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Recent Progress of Conductive Hydrogel Fibers for Flexible
Electronics: Fabrications, Applications, and Perspectives

Wanwan Li, Jiao Liu, Jingnan Wei, Zhaoyan Yang, Chunlei Ren,* and Bingxiang Li*

Flexible conductive materials with intrinsic structural characteristics are
currently in the spotlight of both fundamental science and advanced tech-
nological applications due to their functional preponderances such as the
remarkable conductivity, excellent mechanical properties, and tunable
physical and chemical properties, and so on. Typically, conductive hydrogel
fibers (CHFs) are promising candidates owing to their unique characteristics
including light weight, high length-to-diameter ratio, high deformability, and
so on. Herein, a comprehensive overview of the cutting-edge advances the
CHFs involving the architectural features, function characteristics, fabrication
strategies, applications, and perspectives in flexible electronics are provided.
The fundamental design principles and fabrication strategies are systemati-
cally introduced including the discontinuous fabrication (the capillary polym-
erization and the draw spinning) and the continuous fabrication (the wet
spinning, the microfluidic spinning, 3D printing, and the electrospinning). In

lightweight, portable, foldable, stretch-
able, and biocompatible are triggering the
intense interests of researchers from multi-
disciplinary fields like biology, material sci-
ence, and chemistry.’! Nowadays, great
attempts have been devoted to developing
advanced flexible electronics by integrating
various inorganic or organic traditional
conductive functional materials with flex-
ible electrochemically non-active elastic
substrates.'>"I Generally, traditional con-
ductive functional materials encounter the
shortcomings such as high price, inherent
rigidity, ~weak Dbiocompatibility, poor
mechanical, and inferior interface bonding
properties, which are employed to evaluate
the performance of the flexible electronics

addition, their potential applications are crucially emphasized such as flex-
ible energy harvesting devices, flexible energy storage devices, flexible smart
sensors, and flexible biomedical electronics. This review concludes with a
perspective on the challenges and opportunities of such attractive CHFs,
allowing for better understanding of the fundamentals and the development

of advanced conductive hydrogel materials.

1. Introduction

During the last few decades, the flexible electronics are under-
going the staggering speed of advancements, which are omni-
present in the contemporary life ranging from flexible displays,
touch panels, electronic skin, soft robotics, wearable energy
devices, human-machine interactions, flexible sensors to real-
time health-monitoring devices.!'"8] Compared to the traditional
rigid and brittle silicon-based electronics, flexible electronics
manifesting the peculiar characteristics, such as miniaturized,
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materials. Therefore, pursuing these mate-
rials with practical applications is an emer-
gent issue in the research field.
Nevertheless, in numerous conduc-
tive functional materials, hydrogels with
3D network structures have been largely
selected as the excellent candidates due to
their high water content, excellent biocom-
patibility and biodegradability properties,
high elasticity, and outstanding stimulus responsiveness.[’8-23]
Conductive hydrogels are generally constructed via integrating
various conductive substances into the hydrogel matrix, which
are comprised of carbon materials (carbon nanotubes (CNTs),
graphite), metal oxides, metal sulfides, metal nanoparticles
and conductive polymers (polyaniline (PANI), polypyrrole
(PPy), poly (3,4-ethylenedioxythiophene) (PEDOT:PSS)).[2430]
For example, Han et al. fabricated a CNTs-based conductive
hydrogel for strain sensors by in situ polymerization of acrylic
acid and acrylamide in water/glycerol solutions in the presence
of polydopamine-decorated CNTs.[?8l Devaki et al. reported a
3D Ag nanoparticles-polyacrylic acid conductive hydrogel via
combining in situ polymerization of acrylic acid and reduction
of Ag".?l Duan et al. constructed a robust and force-sensitive
conductive hydrogel employing synthesizing polyacrylamide
and PANI in closely packed swollen chitosan microspheres.l3%
According to the different configurations of hydrogels, con-
ductive hydrogels are allowed to be processed into 3D bulk
gels, 2D gel films, 1D gel fibers, and 0D microgels.3'3% The
mechanical flexibility of 1D fibrous configuration is superior to
that of 3D bulk or 2D film configuration due to its well-oriented
polymer chains, light weight, and low dimensions for flexible
electronics. Moreover, ultra-flexible fibrous materials can be
easily woven into diverse soft and breathable fabrics, which
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can efficiently accommodate complex deformations, match
the bending stiffness of biological tissues, and create a more
comfortable wearable environment for the human skin. Thus,
1D conductive hydrogel fibers (CHFs) have become critical
candidates as flexible function materials of flexible electronics
on account of their unique features including anisotropy, large
length-to-diameter ratio, good weavability and knittability, and
excellent mechanical flexibility (Figure 1).57]

The 1D macrostructures and 3D network microstructures
of CHFs not only afford continuous and effective transport
channels for electrons and ions, but also contract the diffusion
distance of ions as well as accelerate the electrons and ions
transport rate. It is noted that CHFs are preferable for flexible
electronics in consequence of their high conductivity and elec-
trochemical activity, involving the flexible energy harvesting and
storage devices.'! Intriguingly, 1D CHFs response quickly to
small stimuli changes in the external environment such as tem-
perature, strain, pressure, and humidity, which is important for
the flexible smart sensors.[*’] In addition, as extracellular matrix
analogues, CHFs with tissue similarity and biocompatibility,
can substantially enhance the cell adherence, culture and dif-
ferentiation. Meanwhile, CHFs can act as a powerful interface
linking the soft tissues of human bodies and electronic devices,
allowing for the collection of various physiological signals for
personal health management. Indeed, they are permitted to
be employed in tissue engineering, soft robotics, implantable
bioelectronics, and other fields.*®-5/1 Furthermore, CHFs pos-
sessing excellent mechanical flexibility and deformation resist-
ance can better adapt the complex and changeable stress from
the external environment on the basis of their unique porous
structure and high porosity, thus satisfying the requirements
of the stability of flexible electronics. Simultaneously, CHFs are
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Figure 1. Schematic illustration of flexible electronics applications of
CHFs. The red circle represents the enlargement illustration of the 3D
network interior microstructure of CHFs for electrons and ions transpor-
tation, looking like 3D porous foam morphology.
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able to be tailored facilely by weaving and integrating with dif-
ferent components into the fabric for the fabrication of wear-
able electronics. More importantly, the conductive network and
microstructure of CHFs can be rationally designed at the mole-
cular level to construct multi-functional materials and devices,
such as anti-freezing, self-healing, shape memory, multiple
stimulus responsiveness, etc., greatly extending the scope of
their application range.

So far, many reviews are probing into the design, fabrications,
and applications of conductive hydrogels generally with 2D film
or 3D bulk configurations in flexible electronics.®%% Parallelly,
some reviews elucidate the applications of hydrogel fibers in
biomedical engineering, such as tissue regeneration, wound
healing, and drug delivery system.[~72] It is of paramount sig-
nificance to summarize the recent progress of CHFs-based flex-
ible electronics, which probably facilitates the researchers to
adequately understand this field. In this review, we give a sys-
tematic elaboration on the architectural features, function char-
acteristics, construction strategies, and applications of CHFs in
flexible electronics. To begin with, the architectural features,
function characteristics, construction strategies, and under-
lying formation mechanisms of CHFs are introduced. Then
an overview of the applications of CHFs in flexible electronics
are showcased, which include flexible energy harvesting and
storage devices, flexible smart sensors, and flexible biomedical
electronics. Finally, we conclude this review with a perspective
on the challenges, opportunities, and the future research direc-
tions of CHFs-based flexible electronics. It is anticipated that
this review can not only provide the deep the understanding of
the fundamentals of sorts of conductive hydrogel materials, but
also bring new insight in the development of designing more
innovative conductive hydrogel materials and exploiting more
fabrication techniques for CHFs for their promising applica-
tions in the fields of flexible electronics.

2. The Architectural Features and Function
Characteristics Of CHFs

In this section, we will discuss the substantial merits of CHFs,
such as large length-to-diameter ratio, easy weaving, excel-
lent mechanical properties, high specific surface area, high
water content, high conductivity, stimulus responsive, biocom-
patibility, self-healing, anti-freezing, and water retention on
account of their architectural features and function character-
istics (Figure 2).

2.1. The Architectural Features
2.1.1. 3D Network Structures

Mimicking the structural and functional characteristics of extra-
cellular matrix of natural tissue, the uniquely 3D network struc-
tures of CHFs formed by hydrophilic polymer chains impart
CHFs with high specific surface area and high water content,
which can create a suitable microenvironment for cell prolifera-
tion, differentiation, and maintenance. The high water content
of CHFs facilitates the exchange of biological molecules and

© 2023 Wiley-VCH GmbH

85U8017 SUOWILIOD BAea1D 3edldde aup Aq pausenob aJe sspiie YO ‘SN JO Sa|NnJ 10} ARiqiT8UIIUO AB|IAA LO (SUONIPUOD-PUR-SLLIBIALIOD" A |IM A RIq UL UO//SANY) SUORIPUOD pUe SWB | 8L 885 *[£202/20/70] uo ArigiTauliuo A8|im ‘AisieAiun aimnouby nyuy Aq S8rETZZ02 WiPe/Z00T 0T/10p/L00" A3 | 1M ARe.d 1 |puluo//:Sdny woly papeojumod ‘0 ‘8Z0E9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Architectural features
Large specific surface area

High water content

High porosity

High length to diameter ratio

Light weight

Rapid response

Easy weavability

N

CHFs

Function characteristics

High conductivity

Mechanical property

Stimulus responsiveness

Biocompatibility

Self-healing

Anti-freezing

Water retention

Figure 2. A guiding figure for the architectural features and function characteristics of CHFs.

markers across interfaces in biomedical field.?>”3] In addition,
the 3D network structures of CHFs with a high degree of com-
pactness facilitate to achieve rapid response, namely, subtle
structural changes of the microstructure domain can be quickly
transmitted to the adjacent domains, which can be applied as
sensors."*7° Moreover, CHFs have been widely adopted as fiber
electrodes in flexible energy devices owing to their uniquely
3D porous network structures and high conductivity.?#6 In
the first place, the stable 3D porous network structures acting
as conductive frameworks not only provide continuous fast
transport channels for electrons and ions, but also possess
a large effective surface area to contact and diffuse ions, thus
improving the utilization of the electrode materials. In another,
CHFs can offer favorable interfaces between electrodes and
electrolytes and facilitate fast and efficient electrochemical reac-
tions as a result of their 3D network structural superiority of
accommodating a large amount of ionic liquid. What's more,
3D porous structures of CHFs contribute to drastically resist
the volume expansion or shrinkage and greatly maintain
mechanical integrity of electrode materials during charging
and discharging process, which is vital performance indicators
for energy devices. For instance, Teng et al. constructed a hier-
archically 3D interconnected porous PEDOT:PSS/PPy hybrid
CHEF via hydrothermal assembly of PEDOT:PSS solution and in
situ chemical oxidative polymerization of pyrrole.”®! Benefiting
from its hierarchically 3D porous nanostructure, high conduc-
tivity, strong 7 interaction and good flexibility, this CHF dem-
onstrated fast electrons transfer/ions diffusion and the efficient
utilization of whole electrode, which could be assembled into
the fiber supercapacitor with the superb specific capacitance
and the excellent rate performance. In addition, CHFs can
effectively adapt to complex deformations from outside environ-
ment via changing their 3D network structures and behaviors
during their own execution. More importantly, a variety of prop-
erties of CHFs, including conductivity, mechanical properties,
self-healing, anti-freezing, and other multifunctionality, could
be precisely regulated to satisfy actual application demands via
the rational design of network structures, compositions, and
molecular interactions of hydrogels. Hence, the 3D network
structures of CHFs are crucial to their performance of all sides.
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2.1.2. 1D Fiber Structures

