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Liguid-based electronic materials for bioelectronics: current
trends and challenges

Liquid-based electronic materials take bioelectronics a step
forward to a seamlessly integrated human-machine interface
owing to their conformability, durability, biocompatibility
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Liquid-based materials have emerged as promising soft materials for bioelectronics due to their defect-
free nature, conformability, robust mechanical properties, self-healing, conductivity, and stable interfaces.
A liquid is infiltrated into a structuring material endowing the material with a liquid-like behavior. Liquid-
based electronics with favorable features are being designed and engineered to meet requirements of
practical applications. In this review, various types of liquid-based electronic materials and the recent
progress on bioelectronics in multiple applications are summarized. Liquid-based electronic materials
liquid hydrogel, nanomaterial-incorporated hydrogel, liquid metal, liquid-infused
encapsulation, and liquid-based adhesive. These materials are demonstrated via electronic applications,

include ionic

including strain sensor, touch sensor, implantable stimulator, encapsulation, and adhesive as necessary
components comprising electronics. Finally, the current challenges and future perspective of liquid-based

DOI: 10.1039/d3im00122a electronics are discussed.
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1 Introduction

Soft electronics have been emerging as an alternative to
traditional rigid and solid-based electronics due to their
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superior mechanical compliance and deformability."™ In
particular, soft electronics have been extensively investigated
in biomedical applications due to their capability to monitor
and manage patients' bio-signals.”™ Soft electronic devices
should be capable of detecting bio-signals which include
electrophysiological ~ signals,  physical signals, and
biochemical signals while being integrated into the human
body.'*"* However, existing solid-based electronic materials
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are mechanically mismatched with human tissues which
hinders the stable integration between them.'*™® The rigid
and bulky electronic materials cause poor mechanical
compliance and discomfort limiting device
performances.'®® Moreover, solid-based electronic materials
are prone to external stimuli including moisture,'® and
mechanical damages,”® causing device malfunction and
shortening of the lifespan.?*

To overcome the challenges present in solid-based
electronics, various attempts have been made to match the
mechanical disparity between solids and tissues. Structural
designs including wrinkled and serpentine designs were
implemented to impart flexibility to electronic devices.>*>*
Despite the improved flexibility, the devices are prone to
repeated mechanical deformations that exceed a threshold
resulting in performance degradation and failure.>®>® The
limitations promote the needs of self-healing or self-repairing
capabilities to withstand mechanical damages.'® As potential
candidates having conductivity, conformability, and self-
healing properties, liquid-based materials have attracted
researchers’ attention to overcome the challenges.”” For
example, there are liquid-based soft electronics using ionic
liquid-based ionic hydrogels, conductive hydrogels, and
liquid metals.>®* > Moreover, liquid-based materials have
been widely adopted in adhesive strategies and
encapsulations owing to their conformability and defect-free
properties.

In this perspective, we summarize the recent approaches
in liquid-based electronics to overcome the challenges
present in the current electronics. Initially, liquid-based
materials that are widely adopted are introduced, and then
we describe the benefits of using them as fundamental
components to impart various functionalities. Furthermore,
various strategies to apply these liquid-based materials in
electronic applications to achieve multi-functionality and
mechanical tolerance are introduced. Moreover, liquid-based
encapsulating and adhesive materials to ensure interfacial
stability and device safety in harsh conditions are described
with their advantages and drawbacks compared to traditional
materials. Finally, limitations and future perspectives
regarding liquid-based electronics are discussed.

1.1 Definition of liquid-based materials

Liquid-based materials have received significant attention as
candidate materials to overcome the limitations of
conventional materials. As liquid-based materials have
significant advantages in conformability, robust mechanical
properties, self-healing, defect-free nature, conductivity and
stable interfaces, they have been widely adopted in various
fields of studies to develop state-of-the-art soft electronics
(Fig. 1). Over the last few decades, significant improvements
have been achieved to narrow the mechanical differences
between electronic materials and human tissues using liquid-
based materials leading to various biomedical applications
using soft electronics.**>> These liquid-based materials
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Fig. 1 Characteristics of liquid-based electronic materials, including
ionic liquid, conductive hydrogel, liquid metal, liquid-infused surface,
and liquid-based adhesive, and their versatile applications in
bioelectronics.

exhibit liquid-like interfaces which allow formation of
conformal contact with biological tissues. Moreover, they are
flexible and mechanically durable to endure dynamic
operational environments as soft electronics. In this review,
we introduce various types of liquid-based materials that are
widely used in soft electronics research, comprising ionic
hydrogels, liquid metals, conductive hydrogels, liquid-infused
surfaces and liquid-based adhesives, and their applications.

2 Liquid-based conductors
2.1 Ionic liquid-based materials

Ionic liquids are liquid conductors that are made of organic
cations and organic or inorganic anions.*® The ionic liquid-
based conductor has received considerable attention due to
favorable characteristics such as electrochemical window,
negligible volatility, and high thermal stability. Moreover,
ionic liquid-based soft electronics could possess flexibility
and elasticity that is comparable to that of the skin through
various chemical modifications.’”*® As a promising
application, ionic skin has been introduced as an artificial
skin or interface that mimics the properties of human skin
replicating favorable features and functionalities of human
skin.

