inertial; temperature; I: 6.52% m™s*; , Monitoring of human physical and health activities, legged-robot [98]
humidity; TCR: 215.2m-Q-°C"  activities, and the control of the robotic arm via a human
breath rate
LIG/CNT (S, E)/SEBS Pressure; temperature; P:0.506 kPa™: Simultaneously assess the temperature and humidity of an [72]
humidity; ECG TCR: 0.212% °C4; object, pressure distribution on the fingers, ECG signals, hand
H: 0.053%/%,; movements, and gestures
ECG:35+3dB
MXene-Ti;C,Tx@EDOT  Strain; temperature; S: 2,075; Simultaneous measurement of strain, temperature, and ECG [74]
@LIG (S, E)/SEBS ECG TCR: 0.86%;
ECG: 20.14 dB
LIG (S, E)/PPH/PDMS Mechanical; M: 30; 5 detected indicators reflected the corresponding health status  [27]
temperature; humidity; TCR: 0.35% °C'1; during movements
ECG H: 0.81%/%

LIG: Laser-induced-graphene; PDMS: polydimethylsiloxane; GF: gauge factor; TCR: temperature coefficient of resistance; Pl: polyimides; CNT:
carbon nanotubes; SEBS: polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene; ECG: electrocardiography; EDOT: 3, 4-ethylene
dioxythiophene; PPH: polyvinyl alcohol-phytic acid-honey.

validation, and real-time cardiovascular disease (CVD) events diagnostics, which hinder their population-
wide practical applications. To tackle this challenge, Ma et al. reported a cheap, clinically validated, smart,
and soft pulse monitoring system (termed FlexiPulse) based on porous LIG for CVD management and
diagnostics”. The ultrathin FlexiPulse can conform to the skin surface [Figure 9G]. The FlexiPulse was
highly sensitive to deform with the pulse waves when adhered to the epidermis above the artery
[Figure 9H]. The developed intelligent pulse sensor exhibited a high sensitivity of 2,336, an extreme-low
strain detection limit of 0.0056%, excellent stability (> 24,000 cycles), and clinical accuracy (> 93%).
Integrated with machine learning, the FlexiPulse realized clinical evaluation of actual CVD events
[containing atrial fibrillation (AF) and atrial septal defect (ASD)] with a high accuracy of approximately
98.7% [Figure 9]]. Typical machine learning-assisted soft biophysical sensors based on LIG for intelligent
healthcare are summarized in Table 3.

LIGS’E for biochemical signals detection

Biochemical signals detection

The porous structures endow LIG electrodes with large contact areas with surrounding chemical stimuli,
resulting in high performance in biochemical sensors”. Rahimi et al. demonstrated a stretchable
electrochemical pH sensor consisting of a pH-sensitive working electrode and a liquid-junction-free
reference electrode for wearable healthcare applications [Figure 10A]"". The electrodes were developed by
bonding LIG/PI composites to soft Ecoflex substrates. The porous LIG electrodes were modified with PANT,
which functioned as the conductive filler and pH-sensitive film. Meanwhile, introducing serpentine
patterned interconnections rendered the pH sensor with excellent stretchability, which withstood
elongations of up to 135%. The experimental results validated that the developed pH sensor presented a
linear -53 mV/pH sensitivity in a pH 4-10 physiological range. The sensing performance remained stable
even under a tensile strain of 100% [Figure 10B].
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Figure 9. Machine learning-assisted LIG-based biophysical skin electronics for intelligent healthcare. (A) Schematic illustrating the
structure of LIG-based TENG tactile sensor; (B) Working principles of the tactile sensor; (C) Classification results of ten braille
numbers. Reproduced with permission”®". Copyright 2023, Wiley-VCH GmbH; (D) lllustration of the fabrication process of the self-
powered flexible sensor; (E) Current outputs of flexible pressure sensor while speaking three different sentences; (F) Confusion matrix
of the machine learning outcome. Reproduced with permission™®?.Copyright 2023, American Chemical Society; (G) Optical
photograph of intelligent pulse sensor attached on wrist arterial site; (H) Working mechanism of the intelligent pulse sensor; (1)
Classification results of three different CVD events. Reproduced with permission™. Copyright 2023, Cell Press. LIG: Laser-induced-
graphene; TENG: triboelectric nanogenerator; CVD: cardiovascular disease.

