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Abstract

Hydrogel is a soft material with a structure similar to natural biological tissue. It is soft,
stretchable and has good biocompatibility. Therefore, hydrogels have received
extensive attention as carriers for next-generation flexible wearable devices. However,
conventional hydrogels typically lack mechanical properties and functionalities such as
toughness, anti-freeze property, adhesion, and self-healing, which will not meet the
needs of wearable devices for signal stability, durability, low-temperature adaptability,
and so on. Based on the above problems, this thesis designs and develops conductive
hydrogels with high toughness, anti-freeze property, adhesion, and self-healing ability,
and investigates in detail their application as flexible sensors. The specific research is
divided into the following parts:

In Chapter 1, the research background, the application and limitations of hydrogels in
sensors, the current status of research on tough hydrogels and functional hydrogels, and
the purpose of this research are introduced.

In chapter 2, the properties of experiment materials, as well as experimental methods
and characterizations are presented.

In chapter 3, to address the challenge of toughness, ionic conductive hydrogels have
been crosslinked by carboxymethyl cellulose and phytic acid via a simple one-pot
approach. The unique double crosslinked microstructure ensures that the hydrogel has
favorable mechanical performance, resilience (93%, similar to natural resilin), and
recovery (20 min, after 7 cycles at 300%) along with less residual strain (6.7%, after 20
successive cycles at 125%). The hydrogel also exhibits outstanding ionic conductivity
(6.0 S/m). The combined mechanical performance and ionic conductivity of the
prepared hydrogel results in its remarkable performance when used in sensors. The
hydrogel-based sensor displays superior sensitivity (GF of 2.86, at a strain of 600%),
stability and durability towards both tensile and compressive deformation. In practical

applications, the sensor demonstrates a broad strain window to detect both large and



very small human activities, showing the excellent potential of this hydrogel in sensing
and flexible devices. The approach in this work has also been optimized to potentially
allow for large-area, low-cost fabrication.

In chapter 4, a novel anti-freezing system based on ice structuring proteins and CaCl,
was introduced to enable a conductive hydrogel with low-temperature adaptability.
Both formation of ice nuclei and ice growth of the hydrogel at sub-zero temperature
could be inhibited. Supported by the anti-freeze system, the hydrogel revealed good
flexibility (890% at -20°C), recovery and conductivity (0.50 S/m at —20°C) at both
room temperature and sub-zero temperature. The low-temperature adaptability enabled
the hydrogel to be used as strain and temperature sensors at both room temperature
and sub-zero temperature. The anti-freeze system in this work is expected to open up a
new avenue to promote the conductive hydrogel with low-temperature adaptability.
The purpose of chapter 5 is to address two existing challenges. One is to achieve the
balance of mechanical properties, adhesion, and self-healing ability in hydrogel used in
wearable devices. The other is to use mature products as raw materials and simplify the
preparation process of adhesive hydrogels, so as to make it possible for large-scale
industrial production. A novel PAA/Fe/PVP hydrogel has been prepared by a simple
one-step radical polymerization to meet the above requirements. As the main
component of adhesives in daily life, PVP is used to improve the adhesion of the
hydrogel. The adhesion as high as 64kPa is achieved in the hydrogel. The adhesion can
also withstand multiple uses due to the good mechanical properties of the hydrogel.
Furthermore, the hydrogel displays outstanding self-healing ability in terms of both
mechanical properties and conductivity. Because of the good mechanical properties,
robust adhesion and rapid self-healing ability, the hydrogel-based sensors have
demonstrated stability, accuracy and reliability in real-time monitoring of subtle facial
micro-expressions and large human activities. In addition, the method uses mature
products as raw materials, and the preparation process is simple, so it has the potential
for large-area and low-cost production.

In chapter 6, the present study is summarized.
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Chapter 1 Introduction

I.I Background

Hydrogels are viscoelastic, solid-like materials that are the result of entrapment and
adhesion of liquids in a large solid three-dimensional surface area matrix [1]. The three-
dimensional network of hydrogels can be formed by cross-linking polymer chains
through covalent, hydrogen bonding, van der Waals forces, or physical entanglement
[2-4]. Since Wichterle [5] first reported hydrogel materials in the 1950s, hydrogels have
received close attention from many researchers for their unique wet and soft properties
and have subsequently been pervaded in daily life and industrial applications, such as
soap, shampoo, toothpaste, hair gel, contact lenses, oil recovery, pharmaceutical,
agriculture, textile, and water treatment. [6-10] With years of development, hydrogels
now have a wider range of applications in bioengineering, drug delivery, tissue

engineering and flexible wearable devices. [11-14]