Compared to 2D hydrogel films or 3D hydrogel monoliths, 1D
CHFs with considerable dominances of small cross-sectional
areas, high length-to-diameter ratio, well-oriented polymer
chains, light weight, and faster mass transfer, not only more
quickly respond to external stimulus, but also bear more tensile
force under the same load.l7/)Apart from that, CHFs exhibit
enhanced mechanical properties and specific anisotropies
thanks to their oriented condensed structures that the polymer
chains align along the longitudinal direction. As for wearable
devices, conventional 3D or 2D electronics fail to efficiently
meet the requirements of flexibility and breathability mainly
due to their intrinsic rigidity and bulkiness. To overcome
this challenge, various CHFs-based flexible electronics have
been developed considering their superiority of small diam-
eter, lightweight, wonderful flexibility, easy weavability, and
fantastic reconstruction ability into various hierarchical archi-
tectures. On one hand, they can efficiently accommodate com-
plex deformations via a series of changes including twisting,
bending, and stretching. On the other hand, CHFs with diam-
eters ranging from tens to hundreds of micrometers can be
arbitrarily woven into various 3D or 2D textiles and fabrics
using textile techniques such as knitting, weaving, and embroi-
dery or can be integrated into daily clothing to build perfectly
conformal contacts with human skin, which can be served as
wearable sensors to detect human motions and physiological
signals rapidly and sensitively. For example, Li et al. reported
ionic polyimide CHFs based on strong ion complexation inter-
actions between calcium ions and carboxylate groups via wet
spinning.”8l They demonstrated an excellent conductivity of
~21 mS cm™ and outstanding mechanical properties with a
tensile strength of 2.5 MPa and breaking elongation of 215%
owing to their ion-rich property and robust skeletal structure.
They were easily woven and assembled to form integral wear-
able textiles for applications in wearable and flexible strain
sensors with high sensitivity and good cycling stability under
diverse complex environments. With regard to their applica-
tions in implantable biomedical devices, CHFs with miniatur-
ized and flexible features can not only act as a better carrier
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environment to encapsulate cells and load different therapeutic
drugs or molecules for tissue engineering, but also are appli-
cable to be deeply penetrated and easily retrieved into tissues
during the minimally invasive surgical procedures free from
biomedical complications.”>#) Overall, CHFs can effectively
overcome the mechanical mismatch between the hydrogels and
human tissues and avoid the large size and isotropic structure
of the hydrogels to hinder their responsiveness and sensitivity
based on the combination of the 3D network microstructure
and 1D macrostructure.

2.2. The Functional Characteristics of CHFs
2.2.1. High Conductivity

Conductivity is the most critical characteristic of CHFs. The
conductivity of CHFs is aroused by the movement of electrons
or ions in the 3D network structures of hydrogels. Generally,
conductive hydrogels are fabricated in two strategies: 1) Con-
ductive hydrogel network with the single component is con-
structed via self-polymerization or self-assembly of conductive
polymers/fillers; 2) Conductive hydrogel network is integrated
into existing non-conductive hydrogel matrix via introducing
interpenetrating conductive networks or various conductive
substances, such as conductive polymers, conductive fillers, and
free ions.B182 In the light of conductive mechanisms, CHFs can
be categorized into electronic, ionic, and hybrid electronic-ionic
CHFs. Conductive polymer-based CHFs, including PEDOT,
PANI, and PPy, belong to electronic CHFs on the grounds of
their electronic conduction induced by the conjugated 7 bond
of the conductive polymers. Conductive fillers-based CHFs
primarily depend on electronic conduction of the conductive
fillers, such as graphene, CNTs, and metal nanoparticles. For
example, Yao et al. prepared a PEDOT:PSS CHF in a glass capil-
lary by thermal treatment of a commercial PEDOT:PSS suspen-
sion in 0.1 mol L™ sulfuric acid followed by partially removing
its PSS component with concentrated sulfuric acid.®¥ This
dried CHF demonstrated an extremely high conductivity of
38000 S m™, a strong tensile strength of 280 MPa, and a large
failure strain of 14.6%, which could be used as the fiber elec-
trode to fabricate a current-collector-free fiber supercapacitor.
However, the inherently rigid conductive fillers inevitably cause
the trade-off between the mechanical compliance and the con-
ductivity of CHFs, since the high amounts of conductive fillers
approaching the percolation threshold often lead to the increase
of fiber’s Young’s modulus and the decrease of their stretch-
ability. Moreover, these rigid conductive fillers have a mis-
matched modulus with the hydrogel matrixes, easily leading
to the interfacial delamination in the fibers during repeated
stretching. Furthermore, electronic CHFs are usually opaque,
black, and have a small fracture strain, which will limit their
usage in the practical applications.

Inspired by ion transportation nature of living systems, the
burgeoning ionogel fibers composed of a 3D polymer network
percolating through the ionic liquid (IL), mediating signal by
mobile ions, have gained tremendous interest recently. Distinct
from tradition conductive fillers, IL can realize good disper-
sion in the polymer matrix owing to the noncovalent interac-
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tions between IL and polymers in ionogel fibers. Consequently,
ionogel fibers can support high loading of IL, giving rise to
high ionic conductivity without sacrificing their stretchability.
Ionogel fibers possess considerable unique advantages, such
as good optical transparency, tissue-matchable moduli, tun-
able mechanical properties, high molecular designability, high
stability over a wide temperature range, and non-flammability,
which have offered great opportunities for the development
of bioelectronics, soft robotics, sensors, energy harvesting,
electronic skin, and ionic cables.B*# For example, Sun et al.
reported a highly stretchable, transparent, and self-healing
ionogel fiber based on double physical crosslinking including
hydrogen bonding and dipole—dipole interaction using tubular
Teflon mold.®] This ionogel fiber easily woven with ordinary
fabrics could be used as a strain sensor for human motion mon-
itoring because of its mechanical adaptability, and a thermal
sensor due to the temperature dependence of conductivity,
which demonstrated great potential in wearable electronics.
CHFs represent tailorable conductivity according to different
application requirements via designing electronic, ionic, or
hybrid conductive network. Typically, CHFs with high conduc-
tivity are rarely used in the biomedical field, but widely used in
the sensors or energy devices. The reason is that CHFs with low
ionic conductivity are sufficient to transmit bioelectrical signals
and electrically stimulate cell proliferation and differentiation in
vivo matching with the rather low microcurrent intensity in the
human body. The high concentrations of salt ions may reduce
the biocompatibility of hydrogels, thus limiting their applica-
tions in bioelectronics. Contrarily, the high conductivity confers
CHFs as electrodes with improved electrochemical performance
because of the fantastic ions/electrons transmission capability.

Enhanced conductivity of CHFs has great implications for
extending their application ranges. There are three directions
to enhance the conductivity of CHFs from the perspectives of
conductive mechanisms of CHFs. First, the conductivity can be
improved by introducing conductive polymers to form a con-
jugated skeleton through in situ polymerization on the basis
of the original network. Moreover, increasing the amounts of
conductive polymer contributes to increase the electron concen-
tration in the hydrogel system, leading to the improvement of
the conductivity of CHFs. However, the mechanical properties
of CHFs may be damaged by reason of the inherently rigid con-
jugated structure of conductive polymers. Second, the conduc-
tivity of CHFs can also be enhanced by integrating conductive
fillers into the hydrogel network based on various molecular
interactions, including 77 stacking interactions, hydrophobic
effect, and hydrogen bonding because of the increased charge
transport channels. Nonetheless, too many fillers may give rise
to the phase separation between hydrogel matrix and fillers,
thus deteriorating the stretchability of CHFs. Third, the addi-
tional of salt ions into the pores of the hydrogel network can
elevate the conductivity of ionic CHFs via infiltration benefiting
from the enhancement of the charge transfer efficiency.

2.2.2. Mechanical Properties
Mechanical properties are also significant characteristics of

CHFs, including elasticity, toughness, and stretchability. It is
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inevitable that wearable devices are often subjected to various
external forces induced by the complexity of the motion of human
and external environment in practical applications, including
stretching, bending, twisting, compression, and folding. As a
consequence, excellent mechanical properties of CHFs are con-
sidered as crucial parts for designing the devices, which are
required to maintain the high performance of devices. Similar
to the conductivity of CHFs, the mechanical properties of CHFs
can be designed to satisfy a variety of requirements in different
applications. In general, high mechanical properties of CHFs are
required in energy devices and sensors applications, such as ten-
sile, compressive and flexible. For the biology applications, the
Young's modulus of CHFs is consistent with that of biological
tissues so that they can effectively achieve electrical stimulation
and sustain their integrity of 3D structure and function. More-
over, CHFs can be regulated to form diverse mechanically com-
pliant interfaces with a variety of biological tissues, minimizing
their mechanical mismatch with biological tissues.?’]

Recently, various tactics have been excavated to improve the
mechanical properties of CHFs. Double network crosslinking,
which is regarded as a representative method, is widely
employed to fabricate CHFs with high toughness and excel-
lent stretchability. The double network structure is made up of
two contrasting and interpenetrating polymer networks with
opposite mechanical properties. The first network with densely
crosslinked creates CHFs stiff and brittle while the second net-
work with sparsely cross-linked makes CHFs soft and stretch-
able. Once CHFs are subjected to stress, the internal fracture
of brittle first network happens dissipating large amounts of
energy during large deformations, while the flexible second
network can supply elasticity to maintain their structure integ-
rity. The unique energy dissipation mechanism of double net-
work structure expectedly reinforce mechanical properties of
CHFs. Inspired by muscle architectures, Geng et al. reported
double network hydrogels with hierarchically aligned structures
composed of cross-linked cellulose nanofiber/chitosan hydrogel
fibers and poly (acrylamide-co-acrylic acid).®® After further
cross-linking using Fe®', the hydrogel demonstrated an out-
standing mechanical performance with an average strength of
11 MPa and elongation-at-break of 480% owing to the effective
energy dissipation of the oriented asymmetric double network,
which showed promising potential in biological applications.
Another way to enhance the toughness and stretchability of
CHFs is to design and construct proper covalent or noncova-
lent interactions among the hydrogel networks, polymer chains
and the conductive fillers, which are related to their mechanical
properties. Meanwhile, appropriately increasing the amount of
salt ions and conductive fillers in hydrogels contributes to boost
the mechanical properties of CHFs. In practical applications,
the mechanical properties and conductivity of CHFs need to be
balanced. Table 1 lists the representative examples of CHFs in
terms of materials, conductivity and mechanical performance.

2.2.3. Stimulus Responsiveness
Stimulus responsive hydrogels, referred to as intelligent hydro-

gels, can sense and respond to changes in the external environ-
ment, which have broad potential applications in the field of

Adv. Funct. Mater. 2023, 2213485

2213485 (5 of 28)

Table 1. Representative examples of CHFs with regard to the conduc-
tivity and the mechanical performance.

Types of Materials Conductivity Mechanical Reference
CHFs performance
(tensile strength,
strain)

Electronically PEDOT:PSS 38000S m™ 280 MPa, 14.6%, [83]
CHFs PANI/PA/GO - 140 MPa, 31%,  [89]

PEDOT/PANI 200'S cm™ 120 MPa, 7%, [90]

RGO-PEDOT: 14Sm™ - ED!

PSS-PVA
Ti;C,T, MXene 1045 m™ 11MPa, 035%  [92]

aerogel

PEDOT:PSS@PVA  0.00163 S cm™' 13.76 MPa, [93]
519.9%.

lonically Polyimide 21mScm™ 2.5 MPa, 215% [78]
CHFs

PAAS-PMA 2Sm™ 5.6 MPa, 1200%  [94]

PAAm/PAMPS - 5.6 MPa, 159%  [95]

P(NAGA-co-AAm)  0.69Sm™  2.27 MPa, 900%  [55]

P(AAm-co-PAA)/  42mSm~  0.27 MPa, 500%  [96]

Fe(lll)

micro-environmental sensing.’’) Similar to stimulus respon-
siveness of organisms, CHFs can integrate sensing, driving,
and information processing to display intelligent properties.
The external stimulations generally are external physical and
chemical factors, including temperature, pH, light, electricity,
magnetism, sound, force, and chemicals.’®1% The stimulus
responsiveness mechanism of CHFs is that the microstructural
and the interaction force between internal chains and chains
or conductive fillers of hydrogels change at the molecular level
when they suffer from various external stimulations, ultimately
resulting in the variation of the overall characteristics of CHFs.
For example, the network based on weak electrostatic interac-
tions will be affected by temperature. The microscopic forces
of the hydrogel network vary from the changes of temperature,
thus affecting the overall performance of hydrogels. Addition-
ally, responsive conductive hydrogels playing the role of con-
veying different electrical signals because they show different
electrical conductivities to different external environments.
Thus, CHFs can serve as an ideal bridge to transmit electrical
signals between the human body and electronics. More impor-
tantly, 1D CHFs demonstrate higher sensitivity because of
their small diameters and large length-to-diameter ratio, which
exhibit promising application prospects in the future. Li et al.
fabricated Ti;C,T, MXene aerogel fibers with an intriguing ori-
ented mesoporous structure via a simple dynamic sol-gel spin-
ning and subsequent supercritical CO, drying.*?! These Ti;C,T,
MXene aerogel fibers exhibited the ultrahigh conductivity up to
10* S m™! and the high specific surface area up to 142 m? gL
They displayed excellent electrothermal/photothermal dual-
responsiveness due to the high electrical conductivity and the
remarkable light absorption ability, which showed potential in
flexible wearable devices, smart fabrics, and portable equip-
ment applications. To conclude, responsiveness further confers
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CHFs-based flexible devices with controllability, changeability,
and multiplicity, which remarkably expands the application
ranges of CHFs, such as flexible sensing, soft robots, energy
storage, microfluidics and biomedical fields.