As a conducting polymer, PEDOT exhibited several advantages, including high electrical conductivity, low
oxidation potential, remarkable electrochemical activity, outstanding stability, and splendid
biocompatibility. It often was deposited with highly porous, fractal-type microstructures with large surface
areas. Xu et al. developed a highly selective electrochemical sensor based on a PEDOT-modified LIG
electrode for dopamine (DA) detection [Figure 10C]"". The electrodeposition of PEDOT onto the porous
LIG electrodes resulted in the formation of PEDOT®@LIG electrodes, which exhibited a 3D porous
morphology characterized by a larger surface area and roughness compared to the parent LIG electrodes.
Due to enhanced electron transfer responses, PEDOT electrodes are valuable in electrochemical sensors. As
expected, the PEDOT@LIG sensor showcased a noteworthy performance improvement compared to parent
LIG electrodes [Figure 10D].



Ma et al. Soft Sci 2024;4:26 | https://dx.doi.org/10.20517/ss.2024.20 Page 19 of 34

Table 3. Summary of machine learning-assisted soft biophysical sensors based on LIG for intelligent healthcare

LIG composites

(role/substrate Signals Performance Intelligent applications Ref.

LIG (E)/PDMS Pressure NA Distinguish ten braille numbers with a high accuracy of 96.12% [101]

LIG (E)/PU Pressure Sensitivity: 0.05 kpa™; Classify various voices with a high accuracy of 94.6% [102]
stability: 1,000 cycles

LIG (S)/PDMS Strain GF: 2,336; Clinical evaluation of actual CVD events, high accuracy of [3]
limit: 0.0056%; 98.7%

clinical accuracy: >93%

LIG: Laser-induced-graphene; PDMS: polydimethylsiloxane; PU: polyurethane; GF: gauge factor; CVD: cardiovascular disease.

Meanwhile, Zhu et al. reported a soft non-enzymatic glucose sensor based on LIG-electrodes coated with a
uniform metal (Ni or Ni/Au), which was packaged by a porous encapsulating reaction cavity for wearable
applications [Figure 10E]"". As expected, the fabricated glucose sensor based on LIG foams exhibited a high
sensitivity of 1,080 pA-mM"-.cm”, whereas the device with LIG fibers enhanced the detection sensitivity up
to 3,500 pA-mM"-.cm”. Then, they attached the developed glucose sensor onto the arm surface to evaluate its
on-body performance. The results illustrated that the proposed glucose sensor could monitor the variations
in glucose concentration in sweat, i.e., decreased from 0.26 to 0.15 mM, responding to 1 and 3 h after lunch
[Figure 10F].

Zhao et al. reported an iron nano-catalysts (FeNCs)/LIG-based wearable electrochemical patch, where
FeNCs functioned as the catalyst and LIG was utilized as the signal-improving substrate [Figure 10G]"*. A
two-channel hydrogel chip was integrated with FeNCs/LIG to implement the wearable configuration.
Profited from the unique 3D microstructures of LIG and the remarkable electrocatalytic activity of FeNCs,
the wearable electrochemical patch exhibited outstanding sensing performance for sweat metabolites
[tyrosine (Tyr) and uric acid (UA)] detection. When mounted onto a human skin surface, the device could
accurately monitor Tyr and UA in sweat, essential in non-invasive health monitoring and management. The
results exhibited that the concentrations of Tyr evaluated by the skin-integrated patch were comparable to
those assessed by the liquid chromatography-mass spectrometry (LC-MS), illustrating good reliability
[Figure 10H].

Torrente-Rodriguez et al. reported a standalone wireless health management device, termed a graphene-
based sweat stress monitoring system (GS4), to explore the dynamics of the sweat stress hormone
[Figure 10I]"”. Combining LIG and immunosensing approaches effectively detected cortisol in human
sweat and saliva. In addition, the GS4 device was attached to the skin surface to analyze sweat cortisol
during a 50-minute stationary cycling exercise. The results revealed that the sweat cortisol increased and
reached the highest level after continuous biking [Figure 10]]. This soft and wearable point-of-care device
provided a practical approach for stress monitoring and continuous evaluation of the psychological states of
subjects.

