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Hydrogels have been attracting increasing attention for application in wearable electronics, due to their
intrinsic biomimetic features, highly tunable chemical-physical properties (mechanical, electrical, etc.),
and excellent biocompatibility. Among many proposed varieties of hydrogels, conductive polymer-based
hydrogels (CPHs) have emerged as a promising candidate for future wearable sensor designs, with
capability of realizing desired features using different tuning strategies ranging from molecular design
(with a low length scale of 1071° m) to a micro-structural configuration (up to a length scale of 1072 m).
However, considerable challenges remain to be overcome, such as the limited strain sensing range due
to the mechanical strength, the signal loss/instability caused by swelling/deswelling, the significant
hysteresis of sensing signals, the de-hydration induced malfunctions, and the surface/interfacial failure

Received 13th January 2023, during manufacturing/processing. This review aims to offer a targeted scan of recent advancements

Accepted 20th April 2023 in CPH based wearable sensor technology, from the establishment of dedicated structure—property
DOI: 10.1039/d3mh00056g relationships in the lab to the advanced manufacturing routes for potential scale-up production. The

application of CPHs in wearable sensors is also explored, with suggested new research avenues and
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1. Introduction

A personalized health monitoring system is considered as one
of the pilot units for high-quality healthcare technologies since
it can allow faster and effective diagnostics/treatment in a cost-
effective manner.'™® In this regard, health monitoring systems
based on wearable sensors (WSs) have attracted tremendous
attention during the past decade, attributed to their facile/
conformal interactions with the human body and long-term
monitoring capabilities.”® WSs play a critical role in the
personalized healthcare sector as an effective transducer to
convert the almost imperceptible changes (natural physiologi-
cal fluctuations) into electrical signals such as impedance,"*™"”
potential and current without affecting the user’s motions.
The key to realize the above functions is to develop a soft,
biocompatible material that can work conformally on the human
body and be compatible with its viscoelastic nature.**>°
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prospects for CPHs in the future also included.

Hydrogels, a group of soft viscoelastic materials,””>° hold
huge potential to facilitate versatile structure-property relation-
ships with their designable three-dimensional (3D) crosslinked
network and widely available fabrication means ranging from
molecular design®*>? (with a low length scale of 107 '° m) to a
micro-structural configuration (up to 10~> m),**"*¢ which also
profoundly affects the physical characteristics of hydrogels®”®
including the strength, toughness, ductility, corrosion resis-
tance, electrical properties and so on. Another family of func-
tional polymers is conductive polymers (CPs) (i.e. polyaniline
(PANI), polypyrrole (PPy), and poly(3,4-ethylene dioxythiophene):
poly(styrene sulfonate) (PEDOT:PSS)) representing a class of
polymers that have a delocalized n system backbone enabling
charge transfer along the polymeric chains, exhibiting electrical
conductivity.***°

CPs are kinds of organic materials with specific electrical
and electrochemical performances, combining the advantages
of carbon/metals as good conductors and polymers as low-cost
and flexible materials. The unique combined properties of CPs
have attracted great interest for various biomedical applica-
tions such as biosensors, neural probes, drug-delivery devices,
bio-actuators and tissue-engineering scaffolds.*® PANI, PPy and
PEDOT are some of the most widely used CPs, and have been
considered as the alternatives to carbonaceous and metallic
nanofillers for developing ECHs because of some of their special
and unique properties such as high electrical conductivity,

This journal is © The Royal Society of Chemistry 2023
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Table 1 Properties of common CPs

Polymer Properties Limitations
PANI Easy synthesis method Non-biodegradable,
NG High stability Lack of flexibility
p/ Qﬂ Low cost Limited solubility
! Large specific surface area Low processability
PPy High electrical conductivity Poor cycling stability
N Easy to synthesis Brittle
m Stable in an oxidized form Insoluble
N Non-toxic Non-transparent
PEDOT Environmentally stable Poor solubility
N Electrochemically stable Limited flexibility
T s Tunable conductivity Hard to process.
s Non-toxic
O\_/O

electrical properties, reversible doping/dedoping process, pre-
paration simplicity, controllable chemical and electrochemical
properties and environmental friendliness. CPs are a class of
conjugated m polymers, possessing typical p-conjugated struc-
tures which enable electrons to stay and transfer in their
backbones.”” The conductive pathway is constructed by the freely
moving delocalized m-electrons, thus providing an electrical route
for mobile charge carries,*® leading to controllable conductivity*®
(Table 1). Therefore, CPs are frequently utilized as electrode
materials for stimulation and recording, owing to their unique
capability of chemical surface modification with physiologically
active species to improve the biocompatibility and functionality.
However, their application in WSs is limited because CPs are
brittle and difficult to handle. Combining CPs with another
polymer can combine the useful properties of both materials,
in order to overcome the drawbacks of CPs and make full use of
their advantages. Using an appropriate method to construct
CPHs can provide the increased solubility and better mechanical
properties of CPHs, necessary for various WSs without significant
compromise of their unique properties. Details are discussed in
later sections.

