g@ Bio-Design and Manufacturing (2024) 7:517-547
2> https://doi.org/10.1007/542242-024-00300-7

REVIEW q

Check for
updates

Recent developments in selective laser processes for wearable devices
Youngchan Kim' . Eunseung Hwang' - Chang Kai? - Kaichen Xu3 - Heng Pan? - Sukjoon Hong'

Received: 27 November 2023 / Accepted: 2 June 2024 / Published online: 22 July 2024
© Zhejiang University Press 2024

Abstract

Recently, the increasing interest in wearable technology for personal healthcare and smart virtual/augmented reality appli-
cations has led to the development of facile fabrication methods. Lasers have long been used to develop original solutions
to such challenging technological problems due to their remote, sterile, rapid, and site-selective processing of materials. In
this review, recent developments in relevant laser processes are summarized under two separate categories. First, transfor-
mative approaches, such as for laser-induced graphene, are introduced. In addition to design optimization and the alteration
of a native substrate, the latest advances under a transformative approach now enable more complex material compositions
and multilayer device configurations through the simultaneous transformation of heterogeneous precursors, or the sequential
addition of functional layers coupled with other electronic elements. In addition, the more conventional laser techniques, such
as ablation, sintering, and synthesis, can still be used to enhance the functionality of an entire system through the expansion of
applicable materials and the adoption of new mechanisms. Later, various wearable device components developed through the
corresponding laser processes are discussed, with an emphasis on chemical/physical sensors and energy devices. In addition,
special attention is given to applications that use multiple laser sources or processes, which lay the foundation for the all-laser
fabrication of wearable devices.
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Introduction

The emergence of wearable devices can be attributed to
several key factors and global trends. Rapid advances in
microelectronics have enabled the creation of smaller, faster,
and more energy-efficient components that can be integrated
into a single device. Moreover, the demand for portable
devices and new forms of electronics has fostered the fab-
rication of electronics on flexible or stretchable substrates.
From the perspective of consumer demand, interest in health
monitoring has been increasing. This trend suggests that this
interest will continue in the future, as the percentage of
elderly people who require intensive and prolonged health
care is rapidly increasing in many countries. The outbreak of
the COVID-19 pandemic has also had a significant impact on
the interest in and adoption of wearable devices [1]. These
factors, as well as virtual reality (VR) and augmented reality,
have contributed to the emergence and proliferation of wear-
able devices in various sectors, from consumer electronics
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to health care. Therefore, the wearable technology industry
is expected to continue to evolve with ongoing innovations
and developments in response to changing consumer require-
ments and technological capabilities.

The fabrication of technologies developed for conven-
tional electronics and new types of electronics, such as
flexible, stretchable, and wearable devices, poses several
problems and limitations. The most glaring problem is that
conventional electronics often involve high-temperature pro-
cesses that cannot be used with the heat-sensitive flexible
substrates in wearable electronics [2]. These substrates may
deform, melt, or degrade at elevated temperatures, which
makes the application of traditional techniques challenging.
Functional materials [3] and novel structural designs [4] for
wearable devices have been keenly investigated. Conven-
tional fabrication technologies are often not fully compatible
with new materials, such as low-dimensional nanomateri-
als, and the frequent design changes that are inevitable at
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the early developmental stage also impose a burden on con-
ventional photolithography-based fabrication methods. To
address these challenges, researchers and engineers have
been developing new fabrication techniques that are tai-
lored to the specific requirements of wearable electronics.
We expect that the selective laser process will significantly
contribute to this.

Lasers are highly sought tools for material processing
because of their unique properties, such as monochromatic-
ity, high-energy density, and tunability. The laser process is
fundamentally a selective operation because it only affects
the areas irradiated by the laser. The laser-based control
of light sources enables the precise irradiation of a target
area. The ability to focus on a spot that is sized between a
few micrometers and several nanometers facilitates precision
machining [5]. This high-precision processing capability
facilitates complex designs and three-dimensional (3D) pro-
cessing [6], and it allows for the processing of various
materials through the choice of wavelengths based on the
optical properties of the target material [7]. Alternatively, the
selection of temporal pulse modulation can be achieved using
lasers ranging from continuous-wave (CW) pulses to ultra-
short pulses in the femtosecond regime [8]. Based on this,
selective laser processing can fabricate highly customized
devices through precise control of spatiotemporal responses.

Thus, laser-based material processing has been exten-
sively researched [9], whereas selective laser processing has
recently been adopted for the prototyping of wearable devices
at the laboratory scale [10, 11]. Therefore, we provide a
timely summary of the current advances in selective laser
processes for wearable devices and discuss future directions
in development. In this review, the research on selective
laser processing for wearable devices is divided into two
categories—transformative and conventional—as shown in
Fig. 1. Since the discovery of laser-induced graphene (LIG)
in 2014 [12], the number of publications related to the trans-
formative approach has rapidly increased. Consequently, the
transformative approach has become an indispensable laser
process for wearable devices; in-depth research into this
approach not only increases the types of applicable mate-
rials but also establishes new methods for creating more
complex multilayer devices. Furthermore, conventional laser
processes, such as micromachining, ablation, texturing, sin-
tering, synthesis, and annealing, for use in the fabrication of
wearable devices have been constantly evolving in tandem
with transformative approaches. For a more timely review
of the latest studies, we mainly focus on studies published
within the recent five years. Any research that involved a
vacuum environment was excluded.

Transformative laser process

The main difference between the aforementioned transfor-
mative approach and the conventional approach is mainly
whether the material is transformed or not. Conventional
laser processes such as laser texturing, ablation, and sin-
tering mainly focus on surface treatment, material removal,
or material adhesion. They do not result in conversion to a
new material, even though minor changes in the material
may occur. In contrast, the transformation process com-
pletely transforms the original material into a new material;
for example, a polyimide (PI) film is transformed into LIG
with completely different properties. These transformations
selectively impart properties to existing materials, thereby
enabling their functional application. This transformative
approach makes it easy to create flexible and biocompati-
ble electronic devices and can be used in the development of
wearable devices through the design optimization or conver-
sion of various materials. This section discusses how this
transformative approach can be used in various wearable
devices.

Design optimization

LIG has attracted significant interest in the field of wear-
able devices because of its excellent mechanical proper-
ties, electrical conductivity, 3D porous structure, and cost-
effectiveness. LIG is easily produced via thermal decompo-
sition and carbonization by subjecting a polymer material
to laser irradiation to induce a photothermal reaction [12].
Notably, LIG that is generated by a laser exhibits a variety
of shapes and chemical/physical properties, depending on
the laser processing parameters, including laser power [12],
working distance [13], hatch size, and spot size [14]. This
is because the photothermal reaction is affected by modulat-
ing the energy density delivered by the laser, which depends
on the laser parameters. The characteristics of LIG, which
vary depending on the laser processing conditions, enable
multiple functions in wearable devices. For example, recent
research has led to the development of a triboelectric nano-
generator (TENG) and a touch sensor using long-fiber LIG
(LF-LIG), which was achieved by controlling the working
distance of the laser [13] (Fig. 2a). LF-LIG demonstrates
excellent triboelectric properties owing to its larger sur-
face area and better energy generation functionality than
conventional LIG. Triboelectric properties enable the har-
vesting of energy by attaching a device to the skin and
harvesting electricity through simple contact. As shown
in Fig. 2b, an arc-structured LIG shape can be obtained
under high-temperature and low-pressure conditions using
a millimeter-sized laser spot, and a wave-like array LIG is
created by adjusting the hatch size. This structure is sensi-
tive to deformation due to stress concentration along a large
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Fig. 1 Overall classification of selective laser processes for wearable
devices: transformative and conventional laser processing. The pro-
posed fabrication methods result in multifunctional wearable devices

radius of curvature. Based on these properties of LIG, a foot
pad sensor was developed to monitor the user’s health status
using a piezoresistive sensor [14].

The properties of LIG can be enhanced by adjusting
laser parameters or through structural laser patterning in
one, two, or three dimensions. Various functional sensors
can be fabricated through the use of patterned LIG. Selec-
tive laser processing enables precise fabrication and complex
design patterning, thereby improving the entire device per-
formance through design optimization [15]. For example,
as shown in Fig. 2c, an LIG-based strain sensor fabricated
under the same laser processing conditions indicates that a
sensor with mesh patterns has better sensitivity to resistance
changes due to mechanical strain when compared to a sen-
sor without patterns [16]. In mesh pattern sensors, when the
pattern width is reduced, cracks are likely to form inside
the LIG, which causes the resistance to change dramati-
cally. Such ultrahigh-sensitivity strain sensors can detect
even fine pulses in the wrist and can be effectively applied
to skin-attached sensors that track real-time signals. More-
over, the use of complex patterns, such as circles, can make
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that can be used for human motion detection, energy harvesting, sweat
diagnostics, health monitoring, and real-time on-body operation

LIG a resistance-enhanced, flexible temperature sensor that
offers low-power consumption and stable performance [17]
(Fig. 2d). In addition, the patterning process can be applied
not only to two-dimensional (2D) patterning but also to 3D
shapes [18], including one-dimensional (1D) fibers that are
difficult to process [19, 20]. One-dimensional LIG fibers
can be assembled in many ways, such as in 2D nanosheets
or plates by taking advantage of their flexibility and thin
diameters, while retaining excellent flexibility, rigidity, and
lightness, unlike nanosheets having different dimensions.
These 1D LIG fibers can be used as multifunctional sensors
for various applications, including the detection of liquid and
the monitoring of airflow and respiration [20] (Fig. 2e).

In addition to the laser process parameters, the envi-
ronmental atmosphere can affect the properties of LIG. In
contrast to other process technologies, the laser process does
not require a specific environmental atmosphere because of
the rapid response of the laser [21]. However, it is also true
that different results can be obtained during the preparation
of LIG by changing the environmental atmosphere. In the



Bio-Design and Manufacturing (2024) 7:517-547

521

(b)

Millimeter-scale

Themu effect

Micron-scale
n

Ablatioh effect

o
e i
2
8}
2 i
'D‘
o}
£
2|
gi

()

Mesh pattern

-
-

Rectangle pattern

/ Laser direct [ ]
writing 1

160 | 4 Mesho

o
120 %

(RR)IR,
&
2

40

0 10 20 30
Strain (%)

...................

. Flexible LIG based
LIG after laser processing
temperature sensor

............................................

