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Recent progress in the development of conductive
hydrogels and the application in 3D printed
wearable sensors

Yuxuan Lin, Ruxue Yang and Xin Wu*

Compared with traditional device-type sensors, flexible wearable sensors have attracted fast-growing
attention owing to the excellent stretchability and strain sensitivity. Conductive hydrogels, a kind of hydro-
philic polymer material with a three-dimensional (3D) network structure, are excellent candidate materials
for wearable sensors because of their conductivity, sensitivity, stretchability, biocompatibility, and high
adjustability. The structural modifiability also endows conductive hydrogels with more functionality such
as self-healing and adhesiveness. In the process of preparing wearable sensors, the traditional templat-
ing-based methods are not suitable for customer-tailored applications. And more importantly, dimen-
sional accuracy cannot be guaranteed for the traditional methods, which limits the applications. A 3D
printing technique, which constructs 3D structures by discrete-cumulative methods, can control the
shape and accuracy based on a computer model. Compared with templating-based methods, 3D printing
technology has more advantages in constructing wearable sensors. In recent years, there have been
increasing research efforts being paid to integrating 3D printing technology with conductive hydrogels,
while there is less effort spent on summarizing the current research advances. In this paper, we reviewed
the research progress of 3D printing in wearable sensors based on conductive hydrogels, with an empha-
sis on the classification of conductive hydrogels, the mechanisms of wearable sensors and applications of
3D printing methods. Finally, the remaining problems and opportunities were discussed.

including hydrogen bonds, coordination bonds, electrostatic
interactions, hydrophobic interactions, etc., they are mainly

Hydrogels, as a kind of polymer material with three-dimen-
sional (3D) network structures, are generally formed by chemi-
cally or physically crosslinking the polymer chain segments.
Owing to the abundant hydrophilic groups, hydrogels exhibit
the feature of swelling but not of being dissolved in aqueous
solution. Actually, the proportion of their internal water can
often reach a value above 90%." In addition, the polymer
structures can be decorated by different functional groups,
which would endow hydrogels with strong functional adjust-
ability such as stretchability, self-adhesiveness, self-healing,
conductivity, antibacterial, printability, biocompatibility, and
degradability, etc.>” Generally, the polymerization and cross-
linking process of hydrogels involves the formation of various
types of chemical bond, which can be mainly divided into
covalent bonds and non-covalent bonds.?° For covalent bonds,
the features of robustness and stability provide strong mechan-
ical properties for hydrogels, while for non-covalent bonds,
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reversible dynamic bonds, which enable great freedom for the
design of the behaviors of hydrogels. For instance, when
stimulated by external factors such as temperature, pH,
pressure, and strain, the bonds will get broken, and after
removal of the stimulus, the broken bonds can be re-bonded
and restored to the initial state, based on which a specific
response to the external signal can be designed by adjusting
the polymer structures.’®"> Due to these excellent properties,
hydrogels have been widely used in many fields such as biome-
dicine, drug delivery, environmental engineering and
biosensing,"*'* and increasing research attention has been
attracted in recent years.

For applications in sensing areas, hydrogels are generally
required to be electrically conductive to achieve the conversion
of external stimuli to electrical signals. However, most of the
original hydrogels have poor electrical conductivity even with
abundant water inside, which impedes the applications in
wearable sensors. To make full use of the application poten-
tial, it is significant to develop conductive hydrogels.
Conductive hydrogels, which can be divided into electro-type
and ion-type, are realized through the addition of conductive

© 2023 The Author(s). Published by the Royal Society of Chemistry
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materials.">'® Combined with the excellent flexibility, conduc-
tive hydrogels have great advantages in applications of wear-
able sensors. Normally, the traditional sensors often employ
rigid metal or semiconductor materials, leading to bulky
designs and limited compatibility with the human body. In
contrast, flexible wearable sensors based on conductive hydro-
gels offer superior compatibility and conformability.'”"®

Wearable sensors have revolutionized the way we monitor
and track the various aspects of our lives. Compact, portable
devices are equipped with sensors that can gather real-time
data on our physical activities, health parameters, and even
emotional states. From monitoring heart rate and sleep pat-
terns to tracking fitness levels and managing chronic diseases,
wearable sensors have found widespread applications in
healthcare, sports, and personal well-being. In recent years,
there has been an exponential growth in the development and
adoption of wearable sensor technology. There are several
transduction mechanisms employed in wearable sensors,
including piezoresistive, capacitive, triboelectric, and piezo-
electric mechanisms.'®? As an excellent candidate material
for the preparation of wearable sensors, conductive hydrogels
are often combined with these transduction principles to
prepare high-performance wearable sensors which can accu-
rately and efficiently monitor human health parameters in
real-time.

With the rapid development of sensing theory and great
improvement of the sensing performance of conductive hydro-
gels, higher requirements are also put forward for the pro-
duction technology. The traditional templating-based methods
rely on moulds, which are only suitable for mass manufactur-
ing and cannot meet the requirements of personalized
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demands. Meanwhile, the templating-based methods would
consume a lot of raw materials, and produce large amounts of
production waste.>® 3D printing technology, also known as
additive manufacturing, is a computer-aided manufacturing
technology that fabricates the objects by stacking layers on
layers.>* There are around ten different types of 3D printing
technique, because of which great freedom in material selec-
tion can be realized. As a result, much effort has been spent by
material users to develop 3D printable functional materials for
application in different scenarios. Besides, an extremely high
resolution can be achieved with the development of 3D print-
ing machines. The computer-aided feature also frees the
designers’ mind to design the structures. Moreover, 3D print-
ing technology is convenient to operate with a low production
cost, greatly improving the production efficiency.>**® In recent
years, great advances have been witnessed to integrate 3D
printing technology with conductive hydrogels for the prepa-
ration of wearable sensors, providing more possibilities for the
improvement of sensing ability. Fig. 1 illustrates different
types of conductive hydrogel and their properties. It also
demonstrates the various transduction mechanisms of wear-
able sensors and the types of 3D printing technique applicable
to conductive hydrogels along with their working principles.
At present, many breakthroughs have been made regarding
the theories and applications of conductive hydrogels and 3D
printing technology in wearable sensors. However, the research
into combining these two is still at the beginning stage, even
though it is significant. It is important to summarize the
current research status to provide more guidance for future
development. This review mainly describes the classification
and properties of conductive hydrogels, sensing mechanisms

Digital Light Processing

Tribo/Piezoelectric Sensors

Laser-Based 3D Printing

Fig. 1 Classification and properties of conductive hydrogels and the related 3D printing techniques.
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and 3D printing technology applicable to manufacture conduc-
tive hydrogels-based sensors in detail. The challenges and
future developments in this field are also discussed.
Hopefully, this work would stimulate more research interest in
this area.

2. Classification and properties of the
conductive hydrogels
2.1 Classification of the conductive hydrogels

When placed in ionic aqueous solution, ion channels will be
formed in the hydrogels, generating the ionic conductivity
inside.>” However, for sensors applied in vitro, the conductivity
generated by external ionic solutions is limited. Considering
the intrinsic insulation feature, it is of great significance to
modify hydrogels to improve the conductivity. According to the
conduction mechanisms, modified hydrogels can be divided
into electron-type and ion-type.”®>° For the electron-type, elec-
tronic conductivity is normally achieved by filling or coating
the hydrogels with conductive materials. In addition, the
hydrogels constructed on the basis of polymers containing a ©
system also show electronic conductivity.?® For the ion-type, it
is necessary to ensure there is a sufficient number of free ions
inside to realize the enhanced conductivity by forming ion
channels.

2.1.1 Electron-type. Electron-type hydrogels achieve electri-
cal conductivity through freely moving electrons in metals as
well as delocalized = electrons in other materials. Since most
of the hydrogels are insulated, the realization of electronic con-
ductivity often requires the addition of a conductive medium.
Currently, carbon nanocomposites, metal nanofillers and con-
ductive polymers are most commonly used.