In addition to biofluids, the exhaled gas carries essential information for disease diagnostics. For instance,
exhaled NOx is a crucial biomarker for human respiratory disease diagnostics"*'*. Motivated by this, Yang
et al. developed a moisture-resistant and stretchable NOx gas sensor based on porous LIG, where the LIG
sensing/electrode region was sandwiched between a semipermeable PDMS film and a soft elastomeric
substrate for patient breath analysis [Figure 10K]". The gas sensor fabricated with optimized processing
parameters showcased excellent performance: significant sensitivity of 4.18%0 ppm™ to NO and 6.66%o
ppm* to NO,, and ultralow detection limit of 8.3 ppb to NO and 4.0 ppb to NO,. The introduction of a LIG
electrode with a serpentine pattern and strain isolation from the PI island enabled the gas sensor to undergo
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Figure 10. LIG-based biochemical skin electronics with single sensing mode for intelligent healthcare. (A) Optical photograph of pH
sensor under longitudinal strain; (B) Outputs of a pH sensor responding to different transverse strains. Reproduced with permission™".
Copyright 2017, American Chemical Society; (C) An electrochemical dopamine sensor based on PEDOT-modified LIG; (D) Response of
electrochemical dopamine sensor to different concentrations of dopamine. Reproduced with permission””*. Copyright 2018, Elsevier
B.V.; (E) lllustration of a packaged wearable non-enzymatic glucose sensor; (F) Experimental results of the glucose sensor, responding
to human sweats at different time points. Reproduced with permissionMOJ.Copyright 2021, Elsevier B.V.; (G) Schematic of wearable
FeNCs/LIG-based electrochemical patch for sweat metabolites monitoring; (H) Tyr concentrations evaluated by developed
electrochemical patch and LC-MS. Reproduced with permissiont'®™. Copyright 2024, Elsevier B.V.; (1) A soft electrochemical sensing
patch for cortisol detection; (J) Cortisol monitoring from three physically untrained volunteers (B1, B2, B3) and one trained volunteer
(B4) in a cycling exercise. Reproduced with permission[43].Copyright 2020, Cell Press; (K) Schematic illustration exhibits the use of
NOx gas as a promising biomarker for representative human diseases; (L) Response of the gas sensor to human exhaled breath
samples from different subjects, including patients (with respiratory diseases) and healthy volunteers. Reproduced with permission”*’.
Copyright 2022, Springer Nature. LIG: Laser-induced-graphene; PEDOT: poly(3,4-ethylenedioxythiophene); FeNCs: iron nano-catalysts;
Tyr: tyrosine; LC-MS: liquid chromatography-mass spectrometry.

a uniaxial tensile strain of 30%. The human experiments showed that the developed gas sensors could
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precisely classify respiratory disease patients from healthy human subjects by analyzing clinical breath
samples [Figure 10L].

LIG-based skin electronics for multiple biochemical signals detection

Multiple biochemical signals recording or incorporating biochemical information with biophysical
information could enhance the device’s performance for intelligent healthcare. Yang et al. reported an
entirely laser-engraved sensing system, which contained LIG-based physical sensors for temperature and
respiration rate monitoring, a highly sensitive chemical sensor based on LIG for low concentrations of UA
and Tyr detection, and a laser-fabricated chip for dynamic sweat collection'”. The sensing system was
composed of five layers, i.e., multimodal sensors prepared on a flexible PI film, microfluidic channels
engraved on a double-sided medical adhesive layer, and inlet-patterned polyethylene terephthalate (PET)
layer, and a medical adhesive layer. When the sweat flowed into the sensing system, the LIG-CS monitored
sweat UA and Tyr and LIG-PS evaluated the temperature and strain-related physiological signals
[Figure 11A and B]. As expected, the fully standalone sensing system could be attached to different human
body parts, the signals of which were displayed on a mobile terminal [Figure 11C]. The high performance
enabled this sensing system to monitor the variations in sweat UA and Tyr, skin temperature and
respiration rate, responding to cycling exercise experienced by a healthy individual [Figure 11D]. A
noticeable decrease in UA and Tyr concentrations was probably due to profuse sweat secretion. Wang et al.
exhibited a wearable multifunctional skin electronics system based on porous LIG and double-side
configurations, which enabled avoiding signal interferences among different modal modules
[Figure 11E]"*". This wearable system could simultaneously record various physiological signals, including
electrophysiological signals (such as ECG, EMG, etc.), mechanical signals (i.e., strain, pressure, temperature,
proximity, efc.), and concentration variations of various biochemical signals containing sodium ion (Na*),
hydrogen ion (H'), acetone gas, and nitrogen dioxide (NO,). Besides, it could produce and store energy
through integrated energy harvesters and storage units. The experimental results showcased that the
fabricated device could precisely monitor the physiological status variations in subjects caused by exercise,
including body temperature fluctuations, Na* concentration increase, and rapid breathing and heartbeat
[Figure 11F and G]. Typical LIG-based biochemical sensors for healthcare are summarized in Table 4.