Conductive polymer-based hydrogels (CPHs) can be synthe-
sized by employing CPs as scaffolds for constructing con-
tinuous conductive networks in a hydrogel, facilitating the
transport and diffusion of electrons and charges."®*>° The
resulting CPHs have been an effective building block for WSs,
owing to their excellent conductivity (up to 10> mS m™"), good
biocompatibility, easy processing, environmentally friendly
properties and cost-effectiveness.”’>* The CPs are the conduc-
tive unit of the bulk hydrogels, while the electrical conductivity
in CPHs is entirely provided by their conductive networks
formed with CPs. Enhancing the content of CPs in CPHs could
efficiently improve the bulk conductivity of CPHs, owing to that
the isolated electronic transfer pathway gradually evolved into a
3D conductive network, resulting in higher conductivity. Then,
the CPs come into contact with each other to construct a whole
conductive network for electron transporting with relatively low
resistance. At this point, the conductivity of the bulk hydrogel
depends on the inherent conductivity of the CPs. For example,
Wang et al.”* demonstrated that the conductivity of optimized
PANI based CPHs could achieve 8.24 + 0.57 S m™!, which is
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close to that of the pure PANI hydrogel.”> CPHs have also been
utilized for flexible bioelectronics to improve the interface
between biological and synthetic systems as well as the perfor-
mance of medical devices.**®> Compared to a blend of metallic/
carbon particles that are island-type distributed in the polymer
matrix, CP chains are able to construct an ideal 3D intercon-
nected conducting network. The interconnected conductive paths
were suitable for accomplishing efficient tunnelling current,
resulting in high electro-conductivity.®*®” However, there still
remain technical obstacles: CPs have low water solubility, and
hydrophobic CPs are easy to aggregate in hydrogels if there is no
chemical bond between CPs and hydrophilic chains. As a result,
(1) the continuous conductive network in the CPHs is destroyed,
significantly decreasing their conductivity, and (2) the aggregated
CPs in the hydrogel tend to be stress concentration points when
the CPHs are subjected to an external force, decreasing their
capacity to withstand significant stress.

Considering these issues, continuous efforts have been devoted
to improve the conductivity and mechanical performance of CPHs
for high performance WSs, by building in a precise and robust
mechanical-electrical sensing response,®®® towards a wide range
of applications.”®”> This review focuses on the construction of
structure-property relationships of CPHs for the temperature or/
and mechanical sensing (Fig. 1). We start by reviewing the devel-
opment of the novel network structure of CPHs, the associated
strategies to realise these CPHs, and the various fabrication/
integration approaches for CPH-based WSs. Then, we discuss
the state-of-the-art in CPH-based WSs covering the sensing princi-
ples and the underlying mechanisms. A summary and outlook are
then provided at the end with exploration of the future design of
CPH-based WS devices.

2. Fabrication of CPHs

CPs are hard to fabricate due to the aromatic structure and the
intermolecular hydrogen bond between the amine and imine
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Fig. 1 Schematic illustration of three categories of network structures of
CPHs and their properties and applications being reviewed.
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groups, resulting in insolubility in most solvents.”>”> The
insolubility leads to the inhomogeneous distribution of CPs
in hydrogel networks, eventually compromises the mechanical
and electrical properties. The homogeneous distribution of
polymer chains to generate a continuous network is crucial to
fabricate WSs with high sensitivity. According to the percola-
tion threshold theory, the uniformly distributed electronic CP
chains in CPHs are in contact with each other when the
concentration of the CPs increased to their percolation thresh-
old, building a continuous 3D conductive network. Under this
condition, the interior conductive network exceeded slightly
under faint deformation, leading to sharply fluctuated conduc-
tivity. The increase in AR/R, (for resistive-type strain sensors,
GF = (AR/R,)/¢, where AR/R, is the relative resistance change
and ¢ is the strain) is due to the deformation and disconnection
of the internal conductive network within the film, corres-
ponding to the high sensitivity.”® Otherwise, the island distrib-
uted CPs cannot construct the continuous conductive network
in CPHs, and their AR/R, are insensitive to the external stimuli.
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Different synthetic approaches have been developed to address
these concerns with processability by incorporating hydrophilic
substituents and copolymerizing aniline with other monomers
to generate soluble copolymers - this will be reviewed in the
following section.

2.1. Synthetic processing of CPHs

The most effective way to synthesize the CPH network is the
copolymerisation of CP monomers with non-conductive poly-
mers. However, the copolymerized CPs are non-elastic with
limited stimuli-responsiveness, due to the constrained mobility
of chains caused by strong interactions between fillers and the
polymer matrix.>® To realize a continuous conducting network
in CPHs, non-conductive polymers and CP precursors are
combined and polymerized either in a two-step procedure
(Fig. 2a and b) or self-assembly in one step (Fig. 2¢) to merge
the CP into an insulating hydrophilic polymer matrix. The
hydrophilic polymer acts as either a fragment of the main
copolymer chains or a cross-linking unit to bridge CPs.

In-situ redox
polymerization

~
L YO
Gelatlon

Free radical
polymerization

Gelation

In-situ redox
polymerization

Gelation

In-situ redox
polymerization

Fig. 2 Schematic illustration of common synthetic approaches to prepare CPHs. (a) Construction of a conductive network in the hydrophilic hydrogel
matrix. (b) Construction of a conductive network in the precursor solution. (c) One-step gelling CPs by doping. (d) One-pot blending and polymerization.
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2.1.1. Two-step synthesis. The two-step synthesis of CPHs
has two routes to achieve a conductive network: (1) achieving
the homogeneous distribution of the polymer conductive net-
works in the hydrophilic hydrogel matrix (Fig. 2a). In this route,
non-conductive hydrophilic polymer hydrogels are first formed
by UV curing or free radical polymerization, such as poly-
(n-isopropyl acrylamide) (PNIAM), polyacrylic acid (PAA), and
polyacrylamide (PAAM or PAM).””””® Then, the CPs are intro-
duced into the hydrogel matrix to initialize the electron transfer
pathways by absorbing the CP monomers into the hydrophilic
hydrogel matrix, followed by the in situ redox polymerization to
create a conductive network of CPHs.**®** (2) Constructing a
conductive network and then gelling (Fig. 2b). The CPs are treated
with amphiphilic molecules and/or surfactants to enhance the
water solubility and mixed with other monomers uniformly. Then,
free radical gelation is performed to achieve CPHs.

Constructing the conductive network in the hydrophilic hydrogel
matrix. This is the most common route to build CPHs with a

PPy n anoroa- for:med
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continuously conductive network. The hydrophilic hydrogel is
soaked in a conductive monomer solution to allow the mono-
mer to sufficiently diffuse inside the porous structure of the
hydrogel and then the favoured network is generated by oxida-
tive polymerizing of CPs.**®” Lu’s group®® designed a tough
and conductive PPy-PAM/chitosan (PPy-PAM/CS) hydrogel by
employing the CS framework as molecular templates to control
the in situ formation of PPy nanorods within the hydrogel
networks (Fig. 3a). The hydrophobic PPy nanorods were uni-
formly dispersed and merged with the hydrophilic polymer
phase in the PPy-PAM/CS hydrogel, resulting in outstanding
conductivity, mechanical characteristics, and biocompatibility.