Carbon nanocomposite-based conductive hydrogels. Carbon
nanomaterials have excellent electrical conductivity due to the
formation of delocalized n bonds, which can form freely
moving electrons. Among the different types of carbon nano-
material, carbon nanotubes (CNTs) and graphene have been
most widely used as conductive fillers for the preparation of
conductive hydrogels because of the large surface area and
good mechanical properties.*

Carbon nanotubes are hollow cylinders made from graphite
sheets, with a diameter on the nanoscale and a length on the
nano- or micron scale.** Due to the special structure, conduc-
tive hydrogels achieved using CNTs as conductive fillers have
better mechanical properties, exhibiting obvious advantages in
the application of wearable sensors.** However, the direct
addition of carbon nanotubes would easily induce aggregation
for hydrogels containing a large amount of water, affecting the
mechanical uniformity and electrical conductivity.** The two
main methods to relieve aggregation are to obtain a hydro-
philic surface by surface modification of the carbon nanotubes
or to establish valence bonds between the carbon nanotubes
and hydrogel matrix by a hydrophilic dispersant.**” For the
former, although the dispersion of carbon nanotubes in the
hydrogel can be achieved, the insufficient degree of modifi-
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cation would lead to a loose interaction between the packed
particles and the hydrogel matrix, resulting in the easy separ-
ation of the conductive fillers. Moreover, the modification will
affect the conductivity of the CNTs, which limits the appli-
cation of this method. As for the method of introducing the
hydrophilic dispersant, the connection is established under
both hydrophilic and hydrophobic interactions, effectively
avoiding the damage to the structure of the conductive
material itself. Compared with the surface modification
method, the interaction induced by introducing the hydro-
philic dispersant is much stronger and the dispersion effect is
better. For example, Lu et al.*® introduced CNTs and cellulose
nanofibers in the process of hydrogel polymerization. As a
kind of hydrophilic material, cellulose nanofibers not only
enhanced the toughness of the hydrogel, but also facilitated
the dispersion of the carbon nanotubes. Fig. 2 shows the sche-
matic diagram of CNT dispersion and the corresponding
microstructural characterization, which clearly indicate the
good dispersion of the nanofillers and excellent electrical con-
ductivity of the modified hydrogel. Similarly, Chen et al>°
wrapped carbon nanotubes with alginate, a biocompatible
material containing a large number of hydroxyl and carbonyl
groups, through which a good dispersion of CNTs, as well as
enhanced electrical conductivity (2.765 S m™') and mechanical
properties (a tensile strength of 332.9 kPa, elongation of
584.6%, Young’s modulus of 91.5 kPa), have been achieved.
The addition of carbon nanotubes enhances the conduc-
tivity and mechanical properties of hydrogels.** In addition,
good 3D printability of conductive hydrogels can also be rea-
lized by adjusting the type of hydrogel monomer and the
content of carbon nanotubes, which is significant for the man-
ufacturing of wearable sensors. However, how to optimize the
dispersion of CNTs and printability remains a challenge.
Graphene, as a two-dimensional, single-layer carbon atom
with a hexagonal lattice structure and hybrid sp” orbitals, is
well-known for its extreme surface area and excellent
properties.*’™* In addition, one of its derivatives, GO, has
more functional groups, such as carboxylic, epoxide and
hydroxyl, which can help it disperse better in aqueous
solutions.*>** However, compared with graphene, the electri-
cal conductivity of GO is worse due to the lattice collapse. So
for the application of graphene/GO as a conductive filler, it is
necessary to consider both the dispersion ability and conduc-
tivity of the conductive fillers according to the design require-
ments of the matrix material. For example, Mendes et al.,*” sig-
nificantly improved the conductivity of hydrogels by adding a
small amount of graphene oxide sheets with an ultra-high elec-
troactive surface area based on gelatin methacryloyl (GelMA).
The addition of GO also improves the printability and shape
fidelity of the hydrogels, making them more suitable for the
subsequent 3D printing technology. After being further pro-
cessed by chemical reactions, reduced graphene oxide (rGO)*?
with better electrical conductivity can be achieved, which is
preferred for use in electrochemical applications.*®™*® vang
et al. prepared the Pyy-rGO-Pyy sandwiched model through a
simple self-assembly reaction using the redox reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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TOCNSs, and CNTs.*8

between pyrrole and GO.*° The formation of this model effec-
tively improves the conductivity of hydrogels and therefore
exhibits excellent pressure sensitivity (gauge factor > 1.98).
The pressure changes can be quickly converted into readable
electrical signals, which is important for the sensors applied
to human health monitoring. However, the reduction reaction
reduces the oxygen-containing functional groups of rGO,
making it hard to disperse it in water. Moreover, when it is
added to the inside of hydrogels, the problem of packing
aggregation would easily happen.

Because of the formation of delocalized = bonds, the excel-
lent mechanical properties and large specific surface area,
carbon nanocomposites have certain advantages in the prepa-
ration of wearable sensors. However, when applied to hydrogel
systems, the main problem of carbon nanofillers is the insolu-
bility in water, which would lead to easy aggregation of the

© 2023 The Author(s). Published by the Royal Society of Chemistry

filling materials, affecting the performance of conductive
hydrogels. Currently, the methods of surface modification of
carbon materials and the introduction of hydrophilic disper-
sant are mainly adopted to resolve these issues. Nevertheless,
the natural blackness and opacity of carbon materials greatly
limit their use in light-sensing devices.

Metal nanoparticle-based conductive hydrogels. As a good con-
ductor, metal can be used as a conductive filler in the prepa-
ration of conductive hydrogels and the conductivity is gener-
ally much better than that of carbon conductive materials.>® In
order to meet the stability requirement of nanoparticles, the
commonly used metals include gold, silver and some precious
metals.>' >

Silver nanowires/nanoparticles are a widely used material
with excellent durability and mechanical properties, which
endowed them with obvious advantages over other materials
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as a conductive material filled inside hydrogels.” Shen et al.>®
used polydopamine to achieve the deposition of silver nano-
particles inside the hydrogel through in situ reduction. The
prepared porous hydrogels exhibit good mechanical strength
(2.13-3.20 MPa) and high piezoresistive sensitivity (up to 9.34
MPa™ '), which can simultaneously monitor large movements
and small pressure signals of the human body. When used as
wearable sensors, the good adhesion between the sensor and
human skin is required to avoid the side effect from the gap
between the sensor and human skin. To achieve good
adhesion, Hao et al.’” introduced tannic acid (TA) and Ag
nanoparticles into the gel at the same time, which could
realize rapid polymerization through the dynamic catalytic
system of TA-Ag, and achieve rapid dissipation of deformation
energy through the dynamic interaction of hydrogen bonds
between the TA and Ag as well (Fig. 3). As a result, the prepared
gel presented good flexibility and tensile effect. The existence
of a dynamic interaction also endowed the gel with self-
healing properties. More importantly, the introduction of TA
makes the hydrogel self-adhesive to a variety of surfaces
without the need for external adhesives, resulting in high accu-
racy when used as a sensor.

In addition, the good bactericidal effect of silver can inhibit
the activity of enzymes, RNA and DNA by destroying microbial
cell membranes and cooperating with electron donor groups
such as amine, mercaptan and hydroxyl, and ultimately, kill
the bacteria.’® Therefore, conductive hydrogels containing
silver fillers can also be used as a bactericidal and bacterio-

(b)

Reversnble redox reaction (c) ©
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static material in some medical fields such as wound
treatment.*”

Generally, metal nanoparticle-based conductive hydrogels
present better conductivity than carbon nanocomposite-based
conductive hydrogels. However, the problem of uneven dis-
persion inside the hydrogels is a common issue. In order to be
used in 3D printing technology for preparing wearable
sensors, it is necessary to ensure the uniformity of the printing
materials, which means further research on metal nano-
particle-based conductive hydrogels is needed.

Conductive polymer-based conductive hydrogels. As a kind of
organic compound, a conductive polymer has not only a con-
ductivity comparable to an inorganic compound or semi-
conductor material, but also good flexibility, which enables it
to be an excellent candidate for preparing wearable sensors.®°
Compared with the nanocomposite-based hydrogels, the
hydrogels prepared by conductive polymers do not have struc-
tural differences between the hydrogel matrix and conductive
materials, so the strong interface effect commonly existing
between organic and inorganic materials would be absent. As
a result, the conductive polymer-based hydrogels have more
advantages when considering the mechanical properties and
electrical conductivity. At present, the conductive polymers
commonly used for preparing conductive hydrogels include
poly(3,4-ethylene-dioxythiophene) (PEDOT), polythiophene
(PTh), polypyrrole (PPy) and polyaniline (PANI).°" These con-
ductive polymers can be directly used as a conductive hydrogel
matrix. However, due to the poor mechanical properties and
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(a) Polymerization process of the hydrogel. (b) TA-Ag double-catalyzes APS to generate free radicals, leading to the free radical polymeriz-

ation of AM monomers. (c) Internal bonding mechanism of the hydrogel. (d) Cross-sectional SEM images of freeze-dried hydrogels reveal porous

interconnections and (e) related element mappings (C, O, and Ag).>’
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strong rigidity of conductive polymers, the hydrogels obtained
generally have certain limitations in the application of wear-
able sensors.®® To resolve this issue, conductive polymers are
usually copolymerized with other monomers, integrating the
good conductivity of the conductive polymer with the good
mechanical properties of the monomers. For instance, Chen
et al.®® used 2-ureido-4[1H]-pyrimidine (UPy) as a crosslinking
point to form a polyaniline/poly(4-styrene sulfonic acid) (PANI/
PSS) network and synthesized a hydrogel with good tensile
and self-healing properties. The hydrogel could be shaped into
various shapes and recovered within 30 s due to the presence
of hydrogen bonds, which enable it be applicable in 3D print-
ing technology and the preparation of wearable sensors. Fig. 4
shows the conductivity, sensing performance and self-healing
ability of the as-prepared hydrogel, which illustrate the good
application potential in the wearable sensors. In addition, con-
ductive polymers can further be combined with conductive
nanofillers to achieve enhanced conductivity.**

