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Abstract

For graphene oxide (GO) composite hydrogels, a two-dimensional GO material is introduced into them, whose special struc-
ture is used to improve their properties. GO contains abundant oxygen-containing functional groups, which can improve the
mechanical properties of hydrogels and support the application needs. Especially, the unique-conjugated structure of GO can
endow or enhance the stimulation response of hydrogels. Therefore, GO composite hydrogels have a great potential in the
field of wearable devices. We referred to the works published in recent years, and reviewed from these aspects: (a) structure
of GO; (b) factors affecting the mechanical properties of the composite hydrogel, including hydrogen bond, ionic bond,
coordination bond and physical crosslinking; (c) stimuli and signals; (d) challenges. Finally, we summarized the research

progress of GO composite hydrogels in the field of wearable devices, and put forward some prospects.
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1 Introduction

Two-dimensional materials have unique physical and chem-
ical properties, so they have attracted extensive attention
from researchers. Graphene, graphene oxide (GO), molybde-
num disulfide (MoS,), boron nitride (BN), MXene and other
two-dimensional materials have been well studied as well as
developed in the frontier fields [1-6]. Graphene is the first
successfully-prepared two-dimensional material, which has
many excellent properties, such as a large specific surface
area, strong mechanical properties, an ultra-high conductiv-
ity and so on [7]. However, the poor material compatibility
of graphene limits its development in some research fields.
GO is a product of stripping after graphite oxidation. Com-
pared with graphene, GO contains richer oxygen-contain-
ing functional groups, whose chemical properties are more
active [8]. Therefore, it has been widely used in many fields,
such as electrode materials [9], capacitors [10] and so on.
In addition, GO has a good water dispersibility [11], which
can be used to prepare a variety of composite materials, such
as hydrogels.
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Hydrogels have a good biocompatibility, flexibility and
easy preparation, which are ideal materials for wearable
devices [12-14]. There are two problems when hydrogels
are used in wearable devices. One is that their mechanical
properties are poor, which are not enough to support the
application of wearable devices, the other is that their elec-
trical properties cannot provide sensitive responses for wear-
able devices. The special structure of GO makes itself and
its complexes have a stimulus-response ability, which can
be used to prepare various sensors [15, 16]. Meanwhile, the
high dispersibility of GO in water provides conditions for the
in-situ preparation of GO composite hydrogels. Compared
with traditional hydrogels, those containing GO component
have better mechanical and electrical properties, which make
up for the deficiency of traditional hydrogels in stress-strain
response. Therefore, GO composite hydrogels are an excel-
lent sensor material that can be used to monitor exercise and
some physiological indicators. For wearable devices, when
GO composite hydrogels deform during limb movement,
their electrical properties will change. By monitoring the
resistance, current or capacitance between the electrodes,
the deformation can be expressed in the form of electrical
signals. With the gradual deepening of research, more and
more GO composite hydrogel materials have been success-
fully prepared and applied to wearable devices, which, based
on GO composite hydrogels, can be used to monitor a vari-
ety of activities of users, such as the movement of fingers,
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elbows and knees, etc. Moreover, GO composite hydrogels
also have a good response to some weak but high-frequency
vibrations, such as those generated by pulses, breathing and
talking, etc.

The research on GO composite hydrogels in the field of
wearable devices in recent years is collected in this review,
the achievements of related works are summarized from the
aspect of mechanical properties, stimuli and signals, and the
challenges faced by research in this field are put forward.