Constructing a conductive network in the precursor solution.
In this route, the morphology and physical/chemical properties
of CPs can be manipulated using doping principles during the
synthesis.*®*® Our group developed a strand entangled supra-
molecular PANI/PAA hydrogel via a ‘“doping then gelling”
strategy®® (Fig. 3b). The PANI nanorod was first doped with
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PPy- PAMICS Ilydrogel
© @ @== PPy nanorod
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Fig. 3 Construction of a conductive network in the hydrophilic hydrogel matrix: the preparation and schematic illustration of the structure of the (a)
PPy-PAM/CS hydrogel. Reprinted from ref. 83 with permission. Copyright 2018 American Chemical Society. (b) The process of the “doping then gelling”
strategy to prepare the PAA/PANI gel. Reprinted from ref. 84 with permission. Copyright 2022 John Wiley and Sons. (c) Preparation of hydrophilic and
redox-active CP/LS NP hydrogels. Reprinted from ref. 85 with permission. Copyright 2020 Springer Nature.
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an acrylic acid (AA) monomer, while the AA doped PANI
nanorod possessed not only favourable dispersiveness but
also enhanced conductivity. Lu et al.®® developed universal
technology to achieve CPHs by doping various CPs (PANI, PPy
and PEDOT) with catechol/quinone contained sulfonated
lignin, which significantly improved the water solubility of
CPs (Fig. 3c). The obtained CPHs possessed high conductivity
with a well-constructed electric path, and even a long-term
adhesiveness.

The down-sizing of CP particles can also improve the
dispersion of CPs into water. Yu’s group®® combined PANI
nanoparticles with the poly(poly(ethylene glycol) methacrylate-
co-AA) (P(PEG-co-AA)) network to fabricate CPH-based WSs with
high stretchability, ultra-softness, excellent conductivity, and
good self-healing ability. Benefiting from the homogeneous
dispersion of nano-sized PANI and dynamically electrostatic
interactions/hydrogen bonds between PANI and the P(PEG-co-
AA) scaffold, the obtained CPHs exhibited an excellent stretch-
ability, a low modulus, and a fast self-healing performance.
In addition, the subsequent demonstration of CPH-based WSs
show a unique strain detection, with a large range of linearity
and outstanding anti-fatigue feature.

2.1.2. One-step process

Gelling CPs by doping. One-step gelling of CPs by doping is
conducted by directly cross-linking CP chains without an addi-
tional insulating hydrophilic polymer matrix (Fig. 2c), feasible
for constructing CPHs by introducing other cross-linkers with
multi-functional groups such as PA,>® copper phthalocyanine-
3,4,4,4'-tetrasulfonic acid tetrasodium salt (CuPcTs)*' and
amino trimethylene phosphonic acid.”* Owing to the six anio-
nic phosphate groups, Bao> have fabricated PANI based 3D
porous CPHs by using PA as both the dopant and the gelator to
interact with PANI chains. Moreover, plant-derived polyphenol
tannic acid that contains multi-phenolic hydroxyl groups can
also act as the dopant and the crosslinker for the conduc-
tive PPy hydrogel by constructing abundant intermolecular
interactions.”® As a result, a soft, highly conductive, biocompa-
tible CPH was developed.

One-pot blending and polymerization. CPHs can be fabricated
by one-pot blending of conducting precursors and hydrophilic
precursors, followed by in situ polymerization for gelation®* ™’
(Fig. 2d). Among notable examples, Moussa et al. demonstrated
a universal method to achieve CPHs with a wide range of CPs
including PANI, PPy and PEDOT,”® while Zhao et al.”® directly
mixed PANI and crosslinked PVA to acquire stretchable CPHs
via an ice-templated, low-temperature polymerization. The
resulted CPHs exhibited enhanced mechanical, electrical and
electrochemical properties, with capability to monitor human
motions at both large and small strains in real time. With a self-
assembly process, the solution-processing issue is not a pro-
blem for CPs. PEDOT:PSS consisting of both positively charged
conjugated PEDOT and negatively charged saturated PSS can be
processed using this route.’®®'%! Bao et al. developed PEDOT:
PSS hydrogels by using ionic liquid 4-(3-butyl-1-imidazolio)-
1-butanesulfonic acid triflate to increase the ionic strength of
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PEDOT:PSS solutions, yielding a remarkable enhancement in
conductivity. Wu et al.** synthesized highly stretchable supra-
molecular CPHs by doping poly(N-acryloyl glycinamide-co-2-
acrylamide-2-methyl propane sulfonic) (PNAGA-PAMPS) with
PEDOT:PSS. The PNAGA-PAMPS hydrogels exhibited excellent
mechanical properties such as 1700% elongation at the breaking
point, and a giant capacity due to the addition of PEDOT:PSS.

Notably, blending PEDOT:PSS with other non-conductive
polymers always suffers from compromised mechanical and/
or electrical properties. Zhao’ team®® reported interesting pure
PEDOT:PSS by interconnecting networks of PEDOT:PSS nano-
fibrils. Different from the commonly used method, they used
a simple method by mixing volatile organic solvents with
aqueous PEDOT:PSS solutions followed by controlled dry-
annealing and rehydration, constructing high performance CPHs
with controllable electrical conductivity, superior mechanical
properties, and tunable isotropic/anisotropic swelling in wet
physiological environments.

2.2. Manufacturing process of CPHs

Subjected to the synthetic route of CPHs, it can also be
manufactured through different processes such as casting/
molding and 3D printing to achieve certain geometries. The
manufacturing process can strongly influence the morphology
of conductive networks and hence greatly affect their mechan-
ical properties.'®>'® In the following section, we will review
these two popular manufacturing processes.