Conductive polymers produce electrical conductivity
through the free movement of delocalized = electrons to form
an electronic pathway.®> As polymer materials, conducting
polymers have certain advantages over inorganic metals and
carbon materials when combined with a hydrogel matrix.
Nonetheless, most conductive polymers are rigid, and easy to
break. For application in flexible sensors, it is often needed to
combine them with other flexible materials, or integrate them
with media that can generate non-covalent bonds to achieve
better mechanical properties.
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2.1.2 Ton-type. Ionic conducting hydrogels rely on the free
moving ions inside the hydrogels to form ion channels.®®
Normally, ionic conductivity can be achieved by segment
motion, ion hopping, or a vehicle mechanism. Compared with
electron-type, ionic conductive hydrogels have higher transpar-
ency, which is more suitable for photoelectronics applications.
Meanwhile, the absence of fillers also reduces the toxicity of
the conductive hydrogel, which is advantageous in the appli-
cation of human health monitoring.®”~*°

However, in order to establish the ion migration pathway,
ionic hydrogels have a strong dependence on ionic aqueous
solutions. The existence of aqueous solutions makes ionic con-
ductive hydrogels more sensitive to temperature changes:
when the temperature is lower than a certain degree, the
hydrogel will get frozen, damaging the mechanical structure.”
On the other hand, when the temperature rises, the tendency
of water to evaporate from the hydrogel increases, resulting in
a loss of ionic conductivity.”*

However, by taking advantage of the sensitivity of ionic con-
ductive hydrogels to temperature, wearable sensor for testing
temperature changes can be designed.”>”’* For example, Pang
et al.”® incorporated a PVP/TA/Fe**cross-linked network into a
P(NIPAAm-co-AM) ionic hydrogel. The prepared hydrogel has
good conductivity (0.79 S m™") and excellent transparency. By
introducing the thermally sensitive material PNIPAAm into the
ion-type hydrogel, a rapid volume shrinkage and electrical
signal changes can be realized as the temperature rises to a
certain degree (lower critical solution temperature, LCST),
which indicates the capability of being applied as a wearable
temperature sensor. To deal with the cryogenic freezing of
hydrogels, one of the main methods is to replace the solution
inside the hydrogel with some solution which has a lower ice
point, so that the normal mechanical state can be maintained
at a low temperature.”® For instance, Zhao et al.”’ obtained
ultralow-temperature freezing resistance by immersing carbox-
ymethyl chitosan hydrogel in calcium chloride solution. The
prepared hydrogel can remain non-frozen at —50 °C and has
90% transparency, ensuring the normal operation of the
hydrogel-based sensor at low temperatures (Fig. 5).

In general, ionic conductive hydrogels are transparent in
color and sensitive to temperature, and have advantages in
specific applications. However, the evaporation problem of
aqueous solutions is still an obstacle to their application.
Although freezing at low temperature has been solved to some
extent, the conductivity will inevitably decrease at low tempera-
ture.”* The inferior mechanical properties and lack of self-
adhesive properties also limit their application in wearable
sensors.”®”? Further research is needed to find a good solution
for these problems.

Conductive hydrogels can be classified into electron-type
and ion-type based on their conductive media. Each type of
hydrogel offers certain advantages and should be selected
according to the specific application requirements when
designing conductive hydrogels. However, it is important to
note that different types of conductive hydrogel also have
certain limitations, which should be taken into consideration

RSC Appl. Polym., 2023,1,132-157 | 137


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lp00077j

Open Access Article. Published on 22 August 2023. Downloaded on 1/23/2026 12:21:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review RSC Applied Polymers
1010
——CAgs:
(@)_ 1o 051 (b) l, CAo.5:1
T 1031 —o—CAg 5.1- 3M Ca2* = -20°C
% ] £ w CA.5:1 -1M Ca2*
3 1079 £ -27°C —
3
'g 103] é \,_40°c CAg.5:1 -2M ca2*
Z 10 E
-] g 0.1 = -51°C CAg.5:1 -3M CaZ*
5 g
-4 3
@ 107y CAg.5:1 -4M Ca2*
2
10 1
10" 1 T T T T T T T T T T T
75 -60 -45 -30 -15 0 15 30 -60 -40 -20 0 20

Temperature (°C)

Temperature (°C)

(d)

Fig. 5 Antifreezing test of ionic conductive hydrogel. (a) DMA curves of CAgs.1 and CAgs.1-3 M Ca?* when the temperature changes from 25 to
—75 °C, (b) DSC curves of CAg 5.1 and CAgs.1-Ca®* when the temperature changes from 25 to —75 °C, and (c and d) images of CAg 5., and CAgs.1-3

M Ca?* bending at —50 °C, respectively.”

during their usage in wearable sensors. Table 1 summarizes
the conductive mechanism, advantages, and disadvantages of
different types of hydrogel.

2.2 Properties of the conductive hydrogels

Recent progress in the field of 3D printed conductive hydrogels
has shown great potential for developing wearable sensors

Table 1 Summary of different types of conductive hydrogels

with enhanced properties. When applying conductive hydro-
gels to wearable sensors, the key properties of interest include
conductivity, mechanical properties, self-adhesiveness, self-
healing, and 3D printability. Conductivity serves as the foun-
dation for hydrogel-based sensing, and its quality directly
influences the sensitivity of the hydrogel. Hence, achieving
excellent conductivity is crucial for hydrogel performance. We

Type Conduction mechanism Advantages Disadvantages
Electron-  Carbon Conductivity achieved by (1) Large surface area; (2) excellent (1) Aggregation issues, not
type nanocomposite-based  adding CNTs or graphene as mechanical properties; (3) high electrical easy to disperse evenly in
conductive hydrogels conductive fillers to form conductivity hydrogel; (2) severe interface
delocalized = bonds effect
Metal nanoparticle- Achieve conductivity by adding (1) Excellent mechanical properties and
based conductive metal nanoparticles with freely —durability; (2) excellent bactericidal effect
hydrogels moving electrons as
conductive fillers
Conductive polymer- Conductivity realized through (1) The conductive material itself is Most conductive polymers
based hydrogels polymers containing = systems  flexible; (2) no organic-inorganic are rigid and need to be
interface effect, which has little effect on  copolymerized with flexible
the mechanical properties of the monomers
hydrogel
Ton-type Achieve enhanced conductivity (1) Transparent color, suitable for (1) Water evaporation

by forming ion channels and
ensuring a sufficient number
of free ions

138 | RSC Appl. Polym., 2023, 1,132-157

photoelectronics applications; (2)
sensitive to temperature

problem; (2) the performance
is greatly affected by
temperature
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have provided a detailed explanation of conductivity in Section
2.1, and will not elaborate on it here. The mechanical pro-
perties are foundational for the applicability of hydrogels in
the fabrication of wearable sensors. Among the mechanical
properties, stretchability and toughness have more significant
effects on the overall performance of sensors across various
aspects. During the application process, failure to achieve a
close contact between the hydrogel and the monitoring
surface, or damage to the hydrogel itself, can lead to errors in
the data generated by the wearable device. Consequently, the
accuracy of the wearable sensor is compromised. Thus, the
presence of self-adhesive properties enabling adherence to the
detection surface, as well as self-healing capabilities for struc-
tural damage, holds great significance in enhancing the accu-
racy of wearable sensors. Meanwhile, for the prepared hydro-
gels processed by 3D printing technology for wearable sensors,
it is also necessary to pay attention to the fluidity and print-
ability. Although the current research has made great break-
throughs in these aspects, there are still challenges when the
above properties are considered comprehensively.

2.2.1 Mechanical performance. In the context of wearable
sensor applications, the mechanical performance of conduc-
tive hydrogels is a crucial factor to consider. Two important
mechanical properties to evaluate are toughness and stretch-
ability, as they directly impact the functionality and durability
of these materials in wearable devices.®°

Toughness refers to the ability of a material to withstand
mechanical stress without fracture or failure. For wearable
sensors, high toughness is desirable to ensure reliable per-
formance during daily activities. Conductive hydrogels with
good toughness can maintain their structural integrity even
under cyclically stretching or bending conditions. This allows
for a continuous and seamless monitoring of physiological
signals without compromising the sensor’s electrical conduc-
tivity.®" Additionally, a tough conductive hydrogel can resist
wear and tear, increasing the lifespan of the wearable device.

Alongside toughness, stretchability plays a vital role in
wearable sensor applications. Wearable devices often need to
transform to irregular shapes and resist various stretches to
conform with the body’s movements. Therefore, conductive
hydrogels should possess sufficient stretchability to accommo-
date these deformations without losing their electrical conduc-
tivity. High stretchability enables comfortable and unrestricted
wear, ensuring reliable data collection from the sensors.?**?

To enhance the mechanical properties of conductive hydro-
gels, one commonly employed approach is to incorporate
additional constituents into the hydrogel matrix. This strategy
enables the formation of diverse reversible dynamic bonds
with the hydrogel matrix, thereby enhancing its stretchability
and toughness.’>® For instance, Xu et al.*® introduced
sodium casein (SC) and polydopamine (PDA) into a polyacryl-
amide system. The dynamic crosslinking facilitated by SC and
PDA within the system resulted in the development of hydro-
gels with exceptional stretchability and fatigue resistance.
These hydrogels demonstrated a failure stress of 170 kPa and a
failure strain exceeding 2100%, thus showcasing their poten-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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tial as wearable sensors for the direct monitoring of substan-
tial human body movements, as well as capturing minute
physiological signals like speech and breathing.