1.1 Structure of GO

As a two-dimensional material, the unique molecular struc-
ture of GO has attracted a lot of attention from researchers
[8, 17, 18]. The exact structural formula of GO is inconclu-
sive, which is usually expressed in terms of layer number
and oxygen content, and is further described in terms of size,
defects as well as acidity, etc. [8, 19]. It is generally believed
that the structure of GO includes a planar structure com-
posed of carbon and oxygen-containing functional groups on
the surface [8, 19, 20]. In graphene, the planar structure of
carbon is sp2 hybrid, while in GO, due to the destruction of
C=C bonds caused by oxygen-containing groups, the types
of carbon hybrids include not only sp? hybrids, but also a
large number of sp® hybrids. The oxygen-containing groups
on the GO sheet surface mainly include hydroxyl and epoxy
groups, while carbonyl and carboxyl groups are at the edge
of the GO sheet (Fig. 1) [21]. The structure of GO ensures
that it has a better dispersibility in water than graphene,
which provides support for the preparation of GO compos-
ite hydrogels. RGO is prepared by the reduction of GO, and
the reduction methods include chemical reduction, thermal
reduction and microwave reduction, etc. [22]. However, it is
difficult to remove all oxygen through reduction, and most of
rGO contains residual oxygen-containing groups. Therefore,
rGO is essentially GO, with a lower oxygen content, a larger
conjugated structure area and better electrical properties.

Graphene

Fig. 1 Structure of graphene and GO

@ Springer

1.2 Mechanical properties of GO composite
hydrogels

Hydrogels contain a large amount of water, which makes it
has a good biocompatibility and advantages in the prepara-
tion of wearable devices [23]. However, the high content
of water also leads to the weak mechanical properties of
hydrogels, which cannot meet the requirements of wear-
able devices. Therefore, hydrogels can be better supported
as materials for wearable devices by improving their
mechanical properties [24]. GO can greatly improve the
mechanical properties of hydrogels [25], so GO compos-
ite hydrogels are suitable materials for wearable devices.
The enhancement effect of GO on the mechanical proper-
ties of hydrogels benefits from its rich oxygen-containing
functional groups and large specific surface area. Through
crosslinking, hydrophilic polymers form the network
structure of hydrogels. The hydrophilic groups on polymer
chains can form hydrogen bonds with the oxygen-contain-
ing groups on GO to enhance its mechanical properties. At
the same time, a larger specific surface area provides more
sites for the interaction between GO and hydrophilic pol-
ymers, further improving its mechanical properties. The
bond energy of hydrogen bonds is low but can be recov-
ered quickly after disconnection. Therefore, GO enhances
the mechanical properties of composite hydrogels with-
out sacrificing their tensile properties. On the other hand,
single-layer and few-layer GO have a good flexibility.
When the hydrogels are deformed, they can well adapt
to the deformation of themselves and form new hydrogen
bonds with the matrix polymer, which improves the tensile
strength of the hydrogels [25]. Figure 2 and Table 1 show
the mechanical properties of GO composite hydrogels used
in wearable devices in recent years. It can be found that in
most studies, the tensile-fracture properties of hydrogels
have been the focus of researchers, which is because the
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hydrogels of most wearable devices are deformed due to
the users’ movement state, and then electrical signals are
generated. In these studies, most of them used one or two
matrix polymers to compound with GO, some of whom
prepared organohydrogels. Except water, other organic
solvents such as ethylene glycol, DMSO and glycerol
were added to the organohydrogels. From the test results,
organohydrogels will not significantly affect the mechani-
cal properties, but can lower the evaporation water loss
rate of hydrogels. On the whole, the mechanical strengths
and tensile-fracture properties of the hydrogels of two-
matrix polymers are better than those of single-matrix
polymers. However, compared with ordinary hydrogels,
the mechanical properties of GO composite hydrogels are
significantly enhanced, which are embodied in the follow-
ing aspects.

1.3 Hydrogen bonding

The structure of GO is different from that of graphene. GO
contains abundant oxygen-containing groups, which makes
it have a good water dispersibility, material compatibility
and reactivity. The oxygen-containing functional groups
of GO mainly include hydroxyl, carboxyl, carbonyl and
epoxy groups, among which stable hydrogen bonds are eas-
ily formed with the functional groups of matrix polymer
through hydroxyl and carboxyl groups, so as to improve the
mechanical properties of hydrogels. As typical secondary
bonds, the bond energy of hydrogen bonds is much lower
than that of covalent bonds. Therefore, during the deforma-
tion process of hydrogels, they can be broken and formed
continuously to adapt to the new deformation state [25].