Sun et al. fabricated ionic skin using a polyacrylamide
hydrogel, and a commercially available acrylic elastomer
(VHB 4905, 3M) as a dielectric for strain sensing (Fig. 2a).*°
By using commercially available double-sided tape, the
fabricated ionic skin was able to be attached to a finger
without any debonding. The viscoelastic property of the ionic
skin allows conformal contact and adhesion to dynamic and
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Fig. 2

lonic liquid-based electronics. (a) Schematic representation of the structure of ionic skin, and its capacitive changes upon hinge movement

of a finger (reproduced with permission from ref. 30. Copyright 2014 John Wiley and Sons). (b) Schematic illustration of micropatterned pyramidal
ionic gels sandwiched between electrodes, and their chemical structures demonstrating sensitive sensing of artery pulse and hinge movement via
measuring capacitive changes (reproduced with permission from ref. 39. Copyright 2017 American Chemical Society). (c) Triboelectric generation
via ionic PDMS and its application in a grid-less triboresistive touch sensor (reproduced with permission from ref. 41. Copyright 2022 John Wiley

and Sons).

curved surfaces which enable more accurate strain sensing.
Using the ionic skin sensor, capacitance was measured with
the capacitance tuned to a sinusoidal measurement signal of
1 V and 100 Hz while the finger bent repeatedly. To avoid
evaporation of ionic liquid during the experiment, the ionic
hydrogel was encapsulated with VHB which resulted in stable
adhesion to the finger even after massive deformation. To
improve the sensing capability of the ionic hydrogel,

structural design was implemented by Cho et al.*® They used
PVDF-HFP as a structuring polymer and 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)amide

([TFSA]) as the ionic liquid and fabricated a pyramidal-
shaped ionic gel (Fig. 2b). Then, the topographical
micropatterned hydrogels were sandwiched by two electrodes
resulting in periodic air gaps. This allows highly sensitive
measurements for a wide range of pressures up to 50 kPa,
with a sensitivity of more than 2 kPa™. In this work, the
measurement of artery pulse and the strain made by finger
movement were demonstrated. Furthermore, ionic liquid
hydrogels can be utilized in energy harvesting devices,
especially in a triboelectric nanogenerator (TENG).*° The
TENG was fabricated using ionic hydrogel based on a
crosslinked poly(vinyl alcohol) (PVA) and VHB tape as a
substrate. An electrical double layer was formed out of these
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two components to enhance the energy-harvesting
performance. The important aspect of the ionic skin-based
TENG is mechanical stability. Compared to a conventional
TENG made of silicone rubber, the ionic skin-based TENG
can be stretched up to 700% without any performance
degradation owing to the non-Newtonian behavior of the
liquid-based conductor. The highly stretchable properties
allow it to be used as a reliable power source under dynamic
conditions. To truly behave like human skin, the touch
sensor should be able to detect the touch signal without a
grid. The grid-less triboresistive touch sensing was
introduced using ionic skin which is known to mimic
characteristics of human skin (Fig. 2c).*' To realize
triboresistive touch sensing, PDMS was engineered to form
hydrogen bonds with an ionic liquid via introducing hydroxyl
groups into PDMS. A touch on the ionic PDMS results in a
triboelectric effect generating electricity. The generated
voltage at each corner of the PDMS relies on resistance
between the touch points and each corner, which ensures
grid-less touch sensing. Owing to the material characteristics
of PDMS, the ionic PDMS exhibits high transparency (96.5%),
stretchability (539.1%), and resilience (99.0%). Despite the
versatility and biocompatibility of ionic liquid-based
materials, there are limitations in durability, scalability, and
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electrical conductivity for use as main electrical conductors.
Moreover, the evaporation of the ionic liquid also hinders
practical applications.

2.2 Nanomaterial-incorporated conductive hydrogels

In order to achieve highly conductive and functional electronic
devices, incorporation of nanomaterials instead of metal ions
has been widely adopted.””™*® The characteristics of a
conductive hydrogel can be dependent on its composition and
the additives can be mainly divided into metal-based
nanomaterials and carbon nanomaterials. The excellent
electrical conductivity and unique magnetic,’® chemical and
mechanical properties make them suitable to be used as
conductive nanomaterials.””*** These exceptional characteristics
render them highly versatile, finding applications in diverse
fields such as light, electricity, catalysts, antibacterial agents,
biosensors, and biomedicine. @ Moreover, metal-based
nanomaterials serve as effective nano-fillers for creating
conductive pathways throughout hydrogel networks due to their
inherent conductivity. A notable study conducted by Xu and
colleagues involved the synthesis of a stretchable and
conductive hydrogel with incorporated silver nanofibers for a
capacitive strain sensor.*® This capacitive hydrogel strain sensor
operated on a similar sensing principle to resistive strain
sensors, wherein its capacitance decreased as the hydrogel
stretched. The incorporated silver nanofibers provide the
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hydrogel with remarkable sensitivity to deformation, achieving
a maximum gauge factor (GF) of 165, significantly higher than
that of conventional ionic conductive hydrogels with GF less
than 10. However, it is essential to note that stable electrical
signal changes were observed only within a limited deformation
range (cycling stretch between 50% and 150%), as effective
signals could not be obtained at cyclic tensile deformations
exceeding 400%. Fig. 3a demonstrates the fabrication of a novel
electrically conductive hydrogel composite with exceptional
properties.’® The hydrogel is synthesized with polyacrylamide
(PAAm)-alginate and low concentration of silver (Ag) flakes to
achieve electrical conductivity through percolation forming
conductive pathways. The composite exhibits high electrical
conductivity (374 S em™) and a low Young's modulus (<10 kPa)
that is comparable to that of soft adipose tissue. Moreover, the
hydrogel is resistant to stretching which remains stable up to
250% strain. Despite its low metallic filler content, the hydrogel
displays minimal hysteresis during cyclic loading and
unloading. The mechanical robustness and high electrical
conductivity suggest its potential applications in soft robotics,
bioelectronics, and wearable electronics. Additionally, Liu et al.
developed an ultra-sensitive tactile sensor using silver
nanowires, graphene oxide, calcium chloride, and PVA.>' The
optimized concentration of these components resulted in a
conductive hydrogel with an impressive GF of approximately
3500 at repeated application of 50% strain. The sensitivity of
the sensor was improved by four orders of magnitude far
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Fig. 3 Nanomaterial-incorporated conductive hydrogels. (a) Fabrication of a conductive hydrogel comprising metallic fillers, Ag flakes, and PAAm-
alginate hydrogel matrix (reproduced with permission from ref. 50. Copyright 2021 Springer Nature). (b) (i) (i) Mechanical properties displayed
through optical images and stress-strain curves of typical CareGum (reproduced with permission from ref. 53. Copyright 2021 John Wiley and
Sons). (c) (i) Fabrication process of PVA/TA/PAA hydrogel with incorporated fCNT. (ii) Electromyographic (EMG) signal measurements using both a
commercial adhesive and the developed CNT-based hydrogel in both dry and underwater conditions (reproduced with permission from ref. 57.
Copyright 2023 John Wiley and Sons). (d) (i) 3D printed circuit with conductive hydrogel incorporating CNT (carbon nanotube) nanofillers. (ii)
Application for resistive strain sensing with conductive hydrogel (reproduced with permission from ref. 58. Copyright 2023 AccScience Publishing.)
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exceeding the sensitivity of pure ionic hydrogels. This
heightened sensitivity enabled the accurate detection and
monitoring of minute strains, allowing applications such as
precise wrist pulse detection. The sensing capability allows it to
distinguish various components of the pulse waveform.