2.2.4. Other Functions

In addition to the above properties containing conductivity,
mechanical, and stimulus responsiveness, other prominent
properties of biocompatibility, self-sealing, an-freezing, and
water retention have also become indispensable parts of CHFs
for flexible electronics.[*¢3191-103] Ordinarily, biocompatibility is
the most basic features for flexible electronics in human health-
related applications, especially those integrated on the clothing
or implanted devices. Mimicking the intrinsic morphologies
and functions of human tissues, multifunctional CHFs possess
unique biological properties, such as biocompatibility, biodeg-
radability, tissue adaptability (well-matching biological tissues
in terms of bending stiffness), and minimal invasiveness.l%
The biocompatibility of CHFs can keep the human body from
a series of immunogenic responses and non-toxic side effects,
which can trigger inflammation, insecurity, and allergic reac-
tions in the body. Flexible electronics are often inevitably sub-
jected to damage under long-term use and external stress from
the environment, self-healing can make CHFs recover their
structure integrity and performance after damage, and prolong
the service life and durability of the devices. The self-healing
mechanism of CHFs is based on various reversible mole-
cular interactions consisting of dynamic covalent bonds and
dynamic non-covalent bonds, such as hydrogen bonding, elec-
trostatic ionic forces, host-guest interactions, and hydrophobic
bonding.M1%] CHFs based on dynamic covalent bonds can
achieve self-healing via breaking and re-forming covalent bonds
by means of proper external conditions (eg. temperature, pH or
light). It is expected that CHFs based on dynamic non-covalent
bonds can reconstruct hydrogel structure without any external
conditions. In short, self-healing of CHFs deriving from these
existences of dynamic bonds can notably boost the stability of
CHFs-based flexible electronics.

Anti-freezing is another important property of CHFs, espe-
cially in extreme low temperature environments. CHFs with
abundant water can freeze below zero degrees, causing the
shape change of hydrogels, making the network structures
fragile, and destroying the ions transport channels, thus
leading to the exacerbations of flexibility and conductivity of
CHFs. Developing anti-freezing CHFs can effectively overcome
the above difficulties and significantly expand their applica-
tions at low temperatures.1%1%l To lower the freezing point of
CHFs is an effective mean to prevent freezing. There are two
ways to fabricate anti-freezing CHFs. The common strategy is
to introduce various cryoprotectants to CHFs via a simple sol-
vent replacement, such as ethylene glycol, glycerol, and sorb-
itol, inhibiting the nucleation and regeneration of ice crystals
of supercooled water. Another way is to add inorganic salts
to CHFs to lower the liquid-solid transition temperature and
prevent the hydrogel freezing phenomenon to a certain extent,
such as Na*, CI, Li*, Ca,*, and other salt ions. Apart from that,
water inside CHFs is susceptible to evaporate in the dry envi-
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ronment, resulting in the dysfunction of devices. In order to
overcome this challenge, constructing organohydrogels fiber
system by solvent displacement method or using binary solvent
as dispersion medium can reduce the vapor pressure of CHFs,
thus preventing them from drying out. Additionally, coating
as-fabricated CHFs with a thin hydrophobic layer, for example,
polymethyl acrylate (PMA), polydimethylsiloxane (PDMS)
and Ecoflex, can physically reduce the rate of water evapora-
tion, which is also an effective approach to preserve water in
CHFs.[03103108] Shj et al. constructed the nonvolatile, stretch-
able, and adhesive ionogel fibers using the ionic liquid 1-ethyl-
3-methylimidazolium dicyanamide ((EMIM][DCA]) as the only
dispersion medium, and Zwitterionic [2-(Methacryloyloxy) ethyl]
dimethyl-(3-sulfopropyl) (SBMA) and acrylamide (AM) as mon-
omers via mold method based on the ion-dipole, dipole—dipole
interactions and interchain hydrogen bonds.>)l The P(SBMA-co-
AM) ionogel fibers successfully overcame the problems of dehy-
dration at high temperature and icing at subzero temperature
due to the inherent non-volatility, low freezing point of ionic
liquid and enhanced anti-freezing performance caused by ion-
dipole interaction. This ionogel-fiber based sensor worked well
in harsh environments, exhibiting an enlarged working tem-
perature range from —80 to 150 °C and high tolerance under
vacuum of 1.325 kPa. Overall, CHFs represent excellent con-
ductivity, tunable mechanical performance, significant stimulus
responsiveness, considerable biocompatibility, self-healing, anti-
freezing, and water retention, which lay the foundations for
their application as all kinds of flexible electronics.

3. Fabrication of CHFs

Hydrogel fibers with ordered chain alignment demonstrate
enhanced mechanical and electrical properties than 2D
hydrogel films and 3D hydrogel monoliths with random orien-
tation and disordered alignment of the polymer chains, which
show huge potential and bright prospect in tissue engineering,
biomedicine devices, and flexible electronics.l-11 [n the ini-
tial stage of development, most hydrogel fibers are constructed
from less varieties of used spinnable polymers with high
molecular weight and low viscosity, such as alginate, polyvinyl
alcohol (PVA), polyoxyethylene (PEO) via traditional wet spin-
ning, electrospinning, and 3D printing. The fiber fabrication
techniques and applicable materials are commonly limited in
consequence of poor spinnability of hydrogels or precursor
solutions including monomers and oligomers with reaction
activity, low molecular weight, and viscoelasticity, resulting
in poor mechanical properties or requiring complex extra
crosslinking processes. Besides, the obtained hydrogel with
the crosslinking structure is difficult to withstand the tensile
deformation during fiber processing. In the view of hydrogel
gelation process, it is a time-consuming and slow three-step
approach including initiation, chain propagation, and totally
crosslinking to form the crosslinking structure, which is largely
inconsistent with the rapid spinning process of fiber formation.
Consequently, realizing a coordinated effort of fiber forming
and hydrogel gelation process, or the generation of fiber shapes
and the cross-linking network simultaneously, is essential for
successfully fabricating hydrogel fibers.
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Figure 3. Schematic diagram of fabrication of CHFs. a) Capillary polymerization method. b) Draw spinning. c) Wet spinning. d) Microfluidic spinning.

e) 3D printing. f) Electrospinning.

Over the past several decades, with tremendous endeavors of
researchers, great progress in various fabrication approaches of
hydrogel fibers have been achieved and numerous novel system-
atic strategies have been developed. According to the formation
mechanism and the length of hydrogel fibers, the preparation
methods of hydrogel fibers are categorized into discontinuous
and continuous fabrication methods. The hydrogel fibers with
finite length and controllable size were prepared conveniently
by the discontinuous fabrication methods, including capil-
lary polymerization, draw spinning, and extrusion spinning,
without combining the gelation process with the fiber forming
process. By contrast, continuous fabrication methods, including
wet spinning, microfluidic spinning, 3D printing, electrospin-
ning, dynamic polymerization spinning, and these techniques
combined with various cross-linked strategies of hydrogels net-
work, can remarkably synchronize the gelation process and the
fiber formation process, finally construct continuously hydrogel
fibers with random lengths. As a sort of hydrogel fibers, these
designed strategies and preparation technologies can provide
a useful reference for preparing CHFs (Figure 3). The detailed
formation mechanisms of CHFs as well as merits and short-
comings of these fabrication are discussed below.

3.1. Discontinuous Fabrication Techniques
3.1.1. Capillary Polymerization Method

CHFs with limited length and controllable diameter can be
fabricated in a specific capillary mold via in situ polymeriza-
tion, which is a facile, cost-effective method. The hydrogel
precursor solution is placed into the capillary mold and then
cross-linked to form CHFs under different conditions, such as
UV, thermal, physical interactions, etc. Generally, the materials
of capillary molds are glass, silicone, polyvinyl chloride, pol-
ytetrafluoroethylene, and polydimethylsiloxane. Most capillary
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molds have tunable mechanical strength, elasticity, transpar-
ency, biocompatibility, and high fidelity of molding micro- and
nano-structural features, which facilitate CHFs to detach from
capillary mold. Here, some examples of CHFs fabricated via
capillary polymerization technique are given.

Xu et al. injected the hydrogel precursor solution consisting of
anhydrous calcium chloride, acrylamide (AM), N,N-methylenebi-
sacrylamide (BAM), branched polyethylenimine (PEI), photoini-
tiator-2960, water and glycerol into a silicone tube with the inner
diameter of 1 mm using a syringe (Figure 4a).""l Subsequently, 3D
cross-linking network structure CHF was formed by exposing the
silicone tube to ultraviolet (UV) irradiation for 30 min, seeing that
BAM as crosslinker contributed PAM chains to crosslink together
via the strong covalent bond and branched PEI interacted syner-
gistically with polyacrylamide (PAM) chains via hydrogen bonds.
The fracture and recombination of the hydrogen bonds played a
dominant role in dissipating energy and preventing crack propa-
gation, thus imparting CHF with excellent stretchability. The
diameters of original CHF could be tuned by further stretching,
which can reach 100 times of their original length in the absence
of breaking (Figure 4b). A single CHF was successfully collected
by winding around a glass beaker and can be easily processed to
hydrogel fiber web or spider web (Figure 4c). In addition, these
CHFs demonstrated high conductivity (0.75 S m™), excellent
anti-freezing performance (—40 °C), favorable weight retention
ratio (=90%), strong adhesiveness, sensitive strain sensing, and
light guiding capability, which own great potential in the appli-
cation for flexible functional electronics. Zhou et al. fabricated a
highly-conductive PEDOT:PSS/PANI hybrid CHF for the high
performance fiber supercapacitor via hydrothermal assembly of
a commercial PEDOT:PSS dispersion followed by acid treatment
and in situ chemical polymerization of aniline in a glass capil-
lary with inner diameter of 0.5 mm.P% The synergistic effect of
highly-electroactive PANT and the robust PEDOT hydrogel frame-
work endowed this hybrid CHF with high mechanical property,
high specific capacitance and excellent rate capability.
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Figure 4. Schematic diagram of capillary polymerization method for fabricating CHFs. a) CHF was fabricated in a silicone tube. b,c) Photographs of
CHFs in different states. Reproduced with permission.["7l Copyright 2021, Royal Society of Chemistry. d) The PVA/PAA hydrogel fiber was first fabricated
in a PVC hose. ) The MWCNTS-PVA/PAA CHFs were produced by coating MWCNTs on the surface of PVA/PAA hydrogel fibers. Reproduced with

permission.["8 Copyright 2020, Elsevier.