2.2.1. Casting and molding. The casting and molding
process is a conventional approach to create CPHs with desir-
able morphology with advantages such as simplicity, high
throughput and low cost."®%” In this method, a hydrogel
pre-solution is poured into a shaped mold, followed by polymer-
ization which can be triggered by a range of stimulus, ie. light,
chemicals, or heat for gelling."**° This robust method has been
widely used to fabricate simple and planar shaped two-dimen-
sional (2D) or 3D structures for CPHs.''"''* Zhouws group'*
reported a hybrid PVA/PANI hydrogel with a fully physical cross-
linked binary network acting as an electrode of the pressure
sensors. Based on the molding and casting process, hydrogels
with reliefs were forged. The specific reliefs on the surface of 2D
PVA/PANI effectively enhance the gauge factor of WSs, resulting in
a high GF of 7.70 kPa™' and a sensing range of 0-7.4 kPa.

2.2.2. Additive manufacturing (3D printing). 3D printing is
attractive as it can generate 3D structures in a layer-by-layer
fashion through a computer aided design (CAD)."**'*> 3D
printing technologies with appropriate ‘“biocompatible inks”
are potentially able to fabricate WSs with precise control.
Extrusion-based and light curing-based 3D printing techniques
have been demonstrated to print 3D structures by using DN
hydrogels to achieve high stretchability, good toughness, and
unique biocompatibility.**®**” Different from the free-standing
3D CPH structures that can be engineered by relocating the pre-
printed designs on substrates through tiny nozzles, the 3D
printing of CPHs can accomplish structures with complex and
reproducible geometries with a resolution of a few hundred
micrometers, which often relies on the shear thinning behaviour

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Schematic of the preparation of 3D reactive printing of the intrinsically stretchable PANI hybrid hydrogel with pressure sensing performance.

Reprinted from ref. 120 with permission. Copyright 2022 Elsevier. (b) Sketch of a light-based 3D printing based preparation process for the conductive
hydrogel hybrids. Reprinted from ref. 121 with permission. Copyright 2018 John Wiley and Sons.

of the CPs or CP precursors. The applied pressure forces the
hydrogel to flow, hence introducing shear forces, which allow
material deposition in the desired patterns.''® A procedure
consisting of rapid cryogenization, lyophilization and redisper-
sion has been developed by Yuk,"** to achieve the printable
PEDOT:PSS hydrogels with suitable rheological properties, thus
to secure high resolution and high aspect ratio microstructures.

The 3D printing route can achieve electroactive CPHs with
complex and defined geometry, by in situ polymerizing CPs
confined in a matrix framework. Yue et al'®° mixed PAA,
poly(ethylene oxide) (PEO) and aniline monomers to prepare
a high-viscosity solution (Fig. 4a) as an ink for 3D printing. The
resulted CPH presented a large stretchability, high fatigue
resistance and a high sensitivity (7.10 kPa™"). Besides extruding
the hydrogel precursors, light-based 3D printing has also been
widely used to fabricate CPHs. Jordan et al.''” demonstrated a

This journal is © The Royal Society of Chemistry 2023

stereolithography 3D printing strategy for constructing architected
CPHs with complex lattice structures by manipulating the proper-
ties of precursor solution. The light-based 3D printed hydrogel
precursor can also serve as the structural template for absorbing
the CP monomer. Fantino et al."*" coupled light-based 3D printing
with interfacial polymerization to obtain electroactive hydrogels
with complex and defined geometry (Fig. 4b), using a digital light
processing 3D printing system to fabricate a poly(ethylene glycol)-
diacrylate (PEGDA) 3D structure first, by subsequently polymeriz-
ing the pyrrole monomer to create a conductive phase.

3. Network structure of CPHs

So far, many strategies have been established to deliver CPHs
for WSs, which provide a broad perspective on designing and

Mater. Horiz., 2023, 10, 2800-2823 | 2805
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fabricating specific CPH structures. We classify these network
structures into three categories: (i) direct crosslinking of the
CPs and then constructing single component CPHs;'??
(if) doping or blending of the CPs into the insulting polymer
matrix, forming a conductive network with nanostructures
embedded relatively uniformly. This structure is called a CP
nanocomposite hydrogel, which generally possesses better
interactions between the hydrophilic polymer matrix and CPs,
thus enhancing the mechanical properties;'***** (iii) double-
network CPHs by composing the interconnected CPs and
insulting polymer networks. The first network usually is a
hydrophilic flexible matrix and hosts the polymerization of
a conductive second network,®®'** which is a crosslinked,
modestly stretched network acting as an electronic transfer

View Article Online

Review

3.1. Single component CPHs

The delocalized n-electron system along the polymer backbone
of the CP leads to the inherent rigid macromolecular chains.
The traditional method to construct single component CPHs is
to introduce small molecules with multi-functional protonic
acid groups.'”” Recently, molecules with multiple functional
groups have been reported to crosslink CP chains, resulting in
a 3D network structured CP composite hydrogel. Superior
to other dopants, phytic acid molecules can link to multiple
PANI chains, generating a strongly crosslinked structure
(Fig. 5a).°>"'?® As described in Section 2.1.2, phytic acid (PA) is
adopted as the gelator and the dopant in the synthetic process
of PANI, which possesses a unique structure of several anionic
phosphate groups, to initiate a mesh-like hydrogel network.
Bao and co-workers® used phytic acid as PANI’s cross-linker
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Fig. 5 (a) Schematic illustration of the formation of a 3D nanostructured PANI hydrogel and a photograph of the PANI hydrogel in a glass vial. Reprinted

from ref. 92 with permission. Copyright 2016 Springer Nature. (b) Chemical structure and morphological characterization of a phytic acid gelated and
doped polyaniline hydrogel. The photograph of an ink-jet-printed image on a piece of glossy photo paper. Reprinted from ref. 55 with permission.
Copyright 2012 National Academy of Sciences. (c) Illustration depicting the controlled synthesis of CuPcTs doped PPy hydrogel. Reprinted from ref. 91
with permission. Copyright 2015 American Chemical Society.
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and dopant, to generate a PANI hydrogel possessing a direct
conductivity of 11 S m~" (Fig. 5b). Similar to PA, disc-shaped
liquid crystal copper phthalocyanine-3,4’,4”,4'"-tetrasulfonic
acid tetrasodium salt (CuPcTs)®" with tetra-functional groups
was used to prepare a morphology-controlled nanostructured
PPy hydrogel (Fig. 5¢).