LIGS’E as bio-actuators

Besides biosensors, the LIG facilitates the development of bio-actuators as an interface for further stimulus
generation (for instance, sound, heat, efc.) and healthcare. Most existing soft skin electronics focus on the
monitoring of physiological signals without the capability of sounding an alarm. Developing self-alarm
health management devices integrated with two functions of physiological signals monitoring and sound
alarm synchronously could further improve intelligent healthcare. Chen et al. showcased a LIG-based dual
functional electric skin (E-skin) for simultaneous real-time health monitoring and alarm [Figure 12A]"*.
The developed E-skin with shutter pattern achieved excellent overall performance, with a GF of 316.3,
capable of detecting various physiological indicators, such as respiration monitoring, voice recognition, and
wrist pulse perception. Meanwhile, the fabricated shutter-patterned E-skin could sound an alarm at 200 Hz
to 20 kHz in a broadband frequency. Benefiting from its outstanding mechanical and acoustic performance,
the E-skin exhibited wide applications in health monitoring and alarm of diseases, for instance, sleep apnea
[Figure 12B].

In addition, Huang et al. demonstrated a soft multifunctional (detection and warning) sensing patch,
utilizing mechanical and thermal effects of LIGs [Figure 12C]"*". The strain sensor with a mesh pattern
exhibited a mechanical sensitivity of up to 950 (GF), which could detect human motions and monitor weak
physiological signals, such as pulse waves. The prepared heater without patterned LIG exhibited better
heating performance than the device with a mesh pattern. Then, the developed device was integrated into
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Figure 11. LIG-based biochemical skin electronics with multiple sensing modes for intelligent healthcare. (A) Layered view of the sensor
structure; (B) Schematic illustrating various functions of the integrated sensors, including sweat UA and Tyr monitoring, sweat rate
evaluation, skin temperature perception and vital-sign (for instance, heart rate and respiration rate) detection; (C) Optical photographs
of a healthy subject wearing the sensing system at different body positions; (D) Real-time measurement results of multiple physiological
signals from a healthy subject during a control exercise process. Reproduced with permission™. Copyright 2022, Springer Nature; (E)
Schematic of a wearable multimodal sensing system with double-sided modules; (F) Schematic of the functions of the wearable system
for human sports monitoring; (G) Indicators (including skin temperature, sweat metabolites, and ECG) of a volunteer recorded by the
wearable system under different body status. Reproduced with permission“oﬂ.Copyright 2022, American Chemical Society. LIG: Laser-
induced-graphene; UA: uric acid; Tyr: tyrosine; ECG: electrocardiography.

the skin surface of a volunteer to monitor the wrist bending signals. When the device did not capture any
signals for a long time, there was feedback to the heater to produce enough heat to wake the person. The
heater was switched off when the signal was perceived again, and the temperature would slowly cool down
and recover to room temperature [Figure 12D]. The multifunctional device exhibited great potential in
intelligent healthcare monitoring and timely management applications.

Benefiting from the thermoacoustic effect, the LIG can function as a micro-speaker, which probably
becomes a potential candidate for recovering the communicational abilities of people with phonation-
related disabilities. Yang et al. reported a LIG-based wearable and smart AT, which could monitor human
speech and vocalization-related motions [Figure 12E]"*. The LIG-based AT was conformally integrated
with the skin of the larynx, capable of perceiving the tiny mechanical vibrations induced by sound waves
and muscle movements. The results revealed that the AT was sensitive to audio up to 2,000 Hz, which
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Table 4. Summary of typical LIG-based biochemical sensors for healthcare

LIG . e
composites/substrate Analytes Performance Applications Ref.
PANI@LIG (E)/PI/Ecoflex pH Sensitivity: -53 mV/pH NA [41]
PEDOT@LIG (E)/PI Dopamine Sensitivity: 0.22 £ 0.01 nA/uM  NA [75]
Ni@LIG (E), Glucose Sensitivity: 1,080 uA-mM']-ch Accurate glucose measurements from the human [40]
Au@LIG (E)/PI sweat
FeNCs@LIG (E)/PI Tyr, UA Detection limit: Tyr, 511 uM;  Accurate detection of Tyr and UA in sweat [103]
UA1.37 uM
LIG (E)/PI Cortisol Assay time: <1min Efficient cortisol sensing in human sweat and saliva  [43]
ipe . -1
LIG (E)/PI/Ecoflex NOx Sensitivity: NO, 4;]8%" PPM & Accurately classify patients with respiratory diseases [39]
NO,, 6.66%0 ppm from healthy human subjects
LIG (S, E)/PI Temperature, Sensitivity: Gout monitoring in patients and healthy controls [42]
respiration rate, temperature: -0.06% °C4;
Tyr, UA UA, 3.50 pA-uM-em™;
Tyr, 0.61 pA-uM em?
LIG (S, E)/PI Strain, pressure, Sensitivity: strain, 2.277; Depicts the human-ambience interface amid the [1071
temperature, pressure, 2.23 MPa'1; laboratory and exercising atmosphere
proximity, ECG, temperature, -514.06 ppm oc™:
EMG, TENG, Na', proximity, 1.93% mm’;