2.2.2 Self-healing ability. Self-healing performance refers
to the ability of the structures and properties of the materials
to completely recover to the initial state before the
destruction.’®®” Self-healing properties of conductive hydro-
gels are necessary when considering the extension of operating
life, especially for the sophisticated, fracture-prone structures
fabricated by 3D printing technology. The self-healing pro-
perties of conductive hydrogels mainly depend on reversible
covalent bonds (acylhydrazone bonds, disulfide bonds, Diels—
Alder reactions and urea bonds), or reversible non-covalent
bonds (hydrogen-bonding, hydrophobic interactions, guest-
host interactions, metal-ligand, and polymer-ions).*® Zhang
et al.® synthesized a poly(dopamine methacrylate-co-methacry-
latoethyl trimethyl ammonium chloride-co-acrylic) (PDDA)
hydrogel. Depending on the internal hydrogen bonds, electro-
static action and other reversible non-covalent bond effects,
good self-healing performance was achieved, so it can be
restored to its original shape in two minutes without the need
for external stimulation. Fig. 6 shows the characterization of
the hydrogels before and after self-healing. It should be noted
that there is still a 20% difference between the initial state and
the self-healing state even if we extended the time to 5 min
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Fig. 6 Self-healing performance testing. (a) Stretchability of PDDA
hydrogel. (b) Self-healing behavior of PDDA hydrogel after shearing. (c)
Stress and strain of PDDA hydrogels. (d) Stress—strain curves before and
after self-healing of PDDA hydrogel. (e) Self-healing efficiency at
different times.®°
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(Fig. 6(e)). How to achieve a higher self-healing efficiency in a
short time should be the focus of future studies. As for the
reversible covalent bonds, Jia et al.®® synthesized a new type of
polyurethane (PU) hydrogel. By embedding disulfide bonds
into the hydrogel polymer chains, the hydrogel can be healed
quickly by utilizing the tapping and platform interaction of the
disulfide bonds. A good conductivity has also been demon-
strated for the healed hydrogel, which reveals its great appli-
cation potential.

For wearable sensors, changes in electrical signals such as
resistance and capacitance are generally generated by struc-
tural changes. Therefore, the structure of sensors is very
important for the accuracy of detection data. The self-healing
performance can ensure the rapid repair of a damaged struc-
ture and the great extension of operating life. At present, many
techniques based on reversible covalent bonding and non-
covalent bonding have been proposed for preparing conductive
hydrogels with self-healing properties. Covalent bonds, which
are more rigid than non-covalent bonds, will cause certain
damage to the flexibility.”* Considering the flexibility require-
ment of conductive hydrogels, comprehensive consideration
should be taken when choosing the right solutions.

2.2.3 Self-adhesive ability. In order to realize real-time
health monitoring of the human body, good contact between
sensors and human skin tissue is necessary. However, such a
function is difficult to achieve with traditional sensors made of
metal and semiconductor materials. Because of the excellent
flexibility, wearable sensors have greater advantages over tra-
ditional sensors to achieve a good fit with the body.”>%
However, these flexible wearable sensors often require extra
tape or adhesives to realize the adhesiveness to human skin.
On the one hand, this will decrease the accuracy of monitored
signals; on the other hand, some adhesives are toxic, which
are not suitable for long-term contact with the human body.”*

b
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Therefore, self-adhesive ability is highly expected for wearable
sensors. The self-adhesive property of conductive hydrogels
can be realized through the chemical or physical interactions
between the hydrogels and the substrate surfaces, which
mainly include irreversible permanent covalent bonds and
reversible weak bonds.’® Tannic acid, as a kind of polyphenol
compound, contains many functional groups such as carbonyl
groups, phenolic functional groups and hydroxyl groups,
which can interact with various organic and inorganic sub-
strate surfaces through hydrogen bonding, electrostatic inter-
action, coordination bonds and hydrophobic interaction.”®
Therefore, tannic acid is often used to prepare self-adhesive
conductive hydrogels. For example, Fan et al.®” prepared a dual
cross-linked (DC) hydrogel with excellent self-adhesive ability
(60-80 kPa) by immersing the prepared polyvinyl alcohol (PVA)
aerogel in tannic acid. Fig. 7 specifically describes the hydrogel
(TEDI) prepared by the dynamic reversible bonding of tannic
acid, which exhibits a strong self-adhesive force as high as 50
kPa in adhesion to the skin.

2.2.4 Printability. Research studies have shown that the
sensitivity of wearable sensors is related to the precision of
their structure. 3D printing technology, which can achieve the
manufacture of complex structures at the micron-to-nano level
through computer digital control, is widely used in the prepa-
ration of high-performance sensors.’® Therefore, to achieve
good integration between 3D printing technology and conduc-
tive hydrogel-based wearable sensors, the printability must be
considered. According to the mechanism of 3D printing, the
printing materials should usually have good fluidity. On the
other hand, to ensure the precision of the structure, materials
in a liquid state also need to be cured quickly after printing.®
Hydrogel materials, which are transformed from a liquid to a
solid structure with a three-dimensional network through
polymerization crosslinking, can easily meet the material pro-
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Fig. 7 Self-adhesive test of TEDI hydrogel. (a) Schematic diagram of the self-adhesive nature of TEDI that can lift weights of 200 and 400 g. (b)
Schematic diagram of the adhesion ability of TEDI hydrogel to different substrates. (c) Schematic diagram of TEDI hydrogel adhesion to nitrile
gloves. (d) Adhesion strength of TEDI hydrogel to Al substrate with different TA concentrations. (e) Bonding strength test results of TEDI hydrogels
with different substrates. (f) Comparison of this work with previously reported self-adhesive hydrogels at maximum strain and adhesion strength.®*
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perties required by 3D printing technology. In order to achieve
good 3D printability of hydrogels, the current research mainly
focuses on the following three aspects:'®°'° (1) hydrogel
materials have obvious pseudoplasticity; (2) hydrogel materials
have temperature reversibility; and (3) hydrogel materials can
be cured in a very short time. When the hydrogel meets one of
the above three points, it can achieve good fluidity in the print-
ing process and fast curing after extrusion. For example, by
taking advantage of the property that the viscosity of hydrogels
decreases with the increase of shear stress, Deng et al'®
increased the pressure during injection to improve the fluidity
of the hydrogel to realize the good printability of the hydrogel.
After extrusion, the viscosity of the hydrogel gradually
increased until it reached the solid state as the shear stress dis-
appeared. Wei et al'® mixed the crosslinking agent and
monomer in the process of conveying printing materials, rea-
lizing partial curing in the printing process to ensure
sufficient fluidity and mechanical properties, and finally com-
plete curing was achieved under the condition of UV light at
60 °C.

3. Different wearable sensors based
on conductive hydrogels

With the growing emphasis on health and advancements in
technology, traditional sensing materials are unable to meet
the requirements of long-term and accurate sensing. In recent
years, flexible wearable sensors have gained significant atten-
tion owing to their exceptional stretchability. Hydrogel, as a
hydrophilic flexible material that closely resembles human
tissue structure, is an excellent candidate for developing wear-
able sensors.'®” Currently, wearable sensors can be categorized
into four distinct categories based on their respective trans-
duction mechanisms: (1) piezoresistive sensors; (2) capacitive
sensors; (3) triboelectric sensors; and (4) piezoelectric sensors.
Fig. 8 briefly illustrates the working principles of these
sensors, while the specific sensing mechanisms and the appli-
cations of conducting hydrogels in these sensors are discussed
in details in the following part.

View Article Online
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3.1 Piezoresistive wearable sensors

Piezoresistive sensors refer to the sensors that can detect exter-
nal pressure signals by converting the pressure to an electrical
signal.’”” Piezoresistive has become the most widely used
sensing mechanism because of the simple preparation process
and high pressure sensitivity for the associated sensors.'*® In
recent years, more and more conductive hydrogel sensors
based on piezoresistive sensing mechanisms have been fabri-
cated. The following summarizes the current research, focus-
ing on the transduction mechanism and sensor performance.

According to the definition of resistance R = p x (L/A) (R, p,
L, A represent resistance, resistivity of the conductive material,
length of the conductive material, and cross-sectional area of
the conductive material, respectively), it can be known that the
resistance of conductive materials increases with the increase
of resistivity and length, while it decreases with the increase of
cross-sectional area.'®>'%%"° When integrated with conductive
hydrogels which achieve conductivity through the addition of
either conductive nanocomposites, conductive polymers, or
conductive solution ions, high-performance hydrogel-based
piezoresistive sensors can be facilely achieved.

For the nanocomposite type, the internal structures of the
hydrogels will be deformed under the action of pressure, and
the internal conductive nanocomposites will probably come
into contact with each other, forming a new electron trans-
mission path, resulting in a change of resistance. In general,
with the increase of pressure, the probability of contact
between conductive media increases, which causes the
117113 gang-Ha Hwang et al.'™* pre-
pared GO conducting hydrogels with different porosities, tai-
loring the microstructure of the hydrogels by controlling the
proportion composition of the GO and the hydrogel matrix.
Fig. 9(a) shows the change of electrical resistance of hydrogels
with different GO concentrations at different strain rates. The
conductive pathways are formed through the crosslinking of
graphene. When 5 wt% ethylenediamine (EDA) was added to
GO aqueous solution, the prepared hydrogel presented good
piezoresistive sensitivity and a linear signal at 6.8% strain.
They also modified the hydrogel with nanoplatinum, which
increased the linear range of piezoresistivity to 52.8% due to

decrease of the resistance.