Strain(%)

Due to the reversibility of hydrogen bonds, the total num-
ber of them between GO and matrix polymer is basically
unchanged, which provides support for the improvement of
mechanical properties of composite hydrogels. PAA, PAM
and PVA are three kinds of matrix polymers commonly used
in GO composite hydrogels. Figure 3 shows the hydrogen
bonding between the functional groups of matrix polymers
and the GO sheet. Among these matrix polymers, all of the
carboxyl, amide and alcohol groups on the carbon chains
can form hydrogen bonds with oxygen-containing functional
groups of the GO sheet. The mechanical properties of hydro-
gels are significantly improved under the action of a large
number of hydrogen bonds.

1.4 lonic bonding and coordination bonding

In addition to the hydrogen bonding, metal cations have
been introduced in some studies to enhance the interaction
between matrix polymers and GO, such as Ca>* and Fe’*
(Fig. 3). High-charged Ca** and Fe** can form ionic bonds
with carboxyl groups in the matrix polymer, thus forming
new crosslinking points in hydrogels. Because GO also con-
tains carboxyl groups, such ionic bonding exists not only
with the matrix polymer, but also between the matrix poly-
mer and GO as well as between GO and GO. Except the ionic
bonding, coordination bonding is also used to enhance the
mechanical strength of GO composite hydrogels. Through
chemical reactions, dopamine was grafted to the GO sheet
and catechol functional groups were introduced. Catechol
has a strong coordination effect with Fe**, each of which can
form coordination bonds with three catechol groups, thus
greatly improving the crosslinking strength of hydrogels. In

@ Springer



1398

Carbon Letters (2022) 32:1395-1410

Table 1 Mechanical properties of GO composite hydrogels

GO composite hydrogel

Abbreviation

Matrix

Max strain (%) Max stress (kPa) Ref

Ag nanoparticle/coated Tannic acid @
graphene oxide/polyacrylamide
hydrogel

Graphene oxide/adsorbed liquid metal
nanodroplets/polyacrylic acid hydrogel

Polyacrylamide/reduced graphene oxide
composite hydrogel

Polyacrylamide/N, N’-isopropyl di-
acrylamide/graphene oxide nanocom-
posite hydrogel

Polyvinyl alcohol/graphene oxide
hydrogel

Polyacrylic acid/graphene oxide hydro-
gel

Polyacrylic acid/reduced graphene oxide
nanocomposite hydrogel

Poly(acrylic acid)-Liquid metal/reduced
graphene oxide hydrogel

Poly(acrylamide-co—N-(3-aminopropyl)
methyl acrylamide hydrochloride/
reduced graphene oxide-polydopa-
mine) hydrogel

Reduced-graphene-oxide-doped poly(2-
acrylamido-2-methyl-1-propanesul-
fonic acid-co-acrylamide) hydrogel

Ag nanowires/graphene composite/poly-
dimethylsiloxane Strain Sensor

Reduced graphene sheets/
Polyacrylamide/N, N-methylenebi-
sacrylamide/calcium hydroxide nano-
spherulites hydrogel

Laponite/poly(2-acrylamido-2-meth-
ylpropane sulfonic acid-co-acrylic
acid-co—N-[3-(dimethylamino)propyl]
methacrylamide)/graphene oxide-LiCl
hydrogel

Polydopamine reduced graphene oxide/
sodium carboxymethyl cellulose/poly-
acrylamide double network conductive
hydrogel

Reduced graphene oxide/sodium car-
boxymethylcellulose/polyacrylic acid
composite conductive hydrogel

Polyvinyl alcohol/polydopamine/par-
tially reduced graphene oxide hydrogel

Sodium caseinate/reduced graphene
oxide/polyacrylamide hydrogel

Alginate nanofibril network/graphene
oxide/polyacrylamide nanocomposite
double network hydrogel

Graphene oxide @ poly(2-
(dimethylamino)ethyl methacrylate)
Janus NS/guar gum/poly(acrylic acid)
self-healing nanocomposite hydrogels