Fig.2 a Schematic illustration of the change in laser-induced graphene
(LIG) shape according to the adjustment in working distance. Scanning
electron microscopy (SEM) images of three different forms of LIG.
Reproduced from Ref. [13], Copyright 2020, with permission from The
Royal Society of Chemistry. b Schematic of the morphologies of LIG
depending on laser spot size (top left); schematic illustration of a wave-
shaped array LIG-based pressure sensor (top right); graphs of power
change in pressure sensor according to human movement (bottom).
Reproduced from Ref. [14], Copyright 2022, with permission from
Elsevier. ¢ Graph of relative change in resistance of the strain sensor
through LIG mesh patterning. Reproduced from Ref. [16], Copyright
2020, with permission from the American Chemical Society. d Process

work done by Li et al. [22], the properties of LIG, particu-
larly wettability, were tuned by changing the gas atmosphere.
The contact angle changed from 0° (superhydrophilic) in an
O; or air atmosphere to >150° (superhydrophobic) in Ar, Hp,
or SF¢. The reason behind the difference was estimated to be
the dissimilar surface morphology and chemical composition
of the LIG prepared in an altered type of gas atmosphere. It
was further proved that the performance of the LIG-based
application, in this case, the microsupercapacitor, was signif-
icantly affected by the detailed LIG preparation techniques.
In this regard, we predict that the examination and optimiza-
tion of other environmental conditions, including the gas
atmosphere, according to each application will become an
important topic for LIG.

In addition to its aforementioned tunability, LIG can be
converted to other materials and used to develop devices
having new functionalities. The 3D porous structure of LIG
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schematic of a circularly patterned LIG-based temperature detection
sensor. Reproduced from Ref. [17], Copyright 2020, with permission
from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. e Process
schematic of 1D LIG fiber (top): an image of LIG-enabled fiber elec-
tronics wire (bottom left); graph of respiratory monitoring performance
(bottom right). Reproduced from Ref. [20], Copyright 2020, with per-
mission from Elsevier. f Process schematic of a wavy-LIG strain sensor
(top); asample of a wavy-LIG strain sensor (bottom left): an SEM image
of LIG filled with silicon (bottom right). Reproduced from Ref. [18],
Copyright 2020, with permission from the authors, licensed under CC
BY 4.0

enables converting it to an elastomer substrate while main-
taining its shape through the complete penetration of the
liquid elastomer [18] (Fig. 2f). Thus, the LIG transferred
not only maintains its mechanical properties but also gains
flexibility and elasticity; thus, it can be used under high defor-
mation. Its 3D porous structure makes it flexible and allows
it to be shaped in different ways, which is beneficial for
wearable devices [23] and skin-attached sensors [24, 25] that
require elasticity.

Different native materials

In addition to PI films [26], other crosslinked synthetic
organic materials, such as colorless polyimide (cPI) [27],
polyamide-imide (PAI), and polyetherimide (PEI), can
undergo transformative laser processes for the fabrication
of graphene [28]. In addition to above-mentioned polymer

@ Springer



522

Bio-Design and Manufacturing (2024) 7:517-547

346 520 1040
d v

S ~ '
5101 4 FsLIG

| i Leaf
205 |

00—
200 400 600 800 1000 1200
Wavelength (nm)

Fig.3 a Schematic layout of the laser-scribed graphene (LSG)-based
single sensor. Reproduced from Ref. [33], Copyright 2020, with per-
mission from the American Chemical Society. b Left: an image of
laser-induced graphene (LIG) pattern on paper (reproduced from Ref.
[38], Copyright 2022, with permission from Elsevier); middle: images
of LIG pattern on silk (reproduced from Ref. [42], Copyright 2021,
with permission from Wiley-VCH GmbH); right: an image of LIG
pattern on cork (reproduced Ref. [39], Copyright 2022, with permis-
sion from the authors, licensed under CC BY 4.0). ¢ Process schematic
illustration of the production of LIG with leaves (top); light absorption

materials, synthetic organic substances such as graphene
oxide (GO) can be converted to reduced graphene oxide
(rGO) [29, 30] or LIG [31] through the laser scribing pro-
cesses. They have been used in flexible strain sensors [32]
and flexible pressure sensors [33] (Fig. 3a). Although the
above-mentioned industrially synthesized precursor materi-
als [34-37] have excellent mechanical and electrical prop-
erties, they often exhibit poor biocompatibility and pose
challenges to reusability, which renders them less environ-
mentally friendly. To address these problems, researchers
have recently shifted their focus toward developing LIG
using easily obtainable natural materials, such as paper
[38], cork [39], and lignin [40], and natural fiber mate-
rials such as cotton [41] and silk [42] (Fig. 3b). These
natural materials offer advantages such as high carbon con-
tent, easy obtainability from natural sources, and reusability.
As depicted in Fig. 3c, transforming natural materials into
LIG requires optimization of the laser specifications and
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spectrum of a leaf (bottom). Reproduced from Ref. [43], Copyright
2021, with permission from Wiley—-VCH GmbH. d Top: an image of
LIG pattern on Kevlar (reproduced from Ref. [53], Copyright 2022,
with permission from Elsevier); bottom: scanning electron microscopy
(SEM) images of LIG pattern on pristine and copper-coated Nomex
sheet (reproduced from Ref. [54], Copyright 2021, with permission
from the authors, licensed under CC BY 4.0). e Fabrication processes
of the polyether ether ketone (PEEK)-based smart glove and its detailed
SEM images. Reproduced from Ref. [56], Copyright 2022, with per-
mission from Elsevier

process conditions, because the photon energy absorption
rate depends on the material. For example, lignocellulosic
materials such as wood, paper, and textiles predominantly
reflect near-infrared (NIR) light and strongly absorb ultravi-
olet (UV) light [43]. Owing to these properties, the use of
laser wavelengths in the UV region has proved to be more
effective in LIG generation because it efficiently induces
photothermal reaction compared to NIR region [43]. Some
heat-sensitive natural materials, such as silk and paper, can
be carbonized via appropriate photothermal reactions to
form graphene; however, inappropriate laser conditions may
cause material damage. Consequently, careful optimization
is needed to ensure the safety of these materials [42]. Because
natural material-based LIG is highly biocompatible and cost-
effective, current studies are developing functional devices
that require biocompatibility [44] and mass production, such
as skin-attached patch sensors [45].
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Sensors having various functions can be created by pro-
ducing graphene using only natural materials. However,
better performance can be achieved by combining natural
and synthetic materials [46]. Composites of natural and syn-
thetic materials can be fabricated by mixing natural materials
with polymers such as polydimethylsiloxane (PDMS) [47],
aerosols [48], or GO nanosheets [49]. The mixture can then
be coated onto a substrate and solidified [50] or molded into
a fibrous membrane through electrospinning [51]. Films or
fibrous membranes produced from appropriate mixtures are
easily converted to graphene by promoting a carbonization
reaction by laser writing technology, owing to the high carbon
content of the natural material. When natural materials are
used alone, problems such as low mechanical strength, low
durability, or degradation by environmental factors such as
moisture [38] occur; however, when they are mixed with syn-
thetic materials, these problems can be overcome to achieve
improved performance and multifunctionality.

Researchers are actively investigating the production of
LIG-based wearable devices using advanced materials [52].
For example, Kevlar and polyvinyl acetate (PVA)/H3PO4
have been combined to create microsupercapacitors [53],
and a glucose sensor was developed by electroplating copper
onto a Nomex insulating sheet induced on graphene via a
laser [54] (Fig. 3d). Moreover, research is being conducted
on innovative LIG-based wearable devices using polyether
ether ketone (PEEK) [55], which is an engineering plastic;
through this research, products such as wearable gloves that
are capable of self-power generation and touch sensing are
being developed [56] (Fig. 3e). The optimal conditions and
wavelengths for the LIG formation from various materials
are summarized in Table 1.

Simultaneous material transformation

In addition to the facile preparation of LIG from various
organic materials, a composite configuration of LIG with
certain nanomaterials can be readily fabricated by intro-
ducing mixed organic precursors for simultaneous material
transformation [57, 58]. The composite precursors can be
prepared by blending nanomaterials with polymer bases
such as poly(amic acid) (PAA) [59] and polybenzimidazole
(PBI) [60] before solidification or by directly coating them
onto the substrate [61, 62]. Although the preprocessing is
somewhat different, the precursors eventually form planar
mixed films through coating and baking procedures to fur-
nish LIG/nanomaterial composites with a single scan of a
focused laser (Fig. 4a). Compared with the standalone use
of LIG, the resultant nanocomposite with new materials has
significantly better inherent performance [63] or unique char-
acteristics [64] that exceed the innate versatile functionality
of LIG [65]. The reported nanocomposites generally consist

of a heterogeneous structure with low-dimensional mate-
rials (LDMs) embedded in them; these LDMs are highly
recognized for their excellent properties [66], such as large
surface area, ultralight weight, high reactivity to surrounding
environments, and superior mechanical strength with flexi-
bility. Regardless of their morphological diversity, all types
of LDMs are compatible with selective laser processes for
simultaneous material transformation, including metal and
metal-oxide [67-69] nanoparticles (NPs) in 0D, carbon nan-
otubes (CNTs) [70] in 1D, and MXene nanosheets [71]in 2D
materials (Fig. 4b). These examples commonly use a single
laser source to produce composite structures with conductive
LIG channels and sensitive LDM nanomaterials for mechan-
ical/chemical sensors and energy devices.

Although laser-induced material transformation is primar-
ily a thermal process, the underlying heating mechanisms
depend on the laser output operational mode, which is repre-
sented by a CW or pulsed laser. Currently, ultrashort pulsed
lasers use a femtosecond (fs) repetition rate in pulse mod-
ulation, which minimizes heat transfer to the surroundings
during laser irradiation [72]. In ultrafast photonic dynam-
ics, when free electrons transfer energy to the lattice through
electron—phonon collisions [73] under single-pulse irradia-
tion, the target accumulates the generated heat through the
multiphoton absorption effect of the fs laser pulses [74]. In
contrast, the successive beam propagation of a CW laser gen-
erates a distributed temperature field, which is considered a
heat-affected zone, via a photothermal effect that extends
to the periphery of the irradiated spot through material
heat transfer [75]. Thus, the difference in the photothermal-
chemical reaction of each laser operational mode produces a
distinct micromorphology in the resulting LIG/nanomaterial
composite. As shown in Fig. 4c, the fs laser-processed area
has a uniform graphene structure with ZnO particles remain-
ing on its surface, whereas the CW laser-processed area
contains irregular microstructures with aggregated ZnO clus-
ters mixed into the carbon molecular skeleton. Therefore,
relatively smooth LIG surfaces, which are capable of NIR
light detection using the bolometric effect of graphene [76],
and embedded ZnO, which is used for UV light detection
through the photoconductive effect [77], facilitate the suc-
cessful implementation of a dual-mode photodetector (PD)
[78] (Fig. 4d). Notably, the introduction of multiple laser
sources has proved their ability to effectively tune the func-
tion of a device, which is further discussed for advanced
selective laser processes that are intended for all-laser tech-
nology.