Fig. 8 Schematic illustrations of the four transduction mechanisms. (a) Piezoresistive. (b) Capacitive. (c) Piezoelectric. (d) Triboelectric.1%®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the interaction between the platinum and graphene. The
changes of compressive stress and resistance of GO hydrogels
modified with different substances under compressive strain
are shown in Fig. 9(b-d), which demonstrated the application
potential of the well-defined porous functional nanomaterials
as highly stable, sensitive piezoresistive sensors.

Regarding the conductive polymer and ionic conductive
hydrogels, changes in resistance values are primarily caused
by alterations to the internal pore structure of the hydrogels
due to external pressure."'’ When a conductive polymer hydro-
gel is compressed, contact between the pores can occur, which
modifies the electron conduction pathway, leading to changes
in electrical resistance. Similarly, for ionic hydrogels which
rely on the free movement of ions, transport pathways may
also change under the action of pressure due to the evolution
of pores. For example, Shen et al.’® prepared a double-cross-
linked ionic hydrogel with a uniformly distributed porous
structure using lignocellulose. Sensitivity tests, generally rep-
resented by the slope of the AR/R,—¢ curve with the value calcu-
lated as GF = (AR/Ry)/e, indicated that the prepared hydrogels
demonstrated excellent sensitivity (up to 9.34). They were
capable of distinguishing between light pressure and hard
taps in a broad range.

It is evident that the microporous structure plays a crucial
role in enhancing the sensitivity of piezoresistive wearable
sensors. The existence of micropores can realize a large struc-
tural change of a hydrogel under a small pressure, resulting in
a significant change in the resistance value. In this regard, 3D
printing technology offers a significant advantage in the
design and construction of micropores. Therefore, when pre-
paring piezoresistive wearable sensors, attention should also

142 | RSC Appl. Polym., 2023,1,132-157

be paid to the rheological properties of conductive hydrogels
to make them suitable for 3D printing.

3.2 Capacitive wearable sensors

Capacitive sensors usually consist of two parallel conducting
electrodes and a dielectric layer in between. Capacitance is
defined as C = €A/d, where ¢, A, d represent the dielectric per-
mittivity of the dielectric layer, the overlapping area between
two parallel electrodes, and the distance between two electro-
des, respectively.'*>!'® According to the definition, the capaci-
tance C is determined by three variables. However, when
designing the sensors, the most commonly used variables are
the distance d between the two electrodes and the dielectric
permittivity e. Specifically, when an external pressure is
applied to the sensor, the distance between the electrodes will
get reduced, leading to an observable electrical signal indicat-
ing increased capacitance. Additionally, the dielectric permit-
tivity of the specific dielectric layer would also change in
response to pressure, producing a change in capacitance.'"”

It can be observed that the sensing performance of capaci-
tive sensors is highly dependent on the deformation capacity
of the dielectric layer and the conductivity of the two electro-
des.™® To ensure the good deformability of the dielectric layer,
materials possessing excellent stretchable properties are typi-
cally employed in developing capacitive sensors. As for the
material selection of the two electrodes, nevertheless, tra-
ditional electrodes usually adopt rigid materials such as
metals and semiconductors. When subjected to external
forces, the significant difference in Young’s modulus between
the dielectric layer and the electrode often results in an inter-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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face disconnection, altering the structure of the capacitive
sensor and affecting its sensing and detection values.'"’

As a flexible material, conductive hydrogels can attain elec-
trical conductivity by either adding a conductive medium,
using a conductive polymer or adopting an ionic solution
offering the conductive pathways, thus satisfying the require-
ments of electrode materials for capacitive sensors. This will
not only ensure the conductivity of the electrode itself but also
allow for excellent structural combination with the dielectric
layer, reducing the effect of the interface on the mechanical
properties. Moreover, since a hydrogel is a polymer material
containing diverse functional groups, it can be easily modified
to achieve desirable self-adhesive, self-healing, and other pro-
perties according to the design requirements. As a result, con-
structing capacitive sensors using conductive hydrogels facili-
tates the wearable performance and provides the possibility for
the long-term and convenient monitoring of human health.

For example, Xu et al'®® prepared a capacitive pressure
sensor with super stretchability and high sensitivity by taking
an ionic hydrogel as the matrix and adding silver nanofibers
inside. The ionic hydrogel of the sensor interacts with the
silver nanofibers at the interface, forming the nanometer-thick
Debye-Helmholtz electrical-double layer, where electrons in
the metal and ions in the hydrogel (opposite polarity to the
electrons) accumulate within a few nanometers. This structure
results in a large interface capacitance, improving the sensi-
tivity of the capacitive sensors by three orders of magnitude.

(a)

(b) 2.2-speak
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Fig. 10 shows the specific sensing applications and effects of
the capacitive hydrogel. The sensor can also achieve fast
response time, with a releasing-response time of 320 ms and a
stretching-response time of 130 ms, which endows the ability
to detect most physiological parameters (typically at the level
of seconds). Moreover, by adding cationic cellulose nanocrys-
tals to the monomer solution of acrylic acid, Lai et al.'*' suc-
cessfully produced a hydrogel ink with good fluidity and 3D
printability, based on which the capacitive sensors with high
sensing performance were designed. After printing, the model
can be cured by photopolymerization and immersion in AlCl;
solution to obtain a tough and ionic conductivity hydrogel
material. This method can well combine hydrogel materials
with 3D printing, which has a good advantage for designing
the structure of a capacitive wearable sensor with enhanced
performance.

Piezoresistive sensors rely on resistance change to monitor
external force. However, environmental temperature and
humidity have a significant influence on the material’s resis-
tance, leading to difficulty in achieving a single-variable influ-
ence during monitoring."'® For capacitive sensors, the sensing
ability is realized through the change of the distance d
between the electrodes and the change of dielectric permittiv-
ity e. For the two variables, the change of distance d is the
main influencing factor, and the dielectric permittivity is less
affected by the external environment than the resistance.'*?
Thus, capacitive sensors are less susceptible to the effects of
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Fig. 10 Applications of capacitive pressure sensors. (a) Schematic diagram of hydrogel sticking near the throat to monitor breathing, speech, etc.
(b) Response curves when the volunteer spoke “Dream”, “Hello World” and “Shenzhen University”, respectively. (c) Capacitive response when the vol-
unteer did breathing actions. (d) Capacitive response of the sensor attached to near the mouth when the volunteer was laughing. (e) Capacitive

response of the sensor attached to the canthus when the volunteer was closing and opening the eyes.
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temperature and humidity, making them more stable in the
monitoring process and yielding more accurate test results.
Also, capacitive sensors have minimal hysteresis, which
enables real-time monitoring and are better suited for long-
term data observation.'>*3

3.3 Tribo/piezoelectric wearable sensors

It is a common sensing mechanism for wearable sensors to
realize the conversion of pressure/strain to electrical signals by
using changes in resistance and capacitance. After being devel-
oped for decades, these two types of sensor can meet the
needs of human health monitoring in terms of sensitivity,
detection range and linearity through careful designs.
Nonetheless, these sensors share a common limitation - the
need for an external power supply to achieve the conversion of
the electrical signals. As a result, the development of wearable
devices without a dependence on electricity generation is highly
desirable.'** The dependence on an external power supply not
only increases the complexity of the device but also poses a sig-
nificant challenge in designing the flexible sensing part inte-
grated with the power supply equipment. To address the need
for a self-power supply, recent research has shifted towards tri-
boelectric and piezoelectric sensors.'* The self-powering
mechanism of these sensors depends mainly on the creation of
a nanogenerator,'>® which converts small changes in mechani-
cal energy and thermal energy into electrical energy.'*”'*® In
the following sections, we will introduce the working mecha-
nisms of the triboelectric nanogenerator (TENG) and piezoelec-
tric nanogenerator (PENG), and their applications in sensing.

The triboelectric nanogenerator relies on the coupling
between triboelectric and electrostatic induction to achieve
self-power.'*® Friction is generated between two materials with
large electronegativity, leading to an equal charge of opposite
electric property. The friction material is then connected to
two electrodes, forming an electric potential through electro-
static induction to realize a self-power supply.’**'3!
Triboelectric nanogenerators can be categorized into four
main types based on their electrode and operation mode: verti-
cal contact-separation mode, contact-sliding mode, single-
electrode mode, and freestanding triboelectric-layer mode."*
In the applications of sensors, the most commonly used mode
is the vertical contact-separation mode, in which two electro-
des adhere to the back of the two friction materials.'**"*
When the two friction materials come into contact, the surface
is charged, and the opposite electric charges repel each other,
creating a gap between the two friction materials. Through
electrostatic interaction, the two electrodes form an induced
potential difference. When the external force is applied to the
sensor’s surface, the gap between the two friction materials
changes, causing the induced potential difference to change,
ultimately resulting in force sensing.