Corresponding to the above one-step process, another prepa-
ration strategy is two-step method that non-conductive hydrogel
fibers were prepared first by employing capillary mold, which
were further coated with the electrochemically active material
through immersion to obtain CHFs. For instance, Wu et al. first
constructed a non-conducive poly(vinyl alcohol)/poly (acrylic
acid) (PVA/PAA) hydrogel fiber by means of the polymerization
of PVA/AA monomer with a mixture of glycerol and water solu-
tion in PVC hose (Figure 4d), followed by coating multi-walled
carbon nanotubes (MWCNTS) onto the surface of as-prepared
PVA/PAA hydrogel fiber to produce an MWCNTS-PVA/PAA
(C-PVA/PAA) CHF (Figure 4e).l®l The PVA chains significantly
endowed PVA/PAA hydrogel fiber with a high tensile strength
of 3.8 MPa and toughness of 13.7 MJ m~3. Moreover, the pres-
ence of glycerol ensured PVA/PAA hydrogel fiber excellent
flexibility and anti-freezing even at —15 °C. This C-PVA/PAA
CHEF had a high gauge factor of 25 at the strain of 40%, high
stability and repeatability of 5000 cycles, and a fast response
time of 225 ms. As a result, the C-PVA/PAA CHF could mon-
itor large-scale and subtle body movements accurately and
timely, exhibiting tremendous potential in the field of wearable
sensing electronics for sports and health detection. Currently, a
wide range of CHFs were designed and fabricated by capillary
polymerization method, which is not only suitable for various
crosslinking strategy and relatively broad range of materials,
but also independent of the reaction rate of gelation whether
it is fast and slow. The size, shape and diameters of CHFs was
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controlled by capillary mold. However, the inevitable pitfall is
that it is difficult to realize continuous, large-scale industrial
preparation of CHFs.

3.1.2. Draw Spinning

Another frequently used approach for fabrication of CHFs is
draw spinning.'?*124l In nature, spiders spin silks by pulling
the liquid proteins from different glands to form a gel mix-
ture before spinning, which subsequently transforms into a
solid fiber upon exiting the spider.'?>'2l The mechanism of
draw spinning is that the hydrogels were manually stretched
to prepare CHFs with assistance of the entangle interactions
of the molecular chains. Inspired by spider silk production
mechanism, Zhao et al. reported a CHF via one-step stretching
concentrated solution of ultra-high molecular weight sodium
polyacrylate (PAAS) in a mixture of water and dimethyl sul-
foxide based on the intertwining and hydrogen bonding inter-
actions between PAAS polymer chains, which was further
coated with a waterproof layer of polymethyl acrylate (PMA)
to form a core-shell anti-freezing and stretchable PAAS-PMA
CHF (Figure 5a).° This CHF composed of a conductive PAAS
core and an insulating PMA cover demonstrated high tensile
strength (5.6 MPa), large stretchability (1200%), fast resilience
(<30 s) from large strain, high ionic conductivity (2 S m™),
and low temperature resistance (—35 °C), which could be used

© 2023 Wiley-VCH GmbH

519017 SUOLLILIOD BANERID B[ed1 ke aU) AQ PoLLEAOB 18 SO YO ‘38N 0 S3INJ 10} AXeic]1 BUIIUO A3 1A O (SUOIPLOO-PUE-SWLISI L0031 AReJc) 1 pUIIUO//STIL) SUONIPUOD PUE SWLB | aU) 95 *[§20Z/20/70] Uo ARiqiTauiluo Aajim *AsieAn aimnouby Inyuy Aq SBrETZZ02 WIPe/Z00T OT/10p/wod" A8 1w AZeiqipu|uo//sdily Lol papeojumoq ‘0 ‘8Z089T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

a PAH fiber

PAAS
separates out

N
PMA
Th
—————>—< > —
H,0/DMSO
b m e e e e - - ——— -
b c
\7 Sol-gel process
-
& ()<\ Stir, 12h, room temperature Oj
J
Vinyl-triethoxysilance VSNP
(CH,CH,0),Si(CHCH,) {

o
\\,( ) o
—»
A\ APS, H,0

O VSNP VSNP cross linking PAA
o Hydrogen bond
““~_ PAAchain

- \\\\
0 O™Naf
PAAS LL
T waier PMA coatlng
evaporates

MAPAH fiber _

0PN0" 0PN 0oH0P 0 0PN 0PN0 070 0PN0

Na* HH Na* “ : Na* H

CH. H HH §
HC~d °H-0 H.g ©O-H ) y o-H Oy O
18 Hp-g Oy H-0 N H O

?1" 'J#Jb’ [ | B
_a —_ —_— —_— —_
)
O O

Figure 5. Schematic diagram of draw spinning for fabricating CHFs. a) The preparation process of PAH and core-shell MAPAH fibers due to the
interwining and hydrogel bonding interactions between PAAS polymer chains. Reproduced with permission.’l Copyright 2018, Springer Nature.
b) Synthesis process of polyacrylic acid hydrogel cross-linked by vinyl-functionalized silica nanoparticles. c) Hydrogel fiber drawing process. d) Coating
a thin layer of aligned carbon nanotube sheets on the surface of hydrogel fibers to form HF-ACNS,. Reproduced with permission.["®l Copyright 2021,

Royal Society of Chemistry.

in novel stretchable electronics. However, this non-covalently
crosslinked CHF exhibited significant creep and hysteresis.
Another typical example, You et al. fabricated a kind of CHFs
via draw spinning a polyacrylic acid bulk hydrogel cross-linked
with viny-functionalized silica nanoparticles and followed by
coating aligned carbon nanotube sheets (ACNSs) on its sur-
face to obtain HF-ACNS CHFs (Figure 5b-d), which exhibited
enhanced water tolerance, high mechanical strength with a
breaking strength of 79 MPa and a breaking strain of 65.8%.11"]
This as-prepared HF-ACNS CHF exhibited super contraction
behavior, which could irreversibly contract upon exposure to
water moisture. Hence, it could be applied as reversible fiber
actuators demonstrating hydromorphic contractile actuation
if the carbon nanotube alignment direction was parallel to the
hydrogel fiber direction. This wonderful work plays an enlight-
ening significance in designing and fabricating CHFs with high
mechanical properties for highly responsive sensors. Chen et al.
reported tough hybrid CHFs with heterogeneous networks
via draw spinning clay/P(MEO,MA-co-OEGMA-co-NIPAM)
nanocomposite hydrogel, followed by in situ polymerization of
aniline.’? These CHFs demonstrated high conductivity of
8799 S m7, high fracture energy of 172.43 k] m™2, excellent
tensile strength of 721 MPa, and good swelling resistance due
to their multimolecular interactions among the heteroge-
neous structured and intrinsic hydrophobic property of PANI.
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Benefiting from the knittability of gel fibers and piezoresis-
tive performance of PANI nanostructure, they could serve as
wearable sensors integrated into traditional fabrics to detect
human motions and physiological signals. Draw spinning for
preparing CHFs gets ride of dependence on the capillary mold.
However, it is regrettable that this approach is still difficult to
effectively fabricate uniform and continuous CHFs in a large
scale. Moreover, draw spinning cannot also make the gelation
process keep the same pace as the fiber forming process.

3.2. Continuous Fabrication Techniques
3.2.1. Wet Spinning

Currently, continuous fabrication techniques have been recog-
nized as an important and mainstream directions to design and
continuously prepare CHFs in large-scale production.?-131
Among these techniques, classical and mature wet spinning is
a versatile and efficient approach to construct fibrous materials,
which has also been widely utilized to produce CHFs on a large
scale on account of its existing maturity and controllability. The
formation mechanism of CHFs is that the precursor solution
is injected into a coagulation bath, followed by a non-solvent
induced phase-separation process and covalently/non-covalently
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cross-linked reaction simultaneously, which can successfully
synchronize the fiber spinning and gelation process. A classic
example is the fabrication of alginate hydrogel fiber, the solu-
tion of sodium alginate is injected into calcium chloride (CaCl,)
solution and subsequently crosslinked rapidly by exchanging of
Na* and Ca?* to form the fibrous hydrogel network.

Song et al. reported and manufactured a new type of conduc-
tive organohydrogel fibers on the basis of the combination of a
meticulous designed hybrid crosslinking strategy composed of
a physically and covalently hybrid crosslinking mechanism and
a simple solvent replacement process.l'””l The precursor solu-
tion containing alginate, an end-functionalized poly(ethylene
glycol) prepolymer and photoinitiator-12959 was spun into a
coagulation bath containing Ca?* under UV light via wet spin-
ning, which can rapidly form ion-crosslinked nascent hydrogel
fibers (Figure 6a), and subsequently replacing the water of the
hydrogel fibers by glycerin to produce organohydrogel fibers
in force (Figure 6b). The ion-crosslinked networks ensured
the continuity of the spinning process and the covalently
crosslinked networks endowed CHFs with excellent mechan-
ical properties, which could be collected on a continuously
winding drum spool (Figure 6¢) and woven to a knitted textile
(Figure 6d). Accordingly, these as-prepared organohydrogel
fibers demonstrated high conductivity (0.765 S cm™), excellent
anti-freezing property (<-80 °C), outstanding long-term sta-
bility (>5 months), transparency, stretchability (400% = 9.6%),
and negligible hysteresis during the cyclic loading and
unloading, which can be applied as strain sensors for high-
frequency (4 Hz) and high-speed (24 cm s™!) motion of a simu-
lated engine. Additionally, they were also favorable for wearable
strain anisotropic sensors, optical fibers, data gloves, and flex-
ible soft electrodes. Wang et al. prepared a smart ionogel fiber
composed of thermoplastic polyurethane (TPU) and ionic
liquid (IL) by the facile and scalable wet spinning.® The
IL/TPU solution was injected into the coagulation bath to
form IL/TPU ionogel fiber due to the DMF diffusion and the
penetration of water into the IL/TPU filaments. The prepared
IL/TPU ionogel fibers demonstrated good weavability and flex-
ibility, and excellent stretchability (up to 700% strain) owing
to the remarkable elasticity of TPU and vast hydrogen bonds
between IL and TPU chains. It could serve as a wearable strain
sensor with good linearity in an ultrawide sensing range (up to
700%), ultralow-detection limit (0.05%), fast response (173 ms)
and recovery (120 ms), and high reproducibility to monitor both
subtle physiological activities and large human motions.

The majority of needles of wet spinning is a single mode,
and the multi-needles mode is conducive to construct versatile
CHFs with promising application prospects. For example, Chen
et al. fabricated a suite of core—shell segmental configuration
multifunctional hybrid fibers via dual-core coaxial wet spinning
(Figure 6e), consisting of a conductive reduced-graphene-oxide-
doped poly(2-acrylamide-2-methyl-1-propanesulfonic acid-co-
acrylamide (rGO-poly(AMPS-co-AAm)) hydrogel with strain-
sensitive features (Figure 6f) and a thermochromic elastomer
containing silicon rubber and thermochromic microcapsules
with the thermosensitive features.'?l By means of accurately
controlling the extrusion substance as a core layer, a conduc-
tive hydrogel precursor solution, or a thermochromic elastomer
prepolymer, a core—shell segmental structure was smartly
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obtained. These multifunctional CHFs possessed numerous
advantages involving good conductivity, high stretchability
and excellent extrudability, which could be applied as wear-
able strain and temperature sensors for multi-aims based on
different sensing mechanisms, such as monitoring human
motion, detecting body/surrounding temperatures, and deco-
rating colors. In summary, wet spinning combined with the
various hybrid cross-linking strategies can provide an effective
solution for the rational design and construction of CHFs as
well as effectively ensure gelation of hydrogel and fiber for-
mation simultaneously. The diameters of CHFs as small as
tens of micrometers can be well controlled by the diameters
of the needle and the rate of injection. More importantly, wet
spinning is not only appropriate for continuous large-scale
production of CHFs from industry to daily life, but also has a
promising potential to design and fabricate multi-functions or
multi-components flexible wearable devices such as transistors,
sensors, displays, supercapacitors, and batteries.

3.2.2. Microfluidic Spinning

Microfluidic spinning can accurately manipulate micro-scale
fluids with the assistance of microchannels controlled by preci-
sion-machined devices, which has achieved remarkable perfor-
mance in biomedicine diagnosis, environmental monitoring,
military science and aerospace fields due to its numerous
advantages of small size, less sample consumption, fast detec-
tion speed, convenient operation, multi-functional integration,
and high accuracy.>%] The difference of two spinning tech-
niques is that there are two or more streams of coaxial flowing
in microfluidic channels, among which the wet spinning is usu-
ally the single mode. Hence, microfluidic spinning has been
widely adopted to design and produce CHFs at the microm-
eter scale owing to their considerable promising features and
merits, which can precisely regulate their morphology, size,
microstructure, chemical composition, and physical and chem-
ical properties.’®1*] The formation mechanism of CHFs is
as follows: first, the common precursor solution is injected
into the inlet of a microfluidic chip, then delivered through
microchannels in a laminar flow; second, precursor solution is
directly extruded from the outlet of microchannels or embedded
syringe needles or glass capillaries; finally, once extruded, pre-
cursor solution can be rapidly cross-linked or solidified based
on various gelation methods including UV light, ionic or chem-
ical cross-linking, and solvent exchange, leading to the forma-
tion of CHFs in a short period. In other words, the continuous
fluid of the precursor solution is sheathed by a second solution
and then generates continuous CHFs by solidifying the inner
flow via crosslinking or solidification in the microchannels.
As a classical case, Xu et al. made sodium alginate (SA) as the
cortex spinning solution and CaCl, as the core spinning solu-
tion to form spiral-shaped alginate hydrogel fibers through an
ionic cross-linking reaction in a coaxial microfluidic device.[38!
However, this alginate hydrogel fiber crosslinked with weak
ions bonds usually exhibited inferior mechanical strength.