Polyvinyl alcohol borax/tannic acid/
coated cellulose nanocrystals/pRGO
hydrogel

Ag-TA@ GO-PAM

LMNPs@ rGO-PAA
PAM-rGO

PAM-BIS-GO NC

PVA-GO
PAA-GO
PAA-rGO
PAA-LM-rGO

poly(AAm-co-APMA-rGO-PDA)

rGO-Poly(AMPS-co-AAm)

Ag NWs-G-PDMS

GS-PAM-MBA-CNS

Laponite-poly(AMPS-co-AA-co-
DMAPMA)GO-LiCl

D-rGO-CMCNa-PAM

rGO-CMCNa-PAA

PVA-PDA-pRGO
SC-rGO-PAAm

SNGP

GO@ PPy-PDMAEMA Janus NS-GG-
PAA hydrogel

PB-TA@ CNC-pRGO

Single polymer

Single polymer
Single polymer

Single polymer

Single polymer

Single polymer

Single polymer

Single polymer

Single polymer

Single polymer

Single polymer

Single polymer

Single polymer

Double polymers

Double polymers

Double polymers
Double polymers

Double polymers

Double polymers

Double polymers

1250

470

572

2109.37

185

920

660

1370

1156.9+110.1

471

70

5789

1356

1255

1320

234

1667

3370

873.8

869

390

937

140

42.4

65

336

420

140

496.8+5.9

225

560

300

106

160

66.9

21

164

540

4120

140

(26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

[35]

(36]

[37]

[38]

(39]

(40]

(41]

[42]

[43]

[44]

[45]
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Table 1 (continued)

GO composite hydrogel

Abbreviation

Matrix

Max strain (%) Max stress (kPa)

Ref

Polyacrylic acid/reduced graphene oxide/
Polyaniline hydrogel

Gelatin/graphene oxide/ferric ion cross/
linked poly(acrylic acid) hydrogel

Gum arabic/reduced graphene oxide/
polyacrylamide hydrogels

Polyacrylic acid/graphene oxide/ferric
cation/chitosan hydrogel

Polyacrylamide/Polydopamine reduce
graphene oxide/sodium alginate
hydrogel

Graphene oxide / polyvinyl alcohol
/ polyacrylamide double network
hydrogel

Poly(N-(3-sulfopropyl)-N-
methacroyloxyethyl/N, N-dimethyl-
ammonium betaine-acrylamide)/poly-
vinyl alcohol/rGO porous composite
hydrogel

Graphene oxide @ Dopamine/Alginate/
Poly(acrylic acid-co-acrylamide)
hydrogel

Sandwich-like Polypyrrole/Reduced
Graphene Oxide Nanosheets Integrated
Gelatin Hydrogel

Polyacrylamide/silk fibroin/poly(3,4-eth-
ylenedioxythiophene): poly (4-styrene
sulfonate)/graphene oxide composite
hydrogel

Graphene oxide/poly(N-isopropy-
lacrylamide)/poly(3,4-ethylenediox-
ythiophene): poly(styrenesulfonate)
hydrogel

MXene-graphene oxide/cellulose
nanofibrils/sodium alginate/poly(vinyl
alcohol) hydrogel

Polyacrylic acid/chitosan/graphene
oxide/Glycerol hybrid gel

Poly(vinyl alcohol)/glycerol/cationic
chitosan/GO hydrogel

Phenylboronic acid grafted alginate/
poly(vinyl alcohol)/polyacrylamide/
reduced graphene oxide organohydro-
gel

Poly(vinyl alcohol)/dimethyl sulfoxide/
reduced graphene oxide/graphene
oxide organohydrogel

polydopamine/reduced oxide graphene/
poly(3,4-ethylenedioxythiophene):
poly(4-styrene sulfonate) (PEDOT:
PSS)/polyacrylamide composite
organohydrogel

Silver nanoparticles@ reduced graphene
oxide/poly(vinyl alcohol)/polyacryla-
mide dual-network organohydrogel

PAA-RGO-PANI
Gel-GO-PAA-Fe**
GA-1GO-PAM
PAA-GO-Fe**-CS

PAM-prGO-SA

GPPD

Poly(SBMA-AM)-PVA-rGO

GO @ DA-Alginate-P(AAc-co-AAm)