H, Acetone gas, NO, pH, -60.91 mV/pH

LIG: Laser-induced-graphene; PANI: polyaniline; Pl: polyimides; PEDOT: poly(3,4-ethylenedioxythiophene); FeNCs: iron nano-catalysts; Tyr:
tyrosine; UA: uric acid; ECG: electrocardiography; EMG: electromyography; TENG: triboelectric nanogenerator.

covered the frequency range of human voice. Meanwhile, the intelligent AT produced sound through the
thermoacoustic effect, converting mechanical information into speech. Driven by a safe voltage of 5 V, the
intelligent AT could generate sounds in the 100-20 kHz range and around 60 dB. By incorporating an
artificial intelligence model, the intelligent AT device recognized daily words spoken by a patient with a
laryngectomy, achieving a high accuracy (> 90%) [Figure 12F]. Furthermore, the recognized words were
synthesized into speech and displayed on the AT to rehabilitate the vocalization capability of patients.

Meanwhile, Sun et al. developed a LIG-based dual-function acoustic transducer containing a triboelectric
artificial ear and a thermoacoustic artificial mouth [Figure 12G]"*. The designed acoustic transducer
consisted of three layers: a multi-hole PI sheet with double-side-patterned LIG, a PET ring spacer, and a PI
film with one-side-patterned LIG. The input alternating electrical energy was converted into periodic joule
heat energy by the thermoacoustic LIG, shrinking air and generating audio waves [Figure 12H]. The
fabricated device exhibited ultrahigh sensitivity of 4,500 mV-Pa™, a high resolution of 0.005 Hz, and
excellent stability (70-115 dB). Using machine learning, the acoustic transducer could recognize
multidimensional speeches with a high accuracy of 96.63% [Figure 12I]. In addition, the device could be
utilized for artificial intelligence communication based on detected speech features. Typical LIG-based soft
bio-actuators for intelligent healthcare are summarized in Table 5.

LIGS’E for power supply

Power supply devices

Thanks to the fast development of wearable devices and Micro-electromechanical Systems (MEMS)
products, there is an urgent demand for soft energy storage devices used for wearable electronics"* .
Batteries, fuel cells, and supercapacitors play important roles in electrochemical energy conversion and
storage, and TENG provides an effective strategy for mechanical energy conversion"”". The LIG
electrodes can enhance their performance from the following aspects: (1) the porous LIG electrodes increase

the contact area between electrode and electrolyte, resulting in the improvement of specific capacitance; (2)
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Figure 12. LIG-based skin electronics as bio-actuators for intelligent healthcare. (A) Schematic of a dual functional (monitor and an
alarm) E-skin for healthcare; (B) The human experimental results exhibited the E-skin could both detect respiration and sound an alarm;
Reproduced with permission'**!. Copyright 2019, Wiley-VCH GmbH; (C) lllustration of a multifunctional device for the sensing and
thermal alarm applications; (D) Outputs of the device integrated on the human wrist for the bending detection and thermal alarm
modes. Reproduced with permission'*”’. Copyright 2020, American Chemical Society; (E) Schematic of an intelligent AT mounted on the
skin surface of the larynx; (F) Confusion matrix of several daily sentences produced by an ensemble model. Reproduced with
permission™*®’. Copyright 2023, Springer Nature; (G) lllustration of LIG-based dual-function acoustic transducers, including an artificial
ear and an artificial mouth; (H) The working principles of the device functions as sound emission by thermoacoustic effect; (1)
Classification results of speech recognition. Reproduced with permission“og].Copyright 2023, Wiley-VCH GmbH. LIG: Laser-induced-
graphene; E-skin: electric skin; AT: artificial throat.

the micro-structured LIG electrodes strengthen the frictional effect, thereby enhancing the TENG
performance.

Lightweight batteries with high energy density can provide a stable power supply for soft-skin electronics.
The LIG electrode with porous structures exhibited great potential for developing high-performance
batteries. Aslama et al. reported a lithium-ion battery based on LIG foams, which functioned as anodes
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Table 5. Summary of typical LIG-based soft bio-actuators for intelligent healthcare

Dew_c e Performance Intelligent healthcare applications Ref.

configuration

Strain sensor/ GF: 316.3; sound generation: 200 Hz - 20 kHz Health monitoring and alarm of CVD and sleep apnea [44]

sound alarm

Strain sensor/ GF: 950; temperature range: 25~88.5 °C Healthcare monitoring and timely warning [45]

heater

Sound sensor/ Sound detection: 0-2 kHz; Recognized daily words vaguely spoken by a patient with [46]

artificial throat sound generation: 100-20 kHz, 60 dB laryngectomy

Pressure sensor/  Sound sensing sensitivity: 45,000 mV-Pa’; Artificial intelligence communication based on recognized speech [108]

artificial mouth sound-producing frequency range: 20 Hz - 20 kHz features

LIG: Laser-induced-graphene; GF: gauge factor; CVD: cardiovascular disease.