To overcome this dilemma, functional nanomaterials and
stimuli-responsive polymer networks can be generally inte-
grated into CHFs to enhance the mechanical properties and
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Figure 6. Schematic diagram of wet spinning for fabricating CHFs. a) The preparation process of CHFs via wet spinning based on ionic crosslinks and
covalent crosslinks and b) organohydrogel fibers by solvent displacement. c) Photograph of a long single fiber and d) a knitted textile. Reproduced
with permission.['?7] Copyright 2020, Wiley—-VCH. e) The fabrication of conductive hydrogel/thermochromic elastomer hybrid fibers with core—shell seg-
mental configuration via dual-core coaxial wet spinning. f) The schematic conduction mechanisms and photos of rGO-Poly(AMPS-co-AAm) hydrogel
as strain-sensitive materials. Reproduced with permission.'?®l Copyright 2020, American Chemical Society.

multi-functionality of single-component CHFs. For instance,  bination of microfluidic spinning and free radical polymeriza-
Peng et al. fabricated GO/PAM/SA nanocomposite CHFs based  tion.'"] As shown in Figure 7a, a self-made coaxial laminar
on alginate templating via taking the advantages of the com- flow microfluidic device composed of two coaxially aligned
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Figure 7. Schematic diagram of microfluidic spinning for fabricating
CHFs. a) The GO/PAM/SA CHFs were fabricated via microfluidic spin-
ning combined with free radical polymerization. Reproduced with per-
mission.3l Copyright 2018, Elsevier. b) The PAAM/PAMPS ionic CHFs
were produced in microfluidic device based on the self-lubricated spin-
ning strategy. Reproduced with permission.*l Copyright 2020, American
Chemical Society.

glass capillaries channels with different sizes was designed
and assembled. The AM, SA, crosslinker, initiator, catalyst, and
GO are used as the inner fluid, while CaCl, solution is sheath
fluid. The continuous as-spun Ca-alginate-based CHFs could
be produced rapidly via ion crosslinking reaction when Ca*
in sheath fluid diffused into the core fluid. Subsequently, this
as-spun fiber, served as a template, was put in soybean oil con-
taining photoinitiator BDK for free radical polymerization and
the crosslinking reaction of PAM. These GO/PAM/SA CHFs
possessed high mechanical performance with fracture stress of
393 kPa and an elongation at break of 525%, excellent swelling
characteristics and fast electro-responsive activities. Addition-
ally, these CHFs can rapidly turn into a 90° bending angle
within 45 s in 0.1 M Na,SO, solution under the voltage of 20 V,
which were expected to be adopted in artificial muscles, actua-
tors and sensors.

Duan et al. developed electro-responsive PAAm/poly(2-
acrylamide-2-methylpropanesulfonic acid) (PAAm/ PAMPS)
ionic CHFs using a microfluidic device based on the self
developed self-lubricated spinning strategy. Specifically, the
continuous fabrication of the CHFs was achieved via a two-step
UV-initiated self-lubricated spinning approach (Figure 7b).14l
In the first place, a pre-gel solution containing AAm monomer
and PAMPS lubricant was injected into a PTFE tube, and the
AAm was partially polymerized through low-intensity UV radi-
ating. Besides, the partially polymerized PAAm hydrogel fiber
was pushed out of the PTFE tube under UV radiation con-
tinuously. Lastly, the researchers introduced triethylene glycol
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as a desiccant and plasticizer to exchange the water of CHFs
via a simple immersing method to improve their mechanical
property. The self-lubricated mechanism was that the PAMPS
chains were expelled out of the PAAm networks with water
molecules and the surface of the PTEF tube to generate the
lubrication layer, which contributed to the continuous large-
scale formation of CHFs. These CHFs with different diameters
were easily achieved via adjusting the diameters of the PTFE
tube rather than controlling the fluid speed. Moreover, they dis-
played outstanding mechanical flexibility with the maximum
tensile strength of 5.6 MPa and maximum strain of 159%,
which were easily customized into various complex geom-
etries. More importantly, they could be applied as underwater
soft robots to mimic multifarious biological motions, such as
Mobula-like flapping, jellyfish-mimicking grabbing, sea worm-
mimicking multi-degree of freedom movements, and human
finger-like smart gesturing, which evidently surpasses over the
majority of hydrogel fibers-based actuators reported previously.

Inspired by the spinning mechanism of spiders, Wei et al.
constructed polyacrylamide-alginate CHFs in a large scale via
a self-designed biomimetic microfluidic printer-head consisting
of two coaxially aligned channels.'"”] The shell layer liquid
composed of the acrylamide monomer, the photoinitiator, the
crosslinker and the alginate polymer; While the core layer liquid
consisted of the accelerator for the polyacrylamide polymeriza-
tion and the ionic crosslinker of alginate. Then the aforemen-
tioned shell layer liquid and the core layer liquid were directly
mixed to form hydrogel with various configurations of micro-
fibers, spider web, and 2D/3D tissue scaffolds. The mechanism
of spinning and gelation was as follows. In the beginning, the
partially solidified hydrogel fibers can be instantly fabricated via
ionically crosslinked between Ca?" and alginate polymer from
the core and shell layers. Subsequently, these nascent hydrogel
fibers were exposed to UV for covalently crosslinked polyacryla-
mide. Finally, various CHFs based materials were achieved
via intertwining of covalently and ionically crosslinked net-
works. These CHFs could be used as sensors to detect human
motions. Therefore, microfluidic spinning has broad potential
in fabricating CHFs massively. Nevertheless, microfluidic spin-
ning equipment is commonly expensive. Besides, only few
materials can be suitable for microfluidic spinning, thus inno-
vative materials still need to be developed for the popularity of
microfluidic spinning.

3.2.3. 3D Printing

3D printing, also known as additive manufacturing, constructs
customized implants and medical bioelectronics devices by
“bottom-up” discrete-stacking method based on layer-by-layer
deposition technique.15% 3D printing, including fused depo-
sition modeling, direct ink writing, inkjet printing, and stereo-
lithography methods, has been successfully applied to fabricate
various complex materials and provides significant opportuni-
ties for different types of materials and chemical/physical reac-
tions. The resolution of 3D printing is generally in the micron
scale, which is mostly used to construct biomaterial fiber
scaffolds with precisely controlled the geometry and size. More-
over, the materials produced via 3D printing can better mimic

© 2023 Wiley-VCH GmbH
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multi-level structures of natural tissues. Recently, hydrogels
have been promising 3D printing raw materials to create fiber
scaffolds with micro and sub-micrometer resolutions.!1-158

Lei et al. developed an effective and feasible strategy to fab-
ricate a 3D printed thermo-responsive, double network conduc-
tive hydrogel applied in a multifunctional skin-like sensor via
a micellar-copolymerization method (Figure 8a).>”! The double
network of this hydrogel comprised of physically crosslinked
hydrophobic noctadecyl acrylate crystalline domains induced by
sodium dodecylsulfate micelles and a covalent network induced

microstructuring

Highly Conductive Photo-curable
Hydrogel with PEDOT:PSS Nanofibrils

' Micro Nozzle
UV laser

Poly-ion complex

Step 2. Micro-patterning by SLA 3D printer

by the chain transfer reaction in N,N-dimethylacrylamide
polymerization. On the basis of a reversible physically
crosslinked network, this hydrogel possessed a tunable rheo-
logical behavior with temperature responsiveness, that is, the
viscosity of hydrogel decreased owing to the disentanglement
of the physical crosslinks as the increase of the temperature,
which was suitable for 3D printing technique to construct
hydrogel fiber microstructures with a sub-millimeter resolu-
tion. For applications, a highly sensitive thermal or pressure
stimuli skin-like capacitive sensor was assembled by integrating

10 mm

Figure 8. Schematic diagram of 3D printing for fabricating CHFs. a) Schematic illustration of 3D printing process and the grid microstructure of a
printed hydrogel film. Reproduced with permission.l'”] Copyright 2013, Royal Society of Chemistry. b) The preparation process of 3D PEDOT:PSS CHFs
using SLA printing system. c) Optical images of PEDOT/PSS hydrogel in the swollen and dried states. Dried hydrogel was electrically connected to an
LED lamp. Reproduced with permission.l®® Copyright 2019, Elsevier.
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two grid-structured hydrogel films with a dielectric polyethylene
layer, which could better sense body temperature, gentle finger
touching, and finger bending motion. 3D printing provides a
feasible and general strategy to fabricate the stimuli-responsive
CHFs, which shows great potential in the future artificial intel-
ligence, wearable devices, and human/machine interaction
applications.

Heo et al. successfully utilized 3D printing equipped with
a stereolithography system to print and pattern CHFs with
various pre-designed architecture for the systematic delivery
of electrical stimulation for enhanced neural differentia-
tion (Figure 8b).™® First, a photocrosslinkable and printable
conductive hydrogel containing various concentrations of
PEDOT:PSS from 0.00% to 0.91% was developed and character-
ized for printability. Second, the computer-aided design based
architectural models with square pores were pre-designed with
various CHFs spacing of 500, 600, and 800 um before pat-
terning. Then, the conductive printing solution composed of
PEGDA, PEDOT:PSS, and photoinitiator was printed for fab-
rication of 3D structures with optimal conductivity for embed-
ding of live cells using a 3D printer platform with X-Y-Z
controlled UV laser system. Optical images showed that the
hydrogel structures were composed of parallel-aligned hydrogel
fibers with orthogonal orientation. Additionally, an image of the
letters “bio electrode” was patterned using these printable con-
ductive hydrogels with excellent conductivity, which could light
an LED light successfully (Figure 8c).

Zhu et al. reported tough physical polyion complex (PIC)
hydrogel fibers via 3D printing without any post-chemical reac-
tion based on the sol-gel transition of PIC. PIC solution
composed of  poly(3-(methacryloylamino)-propyl-trimethyl-
ammonium chloride) (PMPTC) and poly(sodium pstyrene-
sulfonate) (PNaSS) was extruded directly into deionized (DI)
water to form PIC hydrogel fibers owing to the enhancement
of ionic bonding between PMPTC and PNaSS. Moreover, the
proper gelation speed and dynamic nature of ionic bonds also
facilitated the interfacial bonding between different gel fibers,
guaranteeing the integrity and toughness of printed gels. The
printed PIC hydrogels showed excellent mechanical proper-
ties in terms of extensibility, strength, and toughness. The
3D printing technology based on sol-gel transition provided a
facile approach to fabricate tough CHFs with complex struc-
tures. Although 3D printing can effectively prepare various
CHFs and process them into complex and delicate 3D structure
patterns with pre-designed geometrical shape, the instruments
are complex and high cost. The development of suitable bio-
materials for printing is a major challenge at present. On one
hand, materials with both biocompatibility and shear thinning
rheological properties limited the development of 3D printing
tissue engineering scaffolds. On the other hand, the addition
of fillers in CHFs may significantly affect their printability and
conductivity.

3.2.4. Electrospinning
In the past few decades, electrospinning has been a quite

important method to fabricate nanofiber materials.[60-162
The working mechanism of electrospinning is as follows:
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the spinning solution is first pumped out by a syringe pump
or pressured gas into the tip of a needle (e.g., spinneret) con-
nected to a high direct current voltage source. The solution
initially forms a hemisphere drop due to the surface tension,
which can be charged and elongated into a solution jet under
the increasing high-voltage power and subsequently directed
toward the grounded collector. According to the type of col-
lector, nanofibers are deposited to obtain a fibrous mat with
a random or preferential arrangement. Benefiting from these
advantages of electrospun nanofibers with small size, high
porosity, large specific surface area, and easy functionalization
and modification, electrospinning is also widely applied to con-
struct various CHFs.[163-166] Generally, there are two approaches
to form CHFs. One way is post-electrospinning, the nanofiber
membrane fabricated via electrospinning is handled with UV
light or heating to initiate the cross-linking reaction of CHFs.
Another way is reactive electrospinning, the spinning solution
containing the polymer and cross-linker forms the crosslinking
networks of CHFs during the electrospinning process. In addi-
tion, hydrogels can also be severed as a spinning solution or
create core-shell composite microfibers by associating with a
previously fabricated synthetic fibrous mat.