PPy-rGO-PPy-Gel

PAM-SF-PEDOT: PSS-GO

GO-PNIPAM- PEDOT: PSS

MX-GO-CNFs-SA-PVA

PAA-CS-GO-Gly
PVA-glycerol-CC-GO

Alg-PBA-PVA-PAM-rGO

PVA-DMSO-rGO-GO

PCOH

Ag@ rGO-PVA-PAM

Double polymers
Double polymers
Double polymers
Double polymers

Double polymers

Double polymers

Double polymers

Double polymers

Double polymers

Triple polymers

Triple polymers

Organohydrogel

Organohydrogel
Organohydrogel

Organohydrogel

Organohydrogel

Organohydrogel

Organohydrogel

659+5.78

400

2094.3

600

900

2040

400

1198

405

465

2512

611.5

1025.9+102.7

700

610

600

1350

1220

1050 +8.34

19

188.7

2750

750

310

231

320.2

110

168

29

212.7

226.2+30.05

1600

64

3100

453

260

[46]

[47]

(48]

[49]

[50]

(51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]
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Table 1 (continued)

GO composite hydrogel Abbreviation Matrix Max strain (%) Max stress (kPa) Ref
Poly(acrylamide-co—N-(3-amino propyl) Poly(AAm-co-APMA)-GO-Gly Organohydrogel 481.4+46.9 782.9+38.6 [64]
methacrylamide)/graphene oxide/glyc-
erol organohydrogel
Polydopamine/reduced graphene oxide/  PDA-rGO-SA-PAM Organohydrogel 312 143.2 [65]
sodium alginate/polyacrylamide com-
posite organohydrogel
Fig. 3 Interaction of GO sheet GO sheet Hydrogen bond

with hydrogel polymer matrixes
and ions

[Ref. 27, 31-33, 46,
47, 49, 58, 66]

PAM
[Ref. 26, 28, 29, 37, 39,
42,43, 50, 51, 62, 65]

addition to the commonly used Ca®* and Fe**, Ga’* is also
used to construct new crosslinking points in hydrogels [27,
33]. Using the liquid metal nanoparticles of Ga (gallium),
GO is reduced in situ during the preparation of hydrogels to
form a crosslinking system with the participation of Ga3*.
Through this method, the mechanical and electrical proper-
ties of GO composite hydrogels are improved at the same
time, providing support for the preparation of highly sensi-
tive wearable devices.

Enhancing the crosslinking system of hydrogels by
adding metal ions is an effective method to improve their
mechanical strength. However, it is worth noting that too
high ion concentration may lead to the agglomeration of GO.
Therefore, in the preparing process of this kind of hydrogels,
the design of preparation methods as well as the concen-
tration control of GO and ions will affect the performance
of composite hydrogels. On the other hand, both ionic and
coordination bonds provide new crosslinking points for
hydrogels, which will not only greatly improve the mechani-
cal strength of hydrogels, but may also affect their maximum
tensile-fracture length.

@ Springer

lonic bond

Coordinate bond

PVA
[Ref. 30, 41, 45, 51,
52, 57, 61, 66, 67]

Dopamine modification

M3*

[Ref. 46, 65]

Fe3+ [Ref. 31, 32, 44, 47,
49, 53, 58, 66]

Ga* [Ref. 27, 33]

1.5 Physical crosslinking

Physical crosslinking is one of the forms of hydrogel
crosslinking networks, especially in composite hydrogels,
the physical entanglement between matrix polymers and
nano materials can improve their mechanical properties
[27, 30, 43, 52, 54]. As a two-dimensional material, GO
has a large specific surface area, which makes it so obvious
that it is entangled by matrix polymers. Figure 4a shows
the interaction between GO sheets and polymer chains in
the case of single network. When hydrogels are deformed
by external force, it will be resisted by the hydrogen
bonds between the hydrogels and GO. At the same time,
as a junction in hydrogels, GO will also exert force on
the polymer chains, which will hinder their deformation
and improve their mechanical properties (Fig. 4a’). In the
case of double-crosslinking networks, GO will interact
with two matrix polymers at the same time, producing an
interaction similar to that of single networks, meanwhile
improving the mechanical properties of hydrogels (Fig. 4b
and b’). With the participation of metal ions, in addition
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to the interaction of physical entanglement of polymer
chains, the contribution of ionic bonds and coordination
bonds to the improvement of mechanical properties cannot
be ignored. With metal ions as the media, a crosslinking
network can be formed through GO, which can also form
a crosslinking network with matrix polymers (Fig. 4c).
Multiple-crosslinking networks make the physical entan-
glement between among networks more complex and sta-
ble, thus enhancing the mechanical strength of hydrogels
(Fig. 4¢”).