A 2D carbon nanomaterial, graphene, stands out as an
exceptional conductive filler due to its high surface-to-volume
ratio and excellent electrical conductivity. Lv et al. introduced a
novel approach for fabricating strain sensors utilizing graphene
nanomaterial.”* They coated graphene onto a hydrogel's surface
to form a uniform graphene film. This method resulted in a
highly sensitive composite material of graphene and hydrogel,
displaying significant responsiveness to strain. For instance, the
AR/R, (change in resistance relative to initial resistance) of the
hydrogel reached 60% when stretched to approximately 25%.
However, the graphene coating is vulnerable to extensive strain
over 25% which could cause cracks leading to unstable signal
recording. Kadumudi and colleagues have developed a unique
self-healing hydrogel by incorporating tannic acid (TA) into silk-
reduced graphene oxide (GO), designed specifically for bionic
gloves (Fig. 3b(i)).> SEM images demonstrate that the porous
structure depends on the proportion of reduced GO. TA, rich in
hydroxyl groups, lends the hydrogel remarkable intrinsic self-
healing capabilities through robust hydrogen boding.
Additionally, the self-healing properties can be attributed to
reversible electrostatic and weak hydrogen bond that effectively
dissipate applied stress, which results in high toughness as well
(Fig. 3b(ii)). The hydrogel's outstanding self-healing ability was
demonstrated via its recovery within 2 minutes after fracturing
and stretching up to approximately 2400% after healing. The
fabricated conductive hydrogel exhibited a conductivity of 1 S
m™', and such an exceptional electrical conductivity allows
promising applications in bionics, soft robotics and flexible
bioelectronics.

Carbon nanomaterials, carbon-based materials with 3D
nanostructure, have found various bioelectronic applications
due to their high electrical conductivity, large surface-to-volume
ratio, chemical and mechanical stability, and ease of
functionalization. Unmodified CNT lacks surface functional
groups, which leads to poor dissolution and dispersion in
solvents hindering practical applications.”® To address this
challenge, researchers have functionalized CNT surfaces to add
functional groups, including carboxyl and amino groups to
make it promising candidate for conductive hydrogel fillers.
The Gao group, for instance, functionalized multi-walled carbon
nanotubes (C-MWCNTs) with carboxyl functional groups, and
fabricated a hydrogel with chemical/physical crosslinking.>® To
fabricate the hydrogel, chitosan was used to crosslink with
C-MWCNTs via dynamic ionic bonding. This allows the
resultant hydrogel to exhibit stable signal recording under
stretching. Additionally, the incorporation of the nanomaterial
induced physical crosslinking throughout the hydrogel allowing
effective energy dissipation and leading to self-healing and self-
recovery properties. Moreover, high conductivity of the
C-MWCNTs endowed the hydrogel with an exceptional electrical
conductivity of ~1 S m™" at a concentration of 1.25 wt%. This

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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strategy suggests that nanomaterial incorporation could
enhance the mechanical and electrical properties of the
hydrogel rendering it suitable for bioelectronic applications.
Another strategy that uses modified CNT was demonstrated by
Lu et al in which CNT was functionalized with amine- and
carboxyl-rich polydopamine. The functionalized CNT was
incorporated into p(AAc-co-AAm) to fabricate a conductive and
adhesive hydrogel.”® The CNT endowed the hydrogel with high
electrical conductivity and adhesive properties even under
extreme temperature ranging from -20 to 60 °C. Specifically, at
10 wt% PDA-CNTs with 50 vol% glycerol content, the hydrogel
displayed a maximum conductivity of 8.2 S m™ and an
adhesion strength of 57 + 5.2 kPa. Furthermore, increasing the
CNT concentration enhanced the mechanical robustness of the
hydrogel in which it could endure tensile stress of 60 kPa.
Dopamine modification of CNTs proved effective in improving
their dispersion and reducing their agglomeration in the
hydrogel, thereby enhancing the hydrogel's conductivity with
increasing CNT content. In order to improve the electrical
conductivity and mechanical robustness of the hydrogel, CNTs
can be modified by adding carboxyl and hydroxyl functional
groups and then incorporated into hydrogel. Park et al
synthesized a functionalized CNT-incorporated PVA/tannic acid/
PAA hydrogel with improved conductivity (40 S m™).>” The
conductive hydrogel exhibits Young's modulus that is
comparable to that of tissue (10 to 100 kPa) with impressive
toughness (400-873 J m™) and stretchability (=1000% strain)
(Fig. 3c). Moreover, the excellent energy dissipation via CNTs
confined throughout the hydrogel structure promotes rapid self-
healing behavior. The hydrogel could be utilized in measuring
electromyography (EMG) while adhered to skin surface
suggesting its potential for practical applications. Furthermore,
Kim et al. fabricated an electronic circuit based on a conductive
hydrogel incorporated with functionalized CNTs (Fig. 3d).”® The
hydrogel possesses a reversible hydrogen bond-based double
network that makes it a viscoelastic ink. Thus, the polymer
shows shear-thinning behavior allowing excellent printability
with sub-micron high resolution. The practical usage of the
hydrogel-based conductive ink was realized by fabricating a
strain sensor by 3D printing. Nanomaterial incorporation into
hydrogels has been widely adopted for improved electrical
conductivity and mechanical robustness. As conductive
hydrogels advanced, not only were electrically conductive
hydrogels achieved, but also various characteristics including
3D printing, self-healing, and adhesion improved their usability
in bioelectronic applications. Nonetheless, poor electrical
conductivity compared to traditional electronic components
remains as a limitation to be resolved.