However, mixing PI with stretchable organic substrates for
wearable applications is important for adapting the intrinsic
flexibility of substrates to brittle carbon products by com-
pletely integrating LIG into the substrate through concurrent
carbonization. One of the most promising substrates for LIG
integration is PDMS because its exceptional transparency,

@ Springer



524

Bio-Design and Manufacturing (2024) 7:517-547

Table 1 Optimal laser conditions for the formation of LIG in various materials

Type Materials Wavelength Processing conditions Reference
Synthetic materials P1I fabric 335 nm 20.5 mJ/cm?, 100 mm/s [19]
cPI film 450 nm 1750 mW, 100 mm/s [27]
GO 1030 nm 330 mW, 125 mm/s, pulse duration 220 fs [29]
PEEK 532 nm 2.4 W, 100 mm/s, 500 kHz [55]
Natural materials Paper 532 nm 100 mW, 10 mm/s [38]
Cork 1.06 pm 5.5 W, 17.8 mm/s [39]
Cotton 10.64 pm 0.6 J/mm? [41]
Silk 1064 nm 0.2 W, 30 mm/s, 20 kHz [42]
Leaf 346 nm 350 mW, 10 mm/s, 201.5 kHz, pulse duration 255 fs [43]
Hybrid materials Cellulose nanofiber 10.6 wm 3.6 W, 10 mm/s [46]
PDMS/lignin composite 355 nm 1.2 W, 40 mm/s [47]
RF aerogel 400-460 nm 3'W, 0.2937 mm/s [48]
Lignin paper 460 nm 460 mW, 303 mm/s [50]
Lignin/PAN fiber 450 nm 1 W, 100 mm/s [51]

LIG: laser-induced graphene; PI: polyimide; cPI: colorless polyimide; GO: graphene oxide; PEEK: polyether ether ketone; PDMS: polydimethyl-

siloxane; RF: resorcinol-formaldehyde; PAN: polyacrylonitrile
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Fig.4 a Schematics of processing steps for simultaneous material
transformation to obtain laser-induced graphene (LIG)/nanomaterial
composites. Reproduced from Ref. [60], Copyright 2022, with per-
mission from Elsevier. b Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of low-dimensional
(0D, 1D, and 2D) materials integrated into the 3D LIG structure. The
top one is reproduced from Ref. [69], Copyright 2022, with permission
from Elsevier; the middle one is reproduced from Ref. [70], Copyright

stretchability, and biocompatibility are ensured [79]. The
PI/PDMS composite with specifically designed LIG elec-
trodes exhibits adequate electrical properties and durable
mechanical robustness for use in skin-attachable strain sen-
sors [80, 81]. Furthermore, paper- and cloth-integrated LIG
circuits [82] show significant potential as functional building
blocks, such as packaging components and fabric fibers for
smart wearable electronics.
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2021, with permission from Elsevier; the bottom one is reproduced from
Ref. [71], Copyright 2023, with permission from the American Chem-
ical Society. ¢ Schematic and an SEM image illustrating the difference
between continuous-wave (CW) laser processing and femtosecond (fs)
laser processing. d Near-infrared (NIR) light and ultraviolet (UV) light
sensing mechanism of the fs laser-processed and CW laser-processed
surfaces. Reproduced from Ref. [78], Copyright 2023, with permission
from Elsevier

In conclusion, we have discussed the simultaneous mate-
rial transformation of the mother substrate, as well as
nanomaterial precursors to create functional LIG-based
nanocomposites with a single scan of a laser. Together with
the enhanced mechanical and chemical properties of the
resultant composites, simple variations in the laser source
or preprocessing methods produce novel characteristics for
advanced applications. Although the laser-induced simul-
taneous material transformation technique shows notable



Bio-Design and Manufacturing (2024) 7:517-547

525

outcomes for the fabrication of functional elements, the need
for the proper support for additional processing steps or the
manual implantation of supplementary units to design mul-
tilevel configurations for system-level wearable devices is a
considerable challenge. However, we expect that the integra-
tion of multiple laser-induced transformative processes may
be a breakthrough for the current challenges by direct writing
of functional layers as mentioned above.

Consecutive multilayer configuration

Based on precisely patterned LIG layers, functional multi-
layers are assembled by consecutively stacking on-demand
materials to satisfy the requirements for successful device
operation. In the simplest cases, the LIG pattern func-
tions as a conductive electrode or multifunctional element,
and the applied functional materials are responsive to the
intended stimuli, whereas the encapsulation layers are selec-
tively added to protect the entire system if needed. The
well-known applications are energy devices, environmen-
tal sensors, and health monitoring systems with selected
biocompatible materials, as listed in Table 2. The aforemen-
tioned research highlights the flexibility and stretchability of
the demonstrated devices as a proof-of-concept for wearable
applications and the guaranteed scalability of the LIG-based
multilayer configuration for extra components, including
electronic and mechanical systems.

More advanced attachable sensing devices feature highly
sophisticated multilayer circuit configurations for use in
multimodal sensor networks and wireless communication.
Figure 5a shows a flexible plant growth monitoring sys-
tem that comprises a temperature sensor, an optical sensor,
and two humidity sensors for the real-time measurement of
environmental temperature, light irradiation intensity, and
humidity [103]. The screen-printed Ag and LIG electrodes
functionalize each sensor, when combined with ZnIn,S4
(ZIS) nanosheets or SnO,/CNT films, and work as con-
ductive channels to interconnect the electronic elements.
Because of the cellular structures of the porous LIG elec-
trodes, which are depicted in the detailed schematic of the
integrated device, the active humidity sensing of ambient
humidity and leaf transpiration are monitored owing to the
absorption and desorption of water molecules (Fig. 5b).
Another advantage of the fully integrated sensing chip sys-
tem is the improved applicability in versatile multiscenario
situations. A Ag/MXene sponge incorporated into the LIG-
based interdigitated electrode enables a fully integrated
wireless pressure-sensing chip system comprising a flexible
printed circuit board with various electronic chip compo-
nents, including capacitors, resistors, and data transmission
antennas [104] (Fig. 5c). Figure 5d depicts the applica-
tions of the proposed attachable pressure sensor in different
scenarios, such as fruit cultivation, joint movement, and

pulse signals that show promise for next-generation wear-
able devices.

Beyond the progress of functional electronic circuit
designs, the implantation of individual rigid systems on
wearable scaffolds, implemented through the selective pat-
terning of LIG on flexible PI films, enables a high level of
biomedical signal analysis. For example, a heterogeneous
combination of narrowband vertical-cavity surface-emitting
lasers (VCSELSs) and a Si PD unit on a flexible Au-LIG
hybrid electrode formed an epidermal biocompatible opto-
electronic sensor for health monitoring [105] (Fig. 5e). On
the surface of the skin, VCSELs emit lasers in separate wave-
lengths that are reflected to the PD after passing through
a blood vessel, which gathers health data from the wearer,
such as blood oxygen level and pulse rate (Fig. 5f). More-
over, for reliable medical diagnostics through the analysis of
human sweat, composite data containing multiple chemicals
in human sweat are required, whereas conventional wear-
able sweat sensors cannot provide valuable detection because
studies have only focused on proof-of-concept designs rather
than considering the practical applications. For the scalable
and accurate use of the sweat sensor, a microfluidic chamber
is installed to supply consistent and uncontaminated sweat
volumes to the LIG-based sweat sensor, thereby enabling
continuous multisubject analysis of both sweat metabolites
and electrolytes [106] (Fig. 5g). As shown in Fig. 5h, the real-
time responses of the on-body glucose, lactate, and sodium
levels were investigated during cycling to monitor physical
state of the wearer. These reports emphasize the need for con-
secutive multilayer configurations in basic LIG electronics
for feasible applications in wearable devices by introducing
functional materials, advanced circuit designs, and adaptable
systems.

The consecutive multilayer configuration method rein-
forces the functional elements of devices and evades innate
mechanical fragility. This offers unrivaled capabilities for
wearable technologies. Recent studies continue to validate
the effectiveness of multiple integrations of LIG with the fol-
lowing components: specifically designed electronic circuits
and encapsulation layers [107], stretchable elastomeric sub-
strates, and dielectric functional materials [108]. In summary,
the major advantage of LIG in the multilayer film system is
unlimited scalability; this is achieved by establishing a basic
integrative platform with multifunctional variability that can
consolidate diverse units to fully configure system-level stan-
dalone devices.

Conventional laser process
As discussed in the preceding sections, transformative

approaches, including LIG, have initiated a new and sig-
nificant research direction and have successfully generated
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Table 2 Representative applications of multilayered laser-induced graphene (LIG) devices

Type Multilayered materials Application Reference
Energy device Poly(3,4-ethylenedioxythiophene) Supercapacitor [83]
(PEDOT)
Phosphor Cu Supercapacitor [84]
Glucose dehydrogenase- Biofuel cell [85]
bilirubin oxidase
Graphene oxide (GO) Triboelectric nanogenerator (TENG) [86]
Reduced graphene oxide (rGO) Pressure sensor-integrated TENG [87]
Mechanical and chemical sensors Co nanoparticles Strain sensor [88]
Ag electrodes with Strain sensor [89]
kirigami design
GO Humidity sensor [90]
Pd/HNb3Og Humidity sensor [91]
MoS, Gas sensor [92]
Polydimethylsiloxane (PDMS) Moisture-resistant gas sensor [93]
Skin-interfaced monitoring system ZnlnySy4 (Z1S) Skin moisture [94]
sensing
Functional polymer layers Sweat sensor [95, 96]
Embedded metal nanoparticles Sweat sensor [97-102]

numerous research outcomes. The inherent versatility of LIG
has been proved, and it has been applied across various
fields. As outlined earlier, various research activities, such
as design optimization, raw material exploration, and the
introduction of additional materials, are being undertaken
to further expand the potential application and performance
of LIG. However, a wearable device may consist of multiple
components that may have sophisticated the fabrication of
multilayer structures. The transformative approach may pro-
vide a solution to specific constituent elements; however, LIG
alone is not sufficient for the complete fabrication of a whole
device. In this regard, existing laser processes have also con-
sistently advanced with the development of wearable devices.
These methods are categorized as conventional approaches
because they involve laser processes that were established
before the emergence of the transformative approach. They
can be further categorized into subtractive approaches, where
the material is removed from the investigated area by lasers,
and additive approaches, where material is generated in a
designated region through laser-induced processes. Laser
texturing includes methods that specifically focus on sur-
face processing and involve both additive and subtractive
approaches. Laser processes that are difficult to categorize
within these defined categories are summarized in a separate
section.