It should be noted that the change of GO in the defor-
mation process of hydrogels is different from that of other
materials. As a two-dimensional material, GO has the char-
acteristic of flexibility, which ensures that the GO sheets can
be adjusted with the deformation of hydrogels during the
stretching process. During the deformation of hydrogels, the
GO sheets will deflect and rotate according to their interac-
tion with matrix polymers as well as the direction of external
force, so as to adapt to the deformation of hydrogels (Fig. 5).
At the same time, because the interactions between GO and
matrix polymers are mainly hydrogen bonds, the reversibil-
ity of hydrogen bonds ensures that the structure between GO
and matrix polymers will not be destroyed with the defor-
mation of hydrogels. The GO sheers play a role of a “2D
flexible crosslinking point” in composite hydrogels, which
is also one of the important reasons that GO can improve the
mechanical properties of composite hydrogels [25].

1.6 Stimuli and signals

The improvement of mechanical properties of compos-
ite hydrogels by GO ensures the application of composite
hydrogels in the field of wearable devices, which require
materials to respond to environmental stimuli, such as
temperature [33, 35, 43, 57, 61, 62, 65, 66], pH [39, 40,
67], light [68] and strain. Environmental stimulation will
lead to changes in the structure and properties of matrix
polymers. By detecting these changes, the intelligence of
hydrogels can be realized.

At present, wearable devices are mainly used to moni-
tor the movement of users, such as running, walking and
other body movements, as well as their physiological
conditions, such as heart rate, blood pressure and so on
[69] (Fig. 6). Therefore, hydrogels mainly used in wear-
able devices are strain response hydrogels, which have
an intelligent response to pressure, tension and vibra-
tion. When composite hydrogels are deformed by dif-
ferent types of external forces such as tension, compres-
sion, bending, folding or vibration, their corresponding
physical properties will change significantly. On the other
hand, as a wearable device, electrical signals are the most
direct and useful signal output mode of sensors, which
can be directly displayed on mobile phones, watches and
other electronic devices, thus providing users with visual
graphic information.
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(A) Point to point
3

H-bond restructure

,
H-bond break

=

H-bond restructure

Fig.5 The action mechanism of “2D flexible crosslinking point” in composite hydrogels a point to point, b line to line, ¢ face to face. Reprinted
with permission from reference [25]. Copyright 2021 Society of Plastics Engineers

According to different output signals, the ways to assem-
ble wearable devices with hydrogels are also different.
For resistance and current wearable devices, just connect
electrodes at both ends of the hydrogels, and the assembly
method is simple (Fig. 6a and b). For capacitive wearable
devices, they need to be assembled into a sandwich struc-
ture, and the components need to be charged in use [29, 33,
70] (Fig. 6¢). The assembly method of capacitive wearable
devices is more complex.

GO can not only improve the mechanical properties of
wearable devices, but also affect the electrical properties.
Although many conjugated structures of GO are destroyed
in the oxidation process, some of them are remained, which
provide a small amount of conductivity for GO. When the
amount of GO gradually increases, the conductivity of
hydrogels will slowly increase [30, 31, 47, 71]. In some stud-
ies, reduced graphene oxide (rGO) is used instead of GO
to prepare composite hydrogels [28, 40, 60]. In the process

@ Springer

of GO reduction, the conjugated structure of GO sheets is
restored, so the conductivity of rGO is much greater than
that of GO. RGO can improve the conductivity of compos-
ite hydrogels, thereby improving the sensitivity of stimulus
response. By adding appropriate GO/rGO, the conductivity
of hydrogels can be improved. The high content of GO/rGO
may have a negative impact on the conductivity of composite
hydrogels because it is easy to agglomerate due to n-x inter-
action, electrostatic interaction and other reasons. Therefore,
the amount of GO/rGO needs to balance with the conductiv-
ity, mechanical properties and dispersion of GO/rGO.