2.3 Liquid metal-based materials

Liquid metals (LM) are metals and metal alloys that possess the
properties of both liquid and metal at or near room
temperature. These materials have been gaining significant
attention recently due to their unique properties, possessing
characteristics of both metal and liquid simultaneously.>

Ind. Chem. Mater.,, 2024, 2, 361-377 | 365
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Mercury, which has a melting point of —38 °C, is the only stable
liquid metal at room temperature but due to its toxicity it is
excluded from this article. On the other hand, gallium (Ga) has
low toxicity compared to mercury which has the potential to be
utilized in the field of biodevices. Liquid metals can be utilized
as liquid conductors to fabricate various soft electronic devices
due to excellent conductivity and deformability. Unlike solid-
based electronics, which are rigid and vulnerable to mechanical
deformation, liquid metal-based electronics can benefit from
their unique properties. For example, a biomimetic
electrochemical eye was realized using nerve fibers made of
liquid metals (Fig. 4a).®® Previously, biomimetic neural fibers
were fabricated using metal-based fibers. However, in this work,
liquid metal was used as flexible liquid conductor in soft rubber
tubes for signal transmission between the nanowires, and flow
characteristics of the liquid metal improved the contact
resulting in clear signal transmission. The liquid characteristics
and conductivity of liquid metals could greatly improve soft
electronics, particularly for piezoelectric applications. Yun et al.
used EGain microdroplets and magnetic microparticles to
fabricate a liquid-metal-filled magnetorheological elastomer
(LMMRE) (Fig. 4b(i)).*® Compared to previously reported
conductive elastic composites which exhibited conductivity
decrease  under strain, LMMRE  demonstrates an
unconventional positive piezoconductive effect in which its
resistivity reaches its maximum in the relaxed state and drops
dramatically under deformation. Using these characteristics,
researchers demonstrated its application in wearable heating
devices (Fig. 4b(ii)).

Liquid metal provides another degree of freedom in
fabrication processes.®” The simplest fabrication method can
be simply done by injecting liquid metals into channels.
Since the liquid metals can maintain their structures and
functions in a stable manner due to the oxidation skin,
various printing methods can be also applied to fabricate
them into electrodes, including screen printing,*> 3D
printing,**®® nanotip printing,®” and suspension printing.®®
Wu et al fabricated a multi-mode TENG using silicone
elastomer and LM.®® Due to fluidity of the LM and flexibility
of the silicone substrate, the TENG achieved highly
stretchable and conductive characteristics at the same time,
while ensuring conformal contact with skin. The TENG could
sense biomechanical movements and convert them into
electrical energy as an energy harvester. Moreover, the
conformal contact and stretchability of the device enabled
on-skin applications including exercise monitoring. Gao et al.
designed a diaphragm pressure sensor based on a
microfluidic tactile sensor (Fig. 4c(i).”® The liquid metal was
simply injected into the fabricated microchannels having
liquid metal sensor design with 70 um width and height.
This allows highly sensitive, linear, low-limit-of-detection and
high-resolution sensing of pressure for tactile sensing
(Fig. 4c(ii)). Dickey et al. demonstrated a rheological behavior
of LM in microchannels to achieve stable microstructures.””
In this study, the flow behavior of LM is shown to be
dominated by the surface characteristics of gallium oxide,
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and that a critical surface stress of 0.5 N m™" is required for
LM flow. This study provides a guide for future works using
LM-based microchannels to have stable performance.
Furthermore, another study was conducted to fabricate a
sophisticated liquid-metal-based strain sensor with capability
of wireless data transmission (Fig. 4d(i)).”> The highly
sensitive strain sensor offers wireless monitoring of human
motions which include movements of wrist and vocal cords
recognizing swallowing and speaking (Fig. 4d(ii)). The
outcome demonstrates that the liquid metal can be
fabricated into sophisticated patterns via lithography so as to
be miniaturized, thin, and fully wireless. Despite the fluidity
of liquid metal being beneficial for flexibility, the fluidity can
be a hurdle while printing a pattern. Moreover, sophisticated
designs of circuits may cause unwanted merging of the liquid
metal lines due to the high surface tension leading to
electrical shorting.”® Despite the potential disadvantage of
the fluidity of LM, Shen et al. utilized the fluidity and low gas
permeability of LM to form hermetic and stretchable sealing
for a battery and heat transfer system. Conventional soft
electronic materials have a highly permeable nature, limiting
their applications in packaging. In this study, the LM was
used as a spacer allowing stable battery capacity of 72.5%
after 500 cycles. This approach broadened the application of
LM not only as an electronic conductor, but also as a sealing
agent for various electronic devices. Another breakthrough
was introduced by Lee et al. by demonstrating rapid
fabrication of liquid metal circuits on various substrates via
meniscus-guided printing (Fig. 4e).”* During the fabrication
processes, a nozzle forms a meniscus between the substrates,
moving in accordance with the circuit designs. At this point,
the solvent gets evaporated at the meniscus which results in
the thin-film deposition of the liquid metal leading to
printed electrodes. The resolution can reach up to 50 um
attributed to the meniscus-guided printing allowing various
soft electronic applications including EMG and ECG sensors.
Furthermore, use of the photolithographic technique with
LM was investigated to achieve high-resolution patterning of
LM.”> For the achievement of fine resolution of the LM
conductive track, the intermetallic wetting behavior between
LM and gold was utilized.”® For the track formation, gold was
patterned via photolithography, then the LM removed of its
oxide was layered on the pattern for touch transfer. This
method allowed achieving a pattern width of 1.3 pm which
demonstrates high-quality and high-resolution patterning
capability of LM. Despite the high electrical conductivity of
liquid metal and its applications, there are still limitations in
terms of mechanical durability for its use as an electrical
conductor. The loss of electrical properties is irreversible
once the electrode gets separated, and an oxidation layer
forms between the separated interfaces. Furthermore, high
surface tension might cause merging when used at the
micro- and nanoscale.