Zhou et al. designed and fabricated sandwich-structured
hybrid hydrogel nanofibers composed of two layers of aramid
nanofibers (ANFs) reinforced polyvinyl alcohol (PVA) hydrogel
fibers mat via electrospinning and interlayer of AgNWs/PVA
composite via vacuum-assisted filtration (Figure 9a).15? First, the
ANF-PVA fiber mats were fabricated via electrospinning. Second,
sandwich-structured ANF-PVA/AgNWs hybrid fiber mats were
prepared by vacuum filtration deposition of AgNWs/PVA
suspension on the surface of ANF-PVA fiber mats and fol-
lowed by coated layer of ANF-PVA fiber mats via electrospin-
ning in sequence. Finally, ANF-PVA/AgNWs hybrid hydrogel
fiber mats were obtained by immersing in DI water. The syn-
ergistic formation mechanism of these CHFs were attributed
to the physical crosslinking sites of the PVA crystalline struc-
ture and strong hydrogen bonding interactions between the
PVA hydroxyl groups and carbonyl groups in ANF polymer
chains. They demonstrated high tensile strength of 5.5 MPa,
modulus of 15.4 MPa, and toughness of 5.7 k] m™ owing to
the strong hydrogen bonding interactions between PVA and
ANFs molecular chains, the improved crystalline structure of
PVA, the reinforcement of ANFs as well as in-plane aligned
nanofibrous structure. The conductivity of these CHFs reached
1.66 x 10* S m™ and could be easily tuned by changing the
contents of AgNWs. Additionally, they exhibited very stable,
strain-invariant conductivity under different complex deforma-
tion ascribed to the strong interfacial interactions between the
ANF-PVA and AgNWs/PVA layers, as well as the mesh-like
conductive network of AgNWs. Therefore, they not only were
applied as excellent flexible EMI shielding materials, but also
as electrochromic materials fabricated through Joule heating
driven by a low voltage of <1.5 V. This work discovers a novel
strategy to fabricate CHFs with outstanding mechanical prop-
erties and excellent conductivity simultaneously, which shows
great potential in flexible bioelectronics. Wang et al. reported a
core-shell scaffold based on aligned conductive nanofiber yarns
(NFYs) within the hydrogel fibers.'*”) The aligned NFYs com-
posed of polycaprolactone, silk fibroin, and carbon nanotubes
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Figure 9. Schematic diagram of electrospinning for fabricating CHFs. a) The fabrication procedure and the molecular interactions of ANF-PVA/AgNWs
hybrid hydrogel fiber mat via electrospinning combined with vacuum-assisted filtration. Reproduced with permission.’3 Copyright 2021, Wiley—VCH.
b) The preparation process of electrospun hybrid hydrogel fiber mat by reactive electrospinning with in situ synthesis of conjugated polymers for actua-

tors. Reproduced with permission.®® Copyright 2020, Elsevier.

were prepared by a developed dry-wet electrospinning, then
3D core-shell scaffolds were fabricated by encapsulating NFYs
within the hydrogel shell after the photocrosslinking reaction,
which were able to control the cellular alignment and elonga-
tion of nerve cells in this 3D environment.

Miranda et al. reported electrospun hybrid hydrogel
nanofiber mats via combining reactive electrospinning with in
situ photopolymerization of the hydrogel precursor solution
and polymerization of aniline (Figure 9b).1%8! The electrospin-
ning solution was the mixture solution of hydrogel precursor
solution composed of AA, AAM, PEGDA, photoinitiator, and
PVA and the conjugated polymer precursor solution of ani-
line. The role of PVA made the viscosity of the solution large
enough for electrospinning. This electrospun hybrid hydrogel
fiber mat was formed simultaneously as the UV radical photo-
polymerization of hydrogel precursor solution and aniline
polymerization. It displayed excellent electrical conductivity of
0.01 S cm™ and outstanding mechanical properties with an
elastic modulus of 10 MPa due to the presence of PANI, shorter
diffusion path lengths and higher interfacial areas of the nano-
structured system, which could be applied as a high perfor-
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mance electroactive actuator. The conductive hydrogel fiber
mats are promising for a wide range of applications due to their
ease of fabrication, lack of residual monomer, high porosity,
and excellent mechanical properties. However, electrospinning
merely produces nonwoven fiber mats, strictly speaking, which
are not real hydrogel fibers. Moreover, the residual organic sol-
vent of hydrogel fibers are not friendly to the environment and
humans. Finally, the advantages and disadvantages of six fabri-
cation techniques of CHFs are summarized in Table 2.

4. Applications

Conductive fibers are indispensable parts of flexible electronics,
especially smart electronic textiles. Traditional conductive fiber
materials with low stretchability, including carbon fibers (CNT
fibers, reduced GO fibers), metal-coated fibers, polymer fibers
and composite fibers materials, extensively hinder their devel-
opment and application.*19-7] CHFs possess significant ben-
efits in terms of unique 1D linear structure, high aspect ratio,
excellent mechanical flexibility, and knittability, which have a

(15 of 28) © 2023 Wiley-VCH GmbH
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Table 2. Advantages and disadvantages of fabrication techniques of CHFs.

Fabrication techniques Advantages Disadvantages Reference
Capillary polymerization Facile, cost-effective, intuitive, suitable for various crosslinking Time-consuming process, limited length, difficult to [90,117,118]
method strategies and materials realize continuous, large-scale industrial preparation
Draw spinning Facile, low-cost, prepared CHFs with ordered polymer chain alignment Fail to fabricate uniform and continuous CHFs [94,119,120]
Wet spinning Versatile, synchronize the fiber spinning and gelation process, Need coagulation bath, complex post-treatment [85,127,128]
appropriate for continuous large-scale production of process
multi-functional CHFs

Microfluidic spinning Production of meter-long CHFs in a relatively short time, precisely Expensive apparatus, not suitable to create complex [145-147]

regulate the morphology, size, microstructure, and physical and architecture, few available materials

chemical properties of CHFs
3D printing Effective, micro and sub-micrometer resolutions, fabricate Expensive and complex apparatus, limited materials [157-159]
various complex, and delicate 3D structures with sufficient rheological properties

Electrospinning Ease of fabrication, fabricated CHFs with high porosity and Most are nonwoven fiber mats, toxicity of the [52,167,168]

excellent mechanical properties

solvents

great prospects in flexible electronics, such as energy harvesting
devices, energy storage devices, smart sensors, and biomedical
electronics. Furthermore, various textile techniques have been
integrated into CHFs for flexible wearable electronics.

4.1. Flexible Energy Devices
4.1.1. Flexible Energy Harvesting Devices

Energy harvesting devices collect and convert various forms
of energy into electrical energy.'”3-"77] Converting thermal and
mechanical energy from the body as well as solar energy to
electricity energy has been considered a promising way to har-
vest energy. Based on the coupling of triboelectric and electro-
static induction effects, triboelectric nanogenerators (TENGs)
are commonly used as energy harvesting devices, which con-
vert mechanical motion in the surrounding environment into
electrical energy. TENGs have been extensively employed in
biomedicine, chemical, and electronic fields due to their mas-
sive merits of high energy conversion efficiency, low cost, and
the possibility of using a variety of materials. CHFs with excel-
lent stretchability and high conductivity are much more suit-
able as electrode materials for TENGs, which demonstrate
promising applications and market value in the field of energy
harvesting,[172:17-182]

A case in point was that Shuai et al. ingeniously constructed
physically cross-linked poly (NAGA-co-AAm) (PNA) CHFs with
excellent stretchability and self-healing property via combining
dry-wet spinning and the principle of reversible thermally sol-
gel transition (Figure 10a).°>! These PNA CHFs exhibited high
tensile strength of 2.27 MPa, excellent stretchability of 900%,
outstanding conductivity of 0.69 S m™ and self-healing capa-
bility. Finally, coating elastomer PMA thin layer to PNA CHFs
to fabricate core-shell structure PNA/PMA CHFs, which effec-
tively reduced the water evaporation and absorption of PNA
CHFs. These PNA/PMA CHFs were woven into triboelectric
nanogenerator fabrics successfully converting mechanical
motion energy into electrical energy (Figure 10Db,c). The output
open-circuit voltage (V,), the transferred charge quantity (Qj),
and pulsed AC short-circuit current (I) of this triboelectric
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nanogenerator can reach —36 V, 10 nC, and 0.7 uA, respectively
(Figure 10d). They were expected to be utilized in next-gener-
ation multi-functional smart textiles and wearable electronics.

Except for TENGs as effective means to harvest energy above,
thermoelectric (TE) materials can also be applied as another
important medium for energy harvesting, which have the ability
to convert heat into electricity at a small temperature gradient
between human body and the ambient. Liu et al. manufactured
PEDOT:PSS CHFs with TE property in a poly(tetrafluoroethylene)
capillary mold based on the gelation mechanism of 7— stacking
interaction and hydrophobic attraction between PEDOT chains
of PEDOT:PSS solution induced via concentrated H,SO,
(Figure 10e).”2l The PEDOT:PSS CHFs immersed in DI water
were too brittle to keep the fiber shape. Therefore, the solvent
of EtOH, acetone, or IPA as coagulation bath was introduced to
replace DI water to retain the structural integrity of PEDOT:PSS
CHFs. Furthermore, these PEDOT:PSS CHFs post-treated
with ethylene glycol (EG) and dimethyl sulfoxide (DMSO)
exhibited the highest conductivity of 1725 S cm™
and only 5% decrease in seebeck coefficient, and a higher TE
performance. Finally, five pairs of p-type PEDOT:PSS CHFs and
n-type CNTs fibers were connected in series to construct a p—n-
type TE fiber device (Figure 10f), which demonstrated a satisfac-
tory output voltage of 20.69 mV and a significant power density
of 481.17 uW cm™2 under the temperature difference of 60 K
(Figure 10f). This work not only provides a guiding approach for
fabricating PEDOT:PSS CHFs with high conductivity and excel-
lent TE performance, but also for the development of organic
TE fibers for wearable energy harvesting devices.

4.1.2. Flexible Energy Storage Devices

Energy storage devices are also fundamental parts of wearable
and portable electronics.®3134 In recent years, fiber-shaped
supercapacitors have become the most promising flexible
energy storage devices due to their substantial advantages, such
as lightweight, high power density, excellent cycle stability, high
safety, flexible, and knittability.'®>"®8 Conductive hydrogel sys-
tems can improve the active area of electroactive materials, opti-
mize transport channels of electrons and ions and enhance the
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Figure 10. CHFs-based energy harvesting devices. a) The preparation procedures of PNA hydrogel, PNA CHFs, and core-sheath PNA/PMA CHFs.
b) The schematic diagram, c) mechanism, and d) performance results of a TENG textile woven from PNA/PMA CHFs. Reproduced with permission.[>3!
Copyright 2020, Elsevier. e) The photos and SEM images of PEDOT:PSS CHFs. f) The schematic diagram and performance results for TE device based
on five pairs p-type PEDOT:PSS CHFs and n-type CNT fibers. Reproduced with permission.[72 Copyright 2018, American Chemical Society.

solid-liquid interface of electrodes and electrolytes via adjusting
and controlling of morphologies, structures, composition,
and interface properties of hydrogels or constructing various
nanocomposite strategies using synergistic effect of different
materials and nanostructures. More importantly, the nanocom-
posites as high performance electrode materials will boost their
specific capacitance, rate capability, and cycling stability./6185-18%]
Therefore, CHFs with outstanding electrochemical activity, rela-
tively high conductivity, and exceptional mechanical flexibility
show extensively application in the energy storage field.