Besides the cross-linking of inherent rigid polymeric chains
of CPs, elastic and conductive PPy hydrogels with a mono-phase
were synthesized by Zhang’s group using a unique secondary
growth mechanism."*® The formation of PPy occurred immediately
upon the addition of an oxidant to realize the incipient network via
n-n interactions with low joint density. The insoluble PPy chains
aggregate into spherical particles, coupling with the unreacted
pyrrole monomer formed protruded branches, resulting in a 3D
building block. The optimized PPy hydrogel can be compressed
by over 70%, and a fast full recovery within 30 seconds. This
extremely elastic PPy hydrogel opens a window for developing
elastic conducting hydrogels with applications in environmental
engineering, biosensors, and regenerative medicine.

3.2. CP nanocomposite hydrogels

Combining CPs with amphipathic molecules to increase the
dispersibility of CPs is an efficient option to obtain high perfor-
mance CPHs.*®"*' The CPH can be equipped with multiple
characteristics, allowing both materials to retain their respective
properties.'*” There are two combinations of CPs and amphiphi-
lic molecules: (1) to induce the functional polymer with hydro-
phobic groups into the hydrogel, and associate the hydrophobic
groups and CPs, thus dispersing the CPs uniformly in hydrogels,
resulting in a continuous conductive network for CPHs
(Fig. 6a).%>'** (2) To complex the CPs with hydrophilic molecules
by non-covalent bonds to produce water-soluble CPs."**

For the first strategy, the hydrophobic interaction in hydro-
gels prevents the CP nanoparticles from aggregating. The
modification of CPs with amphiphilic molecules to generate
micro or nano-scale micelles can effectively support the disper-
sion of CPs into a homogeneous conductive component, to
initialize the uniformly crosslinking to achieve a continuous
conductive network.””” Sun et al*® designed a CPH-based
strain sensor by introducing PANI coated silica core-shell
particles (SiO,@PANI) into an acrylamide-lauryl methacrylate
copolymer (P(AM/LMA)) matrix (Fig. 6b), where the hydrophobic
interaction between the hydrophobic LMA in the P(AM/LMA)
chains and the SiO,@PANI core-shell particles induced a stable
and continuous conductive network. This resulted in favourable
electrical conductivity, high strain sensitivity with a gauge
factor (GF) of 10.407 at 100-1100% strain, a fast responsiveness
(300 ms), and excellent durability (300 cycles).

Another approach is to produce soluble CPs by complexing
them with hydrophilic molecules. The popularly used CP nano-
composite hydrogel is the PEDOT:PSS hydrogel,*¢3513% with
PEDOT domains placed in an electrically insulating PSS matrix
under a loosely crosslinking association by hydrogen bonding.
Zhao et al*® reported a CP based hydrogel technique by
interconnecting networks of PEDOT:PSS nanofibrils with excel-
lent electrical, mechanical, and swelling properties (Fig. 6c).

This journal is © The Royal Society of Chemistry 2023
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The obtained pure PEDOT:PSS hydrogel fulfilled the desired
properties for bioelectronic applications, including high electrical
conductivity, low Young’s modulus, and tunable isotropic/aniso-
tropic (de-)swelling in wet physiological environments. Apart
from the hydrophilic polymers, hydrophilic micro- or nano-
molecules are also imported to enhance the solubility of CPs.
Lu’s group®® doped catechol/quinone contained sulfonated lignin
to CPs to prepare a series of water-soluble CPs, including PANI,
PPy and PEDOT. The resulted hydrogel exhibited high conduc-
tivity with uniformly distributed hydrophilic CPs and a well-
connected electric pathway. However, the CP nanocomposite
hydrogel is vulnerable to the phase separation between the
CPs and the hydrophobic polymer matrix, due to the intrinsic
incompatibility.

3.3. Double-network CPHs

In the double-network CPHs, the system interlinks two polymer
networks with adverse or immiscible properties to enable
unique features such as high mechanical robustness, extreme
stretchability, and bespoken chemical functionality.**™*** The
double-network CPHs usually contain a densely cross-linked,
fully stretched network that acts as a rigid skeleton, while the
other network is cross-linked sparsely."**'** The interlinks
between two networks can be facilitated by covalent cross-
linking and/or non-covalent bonding (i.e. hydrogen bonding
and hydrophobic or ionic interactions)."*>'*® The dynamic
cross-linking network enables the CPHs to form a reconfigur-
able structure with large deformation, which is critical for the
mechanical properties, conductivity and sensing performance.

The modulations of the topology for hydrophilic polymers
and physically/non-covalent contacts between the networks can
regulate the properties of CPH-based WSs.**'*® Chen’s group
used 2-ureido-4[1H]-pyrimidinone (UPy) to cross-link PANI in a
hydrogen-bonded PSS network (Fig. 7a).”® Shi et al."*” synthe-
sized PNIPAM/PANI and PNIPAM/PPy CPHs using the same
process. Both the obtained CPHs were equipped with an inter-
penetrating binary network structure and possessed a contin-
uous transporting path for electrons. The PNIPAM/PANI and
PNIPAM/PPy CPHs exhibited different electrical conductivities
and thermoresponsive sensitivities, owing to the different
properties between PANI and PPy (Fig. 7b). Typical hydrophilic
polymers including soft polymers (i.e. PVA,>"7%”” PNIPAM"*"'*°
and PAm"%"*") and rigid polymers such as crosslinked cellulose
nanocrystals (CNCs)***>>"™ can be utilized to construct double-
network CPHs. Ma et al.’>* fabricated double-network CPHs by
inducing supramolecular interactions between boronic acid
groups on PANI and hydroxy groups on PVA. Because of the
efficient energy dissipation, the CPH achieved good mechanical
properties with a Young’s modulus of 27.9 MPa, a tensile
strength of 5.3 MPa, and an elongation at break of 250%.
Tang’ group®® developed a synergistic dual network hydrogel
PANI-P(AAm-co-AA)@Fe** composed of an iron-coordinated
poly(AAm-co-AA) network and a conductive PANI network with
adjustable mechanical properties and high sensitivity (Fig. 7c).
The host-guest interaction between B-cyclodextrin (B-CD) and
PANI improves PANI's compatibility in a hydrogel substance,
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(a) Hydrophobic association of the physically cross-linked PAAN hydrogels and the interactions within the gel. Reprinted from ref. 133 with