@ Springer

Laser ablation/machining

The selective removal of materials using lasers has dis-
tinct advantages over other standard techniques of fabri-
cation, particularly for unconventional materials [9] hav-
ing complex compositions or other emerging materials
that require rapid prototyping for proof-of-concept wear-
able devices. Thus, laser ablation is an effective pattern-
ing scheme for low-dimensional nanomaterials and their
nanocomposites that have been extensively investigated as
constituents in flexible and stretchable applications. Nano-
materials and nanocomposites have been recently introduced
and include Cu-Au core—shell nanowires (NWs) [109],
Ti3C, — MXene [110], poly(diallyldimethylammonium
chloride) (PDDA)-modified rGO with exfoliated TizC, Ty
[111], poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) with aramid nanofibers [112], mul-
tiwalled carbon nanotube (MWCNT)/PDMS composites
[113], and MWCNT-MnO; films [114], which are now com-
patible with laser patterning techniques using conventional
ablation mechanisms. Most of these new materials can be
removed at a microscale resolution with clean boundary fea-
tures and minimal damage to the underlying substrate when
laser parameters are optimized, as shown in Fig. 6a. The
modifiable thickness by ablation is on the order of about
100 nm for the NW percolation network membrane [109], yet
laser ablation is compatible with a considerably thicker target
layer, even up to several hundreds of micrometers [111]. The
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Fig.5 a Schematic and a digital image of a flexible plant growth
monitoring system. b Detailed configuration of the multimodal plant
healthcare flexible sensor system. Reproduced from Ref. [103], Copy-
right 2020, with permission from the American Chemical Society.
¢ Multilayered integration of the attachable strain sensing system.
d Multifunctional applications of sensor chip and wireless communi-
cation. Reproduced from Ref. [104], Copyright 2021, with permission
from The Royal Society of Chemistry. e Complete configuration of a

as-prepared patterned layer often undergoes additional pro-
cessing, such as electroplating [ 114], transfer to other thermal
plastic films [111], or direct attachment to the human body
[109], for use in electrophysiological sensors that monitor
human motion or as energy sources for the standalone oper-
ation of other wearable devices.

Facile patterning enabled by laser ablation makes possi-
ble rapid design changes, which also results in changes in
device performance, as was observed for a microsuperca-
pacitor with electrodes connected in parallel and in series
for different working voltages [112]. The working voltage
can also be changed by applying a laser process to the elec-
trolyte layer instead of modifying the electrode design [57].
In addition to its patterning capability, laser ablation has
advanced in multiple directions. Laser ablation can affect the
performance of the resultant device even without a design
change, as confirmed by a study on the laser ablation of
MWCNT/PDMS composites [113]. The cross-sectional mor-
phology of a laser-ablated sample, and hence the resultant
conductive network, was adjusted through the laser condi-
tions used for the ablation process, which was also closely
related to the gauge factor of the final strain sensor (Fig. 6b).

1000 1500 2000 2500 0
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500 1000 1500 2000 2500
Time (s)

600 800

Time (s)

1000 1200

skin-interfaced optoelectronic device. f Schematic of the blood oxy-
gen sensing mechanism. Reproduced from Ref. [105], Copyright 2022,
with permission from the American Chemical Society. g Digital images
showing the design of a microfluidic chamber and its integration with a
patterned laser-induced graphene (LIG) sweat sensor on polyimide (PI)
film. h Real-time on-body monitoring of glucose, lactate, and sodium
levels during cycling. Reproduced from Ref. [106], Copyright 2023,
with permission from the American Chemical Society

An in-depth study of other specific ablated targets, such
as graphene films having 6-8 layers [115], also demon-
strated that different ablation patterns may result in distinct
working mechanisms for different uses in device fabrication.
The number of applicable materials is continuously increas-
ing; applicable materials now include uncommon microbial
conductive biofilms such as Geobacter sulfurreducens for
electricity generation from water evaporation [116]. From
the perspective of applications, thin-film thermoelectric (TE)
generators and stretchable batteries have been developed by
patterning TE materials in a zigzag pattern [117] and sep-
arating lithium titanium oxide (LTO) anodes and lithium
iron phosphate (LFP) cathodes into independent microscale
square arrays [118] (Fig. 6¢) based on the site selectivity
of the direct laser ablation technique. These studies have
successfully broadened the range of laser-enabled wearable
energy devices and have focused mostly on microsuperca-
pacitors.

Although laser ablation is increasingly being used on new
materials, the mechanism behind it remains ambiguous and
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Fig.6 a Clean ablation of poly(diallyldimethylammonium chloride)
(PDDA)-modified reduced graphene oxide (rGO) with exfoliated
Ti3CoTy. Reproduced from Ref. [111], Copyright 2022, with
permission from Elsevier. b Gauge factor of multiwalled car-
bon nanotube/polydimethylsiloxane (MWCNT)/PDMS with different
MWCNT contents processed at various laser powers. Reproduced
from Ref. [113], Copyright 2020, with permission from Elsevier.
¢ Discharge/charge voltage profiles of laser-processed stretchable bat-
tery in different stretched states (right: scanning electron microscopy
(SEM) images of stretchable lithium titanium oxide (LTO) electrodes
under different strains). Reproduced from Ref. [118], Copyright 2022,
with permission from Elsevier. d Schematic illustration of the suc-
cessive laser pyrolysis (SLP) process for PDMS micromachining.
e Cross-sectional and top-view SEM images of PDMS after SLP

involves diverse interactions and feedback between the inci-
dent light and the target material [9]. In contrast, recent stud-
ies on the laser micromachining of specific substrates have
described attractive two-step approaches that incorporate a
transformative step before the removal of material. It remains
unclear which class of substrate is compatible with the corre-
sponding approach; however, meaningful results have been
observed for PDMS and PI, which are both valuable materi-
als for wearable device applications. Note that conventional
laser ablation techniques are still extensively used for the rel-
evant polymer materials [119] to create various on-demand
patterns, including quasi-3D patterns [120—122] and rapid
prototypes of user-defined microfluidics channels [123, 124].
However, owing to difficult-to-control ablation phenomena,
conventional laser ablation using a pulsed laser generally
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micromachining. Reproduced from Ref. [126], Copyright 2020, with
permission from the authors, under exclusive license to Springer Nature
Limited. f Force—strain curve of laser-induced graphene (LIG) spring
created by the pyrolytic jetting process. Reproduced from Ref. [128],
Copyright 2023, with permission from the authors, licensed under CC
BY. g Contact angles of an EGaln droplet on a polyvinyl acetate (PVA)
surface before and after laser texturing. Reproduced from Ref. [141],
Copyright 2020, with permission from the American Chemical Society.
h A surface-enhanced Raman spectroscopy (SERS) sensor on laser-
textured copper film (left: schematic of the evaporation process; right:
Raman spectra of rhodamine 6G (R6G) at different concentrations).
Reproduced from Ref. [149], Copyright 2022, with permission from
the American Chemical Society

yields poor surface quality with residual burrs and debris
around the processed area, even with ultrashort lasers [125].
In contrast, a recently developed patterning technique for
PDMS [126] uses seamless photothermal pyrolysis con-
ducted using a CW laser, which converts PDMS into SiC
along the laser scanning path. Although PDMS is highly
transparent at visible wavelengths, a 532 nm green laser is
used to induce selective pyrolysis with the aid of successive
laser pyrolysis (SLP), which relies on an iterative change in
laser absorption and a subsequent increase in heat transfer to
the vicinity upon the conversion of PDMS to SiC. The resul-
tant SiC is then simply removed using mechanical methods,
such as ultrasonication, to complete the nonablative PDMS
machining process, as shown in Fig. 6d. The resultant PDMS
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after machining does not exhibit an exceptional surface mor-
phology (Fig. 6e) but retains its original surface chemistry,
which is essential to customizing organ-on-a-chip appli-
cations. The nonablative micromachining technique for PI
substrates [127] holds equivalent problems to that of PDMS,
but two major differences are observed. The product created
from the laser-induced pyrolysis of PI is LIG, which can be
exfoliated spontaneously from the original matrix owing to
the intensive gas emission at the laser spot under scanning.
This “pyrolytic jetting” technique not only enables direct
micromachining of the PI substrate but can also be used to
create 3D LIG helical springs [128] (Fig. 6f) through a minor
experimental modification, which is expected to be useful
for multifunctional electromechanical systems, as confirmed
from its strain—force characteristics.

From a practical perspective, laser equipment has become
more widely available and has emerged as an efficient tool
for rapidly creating proof-of-concept wearable devices. Con-
sequently, the use of laser machining continues to increase,
even on conventional materials. For instance, the laser abla-
tion of Cu thin films to achieve specific patterns, e.g., a
serpentine pattern, enables rapid feasibility testing of stretch-
able wearable applications such as thermo-haptic devices
[129] and multispectral active cloaking devices [130]. We
also found an indirect application of Cu as a mold after it
was laser machined into microcone cavities for a sensitivity-
tuned pressure sensor [131]. In addition to these activities,
the laser process has been integrated with different types of
industrialized materials for wearable applications, such as
denim fabrics [132] and textiles [133], for automated, data-
driven mass production of real-world wearable devices. In
a recent study, the authors created a multifunctional sensor
on nylon textile by functionalization with GO via a two-step
wet process and selective laser reduction while consecutively
integrating Ag NPs into the resultant rGO/textile composite
through laser-driven photoreduction to obtain antibacterial
properties [134]. Meanwhile, theoretical and experimental
studies on the development of novel methods for the laser-
selective removal of multilayer materials are actively being
conducted [135].