1.7 Resistance and current type

Resistance and current are the most-easily detected elec-
trical signals [43, 61, 72]. At the same time, the assembly
process of resistance/current wearable devices is relatively
simple, which is the first choice of most researchers. When
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Fig.6 Assembly of wearable devices and some types of stimulation

the hydrogels are deformed by external force, the distance
between electrodes changes, resulting in changes in resist-
ance and current, so as to monitor the users’ state. Accord-
ing to the calculation formula of resistance: R=pl / S, the
resistivity (p) is constant; when the hydrogels are stretched,
the distance (/) between the electrodes increases, while its
cross-sectional area (S) decreases, so the resistance (R)
increases. On the other hand, the stretching of the hydro-
gels will increase the distance among the GO sheets, thereby
increasing the resistance of the composite hydrogels. For
example, Z. Deng et al. [44] reported a composite hydro-
gel (GO@ PPy /PDMAEMA) for the assembly of wearable
devices. By detecting the changes in resistance caused by the
deformation of hydrogel, the users’ joints were monitored
in real time (Fig. 7).

1.8 Capacitive type

Compared with resistance and current, although the assem-
bly of capacitive wearable devices is more complex, they
have more advantages than resistance/current. The biggest
advantage is that in addition to being sensitive to tensions,
capacitive wearable devices also have a good response to
pressure [29, 33], and can cope with different limb changes
[70] (Fig. 8). Through assembly, two layers of hydrogels
form a capacitor, which takes different charges after charg-
ing (Fig. 8a). When the capacitor is stretched or extruded,
the two hydrogels deform, the distance between which
changes, and the charge is redistributed, leading to the

e Wearable devices

GO

=
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\
—> ) P
=

\

Data output

e
¢ 9
D -

Stretching or Extrusion

change of capacitance. On the other hand, capacitive wear-
able devices need to be encapsulated with polymer mate-
rials, which greatly slows down the evaporation of water
in hydrogels and makes them maintain a long-term stable
stimulus responsiveness.

1.9 Other

Further, in addition to the simple monitoring functions of
sports and physiological activities, researchers have also
developed additional and recognitive functions of wearable
devices. For example, H. Zhang et al. [55] reported a com-
posite hydrogel with structural colors, which could not only
monitor the actions in real time, but also display different
colors according to the size of hydrogel deformation (Fig. 9).
F. B. Kadumudi et al. [73] reported a self-healing hydrogel
with super tensile properties, through which action recogni-
tion was realized by combining different signals (Fig. 10).
More functions provide a broader range of applications for
wearable devices. In the latest research, wearable devices are
also used in many fields, such as the detection of COVID-
19 [74], automatic real-time detection of diseases, health
monitoring [75, 76], temperature adjustable clothes [77] as
well as implantable and wearable bioelectronic devices [78].

1.10 Challenge

GO composite hydrogels have a good development potential
in the field of wearable devices, but they also face many

@ Springer
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Fig.7 a The self-healing GO@ PPy / PDMAEMA Janus NS nano-
composite hydrogels as wearable sensors for detecting various human
movements in real time, b finger bending at different angles, ¢ wrist

challenges, and more research is needed to solve these
problems.

bending with different speeds, d elbow bending, e knee bending, f
squatting, g pulse, h swallowing, i coughing. Reprinted with permis-
sion from reference [44]. Copyright 2021 Elsevier.

1.12 Water loss of hydrogels

1.11 Mechanical properties

In many studies, the mechanical properties of hydrogels are
the focus of researchers. At present, the mechanical strength
of hydrogels is far from the level of human skin, while their
tensile-fracture length is redundant. After a small range
of statistics, the tensile deformation of wearable devices
attached to the human joint surfaces during movement is
not higher than 50%. Considering the redundancy of devices,
200% of the tensile-fracture length is sufficient to meet the
requirements of all wearable devices. Therefore, in future
research, researchers may pay more attention to the strength
of hydrogels rather than their tensile-fracture length.