permission. Copyright 2021 Royal Society of Chemistry. (b) The preparation of a SiO,@PANI-P(AM/LMA) hydrogel. Reprinted from ref. 135 with
permission. Copyright 2021 Royal Society of Chemistry. (c) Fabrication process of f-BNNS/PEDOT:PSS/PNIPAM hydrogels. Reprinted from ref. 136

with permission. Copyright 2019 Royal Society of Chemistry.

and leads to the formation of homogeneous interpenetrating
networks.

4. Properties and applications of CPHs
in wearable electronics

Significant progress has been made in endowing CPHs with the
desired characteristics in the application of WSs,*”"*****” such

2808 | Mater. Horiz., 2023, 10, 2800-2823

as conductivity, mechanical properties, self-healing ability, self-
adhesiveness, and biocompatibility."*®'>® Recent advance-
ments in this area are summarized in this section.

4.1. Properties of CPHs

4.1.1. Mechanical properties. The stress localization in soft
electronics frequently happens during operation to cause
the malfunction and system failure for the device, due to

This journal is © The Royal Society of Chemistry 2023
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(c) Illlustration of the fabrication of a PANI-P(AAm-co-AA)@Fe®* hydrogel. Reprinted from ref. 86 with permission. Copyright 2022 Royal Society of

Chemistry.

stretching, bending, tapping, or pressing.”®'®* Therefore,
mechanical qualities are usually crucial to determine the
performance of CPH-based WSs, where numerous attempts
have been made.®®”>'*! Considering the rigid nature of con-
ductive polymers, the constructive hydrogels are susceptible to
long-term deformation, leading to fatigue and fracture after
cyclic deformation.’®® The formation of an interpenetrating
polymer hydrogel is believed to be a good strategy to endow
the CPHs with long-term durability in the mechanical proper-
ties, whereas the soft chain network can withhold the high
elasticity of the interpenetrating network structure.'®* Sun and
co-workers'® proposed a dually synergetic network hydrogel
composed of the soft polymer PAAm and the rigid conductive
polymer PEDOT:PSS, the soft chains mechanically interlock
with the rigid chains to provide the CPHs with a ultra-wide
sensing range of 0-2850%.

Upon deformation, the dynamic noncovalent bonds (such as
hydrogen bonds and the gelation network) normally behave as
fragile, to serve as reversible “sacrificial bonds” to participate
in energy dissipation via dissociation and/or reconstruction.
Outstanding mechanical properties could be achieved via the
mediation of inter- and intramolecular interactions based on
the chemical and physical bonds. Dynamic interactions are
prone to break to dissipate energy when CPHs are stretched,
ensuring the hydrogels a fully and speedy recovery to their
original states.'®® Xu et al."®” fabricated a polysaccharide-based
conductive hydrogel through the fine-tuning at molecule-
scale between conductive PEDOT and other polymers, which

This journal is © The Royal Society of Chemistry 2023

contributes to the significant improvement of mechanical
behaviours.

4.1.2. Self-healing. Self-healing is an appealing feature of
CPHs to allow the quick restoration of mechanical and elec-
trical characteristics, an extended lifespan of CPH sensors and
a dramatical reduction on the cost (Fig. 8a and b)."*¢*¢°72 The
self-healing mechanisms can be classified into two types,
intrinsic and extrinsic. The addition and polymerization of
healing agents, such as some natural polymers like gelatin,
carrageenan, and agar, is the fundamental extrinsic self-healing
mechanism."””>"* The intrinsic self-healing hydrogels are
usually double-network hydrogels that can undergo reversible
fracture and reconstruction. The main driving forces are the
dynamic non-covalent bonds (i.e., hydrogen bonds, electro-
static bonds, hydrophobic interactions, n-n interactions, and
host-guest interactions) and supramolecular interactions.

Incorporating CPs into the supramolecular network is effec-
tive to bring self-healing features to the hydrogel, because
multiple dynamic interactions can be established between the
conductive polymer and the other polymer network. Based on
the good hydrogen donor of PANI, the self-healing PANI-based
hydrogel was fabricated by introducing the hydrogen acceptor
PAAm.'”® The fractured PANI hydrogel can be restored to its
original structure ascribed to the reconnection of hydrogen
bonds. Li et al.'®® prepared double network CPHs through
integrating rigid PANI chains with flexible sodium methallyl
sulfonate functionalized poly (thioctic acid) polymer chains
(Fig. 8c). In addition, reversible covalent interactions are also

Mater. Horiz., 2023, 10, 2800-2823 | 2809
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Fig. 8 (a) Self-healing of the obtained hydrogel and the illustration of the mechanism.**¢ Reprinted from ref. 136 with permission. Copyright 2019 Royal
Society of Chemistry. (b) Self-healing test of CNC-PANI/PVA hydrogels with a healing time of 30 s. Reprinted from ref. 153 with permission. Copyright
2020 Elsevier. (c) Diagrammatic illustration of the structure and characterization of the CPHs. Reprinted from ref. 168 with permission. Copyright 2021

John Wiley and Sons.

intriguing for imparting the hydrogel with self-healing capability.
Wang et.al.'’® prepared self-healing CPHs with long lifespan by
rearranging the Diels-Alder covalent bonds between polymer
chains.