Laser texturing

Laser texturing can be applied to manipulate diverse physical
and chemical properties, including optical [136], electri-
cal [137], and mechanical characteristics [138], as well as
biological compatibility [139]. However, laser-induced wet-
tability control and laser-enabled surface-enhanced Raman
spectroscopy (SERS) templates are two areas in which sig-
nificant developments, from the perspective of wearable
technology, were presented after 2020, due to the emer-
gence of highly sensitive chemical and molecular sensors
for the wearer. In particular, laser texturing is a facile and

effective method for changing the wettability of a target
material by modifying its surface properties [140]. Recent
studies have shown that laser-induced wettability control
enables the direct patterning of liquid metal without injecting
the fluid into a predefined microchannel, which is the most
widely used method for fabricating EGaln-based stretchable
devices. When fs laser microfabrication was used on a PVA
substrate, a supermetalphobic area based on a porous network
of micro/nanostructures was created [141, 142], whereas the
functional groups of the PVA remain unchanged. Owing to
their modified surface morphology, the oxide layer of EGaln
and PVA, which was originally in Young’s state, changed to
the Cassie state with a contact angle of 162.5°, as shown in
Fig. 6g. Consequently, EGaln was printed only on the pristine
PVA without laser texturing upon brushing. An additional
advantage of the resultant EGaln electronics is that the cir-
cuit can be repaired or even reconfigured via rebrushing the
EGaln droplets. Wettability control by laser texturing can
also provide new functionality or enhance the performance
of the final device, as was observed for the texturing of a
double-sided micropyramid on PDMS using a laser [143].
Laser-induced surface texturing enables the patterning of a
functional layer, without changing its wettability, using a
polyethylene (PE) film as a supplementary layer to create
grooves in the target substrate [144]. Laser texturing is also
compatible with other laser processes; by applying laser tex-
turing to LIG, a nonstick conductive structure for Galinstan
droplets by nonwetting characteristics was created to develop
a tilt sensor that could distinguish various slanting orienta-
tions [145].

Surface texturing can be crucial for some applications;
a representative example is SERS, which enables the high-
precision detection of target molecules [146, 147]. SERS
techniques are expected to be vital for wearable healthcare
devices and sensors for real-time diagnosis and the detection
of potential threats. Recent studies have shown that laser tex-
turing enables the successful fabrication of efficient SERS
templates. Because a sensitive SERS template should be
able to acquire Raman signals from a highly diluted solu-
tion, the coffee-ring effect after evaporation of containing
liquid should be suppressed by controlling the contact angle
(CA) and sliding angle within the appropriate ranges, which
is achieved using the fs laser texturing of an AISI304 stain-
less steel sheet by creating nanoscale rough surface [148].
A more advanced version of the wearable SERS template
was created on a 0.1-mm Cu foil by creating superhydropho-
bic/superhydrophilic hybrid structures with micropores at
their centers using a laser to precisely deposit the target mate-
rial at the designated area, as shown in Fig. 6h [149]. The
resultant SERS template was able to detect target molecules,
even at the attomolar level, and demonstrated the great poten-
tial of selective laser texturing techniques for highly sensitive
biosensors. Furthermore, the facile and robust laser-enabled
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SERS platform was implemented as single-step laser pat-
terning to integrate plasmonically active Ag clusters into
a flexible polymer [150]. The resultant platform success-
fully detected subtle changes in its vibrational spectrum after
being functionalized with 4-nitrobenzenethiol and exhib-
ited superior resilience against mechanical disturbances.
The major advantages of laser-enabled SERS platforms are
that laser texturing is compatible with irregular substrates
and additional processing. This confirms that selective laser
processing introduces new possibilities for on-demand mul-
tifunctional SERS platforms [134].

Sintering and synthesis

As mentioned in the previous section on laser
ablation/machining, nanomaterials are an important class of
materials for use in wearable devices. Laser technologies,
such as sintering and synthesis, have been investigated in
relation to the efficient use of these materials in additive
processes [11]. Owing to the large surface area exhibited
by nanomaterials, noble metals—Ag NPs and NWs in
particular—have been the focus of research due to their
noncorrosive and nonoxidative characteristics, and a con-
siderable portion of the recent research can be considered an
extension of this trend [151, 152], which is supported by their
originality. To date, most laser processing has been applied
to flat surfaces, even for flexible and stretchable applications;
however, Ag NP laser sintering has recently been conducted
on different types of substrates, such as polyvinylidene
fluoride (PVDF) monofilament fibers, having circular cross
sections [153]. Moreover, donor and acceptor substrates can
be differentiated to increase the type of polymer substrates
that are applicable to the laser sintering process [154].
Laser sintering has also become more compatible with
advanced applications such as data-driven motion sensors
and multifunctional skin electronics [155, 156]. In addition
to this overall progress, selected publications representing
two different development perspectives will be introduced
as follows: the modification of the sintering process and the
introduction of additional emerging materials.

Laser sintering has been applied to various metal NPs,
and analogous reductive sintering processes have also been
reported for several metal-oxide NPs, such as CuO and NiO
NPs, thereby enabling the facile generation of electrodes at
the microscale. Thus, monolithic laser reductive sintering
(m-LRS) was proposed by making a minor change to the
reductive sintering process of NiO NPs [157]. Hatch scanning
is generally used to fill in a designated area to create a planar
electrode; however, several scanning lines were intention-
ally skipped during the hatch-scanning procedure to create
a NiO channel between the two Ni electrodes, as shown
in Fig. 7a. Consequently, a Ni-NiO-Ni structure was cre-
ated to produce a negative temperature coefficient (NTC)
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thermistor (Fig. 7b). This resistance response is different
from the typical temperature dependency of the Ni electrode,
which exhibits a positive temperature coefficient of resis-
tance. Interestingly, the B-value of the resultant Ni-NiO-Ni
structure was calculated to be 7350 K and as high as 8162 K
near room temperature. These values are among the highest
sensitivities for thermistor-based temperature sensors, and
such superior sensitivity may be attributed to the rapid ther-
mal annealing at the NiO channel, which results in decreased
nickel vacancies. The demonstration of Ni-NiO-Ni as a
wearable epidermal temperature sensor demonstrates the
contribution of the m-LRS process to the development of
ultrathin wearable, flexible devices.

Among the relevant materials, EGaln has been favored
for laser sintering. First, the liquid metal is prepared as a
discrete droplet that is compatible with the laser sintering
scheme [158]. In droplet form, the liquid metal can be directly
patterned onto the target substrate; however, Ag NWs have
been introduced in addition to enhanced adhesion between
the target material and tunable electrical properties [158].
EGaln particles (EGalnPs) with Ag NW additives (AgNWs-
EGalnPs) form a stable film when the vacuum filtration and
transfer method are used, whereas EGalnPs alone result in
a poor-quality film. The as-prepared Ag NWs-EGalnP film
is composed of physically mixed EGalnPs and Ag NWs, but
their level of entanglement can be controlled by subsequent
laser irradiation. This entanglement structure creates a strain-
insensitive electrode, which is crucial for wiring purposes
and freestanding patterned liquid metal thin-film conduc-
tors (FS-Galn) [159]. Another study further confirmed that
a freestanding liquid metal-AgN'W composite thin film can
be useful as an electrical connection between the chip and
conductor [160], but mechanical disorder of stiff chip and
stretchable conductor remains a major limitation for wear-
able devices. When the prepatterned freestanding stretchable
soldering sticker (STicker) is soldered between the two con-
ductors, the corresponding sticker can be stretched up to
5 mm, as shown in Fig. 7c.

Considering these developments, laser sintering is becom-
ing amature technology thatis now compatible with wearable
devices of higher complexity. A representative example of
this trend is the Ag NW and thermochromic liquid crystal
(TLC)-based artificial chameleon skin (ATACS) [161], which
was recently developed for the rapid coloration of skin into a
surrounding habitat with diverse colors, as shown in Fig. 7d.
A closer examination of its structure reveals that the device
is composed of dense multilayers connected via the laser sin-
tering of Ag NPs. For a more site-specific, locally confined
use of nanomaterials, laser-induced synthesis has been inves-
tigated for multiple NWs on flexible substrates [162]. For
wearable device applications, two different types of NWs,
p-CuO NW and n-ZnO NW, have been consecutively syn-
thesized using a laser-induced hydrothermal growth scheme
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to create a highly efficient UV microphotodetector compared
with homojunction of CuO-ZnO structures [163]. Moreover,
efforts continue to synthesize new target materials, such as
SiC [164] and Pd-WO3-xH,O microwire [165].

Others

Lasers are flexible tools that enable various photothermal,
photochemical, and photophysical reactions. Consequently,
the use of lasers has been continuously increasing in recent
studies. Recent examples that are relevant to wearable
devices include indium zinc oxide (IZO) annealing [166],
the curing of water-soluble polymers [167], sol-gel transition
[168], metal textile welding [169], cP1lift-off [170], and pho-
toresist (PR) patterning [171]. In many studies, lasers simply
provide a facile substitute treatment for the conventional
method compared with that fabricated by other processes,
while also providing improved performance. Figure 8a
shows the photocurrent density of hematite nanorod (NR)
photoelectrochemical cells as a function of the applied poten-
tial after different annealing processes. Thermally annealed
hematite NR (TAHN) exhibits inferior performance to laser-
annealed hematite NR (LAHN), even at a high annealing
temperature of 800 °C. This study proved that the laser tech-
nique is an alternative to the conventional counterpart and
has the potential to significantly improve the resultant device
performance.

permission from Wiley—VCH GmbH. d A biomimetic chameleon soft
robot (left: Ag NW and thermochromic liquid crystal (TLC)-based arti-
ficial chameleon skin (ATACS) patch in operation; right: configuration
of multilayered ATACS). Reproduced from Ref. [161], Copyright 2021,
with permission from the authors, licensed under CC BY 4.0

Innovative laser processes are continually being reported,
and some selected works that are relevant to wearable devices
are summarized in this section. One specific form of material
that is valuable for wearable devices is fibers for fabrics and
textiles, and the thermal drawing technique (Fig. 8b) enables
the integration of multiple elements such as tin selenide
(SnSe) TE material into an arbitrary fiber. In contrast, the
performance of the as-prepared TE fiber as a TE device is
unsatisfactory because of its polycrystalline nature. Thus, a
laser is an appropriate tool for inducing the continuous crys-
tallization of a thermally drawn fiber into a single-crystal
SnSe fiber [172]. Laser crystallization successfully improved
the ZT value of single crystal to 2, as shown in Fig. 8c,
which is comparable to the best ZT value for bulk TE mate-
rials. In addition, the mechanical properties of the SnSe
fibers were compatible with wearable device applications.
Similarly, laser photothermal reactions can produce unique
results, depending on the material under consideration, and
are often accompanied by additional processes or specific
configurations. For Cu NWs, laser oxidation/reduction is
combined with wet oxidation to achieve a reversible selec-
tive laser-induced redox (rSLIR) cycle, which successfully
creates a multispectral monolithic PD that exhibits unique
responses to RGB signals (Fig. 8d). Regarding the specific
configuration, the laser-induced photothermal reaction at the
PI/PDMS interface revealed that adhesive-free bonding may
occur because of the enhanced mechanical interlocking at the
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Fig. 8 a Photocurrent density of photoelectrochemical (PEC) cells after
thermal and laser annealing. Reproduced from Ref. [175], Copy-
right 2020, with permission from the American Chemical Society.
b Schematic illustration of thermal drawing and laser crystallization
of SnSe fiber. ¢ Thermoelectric figure of merit ZT value of poly- and
single-crystal SnSe fibers and their mechanical properties. Reproduced
from Ref. [172], Copyright 2020, with permission from WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. d Diagram of the reversible

microscale [173]. Laser irradiation of PEDOT:PSS [174], in
contrast, reveals that phase separation occurs to separate the
connected PEDOT-rich and PSS-rich domains, as shown in
Fig. 8e, which results in a highly conductive water-stable
hydrogel. These latest studies suggest that laser processing
is not only useful for wearable devices but can also enable
innovations in bioimplantable devices.