[Figure 13A]". The fabricated lithium-ion battery presented a high reversible areal capacity of
approximately 280 pA-h-cm”. Furthermore, it exhibited a stable performance for at least 100 cycles with an
average coulombic efficiency of 99%. In addition, biochemical energy can be effectively converted into
electricity by enzymatic biofuel cells (EBFCs), which probably supplies continuous and stable power outputs
for integrated biosensors"*. Motivated by this, Huang et al. developed AuNPs/LIG composites-based
transient glucose EBFCs (TEBFCs) [Figure 13B]"'l. The AuNPs/LIG electrode exhibited better than the pure
LIG electrode, probably due to its low electric impedance and large surface area [Figure 13C]. The
developed TEBFC showcased outstanding output performance with an open circuit potential of 0.77 V and
a maximum power density of 483.1 pW/cm®. Meanwhile, benefiting from poly(lactic-coglycolic acid) (PLGA)
substrate, the TEBFCs can be degraded and absorptive inside animal bodies in 44 days. The TEBFC could be
a transient power source for low-power implantable bioelectronics.

TENGs can convert external mechanical energy into electricity by combining the triboelectric effect and
electrostatic induction". Our daily activities (walking, typing, joint movement, efc.) provide a ceaseless
mechanical stimulus source for energy collection. Motivated by this, LIG is widely used as electrodes to
fabricate high-performance soft skin electronics, collect energy, and record physiological signals. Stanford
et al. reported a stretchable and flexible single-electrode TENG based on LIG/PDMS composites, generating
power by contacting skin"* [Figure 13D]. The developed LIG/PDMS-based TENG was inserted into a shoe,
effectively demonstrating mechanical energy harvesting. The results revealed that the developed TENG
showcased a peak power output of 1.2 mW (0.33 Wm?) as a load resistance of 70 MQ.

Meanwhile, Das et al. created a LIG-based self-powered triboelectric pressure sensor, which consisted of
three layers, i.e., a LIG/PI film acting as the bottom electrode, a microstructured PDMS layer, and a PET/
indium tin oxide (ITO) film with opposite triboelectric polarity'*’ [Figure 13E]. The fabricated pressure
sensor exhibited a fast response time (9.9 ms) and a high sensitivity (7.697 kPa™), which is beneficial for
telemedicine. For instance, a clear pulse waveform could be recorded from a human finger on the pressure
sensor. In addition, Yang et al. reported a stretchable TENG by integrating AgNWs/LIG electrodes with
triboelectric MXene/PDMS-Ecoflex composites for mechanical energy collection and mechanical signal
perception”. The stretchable AgNWSs/LIG electrodes were developed by spray coating the AgNWSs on pre-
stretched LIG/PDMS-Ecoflex substrates. These electrode designs endowed the developed TENG with stable
performance even under 30% tensile strain, outperforming most of the previously related works. Besides,
the stretchable TENG can be conformally attached to 3D complicated surfaces, for instance, integrated onto
human skin for human movement monitoring [Figure 13F].
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Figure 13. LIG-based soft TENG and supercapacitor are the main constituent parts for the power supply of skin electronics. (A) A LIG-
based coin cell. Reproduced with permission™®. Copyright 2019, Elsevier B.V.; (B and C) A transient and ultrathin biofuel cells enabled
by LIG/AuNP composite. Reproduced with permission'’”. Copyright 2022, American Chemical Society; (D) A flexible and stretchable
single-electrode TENG based on LIG/PDMS composites. Reproduced with permission??. Copyright 2019, American Chemical Society;
(E) A flexible triboelectric pressure sensor based on LIG. Reproduced with permission™®’. Copyright 2019, Springer; (F) A stretchable
and soft MXene/LIG foam-based TENG for exercise posture detection. Reproduced with permission'’%. Copyright 2022, Elsevier B.V.;
(G) A flexible and transparent planar LIG-based microsupercapacitor; (H) C-V plots of microsupercapacitors with different electrode
materials. Reproduced with permission®™.Copyright 2017, Wiley-VCH GmbH; (1) Capacitance retention of LIG-based micro-
supercapacitors under different bent states compared to the value in the flat state. Reproduced with permission®®”. Copyright 2019,
Wiley-VCH GmbH. LIG: Laser-induced-graphene; TENG: triboelectric nanogenerator; AuNP: gold nanoparticle; PDMS:
polydimethylsiloxane.