To overcome these hurdles, there have been attempts to
combine nanomaterials and liquid metals to improve
stability while not compromising electrical conductivity. The
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magnetorheological elastomer (LMMRE). (i) Using LMMRE to induce Joule heating effect on the device (reproduced with permission from ref. 61.
Copyright 2019 Springer Nature). (c) (i) Optical image of LM-diaphragm sensor using liquid metal as microchannel. (ii) Heart-beat rate measured by the
pressure sensor and a commercial reference monitoring during exercise (reproduced with permission from ref. 70. Copyright 2017 John Wiley and Sons).
(d) (i) Optical image of LM-NFC device which uses liquid metal as inductor. (ii) Wireless detection of wrist motion using LM-NFC device. (jii) Real-time
monitoring of muscle motion of swallowing using LM-NFC device (reproduced with permission from ref. 72. Copyright 2017 Springer Nature). (e) Optical
image of deformable EMG sensor fabricated using polyelectrolyte-attached liquid metal particle (PALMP)-based ink (reproduced with permission from
ref. 74. Copyright 2022 Springer Nature). (f) Photograph of temperature sensor made of liquid metal circuits using Mxene-doped liquid metal as adhesion
interface (reproduced with permission from ref. 81. Copyright 2023 Springer Nature). (g) (i) Schematic illustration of bi-layer liquid metal particles (BILMP)
coated on flexible fiber. (ii) In vivo application of BILMP coated fiber on sciatic nerve for electrical stimulation and EMG recording (reproduced with
permission from ref. 79. Copyright 2023 American Chemical Society).

addition of nanomaterials brings various changes in liquid  galvanic replacement mechanism which allows the formation
metal composites.”” For example, Wang et al. reported a  of graphene and LM mixture.”® Due to the high surface
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tension of the LM, it is difficult to form a thorough mixture.
However, in this study, they used one-step ultrasonification
to form reduced graphene/LM frameworks using reducing or
stabilizing agents to the core. The graphene/LM frameworks
displayed excellent conductivity, ion permeability, as well as
capability of electrochemical detection. Conventional soft
electronics are known to have poor interconnection to rigid
parts of electronics due to mechanical disparity between
them. Also, lack of adhesive properties of electrodes leads to
unstable interconnection. As a solution, Li et al
demonstrated a fabrication of stable solid-liquid
interconnects using a Mxene-doped liquid metal, which
exhibits high electrical conductivity and adhesion force
(Fig. 4f).”° The low doping concentration of MEGaln
contributes to the improved fluidity of the quasi-liquid
component, enabling the stretching of the interconnect line.
On the other hand, the high doping concentration of MEGaln
enhances the adhesion of the quasi-solid component with
the chip pins, even under high stretching conditions.
Notably, this high doping concentration ensures excellent
conductivity, reaching 2.2 x 10° S m™. To investigate the
feasibility of MEGaln as a liquid interconnect for traditional
electronic components, the MeGaln was used to attach to
resistors, light-emitting diodes (LEDs), Bluetooth chips, and
microcircuit boards exhibiting stable and reliable adhesion.
For realizing flexible electronic devices using LM, elastomers
were often utilized with conductive filling nanomaterials.
However, due to the dielectric properties of the polymer and
oxide layer in LM, the electrical conductivity hindered
practical applications. Saborio et al. synthesized a complex
with PDMS, LM droplets and graphene flakes to form
electrically conductive and continuous pathways within the
polymeric matrix.®° This method minimized the oxidation of
the LM droplets which contributed to a high conductivity of
39.0 S em™, and mechanical durability. Deformable semi-
solid particles composed of liquid metal (LMP) have emerged
as a prospective alternative to rigid conductive fillers, owing
to their commendable electrical characteristics and stable
conductivity when subjected to strain. Nonetheless, the
attainment of a compact and robust coating for LMP has
posed a persistent challenge, primarily attributed to the
incompatibility of traditional coating methods with LMP. To
address this issue and enhance the uniformity and durability
of the LMP coating, carbon nanotubes (CNT) were introduced
into the LMP, resulting in the formation of a bi-layer LMP
composite-coated fiber characterized by elevated electrical
conductivity (2.24 x 10° S m™), stretchability, and
biocompatibility (Fig. 4g(i)).** The bi-layer LMP-coated
conductive fiber exhibited stable electrical properties to
stretching motions in which the resistance changes were
negligible under 10000 cycles of 150% strains and peel test.
By utilizing this fiber, a bi-LMP coated fiber was implanted
into sciatic nerve to measure muscular physiology and EMG
signal upon electrical stimulation (Fig. 4g(ii)). Liquid-metal-
based electronics have solved various issues present in soft
electronics as they serve as flexible liquid conductors and
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circuits with exceptional electrical conductivity and
conformability. However, the mechanical robustness of the
oxidation layer and merging issues still require further
investigations, taking advantage of composites to improve
the mechanical properties.