Applications

In the previous section, we discussed the latest develop-
ments in selective laser processes for wearable technologies
by focusing on the patterning of multifunctional LIG with
compatible nanomaterials, the integration of sophisticated
electromechanical systems to fabricate advanced functional
devices, and the use of conventional laser techniques for fea-
sible industrial applications. Several technologies intended
for wearable applications have been achieved—at least to
the proof-of-concept level—through the corresponding laser
processes. The two most important categories of these
laser-enabled wearable applications are sensors and energy
devices, which indicates that the primary goal of wearable
devices is to detect human motion and physiological data in
aremote, self-operative manner. The latest research on these
sensors and energy devices is summarized in the tables in
terms of the relevant laser process, laser source, materials of

@ Springer

» Sy
PSS-rich domain—". ¥ e @\,‘;&\?&w
N\~ Beggn
/ & S

-
PEDOT core-PSS shell 2 Bhase o ®
phase distribution \ separation

©) =
—o— Single
Unstressed

15 |~ Stressed /
P /

N 0 1 2

3
Deflection (mm)

| —— 700pm, E=1058GPa
400 pm, E=80.8 GPa

300 400 500 600 700 800 900

Temperature (K)

Cross-section view 1200

[ Dried state

" Laser-induced phase separation :
B 2 P"”S'""“'CQNP B Hydrated state (24-h swelling)

of PEDOT:PSS (LIPSP) heatini
Connected

_PEDOT-rich domain| - @ 900

@
=]
S

Conductivity (S/cm)

® [ Cross-section view

w
o
o
3

Surface PSS
ablation

Pure PA1 PA5 PA10PA 20
PEDOT

selective laser-induced redox (rSLIR) cycle and photocurrent level for
different laser-enabled material configurations. Reproduced from Ref.
[176], Copyright 2022, with permission from the authors, licensed under
CC BY 4.0. e Schematic illustration of the laser-induced phase sep-
aration of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) and its electrical conductivity in the dried and hydrated
states. Reproduced from Ref. [174], Copyright 2022, with permission
from the authors, licensed under CC BY 4.0

concern, and resultant performance. Sensors can be subcate-
gorized as chemical sensors, which analyze components such
as body fluids or monitor the surrounding environment for
gasses and humidity (Table 3), and physical sensors, which
respond to other factors such as strain and pressure (Table 4).
Energy devices include energy harvesting devices, such as
TE devices and TENGs, and energy storage devices, such as
supercapacitors and batteries (Table 5).

Furthermore, emerging all-laser fabrication strategies,
which are considered the ultimate goal of selective laser pro-
cesses by encompassing the broad advantages of individual
laser-based methods, are important for their notable impact
on systematic laser processing in wearable device configura-
tions. In this section, several advanced system-level studies
are categorized into two representative methods: multistep
laser processing by sequentially combining laser processes
and multilaser processing through the use of separate laser
sources.

Multiple laser processes

With no complicated mechanical machining or restrictive
chemical treatments, the all-laser-driven fabrication method
successfully delivers useful outcomes that can replace time-
consuming procedures and toxic chemicals. As an example,
the sequential fabrication of an on-body sweat sensor, a resis-
tive temperature sensor, and a piezoresistive strain sensor



Bio-Design and Manufacturing (2024) 7:517-547 533
Table 3 Chemical sensors
Application Laser process Laser source Materials Performance Reference
Sweat sensor ~ LIP 450 nm laser Paper Sensitivity: 0.08 [82]
pA-pM~lem—2;
LOD: 0.14 pM
LIP CO; laser PI film Sensitivity: 2040 [101]
nA-mM~! .cm™~2;
LOD: 0.29 uM;
Linear range: 0.5-1666 uM
LIP CO, laser Metal + LIG composite Linear range: 1-100 wM; [102]
LOD: 0.47 uM
LIP and laser cutting CO; laser PI film Sensitivity: 2.47x 1073; [106]
LOD: 220 uM;
Linear range: 0.22-28 mM
LIP and laser ablation CO, laser PI film + multilayer Sensitivity: (UA) [177]
3.50 pA-pM~1 em™2; (Tyr)
0.61 pA-pM~l.ecm=2
Laser engraving 800 nm fs laser PEDOT:PSS + carbon Sensitivity: 0.875 [124]
},LA~I.1M71 ~cm*2;
LOD: 1.2 uM;
Linear range: 2-250 pM-L~!
Laser engraving CO, laser TizC, Ty MXene + LIG LOD: 88 pM; Linear range: [178]
0.01-100 nM
Glucose LIP CO; laser PI film + Pt NP coating + Sensitivity: 4.622 pA-mM~! [98]
sensor chitosan-glucose oxidase
LIP CO; laser Nomex + Cu plated Sensitivity: (CuO-U electrode) [54]
0.25 mA-mM~-cm™2;
(Cu-MS electrode)
0.32 mA-mM!.cm™2
LIP CO; laser PI film + Ni + Au Sensitivity: 3500 [99]
pA-mM~!.cm2
LIP CO, laser PI film + PEDOT Sensitivity: (glucose) [95]
3.87 wA-mM; (lactate)
11.83 pA-mM!
LIP CO; laser PI film + Cu NPs Sensitivity: 495 [97]
pA-mM~!.ecm—2
Gas sensor LIP CO, laser PI film + MoS; casting NO; gas: —47.6%; Response [179]
time: 2.87 min
LIP CO;, laser PI film + elastomeric NO; gas: 5%; Response time: [92]
materials + 360 s; Recovery time 720 s;
Ag coating LOD: 1.2 ppb
LIP CO; laser PI film NO; gas: 6.66%0 ppmfl; [93]
LOD: 4 ppb
NO gas: 4.18%0 ppm™~!;
LOD: 8.3 ppb
LIP 532 nm (CW) Paper NO; gas: 0.16% (40 ppm); [38]
LOD: 5 ppm
LIG jetting 532 nm (CW) PI film NO; gas: 1%o (5 ppm); [128]
LOD: 28 ppb
Laser reduction CO; laser Graphene + MXene NO,/NHj3 gas: 1% ppm_l; [71]
LOD: 5 ppb
Humidity LIP CO; laser PI film + GO drop casting RH: 11%-97% [90]
sensor LIP CO; laser LIG + ZIS RH: 40%-90% [103]
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Table 3 (continued)

Application Laser process Laser source Materials Performance Reference
LIP CO;, laser LIG + ZIS RH: 30%-90% [94]
LIP COy laser Pb/HNb3Og stacked on RH: 30%-90% [91]
LIG electrodes
SLS 355 nm (ns) Ga;03 + LM on PI film RH: 30%-95% [158]
Laser printing 800 nm fs laser PEDOT:PSS RH: 11%-69% [180]
Laser ablation CO, laser Cotton denim fabric + RH: 10%-90% [132]
conductive textile
Laser annealing 808 nm laser Metal-oxide material RH: 10%-60% [166]

(indium zinc oxide)

LIP: laser-induced pyrolysis; LIG: laser-induced graphene; SLS: selective laser sintering; CW: continuous-wave; PI: polyimide; PEDOT:PSS:
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate); NP: nanoparticle; GO: graphene oxide; ZIS: Znln,S4; LM: liquid metal; LOD: limit of
detection; RH: relative humidity. I M =1 mol/L; 1 ppm =1 x107%; 1 ppb =1 x10~°

through the laser engraving of LIG and microfluidic chan-
nels [177] enabled the real-time detection of uric acid (UA)
and tyrosine (Tyr) in sweat. The in-depth investigation of
sweat UA and Tyr, which are important diagnostic indicators
for the management of gout and other metabolic disorders
[186, 187], is considered a major challenge because their
levels are extremely low. Accelerated electron transfer [188]
and catalytic activation in enhanced redox reactions [189]
through the presence of abundant defects make LIG an ideal
candidate for electrochemical biosensors. Supported by the
fully integrated microfluidic chamber system, the continuous
operation of contamination-free collection, supply of sweat
at a constant rate, and chemical sensing are well exhibited.
For vital sign monitoring, the strain-resistive LIG tempera-
ture sensor shows improved conductivity with an increasing
temperature owing to the increased electron—phonon scatter-
ing speed and thermal velocity of electrons [28], and the 3D
porous strain sensor simultaneously reads the external strain
deformations. Thus, multistep all-laser processing endows
wearable multimodal biosensors with efficient microfluidic
system integration for accurate sensing under continuous
sweat sampling and multimodal vital sign monitoring.
Furthermore, the hybrid processing of transformative
laser-induced pyrolysis and conventional laser drilling may
leverage each process for the fabrication of multifunc-
tional bioelectronic devices [190]. As shown in Fig. 9a,
programmable patterned LIG sensors are monolithically
interconnected with functional hydrogel and highly conduc-
tive liquid metal electrodes, which constitute consecutive
multilayers of electrical elements and substrates. On the
attachment surface of the device, penetration holes are selec-
tively made to directly expose the humidity sensor and
electrocardiogram (ECG) sensor to the skin. The elastomeric
characteristics of the hydrogel-PDMS hybrid layer are used
for the deflection of cracks to prevent complete fracture
during strain deformation (Fig. 9b) and conformal contact
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(Fig. 9¢), whereas the LIG-based wearable sensing system
can be successfully applied to the skin interface.

Another useful combination of sequential laser processes
is the UV laser ablation of cPI for stretchable designs and
the annealing of metal NPs by laser sintering for conductive
electronic channel fabrication [155] (Fig. 9d). The 2D, thin,
and serpentine-patterned skin-interfaced sensor produces ini-
tial cracks in the laser-annealed layer before being attached
to the skin to activate the entire sensory system. When the
sensor is attached to cover a wide area of the wrist, the rel-
ative resistance responses to epicentral deformation by the
complex strain stress of the five fingers are decoded using a
deep-learning algorithm to provide real-time human motion
data (Fig. 9e). To fine-tune detection sensitivity, laser flu-
ence can be used to modulate the porosity of the sintered
NP structures by adjusting the degree of annealing; thus,
the programmable crack propagation depth determines the
gauge factor of the sensor (Fig. 9f). Therefore, minute skin
deformations from epicentral reactions of remote body sites
can be readily measured under low laser fluence conditions
using a suitable laser-induced crack-based strain sensor as
well as deep-learning technology. In summary, the multi-
step processing of all-laser fabrication methods reveals their
potential as a facile alternative to inefficient procedures and
substantiates their outstanding performance and biocompat-
ibility for skin-interfaced wearable applications.