The converted or collected energy must be stored to provide a stable power supply for wearable electronics.
Benefiting from rapid charge-discharge rate, high power density, stability and safety, MSCs have become
promising candidates for microscale energy storage devices"*”. The ion adsorption or surface redox reaction
at the interface between electrodes and electrolytes implemented the energy storage process. Song et al.
reported transparent, stretchable, and soft in-plane MSCs based on porous LIG electrodes [Figure 13G]*.
The fabricated device showcased remarkable stretchability up to 400% and long-term stability (1,000 times).
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Table 6. Summary of typical LIG-based soft power supply devices

Power supply type LIG composites/substrate Working performance Ref.
Lithium-ion batteries LIG/PI Areal capacity: 280 pA-h-cm'2 [48]
Glucose enzymatic biofuel cells AuNP@LIG/PLGA maximum power density: 483.1 pW/sz [71]

TENG LIG/PDMS Power output: 1.2 mW [122]
TENG LIG/PDMS Pressure sensitivity: 7.697 kPa™ [49]
TENG AgNWs@LIG/PDMS/Ecoflex Power: 2.76 W-m” [70]
MSC LIG/Ecoflex Capacity: 790 uF-cm’2 [50]
MSC LIG/PI Areal capacitance: 0.62 mF-cm’ [31]

LIG: Laser-induced-graphene; PI: polyimides; AuNP: gold nanoparticle; PLGA: poly(lactic-coglycolic acid); TENG: triboelectric nanogenerator;
PDMS: polydimethylsiloxane; AgNWs: silver nanowires; MSC: micro-supercapacitor.

The 3D LIG electrode modified by conductive PEDOT could improve the electrical conductivity of
electrodes and enhance the capacitance of these planar MSCs [Figure 13H]. The device achieved a specific
capacity of 790 pF-cm™ at a discharge current of 50 pA-cm”. Meanwhile, Shi et al. proposed all-solid-state,
highly integrated LIG-based MSCs with remarkable pattern variety, outstanding performance uniformity,
flexibility, high integration, and exceptional temperature stability”. The cyclic voltammetry (CV) tests
revealed that the fabricated LIG-based MSCs exhibited high robust stability even when they underwent
different bent states from 0° to 180° [Figure 13I]. Furthermore, the developed device showcased remarkable
high-temperature performance by combining thermally stabile PI substrates with high-temperature stable
ionic liquid electrolytes. Typical LIG-based soft power supply devices for intelligent healthcare are
summarized in Table 6.

Standalone LIGS’E

The extensive utilization of soft skin electronics in intelligent healthcare is impeded by challenges on power
supply performance and external devices required for data processing and analysis. To tackle this challenge,
Zhao et al. reported a LIG-based soft and sweat-powered health status sensing and visualization system
(HSSVS), which was composed of four sweat-activated batteries (SABs) as power supply modules, three
kinds of sensors, a microcontroller unit (MCU), and a specifically designed light-emitting diode (LED)
array as a health status visualization component [Figure 14A]"**. The HSSVS system is powered by
developed SABs, which achieved a maximum specific capacity of 148.10 mAh-g" and powered 120 LEDs for
over 8 h. In addition, the fabricated system could perceive a series of crucial human physiological indicators,
including pH levels, Na" concentration in sweat, and skin temperature. Furthermore, the standalone
HSSVS, when attached to the skin surface, validated the excellent potential for continuous visualization of
an individual’s health status during exercise.

In addition to LIG-based batteries, researchers have developed standalone soft skin electronics by
integrating LIG-based TENG as an energy collector and MSCs as energy storage. For instance, Zhang et al.
reported a porous LIG-based self-powered, wireless, and wearable sensing platform for intelligent health
management [Figure 14B]". The proposed sensing platform comprised LIG-based TENG for mechanical
energy harvesting, microsupercapacitor arrays (MSCAs) based on LIG for energy storage, and multimodal
biosensor arrays (including pressure, strain, temperature, ECG, and blood oxygen sensors) for biophysical
signals collection. The power supply based on LIG, which combined TENG with MSCAs to harness
mechanical energy from human motions for charging, demonstrates the capability to drive integrated
biosensors. The developed platform could record pulse waves, strain, temperature, ECG, blood pressure,
and blood oxygen from human skin, the monitoring results displayed in a mobile user interface, paving the
way for intelligent healthcare.
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Figure 14. Standalone LIGS?E for intelligent healthcare. (A) A SABs powered HSSVS for health management. Reproduced with
permission?*. Copyright 2023, Wiley-VCH GmbH; (B) LIG-based human motion-driven sensing platform for healthcare. Reproduced
with permission™”’.Copyright 2022, AIP Publishing; (C) A fully integrated gas sensing platform based on porous LIG/MXene
composites. Reproduced with permission'’. Copyright 2023, American Chemical Society. LIGS’E: LIG-based soft skin electronics; SABs:
sweat-activated batteries; HSSVS: health status sensing and visualization system; LIG: laser-induced-graphene.