3 Liquid-infused surfaces for
encapsulation

Water can result in detrimental damages to soft electronic
devices in a form of short-circuiting, corrosion, and
degradation, which significantly reduce their performance
and reliability."®®*  Therefore, the importance of
encapsulation technology has been highlighted alongside
state-of-the-art electronics to prevent water permeation
during operation. Mechanical sealing and conformal coatings
currently constitute the most common encapsulation
methods used to protect electronic devices against water
damage. Mechanical sealing approach prevents moisture
permeation by forming water-tight encapsulation.®®®*
However, such mechanical sealing increases device size and
stiffness, making it unsuitable to be implemented in flexible
electronics and potentially leading to delamination of the
encapsulation or failure over time. As an alternative,
polymeric film-based encapsulation (e.g,, epoxy resins,
urethane, and silicone gels) provides conformal sealing,
which is more flexible and compact. Still, it fails to deliver
absolute molecular-scale water protection since the coating
processes induce voids and cracks that break the seal,
allowing water to permeate.®>%°

In contrast to conventional encapsulation methods, living
organisms have adopted diverse strategies to prevent
infiltration of ions and water for their sensitive chemical
systems. These strategies typically hinge on the collaborative
action of viscous fluids and polymer networks, forming a
resilient, flexible, and self-healing outer coating. One living
organism that employs the strategy is the waxy monkey tree
frog, Phyllomedusa sauvagii. To protect its sensitive skin and
organs in the hot season, it covers its skin with an oily
fluid.*” The frog can endure extended periods without water
as it secretes the oil once again to refill the depleted parts of
the skin. Similarly, the human body implements the same
strategy to protect stomach lining via a coating of mucus, a
fluid-infused polymer matrix. The fluid-infused coating layer
is resistant against the corrosive acidic environment, also
providing a smooth lubricating passage of food intake. This
overarching approach of entrapping lubricant within an
interface has been implemented to impede water permeation
to electronic components while preserving desirable
attributes such as mechanical compliance and self-healing
properties. Lubricant-infused surface modification was
demonstrated by Aizenberg et al®®® Inspired by the
Nepenthes pitcher plant, they fabricated a porous surface and
rendered its surface hydrophobic using fluorinated silane.
Then, the fluorinated lubricant with matching surface
tension with that of the surface became infused to exhibit
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outstanding anti-biofouling, transparency, and liquid-
repellent characteristics. This novel idea innovated various
fields of studies, which include marine science,’®®’ gas
transport,”* water harvesting,”>** and medical devices,”>*®
but no studies have applied a slippery lubricant-infused
surface as encapsulation material for electronics. Sun et al
demonstrated the capability of liquid-infused encapsulation
using fluorinated lubricant and roughly patterned silicone
elastomer as a substrate (Fig. 5b(i)).”® Despite the silicone
elastomer being known to have high gas permeability, the
defect-free nature of the infused oil prevented water
permeation through potential cracks, pinholes, or free
volume. The diffusion barrier characteristics of the infused
liquid were tested via magnesium degradation test and water
vapor transport test maintaining robust water barrier
characteristics for 226 days at body temperature
(Fig. 5b(ii) and (iii)). This could be attributed to the defect-
free nature and self-healing properties of the lubricant
suggesting the potential of the liquid-based encapsulation.
However, the surface energy disparity between the silicone
elastomer and fluorinated lubricant may have hindered its
water barrier characteristics for further operating duration.
To further improve the performance of liquid-infused
encapsulation, Lemaire et al. fabricated a hydrophobic oil-
infused polymer matrix (Fig. 5c(i)).'°° To test its water
protection abilities, highly water-sensitive optoelectronic
materials, methylammonium lead iodide perovskite thin
films (MAPbI3), were used. The test demonstrated that the
encapsulation layer coated with lubricant-infused polymer
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significantly reduces water damage, prolonging the
perovskite film's lifespan. The underlying mechanism of
liquid-infused encapsulation is that the infused hydrophobic
oil causes water to form clusters due to small pore sizes
within the polymer matrix. Additionally, the infused fluid
maintains a defect-free polymer matrix at the molecular level,
eliminating low-energy diffusion pathways induced by
artifacts or damage. Notably, the lubricant-infused
encapsulation layer not only protects electronics from wet
environments, but also offers favorable characteristics for
bioelectronics, which include transparency, self-healing of
the lubricant layer, and anti-biofouling properties. Despite
the excellent anti-fouling and encapsulation of the liquid-
infused surface, the depletion of the infused liquid may
degrade its performances, requiring further investigations.

4 Liquid-based adhesives

Current soft electronics require conformable structures with
rigid electronic components. The rigid electronic components
are commonly composed of various materials like metal
interconnectors, silicon, polymers, etc.'® In order to
integrate these different materials, commercially available
cyanoacrylate-based adhesives and epoxy are usually applied
to bond them together.'”>™** The immediate bonding
capability and low cost benefit easy fabrication of devices.
However, cyanoacrylate-based adhesives become vulnerable
to mechanical impact or temperature as they cure, becoming
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Fig. 5 Liquid-infused encapsulation. (a) Schematics for fabrication of slippery liquid-infused surface with exceptional anti-biofouling performance
(reproduced with permission from ref. 89. Copyright 2012 National Academy of Sciences). (b) (i) Schematic illustration of oil-infused rough silicone
elastomer. (ii) Water-vapor permeability of rough elastomer versus oil-infused elastomers. (iii) Lifetime changes at different temperatures with the
oil thickness (reproduced with permission from ref. 98. Copyright 2021 American Chemical Society). (c) (i) Schematic illustration of oil-infused
fluorogel matrix. (i) Performance of fluorogel and oil-infused fluorogel by immersing the protected perovskite films in a water bath. (iii) The
lifetime of the perovskite films in a water bath with functions of different PFOEA and different oils (reproduced with permission from ref. 99.