Multiple laser sources

Recently, researchers have introduced innovative technolo-
gies for wearable devices that involve the development and
optimization of thin-film electronic components through the
use of two lasers having different wavelengths [156]. The
proposed technology is based on a dual-process approach
called multilaser processing (Fig. 10a): (1) Additive man-
ufacturing. This involves the laser sintering of metal NPs
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Table 4 Physical sensors

Application Laser process Laser source Materials Performance Reference
Strain sensor LIP CO; laser PI film + ZnSe GF: 107,428 [26]
(at —0.09%-0.09% strain)
LIP CO; laser PI film + Co NPC GF: 1177 (0%-18%), 39,548 [88]
(18%—23%)
LIP CO; laser PI film + PDMS GF: 37.8 (at 31.8% strain) [18]
LIP CO; laser PEEK GF: 1.06 (0%—60%) [56]
LIP CO; laser PI film + PDMS GF: 3.54 (at 0%—100% strain) [23]
LIP CO; laser PI film + Ecoflex with crack ~ GF: 114.8 (approximately 50% [15]
strain)
LIP CO; laser PI film + PDMS GF: 950 (at 20%—30% strain) [16]
LIP 355 nm ps laser PI fabric GF: 27 (at 4% strain) [19]
LIP 355 nm pulsed PDMS + PSPI GF: 21-35 (at 0%—1% strain) [80]
laser
LIP - PDMS + PI particles GF: Linear range (3%—79%), [81]
59 (0%—-3%), 606 (3%—7%),
1948 (>7%)
Laser-induced 460 nm laser Lignin paper GF: (Tensile) 201 (strain: [50]
graphitization 0%-0.025%), 255
(0.025%-0.125%), 408
(0.125%-0.225%);
(Compressive) 91
(0%-0.025%), 70
(0.125%-0.225%)
LIP and SLS CO; laser PI film + PDMS GF: 243.42 (0%-30%), [69]
2710.95 (30%—40%)
LDW 355 nm ps laser PI film + Pt precursor + GF: 45.6 (0%—6%), 269.5 [60]
PDMS (6%—17%), 489.3
(17%—20%)
rGO 780 nm fs laser GO + Ag GF: 52.5 (<25.4% strain) [32]
Laser cutting 1060 nm pulsed Ti3C,—MXene GF: 7400 (at 0.7% strain) [110]
laser
Laser engraving UV laser marker Carbon-added PDMS + Ag  GF: tunable from 3.4 to 4570.6  [119]
Laser ablation CO3 laser PDMS/MWCNT GF: 513.2 (at 5% strain) [113]
composite
Laser ablation and 515 nm fs laser PDMS + graphene GF: 496.7 [115]
laser patterning
Laser ablation and 355 nm ns laser Crack-induced Ag layeron ~ GF: >2000 [155]
laser annealing cPI
Pressure LIP CO; laser PI film + PU transfer Sensitivity: 149 kPa~! [24]
sensor (0-1 kPa), 659 kPa~!
(1-10 kPa),
2048 kPa~! (10-100 kPa)
LIP CO; laser PI film + Ag NP on MX Sensitivity: 0.9 kPa—! at [104]
sponge 0.5 kPa
LIP CO3 laser PI film + LIG powder Sensitivity: 1.86 kPa~! at [25]

0-150 Pa
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Table 4 (continued)

Application Laser process Laser source Materials Performance Reference
LIP CO; laser MWCNTs + PDMS + PI Sensitivity: 2.41 kPa~! at [70]
film 0-200 Pa
LIP CO, laser PI film + PDMS Sensitivity: 8.5x 1073 kPa~! [23]
at 0-30 kPa, 1.2x 1073 kPa™!
at 30-220 kPa
LIP CO; laser PI film + Ecoflex with Sensitivity: 1.64x10~2 kPa~! [15]
cracks at 0-120 kPa
LIG CO; laser PI film + GO cloth Sensitivity: 30.3 kPa—! at [87]
0-2.5 kPa, 0.56 kPa~! at
2.5-20 kPa
LDW 915 nm laser PI film Sensitivity: Linear range at [14]
0-100 kPa; Resolution: mPa
scale
rGO CO3 laser GO + cellulose fiber Sensitivity: 19.47 kPa~! at [49]
0—4 kPa
LSG 450 nm laser Graphene oxide Sensitivity: 434 kPa~! at [33]
200 kPa
Laser ablation 355 nm fs laser PDMS + Ag NW coating Sensitivity: 4.48 kPa~! at [122]
0-22 kPa
Laser ablation 800 nm fs laser PDMS + LM Sensitivity: about 2.78 kPa™! [143]
Temperature LIP 532 nm (CW) Paper Temperature resistance [38]
sensor coefficient, R(T):
—0.15% °C~!
LIP 1064 nm pulsed PI film R(T): 0.00142 °C~! with high [17]
laser linearity (R*= 0.999)
rGO CO; laser GO + cellulose fiber R(T): —0.195% °c~lat [49]
30-50 °C
SLS 532 nm (CW) Ni NP (Heater): 310°Cat 11V [181]
Laser welding 940 nm laser Metal foil textile R(T): 0.0039 °C~1,R?0f0.997 [169]
Laser ablation 355 nm ns laser Thermoelectric pellet (Thermo-haptic device): [129]
Cooling: 11 °C; Heating:
40 °C
Laser curing and 1064 nm pulsed Si + Polymer (Heater): 80 °C at 3 W/cm? [167]
laser pattering laser
Laser-induced 532 nm (CW) Ni—NiO-Ni R(T): —9.2% °C~! (20-30 °C),  [157]
reductive sintering B-value: 7350 K (25-70 °C),
8162 K (25-30 °C)
Optical sensor ~ LIP and SLS CO; (CW) and ZnO NP on PI film (Photodetector) Responsivity: [78]
800 nm fs laser 0.1-0.9 mA/W (2.4-3.1 W);
Dual-mode (UV/IR)
LIHG 532 nm (CW) ZnO NW + CuO NW (Photodetector) Responsivity: [163]
2.39x 1074 A/W
(bias: 2 V);
Photocurrent density:
1.25 AJem?
Laser-induced redox 532 nm (CW) Cu (Photodetector) Multispectral [176]

to RGB
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Table 4 (continued)

Application Laser process Laser source Materials Performance Reference
Laser texturing 520 nm fs laser AISI304 stainless steel (SERS sensor) LOD: 10714 M [148]
Laser drilling, laser 520 nm fs laser - (SERS sensor) LOD: 1077 M [149]
ablation, and laser
texturing
Laser carbonization 400-460 nm laser Resorcinol-formaldehyde (Photodetector) Sensitivity: [48]
and graphitization (RF) aerogel 0.12% mW~! at infrared light
SiC sintering 800 nm fs laser SiC NPs (Photodetector) Responsivity: [164]
55.89 A/W (bias: 1 V) under
UV light
Sound sensor LIP CO; laser PI film Sound pressure level: 49 dB [182]
at 20 kHz
Laser ablation - Kapton + PI + PVDF + Ag Resonant frequency [121]
at 199.37 kHz
LIP and laser CO; and 355 nm LIG + PDMS Peak acceleration: 6-68.5 m/s2 [183]
engraving (ns)

LIP: laser-induced pyrolysis; SLS: selective laser sintering; LDW: laser direct writing; rGO: reduced graphene oxide; LIG: laser-induced graphene;
LSG: laser-scribed graphene; LIHG: laser-induced hydrothermal growth; UV ultraviolet; CW: continuous-wave; PI polyimide; NPC: nanoparticle
cluster; PDMS: polydimethylsiloxane; PEEK: polyether ether ketone; PSPI: photosensitive polyimide; GO: graphene oxide; MWCNT multiwalled
carbon nanotube; cPI: colorless polyimide; PU: polyurethane; NP: nanoparticle; LM: liquid metal; NWs: nanowires; PVDF: polyvinylidene fluoride;
GF: gauge factor; IR: infrared; LOD: limit of detection; SERS: surface-enhanced Raman spectroscopy

using visible wavelength. A continuous 532 nm laser selec-
tively sinters Ag NPs coated onto a cPI film and forms a
predetermined metal pattern that constitutes an electrically
connected layer. (2) Cutting. Performed using UV laser abla-
tion, this step selectively removes the top Ag NP electrode
without damaging the substrate or the previously patterned
bottom layer electrode. This is because materials absorb and
transmit light differently depending on their wavelength. The
high absorption rate of Ag NPs at 532 nm facilitates their
sintering through a photothermal reaction, whereas the low-
power 355 nm laser ablates the Ag NP electrodes without
penetrating the layer or harming the substrate. The flexi-
bility to create and erase electrodes with these multilasers
enables the real-time modification of electrode patterns dur-
ing fabrication. The resulting attachable wireless networking
multimode wearable devices exhibit impedance optimization
that depends on the operating frequency. Figure 10b illus-
trates the ability to adjust the impedance, which is critical for
various attachment locations and users, in real time by mod-
ifying an antenna designed through the multilaser process.
Moreover, researchers have successfully developed wireless
wearable devices that operate without batteries by imple-
menting radiofrequency (RF) energy harvesting through
impedance optimization, which demonstrates their potential
application in commercial equipment such as VR and skin
devices (Fig. 10c).