Meanwhile, they developed a fully standalone gas sensing system based on crumpled LIG/MXene
composites, seamlessly integrating flexible, self-powered units with gas sensors [Figure 14C]". The self-
powered unit comprises a TENG, power management circuit, and MSCAs. The incorporation of LIG/
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MZXene composites holds the potential to enhance the performance of the sensing system by capitalizing on
the expansive effective triboelectric areas within TENGs, increased electrochemically active sites for
electronic charge storage in MSCAs, as well as improved gas molecule adsorption sites and charge transfer
processes for gas sensing. Besides, the island-bridge architecture design enabled the system to work under
complex mechanical deformations on human skin or clothing. The standalone system achieved wireless,
real-time, and continuous monitoring of the exhaled breath flow of the human subject, driven by the
integrated self-charging power unit.

Moreover, the island-bridge architecture design of the system enables its functionality even under intricate
mechanical deformations when applied to human skin or clothing. The standalone system accomplished
wireless and real-time detection of the exhaled breath flow of human subjects, facilitated by the integrated
self-charging power units. Typical LIG-based fully standalone systems for intelligent healthcare are
summarized in Table 7.

CONCLUSION AND OUTLOOK

Here, we showcase an overview of the recent developments of LIGS’E, including preparation methods,
device regulation strategies, and various applications in intelligent healthcare. Although they have achieved
rapid and booming advances, the LIGSE still faces potential challenges in practical applications in
intelligent health management.

Firstly, more attention is required on the LIG and device preparation. Though the conductivity of the LIG
has improved, it is still far from that of traditional electrodes. Thus, the conductivity and uniformity of LIG
should be enhanced, facilitating the development of large-scale soft skin electronics and the integration with
commercial MEMS modules. Profited from the facile preparation methods, the soft skin electronics with
multiple sensing modes is a promising direction. However, achieving precise decoupling and low crosstalk
among sensing elements is still an urgent challenge*'**\.

Then, the degree of intelligence needs to be enhanced, from hardware to software. Integrating multiple
sensing modes, wireless modulus, alarm elements, embedded algorithms, and the Internet of Things (IoT)
turns the devices into fully standalone systems as intelligent patches. This will establish solid remote
monitoring and timely feedback between users and doctors/hospitals. As for the software, artificial
intelligence (such as machine learning, deep learning, efc.) can facilitate data processing and overall
performance enhancement, especially for classification or diagnostics. In addition, suitable algorithm
selection can achieve a balance between sample size and calculation accuracy. The introduction of artificial
intelligence further facilitates the achievement of intelligent healthcare.

Due to the terminal objectives of soft skin electronics and intelligent healthcare in clinical application,
several essential points must be considered. The skin-interfaced devices should be comfortable, lightweight,
and have high integration. The device’s accuracy must be compared to clinical “standard” equipment/
machines. Finally, the performance of the devices should be assessed with extensive clinical cases,
improving their practical application capability.

We believe these challenges will be solved well with the endless efforts of scientists from different
disciplines, including materials/chemistry, MEMS, mechanics, biology, and computer engineering. The
high-performance and cost-effective LIGS’E will give intelligent healthcare a promising prospect, especially
for low-income regions.
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Table 7. Summary of typical LIG-based fully standalone systems for healthcare

LIG composites

(role)/substrate LIG-based elements Working performance Ref.
Au@LIG (S, E), MnO,@LIG  TENG, MSC, biosensors (pressure, strain, ~ Fully standalone system wirelessly measures pulse, strain, [124]
(E)/Ecoflex temperature, ECG, blood oxygen sensor)  temperature, electrocardiogram, blood pressure, and blood

oxygen
LIG/MXene (E)/Ecoflex TENG, MSC, gas sensor Monitoring of the exhaled human breath and the local air quality [47]
LIG (E), MnO,@LIG (E)/PI  SABs, biosensors (Na", pH sensor) Detection of physiological information: Na* concentration and [73]1

the pH level in sweat, skin temperature

LIG: Laser-induced-graphene; TENG: triboelectric nanogenerator; MSC: micro-supercapacitor; ECG: electrocardiography; Pl: polyimides; SABs:
sweat-activated batteries.
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