Since most materials can be charged by friction, there are
many materials to choose from when designing triboelectric
sensors, such as conducting polymers, metal oxide semi-
conductors, etc.'** Moreover, in recent years, there have been
research studies on triboelectric sensors based on conductive
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hydrogels."***® For example, Luo et al."*° developed a wearable
sensor based on the principles of triboelectric nanogenerators
using PVA/P(AM-co-AA)-Fe**. This sensor demonstrated excellent
self-power supply with a maximum open-circuit voltage of 238 V
and a short circuit current of 1.2 pA. Fig. 11 illustrates the
specific performance of the hydrogel in terms of its triboelectric
ability. Furthermore, this design effectively combines the
superior self-adhesive ability and mechanical properties of
hydrogels, which holds great potential for sensing applications.

Piezoelectric nanogenerators are based on the piezoelectric
characteristics of piezoelectric materials. Under the condition
of pressure, a polarized charge is generated inside the
material."**'*" When the external pressure increases, the
density of the polarized charge also increases accordingly. By
connecting an external load, a current is formed between the
electrodes. The resulting current change is directly related to
the applied pressure, thus enabling sensing functionality.
However, the selection of suitable piezoelectric materials is
limited primarily to ceramics and crystals,'*> which constrains
the use of piezoelectric sensors. Currently, there is little
research on the combination of conductive hydrogels with
piezoelectric sensors, which reveals that further exploration is
needed in this field.

In general, wearable sensors play a crucial role in appli-
cations in biomedical areas, particularly in the realm of
human health monitoring. Based on the transduction mecha-
nisms, they can be categorized into four types. Firstly, there
are piezoresistive sensors that employ conductive hydrogels as
sensing layers. When subjected to external forces or pressure,
the hydrogel’s resistance changes. These sensors can be
embedded in elastic bands to monitor muscle activity, respirat-
ory rhythms, and more. Capacitive sensors utilize the vari-
ations in the capacitance of conductive hydrogels to detect
changes in external physical quantities. They find applications
in areas such as heart rate monitoring and gesture recognition,
where they can be integrated into wristbands or gloves for real-
time monitoring of heart rate and device control. Furthermore,
triboelectric/piezoelectric sensors leverage the triboelectric
effect and piezoelectric effect of hydrogels. They can spon-
taneously generate charges and monitor pressure by measur-
ing charge fluctuations. For instance, when embedded in shoe
soles, they can convert the motion of walking or running into
electrical energy to power mobile devices. The triboelectric/
piezoelectric principle offers the advantage of self-generating
charge without the need for an external power source, present-
ing significant potential for future applications. Consequently,
further in-depth research is expected for wearable sensors
based on conductive hydrogel materials utilizing the triboelec-
tric/piezoelectric sensing mechanism.

4. 3D printing of conductive
hydrogel-based wearable sensors

In recent years, wearable sensors have attracted considerable
attention in various application fields. Notably, research on
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Fig. 11 (a) Structure of PP-TENG. (b) Images of PP-TENG under the diff
Isc, and (f) Qsc of the PP-TENG. (g) Finite element analysis of PP-TEN
different strains. (i) Stability of the PP-TENG under 600 cycles.**®

conductive hydrogel-based wearable sensors has gained
momentum, with related transduction theories becoming
increasingly comprehensive."*? Consequently, the application
range of flexible sensors has further expanded. However, the
rapid development of wearable sensors poses several chal-
lenges to sensor fabrication technology. Traditional methods
such as templating-based techniques suffer from high pro-
duction costs and a lack of customizability. Furthermore, these
techniques generate significant waste during processing,
which is not environmentally friendly. The main drawback of
traditional production methods is their limited accuracy,
which fails to meet current sensing requirements as per
design standards.**'*® 3D printing, also known as additive
manufacturing, is a computer-aided process that builds
models layer by layer."*” This technology could not only reduce
material waste, but also achieve high precision in constructing
models through computer control."*® Considering the advan-
tages of conductive hydrogels and 3D printing in preparing
wearable sensors, an increasing number of researchers focus

© 2023 The Author(s). Published by the Royal Society of Chemistry
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on combining these two to produce sensor devices with
enhanced sensing performance.'*® However, since hydrogels
contain significant amounts of water, a more delicate printing
environment is necessary when using them as printing
material. This review focuses primarily on the available 3D
printing technology that employs conductive hydrogels as
printing material. Based on different working principles, 3D
printing technology using hydrogels can be classified into
laser-based, extrusion-based, and inkjet printing.'*>"" The
following section will discuss the working principle of each 3D
printing technique in the application of conductive hydrogel-
derived wearable sensors, as well as their respective advantages
and disadvantages.

4.1 Laser-based 3D printing

Laser-based 3D printing refers to the printing technology that
uses laser beams to trigger printing ink polymerization
(excluding the laser-based technology that uses the energy of a
laser beam to melt solid printing materials) to realize the
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transformation from liquid state to solid state, so as to com-
plete the construction of printing models.'”* The most repre-
sentative method is stereolithography technology, which is the
earliest printing method put into industrial application. Based
on stereolithography technology, the subsequent development
of laser-based 3D printing technology mainly focuses on chan-
ging the light source and imaging system.">® Therefore, stereo-
lithography is introduced here as a representative of this type
of printing method.

Stereolithography, or SLA technology, digitally controls the
movement of a light beam placed over the tank containing a
liquid polymer precursor, which transforms from liquid to
solid state in two dimensions by photoinduced polymeriz-
ation, and the whole model is completed layer by layer.'>*'>
The traditional method of photocuring hydrogels is to place a
precursor solution containing a photoinitiator in a chamber
equipped with an ultraviolet lamp. Due to the similarity in
principle between SLA technology and traditional photocuring,
more and more attention has been paid to the differences
between hydrogels obtained by the two methods. For instance,
Burke et al.™® used polyethylene dimethacrylate (PEGDMA) as
the research object to compare and discuss the performance of
hydrogels made by the two methods. Results have shown that
the hydrogels are basically similar in thermal and chemical
properties. Moreover, as the precursor solution of SLA techno-
logy is exposed to more ultraviolet light than traditional
methods, it is superior to traditional methods in tensile
strength and hydrophilicity. This study revealed the superiority
of SLA in hydrogel preparation, and also indirectly demon-
strated the feasibility of combining a conductive hydrogel with
SLA technology. One of the advantages of SLA technology is
that it can achieve a high resolution. Taking advantage of this
feature, Wu et al'® successfully achieved the printing of
micrometer-scale hexagonal structures by combining the
micro-scale SLA technology implemented using a digital
micromirror projection array with GelMA-PANI conductive
hydrogel (Fig. 12). Odent et al."*® synthesized a class of highly
adjustable ionic conductive hydrogel materials with good 3D
printability by using the reversible dynamic interaction
between ions, and successfully employed SLA technology to
prepare models of various complex structures, such as the
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Eiffel Tower and cubic lattices, offering promise for use in the
sensing and control of autonomous soft robots.

Odent et al.'> reported an engineering strategy for ionic
electronic touch sensors based on high-resolution SLA 3D
printing, which was used to design a 3D-printed stacked ionic
module composed of two-compartment systems with different
ion types, charge densities and cross-linking densities. The
ionic electronic touch sensor exhibited sensitivity for touch-
pressure monitoring and locatable recognition during appli-
cation, providing a technical reference for designing other
pressure sensors with a high sensitivity and wide detection
range. Most hydrogels prepared by extrusion-based 3D printing
are limited by printing efficiency and resolution. Wu et al."®
proposed a simple strategy to rapidly manufacture hydrogels
using SLA 3D printing technology. Owing to the advantages of
SLA 3D printing, the hydrogels with complex structures suit-
able for human body parts could be customized for flexible
sensors. The printed finger-cot, knuckle, and manipulator
were shown in Fig. 13(a)-(c). Sensors based on three different
structures were used for real-time monitoring of finger
bending, which could clearly distinguish different bending
angles. Therefore, SLA 3D printing technology can be used to
print customized flexible sensors suitable for the human body.