Copyright 2023 National Academy of Sciences).
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based elastomers which are commonly adopted for soft
electronic devices as a substrate, making it unfavorable for
applications.’® To overcome these challenges, various
researchers have reported hydrogel-based adhesive as a
possible candidate to be applied as an interface in soft
electronics. A hydrogel-based adhesive possesses favorable
characteristics of a liquid, with a modulus comparable to that
of tissues, and biocompatibility for soft electronic
applications. However, the innate high water contents and
low modulus have been known to hinder practical
applications. To improve the integrity and adhesive
properties of the hydrogels, organic compounds can be used
with abundant functional groups to promote crosslinking
within the hydrogels, while providing active bonding sites
through chemical interactions, allowing non-selective
adhesion. As a natural model for adhesives, marine mussels
have been highlighted for their ability to strongly adhere to
various types of surfaces in dynamic ocean environments.
The secreted mussel foot proteins (MFPs) form a byssal
thread which exhibits strong interfacial binding to foreign
surfaces. This phenomenon is owing to the high contents of
catechol, which can form hydrogen bonds and various
chemical bonds allowing adhesive capabilities of the mussel.
Inspired by the abundant catechol in mussel, Barrett et al.
reported mechanically robust hydrogel adhesive with
controlled swelling and adhesion to soft tissue.'”” The
hydrogel is fabricated using a branched amphiphilic PPO-
PEO block copolymer that is terminated with catechol. The
catechol provided adhesive capabilities to soft surfaces;
however, the short-term adhesiveness and limited reusability
have been reported as limitations. To achieve long-term
adhesiveness, multi-crosslinking of both covalent and non-
covalent bonds was promoted to fabricate a mechanically
durable hydrogel with interpenetrating polymer networks.
Gan et al designed a hydrogel containing Ag-lignin
nanoparticles, pectin, and acrylic acid (Fig. 6a)."°® The
catechol groups generated by the incorporated nanoparticles
enhance the hydrogel adhesive properties allowing stable and
repeated adhesion. Fig. 6a(i) demonstrates the adhesion
mechanism that enables bonding with various types of
foreign surfaces including tissue, metals, and polymers. For
the surfaces with amine or thiol functional groups, the
bonding can be established through Schiff base or Michael
addition processes. Otherwise, non-specific binding can be
realized by noncovalent bonding such as hydrogen bonding,
n-n stacking, and metal coordination or chelating. This
versatile bonding mechanism allows the hydrogel to adhere
to a spectrum of surfaces, including both hydrophilic and
hydrophobic materials such as polypropylene (PP),
polytetrafluoroethylene (PTFE), and rubber (Fig. 6a(ii)).
Another natural ingredient commonly used in hydrogel
adhesive is chitosan. Chitosan is a prospective material for
flexible bioelectronics, due to its excellent biocompatibility,
water content, conformability to soft tissues, and bio-
adhesiveness.'*""* Quaternized chitosan (QCS) was used for
its biocompatibility, pH responsiveness, and amphipathicity
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to fabricate a thermo-responsive hydrogel.""" The hydrogel
matrix was further crosslinked with polyacrylic acid (PAA)
chains to form dynamic crosslinked networks (Fig. 6b(i)). The
versatile adhesive capability of the QCS-PAA hydrogel (QAAH)
is facilitated by its crosslinked networks. This attribute arises
from synergetic interactions between PAA and QCS. These
interactions involve hydrogen bonding between PAA and
various substrates, and hydrophobic interactions between the
QCS chains and substrates. Together, these mechanisms
contribute to the robust adhesive properties of the QCS-PAA
hydrogel (Fig. 6b(ii)).

Gelatin is another ingredient commonly utilized to
synthesize hydrogel-based adhesive. Phytic acid (PA), gelatin
(Gel), and biocompatible poly(vinyl alcohol) (PVA) were used to
create a biocompatible conductive hydrogel (Fig. 6c(i))."*> The
resulting PVA/PA/Gel (PPG) hydrogel demonstrated controllable
adhesion mechanism with temperature and could easily be
removed with a cool compress while adhering to skin and
sensing electrophysiological signals when heated (Fig. 6cf(ii)).
PPG hydrogel's long-term wearability on skin is further
guaranteed by its added benefits of breathability, transparency,
and antibacterial activity. Because the PPG hydrogel has a
reversible physical bond, recycling the waste produced during
production is both economical and environmentally beneficial.
For electrophysiological signal recording, the PPG hydrogel
sensor is a promising candidate adhesive due to its wearability,
robust adhesion, and biocompatibility. Jiang et al. fabricated
hydrogels based on adipic dihydrazide-grafted carboxyethyl
chitin (CECT-ADH), dodecyl-grafted carboxyethyl chitosan (CES-
DOD), and benzaldehyde-grafted carboxyethyl poly(vinyl
alcohol) (PVA-BA).'™ Notably, the hydrogels incorporate
multiple dynamic bonds in the polymer network, imparting
strength to the hydrogels and creating an extracellular matrix
(ECM)-mimetic microenvironment. This allows a compatible
environment that promotes the differentiation of rat bone
mesenchymal stem cells (rBMSC). The hydrogels mimicking the
ECM microenvironment demonstrate outstanding
biocompatibility, supporting intricate cellular function, but also
inherent adhesion capability to various tissue surfaces. The
remarkable properties of these dynamic hydrogel adhesives
were thoroughly assessed in vivo. Zhang et al. reported an ionic
conductive hydrogel based on polyacrylamide and gelatin for
sensing movements and harvesting body heat."** The hydrogel
demonstrates robust mechanical properties, including an
elongation of 1424% and a tensile stress of 129.1 kPa at room
temperature. For the detachment of the hydrogel, it loses its
adhesion when it is chilled by an ice bag. The hydrogel, when
assembled into a thermoelectric generator, is employed to
harness body heat, and convert it into electricity for power
supply. Another study reported a hydrogel powder based on
polyethyleneimine/polyacrylic acid/quaternized chitosan (PEI/
PAA/QCS) with rapid hemostatic and adhesive properties. The
powder exhibited self-gelling behavior upon absorption of anti-
coagulated blood (Fig. 6d(i)).""> For practical application, this
powder can be deposited on a bleeding site to absorb the blood,
forming an adhesive hydrogel in situ within four seconds
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property of the hydrogel to diverse solids and skin surfaces (reproduced from ref. 108. Copyright 2019 Springer Nature). (b) (i) Scheme of the
preparation process of ionic conductive hydrogel. (i) Adhesive property to various polymers and metal substrates (reproduced from ref. 111.
Copyright 2021 John Wiley and Sons). (c) (i) Schematic illustration of the mechanism of controllable adhesion of PPG hydrogel. (i) Self-
adaptive property of PPF hydrogel marked with Rh B at 37 °C. (jii) Self-adhesion property of PPG hydrogel to porcine skin and 100 g weight
(reproduced from ref. 112. Copyright 2022 Springer Nature). (d) (i) Schematic illustrations for the preparation of PEI/PAA/QCS powder and the
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from ref. 115. Copyright 2021 Advanced Functional Materials).