Integrating self-healing capability and mechanical tough-
ness together in a single structure is intriguing due to the
conflicting demands. Strong molecular interactions are indis-
pensable for imparting hydrogels with robust toughness,
whereas the high cross-linking density of networks is detri-
mental to the mobility of polymer chains, restricting the
possibility of the self-healing of hydrogels. As such, most self-
healing CPHs are fabricated based on the incorporation of
multiple weak molecular interactions, which will sacrifice the
mechanical strength and toughness of CPHs. In light of this
trade-off effect, self-healing CPHs that balance self-healing and
the mechanical properties (toughness and stretchability) were
delivered by Su et al."** They constructed dynamic interfacial

2810 | Mater. Horiz., 2023, 10, 2800-2823

interactions (including hydrogen bonding and electrostatic
interactions) between the conductive PANI and hydrophobic
association poly(acrylic acid) (HAPAA) network to elaborate
interfacial interactions without sacrificing their self-healing
capability. On one hand, the dynamic interfacial interac-
tions constructed multiple energy dissipation mechanisms for
endowing the CPHs with exceptional mechanical properties.
On the other hand, the multiple reversible dynamic inter-
actions between two networks can reassociate quickly after
the break, therefore endowing the HAPAA hydrogel with good
self-healing ability.

4.1.3. Self-adhesive. WSs with self-adhesive properties
ensure a reliable and conformal contact with human skin, reduce
the interface resistance and stabilize the stimuli detection.'”” %!
To equip the CPHs with self-adhesiveness, the introduction
of some moieties that can adhere to different substrates is
of particular importance. The incorporating catechol-based

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3mh00056g

Open Access Article. Published on 03 mei 2023. Downloaded on 22-7-2024 22:20:44.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

molecules for providing the hydrogel with adhesiveness that
inspired by muscle has gained great attention.'®®'8*183
Lu et al.®® integrated catechol molecules to dopamine, to
synthesize PPy-based CPHs. Catechol moieties imparted the
hydrogel with excellent adhesiveness, and high conductivity
due to the effective paving of conductive pathways based on
the dopamine-decorated PPy nanofibrils. Meanwhile, through
tuning the covalent and noncovalent contents, the dynamic
network based on PEDOT:PSS can be well controlled. As such,
the resultant CPHs exhibit durable adhesion with high elec-
troconductivity and cytocompatibility."®”

The hydrated environments (e.g., sweating, raining and
swimming) endanger the performance of WSs by deteriorating
the interfacial adhesion.'®* Incorporating hydrophobic moi-
eties into the hydrophilic polymer network is an effective way
to tackle this challenge.'® Gao and co-workers'®® designed a
hydrogel with robust underwater adhesion and reliable fatigue-
resistance capability, by copolymerizing hydrophilic monomers
and hydrophobic monomers. The formation of hydrophobic
aggregation expels the water and guarantees the direct contact
of adhesion groups attached to the hydrogel with substrates.
In addition, there is another approach to introduce several
nanometer-thick hydrophilic adhesive layers onto the CHPs via
the interpenetrating polymer network, to provide hydrogels
with strong underwater adhesion without sacrificing their
mechanical and electrical characteristics."®”

4.1.4. Electrical conductivity. High electrical conductivity
is always required for electronic readout purposes. CPHs are
made up of CPs with intrinsic conductivity and soft hydrophilic
polymer networks. The insulating hydrophilic polymer net-
works serve as scaffolds, while the CPs provide the conductive
pathway. The electrical conductivity significantly affects the
electrical transmission and sensitivity of CPHs. Chen’s group
generated an interpenetrating PANI/PSS network, with good
conductivity, stretchability, and self-healing ability by optimizing
the concentration of PANL”® Fu’s group® demonstrated that the
electron transit in hydrogels is dependent on the tunnelling effect
when the induced CPs are at low concentrations. Continuous
conductive networks can be established by further improving the
concentration of PANI to reach their percolation threshold, and
the PANI chains are contact with each other, thus creating
electron transit channels with low resistance, leading to a high
conductivity of 8.24 Sm™".

The electronic conductivity originates from the unique con-
jugated m-structure of CPs, which are organic conductors that
depend on electronic conductivity. There are two main meth-
ods to improve the conductivity of CPHs: on one hand, enhan-
cing the content of CPs in CPHs could efficiently improve their
conductivity, owing to that the isolated electronic transfer
pathway gradually evolved into the 3D conductive network,
which proved higher charge transport speed, leading to higher
conductivity. For example, both Wang® and Jin'>' demon-
strated that improved conductivity of CPHs can be obtained
by enhancing the feeding ratio of the CP monomer, and the
conductivities of the optimized samples are tens of times than
that of the virgin hydrophilic hydrogels. The whole conductive

This journal is © The Royal Society of Chemistry 2023
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networks are further created when the concentration of CPs
is improved to their percolation threshold, forming relatively
low-resistance paths for electron transportation due to the
contact of conductive materials.’®® Notably, the conductivity
of CPHs will approach to a plateau value once the content of
CPs exceeds the percolation threshold. On the other hand,
doping is a common process to improve the CPHs’ electrical
properties.®® Doping CPs with proton acid creates bipoles and
dipoles along the polymer chain, transferring more carriers in
the form of electrons or holes, which significantly improves the
conductivity of conducting polymers. Milakin et al. demon-
strated that the higher content of the dopant leads to increased
conductivity,"*® and this can be attributed to higher resistance
to deprotonation of phytic acid doped PANI which occurs
during washing of the resulting cryogels with water. Moreover,
the conductivity of CPHs is highly dependent on the type and
concentration of dopants. Wang et al.”" synthesized PPy hydro-
gels with three different types of dopants and measured the
conductivity of the obtained PPy hydrogels as 7.8, 0.4, and
0.06 S cm™ !, respectively.

4.1.5. Biocompatibility. The WSs can comprise various
types of physical sensors, in detecting a change in a physical
stimulus and then generating a signal to be measured or
recorded. To accurately acquire human movement, it is essen-
tial to adhere the CHPs directly to human skin. Considering
the direct contact between CHPs and the skin, endowing the
CHPs with good biocompatibility is of critical importance."®®
CHPs have been developed as wound dressing,®>'*° tissue
engineering'®" and WSs'**'*> due to their good biocompati-
bility and easy synthesis.