1.2 Hydrogel in sensors

Novel smart wearable devices use flexible conductive hydrogels as substrates, which
possess mechanical properties similar to human skin and can be adhered to the human
epidermis for more accurate measurements. Conductive hydrogels are ideal materials
for the preparation of wearable sensors because of their good mechanical properties,
biocompatibility, and conductivity [15]. Flexible sensors work by converting external
deformations into electrical signals [16-19]. Several common electrical signal
conversion mechanisms are capacitive, resistive, piezoelectric, friction-generated, and
optical effects. Among the hydrogel-based sensors, the transduction principles and
fabrication process of resistive and capacitive sensors are much simple potential

applications are wide-ranging, and similarities can be easily drawn between studies.



1.2.1 Capacitive Sensor
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Fig. 1.1 A-B) Schematic diagram and a photo of capacitive strain sensor. C-F) The

signals of various deformations monitored by the capacitive strain sensor in real time.

[20]

Capacitive sensors are made according to the principle of parallel plate capacitance.
The capacitance of a parallel plate capacitor can be calculated by formula (1). The
changes in the spacing between parallel plates (d), the area of overlap of the upper and
lower plates (A), and the dielectric constant (g) will affect the capacitance. Therefore,
when the sensor is working, its capacitance will change with the deformation of the
sensor. For example, our group made a capacitive sensor based on tough polyacrylic
acid ionic hydrogel [20]. The hydrogel is used as a conductor for the capacitive sensor.
Two sheets of ionic hydrogel are sandwiched between a dielectric layer of acrylic

elastomer tape, and two additional layers of VHB are covered on the top and bottom to
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protect the sensor and prevent water evaporation from the surface of the ionic hydrogel
(Fig. 1.1). The sensor can accurately and quickly discern deformations and monitor

body movements such as joint flexion and extension, muscle contraction and relaxation.
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Fig. 1.2 a) lllustration of elastic deformation of HPS under different forces. b)
Movement of the laryngeal prominence during swallowing as monitored by resistance

sensors. [21]

The working principle of resistive sensor is to convert the change of resistance value
caused by external stimulation into electrical signal. Resistive flexible sensors have
been widely studied and applied owing to their simple structure and working
mechanism, relatively simple fabrication process, and excellent performance. Zhou et
al. [21] designed robust and sensitive pressure/strain sensors utilizing a novel composite
hydrogel composed of hollow polyaniline spheres (HPS), poly(vinyl alcohol) (PVA)
and phytic acid (PA) (Fig. 1.2a). By taking advantages of structure-derived elasticity of
hollow spheres, conductivity of doped conducting polymers, flexibility of polymer
matrix and physically cross-linked structure, the composite hydrogels based resistive

sensor can achieve a gauge factor (GF) of 2.9 in the strain range of 0%~300%, a GF of
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7.4 in the strain range of 300%—450%, a response time of 0.22 s and high reliability
(1000 cycles). On the basis of their high performances, flexible sensors of the composite
hydrogels are applied in monitoring various human motions, physiological activities

and bending/vibration deformations in daily life (Fig. 1.2b).
1.2.3 Limitations of hydrogel in sensors

Hydrogel has a network structure like natural life tissue and shows similar physiological
properties to human skin. In recent years, many excellent research results have been
achieved in hydrogel as a carrier material for flexible wearable devices. [22-27]
However, due to the existence of a large amount of water in hydrogels, hydrogels have
poor mechanical properties, including poor elongation, toughness, and recovery, which
will greatly limit their ability to monitor large-scale and repetitive human movements
as wearable monitoring devices. Therefore, it is necessary to prepare hydrogels with
high strength, toughness, and recovery for wearable strain sensor applications. In
addition, hydrogel tends to freeze in low temperature environments, which greatly
limits its flexibility, conductivity, and sensitivity at sub-zero temperatures. Further, for
wearable device applications, suboptimal conductivity will result in limited sensitivity.
In addition, most hydrogels lack adhesion, requiring additional tape to bond the
hydrogel to human skin. The lack of adhesion makes the operation complicated on the
one hand, and causes unavoidable friction between the sensor and the bonding surface
on the other hand, which affects the accuracy and real time of signal detection.
Therefore, there is still much room for improving the performance of hydrogel materials
in the preparation of hydrogel-based sensors. The preparation of hydrogel materials
with excellent mechanical properties and functional properties is very important for

their application in sensors.