For instance, Li et al. fabricated 3D self-supporting and inter-
connected PANI/RGO CHFs via supramolecular self-assembly
architectural strategy and one-step chemical oxidative polym-
erization in capillary glass tubes (Figure 11a).%] The unique
combination of 2D RGO nanosheets and 3D PANI network
crosslinked by phytic acid (PA) molecule based on strong inter-
molecular forces consisting of 7—r stacking, electrostatic and
hydrogen bonding interactions among PANI, PA, and GO
(Figure 11b), which were constructive to reduce the obvious
aggregation in the following reduction process. As a result, this
PANI/RGO hydrogel could not only be easily and successfully
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molded into fibers without any aggregation, but also demon-
strated uniform interconnectivity, excellent conductivity, and
enhanced mechanical properties. A stretchable all-gel-state fiber
supercapacitor assembled using two similar PANI/RGO CHFs
electrodes and PVA/H,SO, hydrogel showed a high volumetric
energy density of 8.80 mWh cm™ at a volumetric power den-
sity of 30.77 mW cm™3, which was superior to other fiber super-
capacitors previously reported. The cyclic voltammetry (CV)
changes of this fiber supercapacitor in normal, knotted, and
twisted states were almost invisible, which demonstrated an
outstanding flexibility and robustness for practical applications
(Figure 11c,d). Moreover, it could be remolded into a spring-
like structure with excellent elasticity and shape-memorability
(Figure 11e).The design philosophy of all-gel-state fiber superca-
pacitors provided novel way for powering next-generation wear-
able and portable electronics.

In actual production and daily life, low temperature envi-
ronment will deteriorate the electrochemical performance
and service life of energy powering devices. Consequently,
designing frost-resistant conductive hydrogels can better adapt
to extremely cold climate change and effectively broaden the
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Figure 11. a) The formation diagram of PANI/GO CHFs. b) The possible interactions among PANI, PA, and RGO. c) Assembly process of a fiber
supercapacitor and d) its CVs curves in normal, curved, and twisted states. e) Assembly process of a spring-like full gel state device. Reproduced with

permission.l®% Copyright 2018, Wiley—VCH.

operating temperature of energy powering devices. Xu et al.
manufactured highly stretchable, anti-freezing double network
RGO/PEDOT:PSS/PVA (GP-PVA) CHFs via a one-step hydro-
thermal self-assembly strategy followed by solvent replacement
(Figure 12a).°Y The resultant GP-PVA CHFs achieved great con-
ductivity of 182 S m™., a high specific capacitance of 356.1 F g
at 0.6 A g! for a single electrode in 1 m H,SO, solution and
excellent flexibility even at —30 °C on account of their ordered
structures, smooth ion transport channels and anti-freezing
PVA crosslinked networks. An all-gel-state fiber supercapacitor
assembled by integrating GP-PVA CHFs electrodes with the
anti-freezing PVA/H,SO, gel electrolytes exhibited outstanding
frost resistance, high capacitance, and excellent flexibility. This
anti-freezing device possessed a high specific capacitance of
281.2 F g' at 25 °C and maintained a high specific capacitance
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of 212.6 F gt at —20 °C (Figure 12b). Additionally, it also dem-
onstrated the excellent capacitance retention of 91% after 5000
charge and discharge cycles at —20 °C (Figure 12c). Finally, a
highly stretchable spring-like supercapacitor exhibited excel-
lent capacitance retention of 92% after 5000 stretching cycles
at a high strain of 500%. This innovative work provided a good
reference to develop anti-freezing fiber-based energy storage
devices.

In practical application scenarios, flexible electronics are gen-
erally subjected to various external mechanical stress, which
greatly decrease the stability, security and lifespan of the devices.
In order to overcome these difficulties, endowing the devices
with self-healing property can effectively maintain their structural
integrity, enhance their durability and functionality, and reserve
their mechanical and electrochemical stability, which makes
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Reproduced with permission.l Copyright 2020, Elsevier.

wearable devices better meet the requirement of the complex
and changeable mechanical environment. Jia et al. constructed
urchin-like NiCo,0, nanomaterial-based polyvinyl alcohol/potas-
sium hydroxide (PVA/KOH) CHFs using a traditional coating
route.'™ First, high-molecular-weight PVA/KOH hydrogel
fibers were fabricated in a silicone capillary pipe via freezing
and thawing technique. The as-prepared PVA/KOH hydrogel
fibers possessed great stretchability of 300% at a tensile stress
of 12.51 kPa, excellent ionic conductivity, and outstanding self-
healing ability. Subsequently, urchin-like NiCO,0, nanomaterials
were synthesized by a hydrothermal reaction and were brushed
onto the PVA/KOH hydrogel fibers at a stretching state. Finally,
the low-molecular-weight PVA/KOH electrolytes were coated on
the surface of NiCO,0,/PVA/KOH CHFs. A novel stretchable,
self-healing fiber supercapacitor was fabricated via enwinding two
identical NiCO,0,/PVA/KOH CHFs electrodes, which showed
high areal specific capacitance of 3.88 mF cm™ at a current den-
sity of 0.053 mA cm™2 and an excellent capacitance retention rate
of 88.23% after 1000 charge and discharge cycles. Moreover, this
fiber device exhibited excellent self-healing performance with a
capacitance retention rate of 82.19% after four cuts/self-healing.
This work paved a new way for wire-like self-healing supercapaci-
tors and further extended the lifetime of flexible electronics.
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4.2. Flexible Smart Sensors
4.2.1. Strain Sensors

In recent years, flexible smart sensors can effectively col-
lect information from the human body and the surrounding
environment in an intelligent, friendly and real-time manner,
occupying an increasingly important position in the fields of
wearable devices, health care and military defense.'21921 CHFs
with unique biocompatibility, interfacial adhesion, stretch-
ability, and conductivity can quickly withstand, sense and con-
vert external environmental stimulus into electrical signals and
be used to build highly sensitive flexible strain/stress or tem-
perature sensors for wearable electronics.*®#193-19] CHFs are
ideal candidates for wearable strain sensors to monitor human
motion.

Ju et al. reported highly stretchable, good water-retaining,
and coating-free poly(acrylamide-co-sodium  acrylate)/Fe3*
(P(AAm-co-AA)/Fe(IlI)) CHFs via a redox-active Fe-citrate
complex regulation for continuously draw spinning strategy
(Figure 13a).°°! They had great stretchability of 500% and
a high elastic modulus of 0.27 MPa thanks to the ingen-
ious energy dissipation mechanism of the dynamic and

© 2023 Wiley-VCH GmbH

519017 SUOLLILIOD BANERID B[ed1 ke aU) AQ PoLLEAOB 18 SO YO ‘38N 0 S3INJ 10} AXeic]1 BUIIUO A3 1A O (SUOIPLOO-PUE-SWLISI L0031 AReJc) 1 pUIIUO//STIL) SUONIPUOD PUE SWLB | aU) 95 *[§20Z/20/70] Uo ARiqiTauiluo Aajim *AsieAn aimnouby Inyuy Aq SBrETZZ02 WIPe/Z00T OT/10p/wod" A8 1w AZeiqipu|uo//sdily Lol papeojumoq ‘0 ‘8Z089T9T



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

@ Fe*
® Fe*
9 Na*
Q cr
o 000

"'oa P(AAm-co-AA)

www.afm-journal.de

Air oxidation

'=7 77 Solvent:
! } a) Weak/brittle Stronglelastic 1
L _ _ ! glycerol/water g 3 m— |
(lowly crosslinking) (highly crosslinking) |
b Om—— o
1 0.0off I
: 202{ on m :
: = 04 |
1 o 0.6 :
I .08 1
T 1
1
1.2
: §il9 mW/cm? 31.5 mW/cm? 49.5 mWicm? 67.5 mW/cm? 81 mW/cm? 90 mW/cm? |[!
1 o 10 20 3 0 10 20 3 o 10 20 3 o0 10 20 30 o 10 20 30 10 20 30 :
1
Time (s) 1
: C & d s :
: RH=11% 300 1
1
I __40 - 200
: g RH=30% £ 20 100% :
RH=60% 1
! g 20 g 1% !
: < < 100 50% :
I 50 25% "
: RH=90% || RH=90% || RH=90% 0 I
1 200 400 600 400 800 12000 400 800 1200 0 40 80 120 0 40 80 120 160 200 240 280 320 360 :
: Time (s) Strain (%) Time (s) 1

Figure 13. a) Fabrication diagram of P(AAm-co-PAA)/Fe(lll) CHFs via draw spinning. b—d) The sensing properties of UV, humidity, and tensile strain
of hydrogel microfiber net. Reproduced with permission.®®l Copyright 2020, Wiley—VCH.

recoverable coordination between Fe(III) and the carboxy-
late groups of polymer chains. Moreover, they exhibited
remarkable frost resistance with a freezing point of —61
°C, water retaining feature, good elasticity even at —40 °C,
and high ionic conductivity of 42 mS m™. Furthermore,
CHFs possessed highly sensitive to various environmental
stimulus of UV light, humidity and strain (Figure 13b-d),
whose stiffness could be accurately controlled by humidity and
UV light. This work not only presented a novel draw spinning
strategy on the basis of the ancient redox chemistry of Fe-cit-
rate complex with a well balance of spinnability and strength
of CHFs, but also opened more avenues for designing and pro-
ducing coating-free CHFs for intelligent electronics applications.

Wei et al. self-designed a biomimetic microfluidic printer-
head consisting of two coaxially aligned channels for contin-
uous construction of polyacrylamide-alginate CHFs in a large
scale.] These continuous, uniform, and tough CHFs pre-
sented extraordinary stretchability (2100%) owing to the per-
fect energy dissipation mechanism of the reversible alginate
network crosslinked by Ca?" and short diffusion path between
the calcium sources and alginate phases endowed by core-shell
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structure. The initial resistance of un-stretched CHFs was
measured to 0.67 Q m in 0.1 m KCI solution, which could be
used as wires for lighting up LED bulbs. A printer super-robust
web was applied as a sensor to accurately detect the minor
and major body movement of the human elbow, implying that
there was a shaper variation of the resistance when the elbow
is repeatedly moved from 0° to 45°, 90°, and 135° (Figure 14).
This work opened up new ways to shape tough hydrogels into
designed 1D, 2D, and 3D structures with large scalability and
robustness, which showed a wide range of potential applica-
tions for sensitive flexible electronics, tissue engineering and
human-robot interfaces.

4.2.2. Temperature Sensors

Apart from strain/stress sensor, the human motions and
health status can also be monitored via CHFs capturing body
temperature in real-time, which is an important signal to eval-
uate fever, inflammation, and wound infection of the human
body. Regarding temperature sensing, the most common
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Figure 14. The printed web could be used as sensor to detect human motions, as the elbow was subjected to repeated bending and relaxing from 0°
to 45°, 90°, and 135°, respectively. Reproduced with permission.['*] Copyright 2018, American Chemical Society.

mechanisms of CHFs rely on the color changes of the mate-
rials. Various temperature sensitive particles composed of col-
orant, developer, and solvent were introduced to the hydrogel
systems. The combination and destruction of colorant and
developer was caused as the temperature changes, a color
composite was formed owing to the developer taking elec-
trons from the colorant in low temperature while the color was
faded owing to the developer taking electrons from the solvent
as high temperature. For example, wang et al. reported a high
porosity, strength, and conductivity hydroxyethyl cellulose-
polyvinyl alcohol (HEC-PVA) composite hydrogel via employing
the freezing and thawing cycles to handle the mixture solution
of HEC and PVA.'%l The gelation mechanism was that HEC
and PVA underwent a lot of hydrogen bonds, which could not
only reduce PVA micro-crystalline regions, but also increase
the number and size of the pores, thus increasing the conduc-
tivity of hydrogels. The HEC-PVA hydrogel demonstrated a
high ionic conductivity of 5.77 S m™ and excellent mechanical
strength of 2.86 MPa at the strain of 400.30%. The mechanical
properties and ionic conductivity of HEC-PVA were easily tun-
able by adjusting HEC concentrations and the types of ions.
Additionally, PVA-HEC organic hydrogel (PHOH) fabricated
by introducing glycerin had high mechanical strength and
conductivity even at —30 and 65 °C in harsh environments.
On the basis of the above investigations and the requirements
of miniaturization and intelligence of flexible electronics, the
researchers incorporated various temperature sensitive particles
into the initial reaction mixture to construct a high mechanical
strength, ionic conductivity and temperature-sensitive woven
organic hydrogel fiber in a polyvinyl chloride capillary tube.
These temperature sensitive particles with different reversible
colors that change with temperature (blue, red and green dis-
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color at 28, 35, and 45 °C, respectively) could be widely applied
to monitor the human-machine movement and temperature in
different ranges. This work provided a novel fiber temperature
sensor, which could promote the integration, miniaturization,
and intelligence of wearable electronics.