4.2. CPHs for wearable sensors

In general, the ideal conductive hydrogel for sensors should be
stretchable, tough, conductive, self-healable, and highly sensi-
tive to external deformations. CP chains are able to construct an
ideal 3D interconnected conducting network for providing an
all-organic, continuous conducting path compared to that of
the noncontinuous, point-to-point connected conducting net-
work derived from inorganic nanoparticles,”” could be helpful
for fabricating a press/strain sensor with high sensitivity and
linearity, which are pivotal for the feasibility and accuracy of
hydrogel sensors.”® As compared with other conductive filler-
based hydrogels, they usually show a nonlinear dependence of
sensitivity on strain, presumably due to the damage of the
noncontinuous conductive network during stretching.'® More-
over, the organic and polymeric nature of CPs enables diverse
chemical modification and cross-linking strategies, resulting in
extraordinary flexibility and self-healing ability.>*"**'** In contrast,
high stiff fillers such as metallic/carbon materials would decrease
the self-healing ability of the hydrogel by restricting the mobility of
polymer chains, the ability to restore equivalent sensing functions
after healing from severe damage is also limited. Island-type
distributed inorganic fillers in the hydrophilic polymer matrix
are also challenging to balance the trade-offs among mechanical,
electronic, and self-healing properties. A detailed list of examples
of CPH-based sensors can be found in Table 2.
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Table 2 A detailed list of examples of CPH-based sensors
Application CPHs Conductivity Dopants Stretchability ~ Specific device metrics Ref.
Press/strain sensor PAM/gelatin/PEDOT:PSS — PSS 2850% GF = 0.46-1.58 165
poly(HEAA-co-SBAA)/PEDOT:PSS ~ 0.625 S m™* PSS 4000-5000%  GF =2 195
PANI/PVA/PA/GA 34Sm* PA 670% GF =34 77
PPy/PU 0.055Sm™" — 592% — 204
PEDOT:PSS-PVA — PSS ~370% GF = 4.07 32
PANI/PAA/glycerol — PAA ~1500% TCR = —0.0164 °C™" 22
PNIPAM/CMCS/MWCNT/PANI 5.5Sm* HCI ~400% — 205
HAPAA/PANI/Gly ~3Sm™* PAA 2378% TCR = —1.28% °C™" 206
PNIPAM/PPy 08Sm™* PA — — 147
Humidity sensor PEDOT:PSS — PSS — RH range: 2-90% 207
CCNF/PEDOT:PSS 58 mS m™" PSS 929% RH range: 0-85% 208
Gas sensor CeO,@PANI — PA — 6.5-50 ppm (NHj) 209
PEDOT:PSS/IrOy — PSS — 17-7899 ppm (NH;) 210
PEDOT:PSS — PSS — 13-21 vol% (0,) 211
Energy storage system  PANI 0.11Scm™* PANI — 450F g ' (0.5A¢gY) 55
PANI/PA/PVA 91.0 mScem™*  PA 180% 2097 mFem 2 (2mAcem ™) 99
PPy-CPHs 2.3Scem™! p-TSA — 560 Fg ' (0.75A¢g™ ) 212
PEDOT-PVA 0.9Scm™* Boric acid ~ >400% 759F¢g ' (0.29A¢g ™) 213
PEDOT:PSS/silk fibroin 1mSem ™" PSS — 11Fem >at0.5mAcm™ ' 214

A range of CPH based WSs have been developed that can
respond to pressure, temperature, and metabolites, among
other stimuli.'®®'*>'%® various advanced wearable sensors
possess the ability to detect at least two stimuli at the same
time. In this section, we review recently developed sensing
modes in CPH based WSs, such as resistive, capacitive, and
triboelectric type sensing modes. Moreover, the recent
advances in wearable sensor applications including thermal,
press/strain sensors, temperature and pressure/strain dual-
functional sensors, gas sensors and humidity sensors will be
reviewed.

4.2.1. Sensing mechanism. CPH-based WSs can adaptively
respond to the human motion."®® The interconnected conduc-
tive network and/or interactions between the CP chains and the
hydrophilic polymer matrix in CPHs enhance the WSs’ respon-
siveness. Two representative categories are resistive sensors
and capacitive sensors.

Resistive sensors. The resistive sensing mode is one of the
most widely used sensing modes in WSs owing to its relatively
high sensitivity?*° %% (Fig. 9a). This type of WSs, usually made
by hydrogels with low concentrations of CPs,”** depends on the
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change of configuration in conductive networks, and brings
high sensitivity via the contact-resistance effect and the tunnel-
ling effect. Resistive sensors can be divided into two categories:
(1) piezoresistance sensors, typical for sensing press/strain and
(2) thermoresistive sensors for sensing temperature.

The mechanical deformation on piezoresistance sensors
leads to the change in resistance.’*>*' Under a small deforma-
tion, the tunnelling distance of the conductive network in
the piezoresistance sensor exhibits a minute variation. Subse-
quently, some tunnelling channels increase linearly in tunnel-
ling distance with an increase in the applied force. A stronger
signal is produced when the tunnelling distance exceeds the
cut-off distance. Some direct connections between the conduct-
ing materials are broken.?'®>'” The thermoresistive typed sen-
sor can rapidly respond to the thermal stimuli by changing its
own resistance. The sensing mechanism of thermosensitive
CPHs can be classified into two groups: (1) CPH-based WSs to
detect the body temperature with a reversible temperature
response.”'**° The mechanism is fulfilled by combining the
CP with a thermal-sensitive polymer such as PNIPAM,"*°
to switch the conductive network’s tunnelling distance by
harnessing the thermal-sensitive polymers’ capacity. (2) CPs
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Capacitive sensor

Fig. 9 Schematic illustration of the structure and working mechanism of a (a) resistive sensor, and (b) a capacitive sensor.

2812 | Mater. Horiz., 2023, 10, 2800-2823

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/li