1.3 Tough hydrogel

For flexible wearable devices, especially those that fit snugly on the skin, high elasticity,



high flexibility, and good mechanical fatigue resistance are required. [23, 24, 28]
However, conventional hydrogel materials are usually either too soft or too
mechanically brittle, which extremely limited their potential applications. Therefore,
the study of hydrogel toughening has been one of the major research focuses in the past
two decades, and many significant results have been achieved. The toughening
mechanisms of hydrogels can be classified into the following categories: topological
toughening mechanism, hydrophobic association toughening mechanism,
macromolecular microspheres toughening mechanism, nanocomposite toughening

mechanism and interpenetrating network toughening mechanism.

1.3.1 Topological toughening mechanism
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Fig. 1.3 synthesis of topological hydrogel by using nonionic PR cross-linker [29].

Topological hydrogels, also known as "slip chains" or slip ring polymer hydrogels, were
first synthesized by Yasushi Okumura and Kohzo Ito in 2001 [30]. Topological
hydrogels are topological materials composed of necklace-like macromolecules [31].
The structures of these hydrogels have been compared to pulleys and chains with knots,
in which movable ring crosslink slides along the polymer chain. The ends of the chains
have blocking molecules (topological constraints) that prevent the ring molecules from
dissociating from the axis (Fig. 1.3). The distribution of crosslinking points in sliding
ring hydrogels is also random like other types of hydrogels, but their crosslinking points

are able to slide with the chain segments. When stress is applied, the crosslinking points
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inside the hydrogel can slide arbitrarily like a "pulley". A long molecular chain is
divided into several chain segments, thus spreading the stress uniformly to each chain
segment [32]. Also, because the hydrogel network is three-dimensional, the "pulley"
can spread the stress uniformly throughout the hydrogel network. Slip-ring hydrogel
can solve the defect of irregular structure inside the hydrogel, so the slip-ring hydrogel
has higher regularity than other types of hydrogels [33]. As a result, slip-ring hydrogels
have extremely high stretchability, good recovery, swelling and low viscosity [34-36].
Therefore, compared with ordinary hydrogels, sliding ring hydrogels can bear more

stress and dissipate more energy.

1.3.2 Hydrophobic association toughening mechanism

Fig. 1.4 Physically cross-linked network of PEG-DFA hydrogels; DFA hydrophobic
aggregates (in red) and PEG chains (in black). RHS is equivalent hard sphere radius

according to Percus—Yevick model; RM is mean micellar radius. [37]

Hydrophobic association hydrogels (HA-gels) have physical crosslinking networks,
which are generated via hydrophobic association [38]. When hydrophobic groups are
introduced into the hydrogel, hydrophobically linked micelles are formed, entangling

the hydrophobic chain segments with the hydrophilic groups. The hydrophobically
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linked micelles act as physical cross-linking points in the hydrogel system and
effectively disperse the stress [39]. Meanwhile, the hydrophobic chains within the
micelles can dissipate energy by uncrosslinking or molecular chain slippage, so the
hydrophobic effect can lead to a substantial improvement in the mechanical properties
of hydrogels [40]. Mihajlovic et al. [37] prepared hydrophobically associated
supramolecular hydrogels consisting of a multiblock, segmented copolymer of
hydrophilic poly(ethylene glycol) (PEG) and hydrophobic dimer fatty acid (DFA)
building blocks. The hydrophobic DFA units form a network in micellar domains by
self-assembly, which acts as stable physical cross-link points (Fig. 1.4). Due to the
physical cross-links formed by hydrophobic interaction, the hydrogel displays excellent
mechanical properties (elongation at break eB =1055%, tensile strength 6T =0.51 MPa,
and tensile toughness UT = 4.12 MJ/m°).

1.3.3 Macromolecular microspheres toughening mechanism

Hydrogels can be in the form of macroscopic networks or confined to smaller
dimensions such as microgels, which are crosslinked polymeric particles. When the size
of microgels is in submicron range, they are known as nanogels. Microgels/nanogels
are crosslinked polymeric particles, which can be considered as hydrogels if they are
composed of water soluble/swellable polymer chains (Fig. 1.5) [41]. The microgels
themselves are not hydrogels, but the properties of stimuli-responsive microgels with
tuning functions can be transferred to the hydrogels. They possess high water content,
biocompatibility, and are mainly used in drug delivery and other biomedical
applications [41-43].