Acrecent study introduced a fully soft, self-driven vibration
sensor (SSVS) using a multilaser process for PDMS texturing
and LIG patterning [183]. As shown in Fig. 10d, the SSVS

was fabricated by combining PDMS and PI films using var-
ious techniques, including laser pyrolysis, laser engraving,
and laser texturing. The SSVS manufacturing process is as
follows. Initially, to capture electrical signals generated by
the vibration of a Galinstan droplet, LIG electrodes were
created on a PI film through a photothermal reaction using
an infrared laser. The LIG electrodes were then transferred
onto flexible and stretchable PDMS substrates. Subsequently,
the LIG electrodes transferred onto the PDMS were textured
using a low-thermal-effect UV-pulsed laser to create a non-
wetting structure. In addition, a pulsed laser was employed on
the PDMS cap to establish an engraved pattern to protect the
Galinstan droplets. The nonwetting characteristics of PDMS
cap were motivated by the characteristics of pulsed lasers,
which do not carbonize LIG or PDMS, but rather ablate them.
The LIG electrodes exhibited electrical insulation and high
resistance due to the destruction caused by the high-energy
intensity of the UV-pulsed laser. The texture of the PDMS
influences the CA with the Galinstan droplets. These prop-
erties can be finely adjusted based on the laser parameters to
enhance sensor functionality. With increasing laser fluence,
the laser-textured notch in the LIG electrode deepens, which
increases the specific surface area. This amplifies the signal
due to the enhanced friction-charging efficiency of the Galin-
stan droplet. Moreover, precise control of the hatch size and
laser fluence facilitates the creation of dense, deeply textured
surfaces, thereby aiding the Galinstan droplet to keep a stable
shape while retaining a large CA. By sensing subtle vibra-
tions through a stabilized Galinstan droplet, the SSVS can be
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Table 5 Energy storage devices

Application Laser Laser source Materials Performance Reference
process
Triboelectric LIP CO; laser PI film Power density: 512 [13]
nanogenerators mW/m?
LIP CO, laser PI film + PTFE Power density: 41 uW/sz [86]
coating/GO-Cu coating
LIP CO, laser PEEK Power density: [56]
2.3 mW/cm?
LIP CO; laser PI film + rGO cloth Transfer charge density: [87]
270 pC/m?
Laser CO; laser FPCB Power density: [184]
ablation 416 mW/m?
Laser 355 nm pulsed PI film + SRPA + Al Power density: [120]
ablation laser 98.35 mW/m?
Laser 1064 nm pulsed Si + MoS,» Power: 2.25 pW [34]
synthesis laser
Laser CO, laser Graphene/MXene Power density: 57 mW/cm?  [71]
reduction
Thermoelectric Laser 1064 nm pulsed Thermoelectric film Power density: [117]
generator ablation laser 1.04 mW/cm?
Laser CO; laser Ag + Ti + PDMS films Power: 7.9 pnW [131]
engraving
Moisture-driven power LIP CO, laser Cellulose nanofiber Power density: [46]
generator 4.92 WW/m?
Supercapacitor LIP CO, laser PI film + Co304 precursor Capacitance: 10.9 mF/cm? [61]
at 5 mV/s; PVA/H,SO4
LIP CO; laser PI film + KOH Capacitance: 244 pEF/em? [57]
at 100 mV/s; PVA/H*
LIP CO; laser PI film + KOH Capacitance: 32 mF/cm? at  [58]
20 mV/s; PVA/H3POy4
LIP 450 nm laser PI film Capacitance: 8.11 mF/cm? [27]
at 100 mV/s; PVA/H,SOq4
LIP CO, laser Carbon cloth + MoO» Capacitance: 81.8 mF/cm? [62]
at 10 mV/s; Mo ion ink
LIP CO; laser PAA film + MoS; Capacitance: 35.3 mF/cm? [59]
at 5 mV/s; PVA/NaOH
LIP CO; laser PI film + PTFE + phosphorus Capacitance: 389.6 wF/cm?  [84]
copper sheets at 10 mV/s; PVA/Na SOy
LIP 346 nm fs laser Leaf Capacitance: 34.68 [43]
mF/cm? at 5 mV/s;
PVA/H,SO4
LIP 1064 nm laser Cork Capacitance: 1.35 mF/cm? [39]
at 5 mV/s; PVA/H;SOq4
LIP 450 nm laser Paper Capacitance: 166.6 [82]
mF/cm? at 50 mV/s;
H,S0q4
LIP 532 nm fs laser Lignin Capacitance: 0.19 mF/cm? [40]
at 1500 mV/s; NaCl
LIP 450 nm laser Lignin-based fiber membranes  Capacitance: 527.8 F/g at [51]
+ MoS, 10 mV/s; PVA/H,SOq4
LIP CO, laser Kevlar textile Capacitance: 125.35 [53]
mF/cm? at 100 mV/s;
PVA/H,SO4
LIP 532 nm laser PI film Capacitance: 1.59 mF/cm? [128]

at 100 mV/s; Nap SOy
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Table 5 (continued)

Application Laser Laser source Materials Performance Reference
process
LIP + CO; laser PI film + Ni/Co ion ink/ WPU Capacitance: 2.4 mF/cm? [67]
synthesis transfer at 10 mV/s; PVA
LIP + 532 nm pulsed PEEK + MnO; coating Capacitance: 48.9 mF/cm? [55]
synthesis laser at 10 mV/s; PVA/H,SOq4
SLS 355 nm pulsed SWCNTs/MWCNTs + Capacitance: 4 Flem? at [152]
laser rGO/Ag NWs 5 mV/s; PVA/H3PO4
SLS 532 nm laser PVDF + Ag NPs Capacitance: 24.5 mF/cm? [153]
at 50 mV/s; PVA/Na SOy
Laser CO; laser PI film + PEDOT Capacitance: 115.2 F/g at [83]
scribing 10 mV/s; Aqueous
electrolyte
Laser 1030 nm fs laser GO + PDMS Capacitance: 52 Flem? at [29]
reduction 5 mV/s; PVA/H,SO4
Laser KrF excimer laser  V,0s5 and WO3 thin films Capacitance: 40.28 Flem? [185]
deposition at 500 mV/s; PVA/KOH
Laser CO, laser PI film + MnO, Capacitance: 15.04 [68]
engraving mF/cm? at 5 mV/s;
PVA/KOH
LDW UV laser TizC, T, MXene Capacitance: 241 mF/cm? [111]
at 100 mV/s; PVA/H;SOq4
Laser 1064 nm laser PEDOT:PSS-aramid nanofiber Capacitance: 15.4 mF/cm? [112]
ablation at 2 mV/s; PVA/H3POy4
Fuel cells LIP + 450 nm laser Paper Power density: 27 wW/cm?  [82]
ablation
Laser CO; laser PI film/glucose dehydrogenase =~ Power density: [85]
scribing + bilirubin oxidase (2741.7) pW/cm?
Battery LIP + SLS CO; laser PI film + Co304 precursor Capacitance: 712 mAh/g [69]
Laser CO laser MWCNT-MnO; or Capacitance: [114]
engraving MWCNT-Zn 116.6 p.Ah/cm?
Laser 1064 nm ps laser LiFePO4/LisTi5O12 powders Capacitance: 1.2 mAh/cm? [118]
ablation

LIP: laser-induced pyrolysis; SLS: selective laser sintering; LDW: laser direct writing; rGO: reduced graphene oxide; LIG: laser-induced graphene;
UV: ultraviolet; PI: polyimide; PDMS: polydimethylsiloxane; PEEK polyether ether ketone; GO: graphene oxide; MWCNT: multiwalled carbon
nanotube; NP: nanoparticle; NW: nanowires; PVDF: polyvinylidene fluoride; WPU: waterborne polyurethane; PAA: polyacrylic acid; SRPA: silicon
rubber polyamide; FPCB: flexible printed circuit board; PTFE: polytetrafluoroethylene; SWCNT: single wall carbon nanotube; PVA: polyvinyl

acetate

integrated with a Bluetooth module. This integration enables
the detection of human movement via applications that moni-
tor subtle liquid vibrations in real time. This system is further
equipped with the functionality to identify emergencies, such
as falls and slips (Fig. 10e).

Conclusions

In this review, selective laser processes that apply to the fab-
rication of wearable devices are classified and summarized
to assess the status of relevant technologies. For the transfor-
mative approach represented by LIG, in-depth studies have
been conducted in terms of design optimization and material

selection. The use of additional materials enables the rapid
generation of more complex, hierarchical nanostructures that
provide enhanced performance or additional functionality to
a device. In conventional laser processing, such as micro-
machining, sintering, and synthesis, notable improvements
have been achieved via the expansion of applicable materials
from metal to nanomaterials, polymers, and native materials,
smart modifications to the existing method, and the discovery
of novel applications enabled by the corresponding schemes.
These laser processes function as core fabrication methods
for individual elements that are vital for wearable applica-
tions, including human motion detection, energy harvesting,
sweat sensors, and real-time health monitoring. As the use
of lasers for the fabrication of wearable devices continues to
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Fig.9 a Illustration of a wearable and implantable bioelectronic device
fabricated with multistep laser processing. b Schematic of the differ-
ence in crack propagation characteristics with (left) and without (right)
a polyvinyl acetate—phytic acid-honey (PPH) interlayer. ¢ Bioelec-
tronic sensing applications of the laser-induced graphene (LIG)-based
wearable sensor. Reproduced from Ref. [190], Copyright 2023, with
permission from the authors, under exclusive license to Springer

increase, we expect that a selective laser process will become
indispensable to the ambient manufacturing of multifunc-
tional wearable devices.

Future development directions in laser processing can be
anticipated based on the latest wearable devices mentioned in
Sect. “Applications.” We first observe that recent studies on
wearable devices not only demonstrate the proof-of-concept
functionalities of individual components but also progress
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time estimation of human finger motion by detection of varying strains.
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strain sensor. Reproduced from Ref. [155], Copyright 2020, with per-
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toward integration at the system level, which is much more
challenging. For instance, for the standalone operation of
wearable sensor devices at the system level, data acquired
from a sensor must be processed and transmitted, which
requires several additional components in addition to a sens-
ing element, such as a microcontroller or converter [177].
Consequently, the compatibility of the laser process with
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other fabrication techniques and the intimate electrical con-
tact between distinct elements created by different processes
should be considered. More than two laser processes were
employed in the selected studies, which suggest that the all-
laser-fabricated wearable device is a desirable concept.

However, the full potential of laser processing has not
yet been realized. Currently, laser processes used in the
production of wearable devices largely rely on accessible
lasers without detailed investigations of laser conditions for
fabrication optimization, such as wavelength, pulse width,
and repetition rate. However, the characteristics, and hence
the performance of the resultant device, vary significantly
depending on the laser conditions, even for a given material
[191-193]. Thus, we expect research institutions specializ-
ing in lasers to be more actively involved in relevant projects
of all-laser processes. Experts in high-power lasers are also
needed for solving the persistent problem of low through-
put in laser processes. Through these research activities, we
expect that the development of laser processes for wearable
devices and their production will undergo significant evolu-
tion.
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a self-driven vibration sensor (SSVS); bottom: images of laser-induced
graphene/polydimethylsiloxane (LIG/PDMS) according to laser textur-
ing. e Contextual motion detection graph using SSVS. Reproduced from
Ref. [183], Copyright 2022, with permission from Elsevier
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