@ Springer

The main component of hydrogels is water. Once water
evaporates, wearable devices will not work. GO cannot
solve the problem of water loss, so how to keep water
is the key to the further application of GO composite
hydrogels. At present, main water retention methods used
by researchers include: (a) encapsulating hydrogels with
polymer materials (VHB, PE or PET) [29, 43, 57], (b)
replacing water with other solvents (such as glycerite [58,
59, 63-65, 72]), and (c) coating silicone oil on the surface
of hydrogels [56]. According to the experimental results,
hydrogel encapsulation method is more effective than the
other two methods. For all that, the above methods cannot
be used to completely solve the problem of water loss, and
researchers need to do more research in the future.
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1.13 Self-healing performance

The self-healing performance of hydrogels is also a focus of
researchers [79-81]. In the current research, most self-heal-
ing hydrogels have been able to meet the needs of wearable
devices. However, it should be pointed out that the actual
working environment or the water loss of hydrogels is not
considered in most self-healing tests. For example, some
hydrogels need one or more days to complete the self-heal-
ing process. Within one day, hydrogels may have lost a lot of
water, which leads to the failure of wearable devices. There-
fore, in the field of wearable devices, the self-healing per-
formance of hydrogels needs to be considered together with
the mechanical properties and water retention of hydrogels,

in response to clicking on the phone screen. e The pressure sensor in
response to picking up an apple. Reprinted with permission from ref-
erence [70]. Copyright 2022 Elsevier.

so as to ensure that wearable devices can still work normally
during the self-healing process of hydrogels.

1.14 Stability

In some research works, the working stability of GO com-
posite hydrogels has been well verified. However, the envi-
ronment in which most of the tests are conducted is stable
and mild, which cannot reflect the working state of hydrogel-
wearable devices in various extreme environments, espe-
cially when the hydrogels lose water. To ensure the working
stability of wearable devices, researchers are required to
comprehensively consider the water loss, fatigue resistance
and so on.
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1.15 Corrosion of electrode

The corrosion of hydrogels to electrodes is a problem that is
easily ignored. Oxygen, water, electrolyte as well as charging
and discharging process will corrode the electrodes, which
will affect the service life of wearable devices. GO/rGO con-
tains charge, which can replace electrolyte to improve the
electrical performance of hydrogels. Meanwhile, a stable
network structure is formed in hydrogels with GO/rGO via
hydrogen bonding and physical entanglement, so it will not
move to the electrodes under the action of an electric field,
which is conducive to reducing the corrosion of electrodes.
GO and rGO are similar in structure and play the same role
in reducing electrode corrosion [70]. GO and rGO cannot be
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used to completely solve the problem of electrode corrosion,
and further research is needed.

1.16 Summary and outlook

In conclusion, GO composite hydrogels have both advan-
tages and challenges in the field of wearable devices. GO
can significantly improve the mechanical and electrical
properties of hydrogels, which is helpful for assembling
better wearable devices. However, there are still many chal-
lenges to be solved in this field, such as the low mechanical
strength, the rapid evaporation of water, insufficient self-
healing ability to meet the actual needs and rapid electrode
corrosion, etc. Nevertheless, we believe that GO composite
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hydrogels can be applied to wearable devices in the future,
through which not only the movement of the human body
can be detected, but the pulse, blood pressure, respiration
and other small signals of the human body can also be moni-
tored in real-time with a high resolution. This can help us

Time (s)

as the associated signal responses from five fingers (five channels).
¢ Photos showing different hand gestures with E-glove and their cor-
responding signal changes. Reprinted with permission from reference
[73]. Copyright 2021Wiley-VCH GmbH

better understand our own physical conditions and respond
to possible risks in advance. In conclusion, we hope that this
review can provide some new ideas and inspiration for the
further development of GO composite hydrogels in the field
of wearable devices.
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