4.3. Flexible Biomedical Electronics
4.3.1. Flexible Bioelectronics

CHFs as extracellular matrix analogues have excellent biolog-
ical surface and interface compatibility, which can be consid-
ered as an ideal candidate to connect human tissues.l'% They
are ideal carriers for the interaction and fusion of the human
body and various electronics. Currently, CHFs have excellent
application prospects in the fields of flexible biomedical elec-
tronics, such as organic electrochemical transistors (OECTs),
flexible robots, tissue engineering, and biological detection
devices.[1%]

Zhang et al. fabricated injectable and healable PEDOT:PSS
CHFs by injecting mixed precursor solution of PEDOT:PSS
liquid and 4-dodecylbenzenesulfonic acid (DBSA) surfactant
into a confined cylinder plastic tube based on the room-
temperature gelation property of PEDOT:PSS free of any
cross-linking agent and extra operations.'””] The as-prepared
RT-PEDOT:PSS CHFs with excellent mechanical properties
retained structural integrity when extruded from the cylinder
tube via pressurizing. They could be processed into various
shapes through the syringe by simply hand-writing, whose
diameters could be tuned in different sizes of plastic tubes.
The PEDOT:PSS CHFs were typical examples of electroactive
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Figure 15. CHFs-based flexible bioelectronics. a) The schematic of OECTs based on RT-PEDOT:PSS CHFs. b) The output and c) transfer curves of
the OECTs with RT-PEDOT:PSS hydrogel fibers as the channel. Reproduced with permission.””] Copyright 2018, Springer. d) The tensile stress—strain

curves of BCHFs. e,f) The schematic diagram of the ionic conductivity measurement of CHFs as nanofluidic devices. Reproduced with permission.

Copyright 2021, Royal Society of Chemistry.

materials for bioelectronics applications, OECTs were fab-
ricated via simply syringe-injecting RT-PEDOT:PSS CHFs
between two metallic electrodes (Figure 15a). The OECTs with
a typical transistor behavior working in the depletion mode
showed a maximum transconductance of =1.4 mS (Vg = —0.6
and Vg = —0.2 V) (Figure 15b,c). Hence, these PEDOT:PSS
CHFs with good electrochemical properties will greatly pro-
mote their application and development in the field of soft flex-
ible bioelectronics.

Zhang et al. continuously fabricated pure natural bacte-
rial cellulose hydrogel fibers (BCHFs) via a facile contin-
uous large-scale production wet pinning strategy free of any
additional cross-linking step.'®® These pure natural bacte-
rial cellulose-based ionically CHFs demonstrated a superior
tensile strength of 3.74 MPa and high water content of 87%
(Figure 15d). They could also retain 90% of their original
strength even after being soaked in water for 14 days, which
showed no swelling properties. Both the unique nanofibers
network self-reinforced structures and non-swelling proper-
ties of these CHFs endowed them with wonderful stability
of mechanical and volume properties even at high water con-
tent of 90%. Besides, the abundant nanochannels of CHFs
were conducive to ion transport even at lower concentrations,
which exhibited excellent bio-ion conductivity of 0.56 S m™
in SBF simulated body fluid (Figure 15e-f). Meanwhile, they
had satisfactory light-guiding capability with attenuation of
5.1 dB for guiding light at a wavelength of 515 nm. Integrated
with good bio-ion conductivity and light-guiding capability,
they could be directly used as high precision, a pure natural
nanofluidic device without packaging for the detection of trace
neurotransmitters in nerves, such as trace dopamine. This
work not only provided a new and facile strategy to design and
fabricate multifunctional CHFs, but also blazed a new trail for
the development of next-generation biological multifunctional
neural interfaces.
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[198]

4.3.2. Tissue Engineering

Similar to the extracellular matrix of biological tissues, CHFs
have excellent biocompatibility and are promising candidates
for the next generation of bioelectronics interfaces, which are
widely used in tissue engineering.

Mirani et al. developed a novel, cost-effective, and straight-
forward biofabrication method to continuously construct mul-
titudinous multifunctional grooved solid and hollow hydrogel
fibers with controlled fiber properties including morphology,
cross-sectional shapes, porosity, material composition, and
groove size via wet spinning.'®”! Importantly, conductive GO
and rhodium nanowires could be incorporated into the grooved
hydrogel fibers system to produce CHFs, which tremendously
extending their applications to tissue engineering, wound
healing, smart drug delivery, wearable or implantable medical
devices, and soft robotics. Additionally, the cellular alignment
of various cell types including myoblasts, cardiomyocytes, car-
diac fibroblasts, and glioma cells on these hydrogel fibers was
evaluated, which were shown to induce controlled myogenic
differentiation and morphological changes, depending on their
groove size, in C2C12 myoblasts (Figure 16a). These CHFs could
be processed into various complex 3D structure scaffolds via
simple wet spinning, which show great potential in biomedical
field. Heo et al. reported 3D printable PEDOT:PSS CHFs for
neural tissue engineering.®® Dorsal root ganglion (DRG) neu-
ronal cells were encapsulated in gelatin methacryloyl (GelMA)
hydrogels, and subsequently embedded in the 3D printed CHFs
structure with different pore sizes in order to evaluate their cell
viability and cytotoxicity via live/dead assay. Most encapsulated
DRGs retained excellent cell viability with horizontal and vertical
after 1 day of culture confirmed by confocal microscopic, which
indicated that these CHFs had no significant cytotoxicity toward
DRGs. Then, the DRG cell-encapsulated GelMA hydrogels were
integrated with 3D printed conductive structure to evaluate
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the efficiency of neural differentiation by electrical stimulation
(ES) treatment. After 24 h of differentiation, 3D printed con-
ductive hydrogel structures with PEDOT:PSS of 0.91% showed
enhanced neuronal differentiation with a significant difference
in neuronal gene expression with ES treatment (Figure 16b).
Therefore, these CHFs could be useful in a wide variety of
biomedical applications, such as biological signal recording
devices, stimulation electrode, drug delivery devices, neural dif-
ferentiation culture systems, and neural tissue regeneration.

5. Conclusion

Over the past decades, CHFs have drawn considerable atten-
tion in the realm of flexible electronics owing to their striking
merits of hierarchically porous microstructure, high surface
area, high conductivity, tunable physical and chemical prop-
erties, excellent interfacial biocompatibility, and large length-
to-diameter ratio, outstanding mechanical flexibility, and
knittability. The recent advances in the design, fabrication, and
application of CHFs and manufacturing technology of flexible
electronics have tremendously promoted the development of
CHFs for flexible electronics. In this review, we first introduce
the architectural features and function characteristics of CHFs.
Subsequently, a variety of fabrication strategies including dis-
continuous and continuous spinning techniques of CHFs
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as well as their advantages and disadvantages are described
comprehensively. Third, the applications of CHFs for flexible
electronics are summarized in detail, such as flexible energy
harvesting devices, flexible storage devices, flexible smart sen-
sors, and flexible biomedical electronics.

In spite of substantially achieved progress, the development
of CHFs in flexible electronic systems is still in its fledgeless
stage, which is far from satisfying the requirements of com-
mercialization on a large scale. The large gap between the labo-
ratory and practical applications for the fabrication of CHFs still
remain.

Primarily, the water evaporation of CHFs is an existing
problem in the state of working conditions for flexible elec-
tronics. On one hand, CHFs spun in the air is prone to undergo
severe dehydration. Even though some studies reported that
dehydration could enhance the fiber strength and stretchability
to a certain extent, it inevitably weakened the conductivity of
CHFs because of the poor movement of ions. Consequently, the
balance of strength and ionic conductivity of CHFs dependent
on water content is extremely urgent to be established. On
the other hand, the water in CHFs inevitably encounters to be
frozen at subzero temperatures and dry at high temperature,
inevitably limiting their practical applications in harsh envi-
ronment. By reason of the foregoing, the presence of water
produced by evaporation in CHFs contaminates the circuits
as well as takes the edge off their mechanical properties and
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conductivity, leading to serious performance degradation or
even loss of basic functions of devices. To circumvent this chal-
lenge, the most popular strategy is to package CHFs with water-
resistant elastomers. Nonetheless, the presence of elastomers
coating layer may cause CHFs insensitive to environmental
changes and increase the weight of devices, which is uncon-
ducive to the performance of the whole devices. Therefore, the
development of an effective and facile strategy for designing
and fabricating of CHFs with good water retention capacity,
high conductivity, preferable temperature tolerance, and stable
mechanical properties is a critical point to conquer in further.

Second, as the advancement of people living standard, pur-
suing of intellectualization and humanness, lightweight, min-
iaturizing and multifunctional electronics with maximizing
performance have become the mainstream direction of the
future technological innovations. As a result, designing and
fabricating lightweight, miniature and multifunctional CHFs
based flexible electronics is the key to well fulfill the demand
of the public. For one thing, there is a growing trend to develop
flexible electronics with new functions, such as stimuli-
responsive properties (light, heat, chemicals, pH, and strain/
stress), self-healing properties, shape memory properties, anti-
freezing properties, enhanced biocompatibility and so forth,
which can extensively expand the applications of CHFs for
smart flexible electronics. To address this challenge, the col-
laborative composite strategy is an effective way to confer the
multifunctional materials via introducing a variety of compo-
nents with unique features, which might potentially bring
the advantages of multi-components into full play, reducing
the disadvantages of single component to the minimum at the
same time. There is no doubt that the presence of synergistic
effect between multiple components can drastically boost the
performance of CHFs. However, to design the interactions
between multi-components and optimize their complex inter-
faces issue (interfacial compatibility, interfacial strength, and
stability) as the major challenges facing the development of
multifunctional flexible electronics need to be studied in-depth.
For another thing, the integration of electronic units with dif-
ferent functions including energy generators, energy storage
devices, smart sensors, data collecting units, and feedback
systems in one platform can efficiently promote the develop-
ment of flexible, wearable, and portable electronics, serving as
an emerging hot area for the applications of smart electronics.
Intelligent, multifunctional, high matching, and compatibility
of the human-machine interface are the future development
directions of CHFs-based flexible electronics.

Third, although plenty of mature spinning techniques for
fabricating CHFs have been developed, the fabrication of CHFs
with high conductivity and high mechanical strength simulta-
neously remains a challenge. Additionally, an insight into the
formation mechanism of CHFs is necessary to be sufficiently
exploited. From the perspective of the novel construction
strategy of a cross-linking network of hydrogels and processing
strategy of spinning, the selection of spinning techniques, novel
materials for hydrogel matrixes and electro-active compositions,
as well as the synergistic interactions of different components,
are fundamental to the design and fabricate CHFs with both
conductivity and mechanical properties. In terms of the com-
patibility of crosslinking reaction rate and spinning process,
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it is urgent to develop more ingenious strategy to make slow
polymerization reactions in accord with the rapid spinning pro-
cess. It is the reason that crosslinking reaction is generally a
time-consuming process under a stress-free state, and the spin-
ning is a dynamic process under the drafting force. Therefore,
it remains a challenge to explore new crosslinking strategies
that match the spinning process to efficiently produce CHFs
with reduced resistance and increased mechanical strength.

Furthermore, devising a facile and well-controlled method
for fabricating and precisely tailoring the microstructures and
properties of CHFs is the premise of its industrialization.
Designing a variety of intermolecular interactions of materials
to realize the deep integration between CHFs-based devices
and the human body is the further direction in this field.
Meanwhile, the balance of the functionality, stability and cost
of CHFs-based flexible electronics will play an important role
in the development of next-generation flexible electronics. The
breakthrough in these research will provide useful guidance
for large-scale industrialization of CHFs-based flexible elec-
tronics. It is anticipated that our future nanoworld would be lit
up under the joint efforts and meaningful cooperation of engi-
neers from different backgrounds and scientists from multidis-
ciplinary fields such as chemistry, physics, engineering, biology,
nanotechnology, and materials science.
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