SLA technology is mainly affected by printing materials and
printing parameters. The most basic requirement for a printed
material is that it can be cured under light.'®" The conductive
fillers added would influence the curability and laser absorp-
tion of the matrix resin, which should receive great attention
when preparing the conductive hydrogels. Meanwhile, studies
show that the solid model formed by photopolymerization will
shrink in volume, which will affect the precise structure of the
printed model, and even destroy the structure of the whole
model in serious cases.'®® The setting parameters of the beam
are closely related to the printing process: the size of the beam
directly determines the precision of the printing structure, and
the moving speed of the beam is related to the printing speed.
To enhance the printing accuracy of laser-based 3D printing
technology, a technique called two-photon polymerization has
been proposed. Two-photon polymerization (TPP) is an
advanced 3D printing technology that utilizes lasers to achieve
high-resolution manufacturing of micro- and nano-scale

Fig. 12 SLA 3D printing of micrometer-scale hexagon structures. (A) Schematic of microstereolithography: using a computer-aided design (CAD)
based hexagon pattern to digitally adjust UV light, for the selective polymerization of hydrogels. (B and C) Brightfield images of GelMA and GelMA—-

PANI with hexagonal geometry.*>”
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Fig. 13 High-fidelity hydrogel-based flexible sensors via 3D printing: (a)
finger-cot, (b) knuckle, and (c) manipulator. The relative resistance
change of (d) finger-cot, (f) knuckle, and (e) manipulator flexible sensors
under different angles of finger bending. (g) Handwriting function and
relative resistance change of the finger-cot sensor.*®°

objects. The key to two-photon polymerization lies in the two-
photon absorption effect, where the energies of two photons
are combined when they are simultaneously absorbed, result-
ing in higher energy levels sufficient to excite electrons. By
controlling the position and intensity of the light beam, the
two-photon technique enables the printing of three-dimen-
sional structures with higher precision. However, TPP techno-
logy also has some limitations, such as higher equipment
costs and relatively slower printing speeds.'*”'

4.2 Digital light processing

In addition to the laser-based 3D printing technology men-
tioned earlier, there is another photopolymerization-based
technique called digital light processing (DLP) frequently used
in the manufacturing of hydrogels. DLP is a rapid prototyping
technique based on the principle of photopolymerization. It
utilizes a digital projector to convert the light emitted from a
light source into a two-dimensional image through a micro-
mirror array, and then controls the brightness and duration of
the light source to solidify the photopolymer material, thereby
achieving the layer-by-layer stacking of a three-dimensional
object.'®*'®> Compared with traditional SLA technology, DLP
technology has some differences. Firstly, DLP uses a digital
projector for light source control, while SLA uses a laser beam.
Secondly, DLP can solidify the entire layer simultaneously,
whereas SLA requires point-by-point scanning and solidifica-
tion. This enables DLP to have a faster printing speed.'®®'®’
Therefore, DLP printers typically have a higher resolution and
can achieve finer printing. Due to its similar basic principles
to SLA technology, this technology can also be well combined
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with photocurable hydrogels.'®®'®® By combining a conductive
hydrogel with DLP 3D printing technology, it is possible to
achieve the rapid fabrication of complex-shaped conductive
structures, providing new possibilities for the preparation of
flexible sensors, biosensors and other applications. For
example, Guo et al.'’° utilized DLP technology to fabricate a
biodegradable poly(ACMO)/Pt hydrogel sensor with electronic
conductivity. With the high resolution of DLP technology, this
sensor exhibited an ultra-high gauge factor (GF) ranging from
1.5 to 7.2 within a strain range of 10-100%, while maintaining
good cyclic stability, making it suitable for monitoring a
variety of human activities.

4.3 Extrusion-based 3D printing

According to the working principle, extrusion-based 3D print-
ing can be divided into fused deposition modeling (FDM) and
direct ink writing (DIW)."”"'”> FDM is the process of melting
wire through a high-temperature nozzle, so that it has fluidity
to achieve printability.'”> Direct writing is dominated by an
external mechanical energy, using the shear-thinning and thix-
otropic properties of printing materials to achieve printability
of materials."”* It can be seen from the working principle that
the high temperature heating environment of FDM is not suit-
able for hydrogel printing. As a kind of polymer material, most
hydrogels have pseudoplasticity, which well meets the material
requirements of DIW technology. Therefore, DIW technology
is mainly introduced in the following.

The direct ink writing 3D printing method uses external
pressure to extrude the printing ink from the nozzle, and rea-
lizes the printing of each layer through the movement of the
nozzle controlled by the computer.'”>'’® According to the
working mechanism, the main requirements of direct ink
writing printing materials are good rheological properties and
thixotropic properties.’”””'”® In order to realize the rapid tran-
sition between the fluidity in the printing process and the
timely curing after printing, there are generally two kinds of
processing for DIW materials. One is based on the efficient
thixotropic conversion of the material itself; that is, when
under external pressure, the ink’s viscosity is reduced and
fluidity is enhanced, because of which the ink can be success-
fully extruded from the nozzle. After the pressure is removed,
the ink can quickly restore to the original low flow state,
achieving printing molding."”®"®" The other is that the print-
ing ink itself has good fluidity. After printing, in order to
enhance the robustness of the model and prevent deformation
caused by flow, further curing crosslinking will be carried out
in different ways, such as photocuring, thermal-curing and pH
response.'®"'%? Compared with the first one, the thixotropy
requirement of the second method is not so high. However,
initiators related to crosslinking conditions need to be added.

For example, Highley et al.'®® prepared a supramolecular
hydrogel with self-repairing properties based on modified hya-
luronic acid (HA). The hydrogel has good shear thinning pro-
perties, which is mainly induced by the existence of reversible
guest-host non-covalent bonds. The guest-host crosslinking
can break quickly to enhance fluidity when subjected to exter-
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nal pressure, and can be quickly rebuilt after pressure removal,
which makes the hydrogel very suitable for direct writing 3D
printing technology. This type belongs to the first method
described above. For the second method, Jiang et al.'®* used
polyvinyl alcohol (PVA)/k-carrageenan glue hydrogel with good
fluidity as DIW printing ink, and induced PVA to form a cross-
linked network by freeze-thaw after printing, thus achieving
the construction of the printing model and the improvement
of the mechanical properties. Fig. 14 shows the specific print-
ing and freeze-thaw processes and the formation of non-
covalent bonds within the hydrogel during the process. For
another example, Zhang et al."® prepared an ionic conductive
hydrogel material with good fluidity using polyvinyl alcohol
(PVA) and polyacrylamide (PAM) as the hydrogel matrix. When
the hydrogel is used as printing ink, good fluidity can cause it
to be extruded smoothly at room temperature. Then, under the
irradiation of ultraviolet light, the cross-linked curing of acryl-
amide is completed. After curing, the hydrogel material with
good conductivity can be obtained by placing it in borax solu-
tion, which can be further used for the preparation of wearable
Sensors.

Although the structural design of hydrogels can be
expanded by 3D printing technology, thereby improving the
performance of hydrogel-based sensors, how to achieve print-
ability, mechanical toughness, and self-healing capabilities
simultaneously remains a big challenge. Lai et al.'®® developed
a thermal treatment method to uniformly disperse CNCs in
DESs for a 3D printable and self-healing hydrogel. The syn-
thesized hydrogel based on DIW 3D printing had high
mechanical toughness and self-healing ability. In addition, the
sensitivity of the wearable sensor could be improved by print-
ing the hydrogel into a horseshoe structure. The sustainable
synthesis process of 3D printable materials is also a major
challenge. Vo et al."®® proposed a green, low-cost, and energy-
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saving strategy to manufacture conductive ink for the 3D print-
ing of wearable devices based on green and low-cost Carbopol
and DES. Combined with DIW 3D printing, the ink could man-
ufacture several structures, including auxetic structures, wood-
pile shapes, and letters. The 3D-printed auxetic sensor had
high stretchability (300% strain), high sensitivity (gauge factor
(GF) of 3.1), sufficient transparency, and good moisture
resistance.

In general, extrusion-based printing can be more advan-
tageous than laser-based printing in selecting materials.
However, for printing models with high precision, the extru-
sion-based method still has a certain technical bottleneck,
which needs to be further studied and broken through.

4.4 Inkjet 3D printing

Inkjet 3D printing uses a material with low viscosity as the ink.
With the movement of the nozzle, the droplets obtained by
external extrusion fall onto the specified position to form the
desired print model. Depending on how the droplets are
formed, the inkjet 3D printing can be divided into drop-on-
demand mode (DOD) and continuous inkjet mode (CIJ).'%%18°
DOD means that when the nozzle moves to the specified posi-
tion, the external force is applied to produce a pulse to form a
droplet.’®® The common forms of external forces mainly
include piezoelectricity and heating,'*"*°*> as shown in Fig. 15.
CIJ generates droplets continuously during the printing
process and the unused droplets are deflected under the
action of an applied electric field and enter the recycling
device to realize the recycling of subsequent materials.'®?
Although this method can realize the recycling of materials to
a certain extent, the material consumption is larger when com-
pared with the DOD mode, and the need to control the deflec-
tion electric field also increases the difficulty of this method.
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Fig. 14 Hydrogel printing and post-treatment diagram and internal structure changes of hydrogel. (a) DIW 3D printed hydrogel at room tempera-
ture. (b) Mechanical properties of hydrogels were enhanced by the freeze—thaw method due to the crystallinity of PVA 184
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Fig. 15 Drop formation in piezoelectric (a) and thermal (b) inkjet systems.'%?