(Fig. 6d(ii)). The hydrogel stops further bleeding from the
wound site, while improving wound healing efficiency owing to
its firm adhesion and hemostatic capability. Notably, the
application of PEI/PAA/QCS powder was demonstrated to be
effective in sealing damaged mouse liver, heart, femoral artery
and tail vein (Fig. 6d(iii)). The notable features of this powder

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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include robust wet adhesion, excellent cytocompatibility,
adaptability to conform to complex tissue surfaces, and a simple
synthesis process, rendering it a promising bioadhesive for a
myriad of biomedical applications. Despite the advancements
in liquid-based adhesives, future investigations are required to
overcome selective adhesion and enhance mechanical stability.
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Elongation Durability

Material (%) Conductivity (number of cycles) Application Ref.
Tonic hydrogel Polyacrylamide-NaCl 500 — 1000 Strain sensor 30

Ionic PDMS 539.1 0.25 mS m™* 1000 Grid-less touch sensor 41

PVA/borax/sodium 700 2.9x10°Sem™ 500 Wearable energy 40

tetraborate harvesting device
Nanomaterial-incorporated ~PAAm-alginate-Ag flake 250 374Scm™ 1000 Neuromuscular electrical 50
conductive hydrogel stimulation electrode

Silk fibroin-rGO-CaCl, 1500 1x102%Sem ™ 4 Bionic glove 53

PVA-TA-PAA-CNT 1000 40 Sm™* 1000 EMG/strain sensing 57, 58
Liquid metal Mxene-doped liquid >200 2.20x10°Sm™" 2000 Temperature sensor 69

metal

CNT-attached liquid 150 2.24x10°Sm™ 10000 Neural recording and 79

metal particles stimulation

PDMS-graphene-liquid 80 39S cem™ — Flexible conductor 80

metal

Liquid metal-silicone 300 3.4x10°Sm™ 10000 Monitoring artery pulse 81

5 Conclusions

In this review, we introduced known limitations present in
current solid-state electronics regarding their mechanical
disparities and biological compatibility for applications in
soft electronics, and demonstrated recent work that
overcomes the hurdles. The liquid-based materials provide
inherent flexibility and conformability, which reduce the
mechanical mismatch between human tissues and devices
and greatly improve devices' usability. By adopting liquid-
based materials that are intrinsically soft and conformal, it
could narrow the mechanical gap between soft tissues and
electronics. As a component of soft electronics, liquid-based
conductors were introduced using ionic liquids, liquid
metals, and nanomaterial-incorporated hydrogels (Table 1).
Compared to solid electronic materials, these soft electronic
materials could provide versatile functionalities owing to
their degree of freedom in their compositions which
immensely improves their mechanical durability and
applicability in practical applications. Moreover, recent
innovations in soft electronics allowed fabrication of soft
electronic materials with high durability and flexibility.
Another important aspect is innovation in defect-free
encapsulation. Despite rapid development of electronics,
the encapsulation technology still falls behind, limiting the
practical applications of electronic devices. The liquid-
infused encapsulation technology could minimize device
performance degradation by reducing the defects within the
polymer and preventing water permeation.
Moreover, anti-biofouling properties of encapsulation could
provide long-term stability especially in implantable soft
electronics. Furthermore, nature-inspired adhesive materials
allow stable and conformal adhesion of solid electronic
materials to moist, irregular, and dynamic tissue surfaces.
To conclude, we believe that liquid-based materials in soft
electronics have started a first stage to the implementation
of practical applications. These liquid-based materials
exhibit 1) superior conformality, 2) biocompatibility, 3)

structures
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flexibility, 4) mechanical durability, and 5) adaptability to
versatile applications without compromising electrical
conductivity. Therefore, further investigations are required
to utilize the full potential of these liquid-based materials.
For example, current developments of state-of-the-art soft
electronic devices cannot be advanced without using solid-
based electronics due to their stability and functionalities.
However, further research in liquid-based electronic
materials could realize soft electronic devices with liquid-
based conductors, encapsulation, and adhesives to achieve
all-soft electronic devices. Lastly, soft electronic devices that
could be seamlessly integrated to the human body are
poised to bridge the gap between humans and machines.
Thereby, highly sophisticated human-machine interfaces
could be achieved, advancing healthcare management
systems.
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