Nonetheless, because of the continuous production of ink,
CIJ’s printing speed is much faster than the DOD mode.**
Reactive inkjet 3D printing is a technology that sprays one
or more reactants onto a substrate containing another reactant
and uses physical or chemical reactions between them to form
products in situ.**>'*® Traditional reactive inkjet 3D printing
techniques can be divided into single-reactive inkjet printing
and full-reactive inkjet printing, as shown in Fig. 16(a) and (b).
Due to the fact that hydrogels often require additional cross-
linkers and initiators to complete the transition from liquid to
solid state, reactive inkjet printing technology is the most com-
monly used method when using inkjet printing to manufac-
ture hydrogels. For example, Mei Ying Teo et al.'®’ took algi-
nate hydrogels as the research object and adopted micro-reac-
tive inkjet printing (MPIJP) technology to generate the desired
hydrogels; that is, the reaction occurred through the collision
of precursor microdroplets and crosslinking agent microdro-

b
Full-reactive inkjet printing

a
Single-reactive inkjet printing

\.00C o
e

Precursor
alginate

Cross-linker
calcium

plets in the air, which were then deposited onto the printing
panel, as shown in Fig. 16(c). Compared with traditional reac-
tive inkjet 3D printing, this method is more convenient and it
is easier to achieve a more detailed structure printing.
However, the development of suitable crosslinkers and
initiators to generate the conductive hydrogel-based structures
needs more research effort. In addition, Huang et al'®®
reported a simple and novel method to print patterns on the
surface of hydrogels using thermal inkjet printheads and
aqueous solutions containing calcium ions as inks. The
pressure capacitance sensor based on the hydrogel had high
compression strength, stable capacitance change and wide
pressure applications.

Because the driving pressure of inkjet 3D printing tends to
be low, it is only suitable for printing materials with low vis-
cosity. Therefore, regarding applications in conductive hydro-
gels, inkjet 3D printing has fewer demonstrations than the pre-

¢
Micro-reactive inkjet printing

Fig. 16 Illustration of three different reactive inkjet 3D printing strategies. (a) Single-, (b) full-, and (c) microreactive inkjet printing.*®”
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Table 2 Summary of the 3D printing technologies applicable to conductive hydrogel-derived wearable sensors

Printing

method Working principle

Advantages

Disadvantages Suitable materials

Laser-based
3D printing

Uses a laser beam to trigger ink
polymerization, transforming it from a liquid
to solid state layer by layer

High-resolution
printing capability

Volume shrinkage
of printed models

Photopolymerizable materials

Extrusion- Includes DIW and FDM, of which only DIW is Simple operation,  Low structural DIW: hydrogels with good
based 3D suitable for conductive hydrogels, mainly by wide range of resolution rheological properties and
printing applying pressure to squeeze the fluid hydrogel application thixotropic behavior

out of the needle
Inkjet 3D Utilizes low-viscosity material as ink and forms  CIJ offers faster Material Hydrogel material with high
printing droplets onto the desired position printing speed consumption is fluidity and low viscosity

vious two methods. Further research is needed to address the
material selection limitations of this technology.

In summary, 3D printing of conductive hydrogels offers
several beneficial features for wearable sensor applications.
Firstly, DIW printing technology enables the creation of con-
ductive pathways by directly incorporating conductive
materials such as silver or carbon nanotubes into the hydrogel,
through controlling the position and speed of the print head.
During the 3D printing process, only the flowability and vis-
cosity of the conductive hydrogel need to be considered to con-
struct the structures for wearable sensors. The design flexi-
bility allows hydrogel-based wearable sensors to interact tightly
and comfortably with the human body. Secondly, photo-
polymerization-based printing technology utilizes ultraviolet
light to cure the hydrogel precursor, offering higher printing
resolution and intricate details by adjusting the beam para-
meters. This makes it suitable for manufacturing complex
sensor structures such as microelectrodes and fine wires.
Lastly, inkjet-based printing technology precisely jets conduc-
tive hydrogel material to the desired locations. It benefits from
high-speed printing and large-scale production capabilities
and can be employed to fabricate intricate conductive patterns
and sensor arrays. Due to its high level of automation and ver-
satility, inkjet printing enables rapid prototyping and custo-
mized production. Particularly noteworthy is the excellent
compatibility between reactive inkjet 3D printing and the
crosslinking mechanism of hydrogels, allowing for a broad
range of applications by integrating conductive hydrogels with
3D printing technology.

Table 2 provides a summary of the three 3D printing
technologies applicable to the conductive hydrogels men-
tioned earlier. However, it is important to note that there are
certain limitations when combining 3D printing technology
with conductive hydrogels due to the unique structure of
hydrogels. As a result, the application of 3D printing in manu-
facturing conductive hydrogel-based wearable sensors is still at
the beginning stage. Here, two research directions are pro-
posed for the integration of these two elements. (1) Enhancing
the properties of conductive hydrogels: given the specific struc-
ture of hydrogels, they are only suitable for mild 3D printing
processes. Therefore, optimization efforts can be made to
improve the mechanical strength of hydrogels. Additionally,
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the fluidity and curing process of hydrogels have consistently
been the primary factors influencing the printability of con-
ductive hydrogels. Thus, special attention should be received.
(2) Increasing the diversity of 3D printing technology: taking
inspiration from reactive inkjet 3D printing, the development
of a new 3D printing process can prioritize the polymerization
and cross-linking process of hydrogels. This can serve as a
starting point for innovative advancements in 3D printing
technology.

5. Conclusion and perspective

This review mainly discussed the classification and properties
of conductive hydrogels, sensing mechanisms and 3D printing
technology suitable for conductive hydrogel-based sensors.
Conductive hydrogels can be divided into electron-type and
ion-type according to the transduction mechanisms. The elec-
tron-type relies on freely moving electrons to provide electrical
conductivity, which can be specifically divided into carbon
nanocomposite-based, metal nanoparticle-based and conduc-
tive polymer-based. The ion-type relies on sufficient free ions
to form an ionic pathway. Compared with the electron-type,
the ion-type has better transparency, which is more suitable
for photoelectronics. Meanwhile, ionic hydrogels have more
advantages in mechanical properties owing to the filler-free
feature. In order to ensure long-term stable monitoring, the
mechanical stability and self-adhesive and self-healing per-
formance of conductive hydrogels should be considered.
Printability is also important when combined with 3D printing
technology to achieve more detailed structures. We have dis-
cussed four hydrogel sensing mechanisms, specifically, piezo-
resistive, capacitive, triboelectric and piezoelectric. Compared
with the latter two, the piezoresistive and capacitive types are
more widely used in hydrogels. However, the piezoelectric and
triboelectric types have more advantages in the preparation of
portable small sensors because they can generate electricity
spontaneously, which would avoid the use of the external
power supply devices. Finally, 3D printing technologies suit-
able for manufacturing conductive hydrogels have been
introduced.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In recent years, there has been extensive research on the
fabrication of wearable sensors using 3D printing technology
with conductive hydrogel materials. This combination offers
numerous advantages, such as precise material customization
and the manufacture of complex structures, while reducing
production costs and simplifying the operational process.
However, there are still several challenges that need to be
addressed in this field, and research avenues can be proposed
to further drive its development. Firstly, wearable sensors fab-
ricated using 3D printing technology with conductive hydrogel
materials currently face limitations in terms of material per-
formance. Although researchers have made progress in areas
such as stretchability, self-adhesion, self-healing, conductivity,
and printability, achieving the comprehensive development of
these multiple properties remains a challenge. For example,
the addition of nanofillers to hydrogels leads to interface
effects between the fillers and the hydrogel matrix, causing a
loss of mechanical strength, which means that the electrical
conductivity and mechanical properties of the hydrogels
cannot be optimized simultaneously. Secondly, there are also
limitations associated with 3D printing technology for the fab-
rication of conductive hydrogel materials. Due to the character-
istics of hydrogels, the choice of available 3D printing techno-
logies is limited. Current 3D printing techniques available
include laser-based printing, which requires hydrogel
materials to exhibit photocurable properties; extrusion-based
printing, which requires hydrogels to possess high shear and
thixotropic properties; and inkjet-based printing, which is only
suitable for low-viscosity hydrogels. These material require-
ments restrict the application of 3D printing technology in
hydrogels. Furthermore, there are other issues in current
research. For example, there is a need to further enhance the
sensitivity and stability of conductive hydrogel materials to
meet the performance requirements in practical applications.
Optimizing the interface between conductive hydrogels and
human skin is necessary to improve sensor comfort and wear-
ability. Additionally, addressing the lifespan and stability
issues of conductive hydrogel materials is crucial to ensure
long-term stable monitoring.

To address these challenges, several research directions can
be proposed. (1) Material improvement: further development
of different types of conductive hydrogel and exploring novel
nanofillers and conductive polymers to overcome the trade-
offs in material properties and achieve synergistic optimization
of multiple characteristics. (2) Interface optimization: study
the interactions between the interface of conductive hydrogels
and the human skin, and seek approaches to improve interface
compatibility and enhance sensor comfort, such as surface
modifications and enhanced biocompatibility. (3) Sensor per-
formance enhancement: improve the sensitivity and stability
of conductive hydrogel materials by optimizing material struc-
tures, interface designs, and signal processing algorithms to
enhance the performance metrics of sensors. (4) Lifespan and
stability: investigate the lifespan and stability issues of conduc-
tive hydrogel materials, and explore new fabrication processes
and material combinations to address these challenges.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In summary, the combination of conductive hydrogels and
3D printing technology holds great potential for the develop-
ment of high-performance wearable sensors. However, there
are still remaining challenges in both material development
and technological advancements. With increasing efforts and
focus, significant progress can be expected in the future.
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