When the microspheres of the hydrogel are functionalized and then covalently cross-
linked, the original microgel becomes a toughened hydrogel composite. Huang et al.
[44] reported a hydrogel toughened by macromolecular microspheres, as shown in Fig.
1.6. The macromolecular microspheres emulsion is irradiated with °Co y-rays to form
free radicals and initiate polymerization. With the macromolecular microspheres as

crosslinker, polymer chains can be chemically bonded to form hydrogels with
7



extremely high mechanical strength.
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Fig. 1.5 Illustration of the reverse micellar method for the preparation of nanogels. [41]
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Fig. 1.6 Proposed mechanism for the formation of an MMC hydrogel and an MMC

hydrogel microstructure. [44]
1.3.4 Tetra-PEG toughening mechanism

Most of hydrogels from macromonomers are formed from asymmetrical components,
which allows the network with a high degree of freedom. However, it is the degrees of
freedom of the network that leads to the microstructure, including defects and loops.
These different microscopic inhomogeneities deprive the network of cooperativity and
lead to weaker hydrogels. [45] Sakai et al. reduced the degrees of freedom of the

microscopic network structure by introducing the tetra-PEG structure to form a
8



homogeneous network [46]. The tetra-PEG hydrogel is formed by combining two well
defined symmetrical tetrahedron-like macromonomers of the same size (Fig. 1.7). Each
macromonomer has four endlinking groups, and these two macromonomers are
alternately linked. The gelation process is a simple A-B type reaction, in accordance
with Flory's classical theory. The compressive strength of the tetra-PEG hydrogel
formed is in the megapascal range and is much better than agarose or acrylamide

hydrogels with the same network concentration.
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Fig. 1.7 Molecular structures of TAPEG (A) and TNPEG (B). [46]
1.3.5 Nanocomposite toughening mechanism

Nanocomposite hydrogels are a class of hydrogels obtained by compounding inorganic
or organic nanoparticles [47], nanorods [48], nanosheets [49] and other nanomaterials
[50, 51] with ordinary hydrogels. The high specific surface area and abundant
functional groups of nanomaterials make them favorable to improve the interfacial

effect with the polymer matrix of the hydrogel. The high mechanical strength of
9



nanomaterials themselves also makes them excellent reinforcement for hydrogels.
Inorganic nanosilica [52], nanoclay sheet [53], titanium dioxide nanoparticles [54],
carbon nanotubes [55], graphene [56], hydroxyapatite [57], and organic nanocellulose
[58] can be used for hydrogel enhancement purposes.

Hu and co-workers [59] have reported a highly ordered nanocomposite hydrogels with
ultrahigh strength. The oriented tunicate cellulose nanocrystals (TCNCs) were locked
in polymeric networks (Fig. 1.8). Firstly, a stretchable supramolecular hydrogel was
prepared by loosely crosslinking adamantine moiety contained polymers with f-
cyclodextrin modified TCNCs through host-guest interaction. Subsequently, dual
physically cross-linked hydrogel was constructed by introducing Fe*" ions into the pre-
stretched supramolecular hydrogel for the formation of coordination bonds and freezing
of oriented TCNCs. The mechanical performance has been largely improved by the
introduction of the aligned TCNCs as both multifunctional cross-linking agents and

interfacial compatible reinforcements of dual physically cross-linked networks.

Fig. 1.8 Schematic illustration of hydrogel networks. (a) Highly stretchable mono cross-
linked hydrogel (m-Gel) network. (b) Pre-stretched m-Gel network. (c) Anisotropic
hydrogel network prepared by freezing oriented TCNCs in dual cross-linked hydrogel
(d-Gel). [59]
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1.3.6 Interpenetrating network toughening mechanism

0 1st network 2nd network

Rigid and brittle Rigid and tough Soft and strechable
+Short chain G ~ 1000 }/m? +Long chain
+Dilute +Dense
G~1])/m? G ~ 10 J/m?

Fig. 1.9 Tougher than its parts. (a) By combining different network materials, tough
double-network materials can be created. (b) Photo of a tough double-network hydrogel
containing 90 wt % of water (2). The value of the fracture energy G is an indicator of

material toughness. [60]

Interpenetrating network hydrogels are usually formed by two or more independent
cross-linked networks by entanglement and permeation. Among them, the double
network hydrogel proposed by Gong et al. [61] is a typical representative of
interpenetrating network hydrogels. The double network hydrogels consist of two
interpenetrating polymer networks with contrasting mechanical properties (Fig. 1.9)
[60]. The first network is highly stretched and densely cross-linked, providing the
hydrogel strength stiff and brittle. The second network is flexible and sparsely cross-
linked, allows for energy dissipation at large strains [62]. Double-network hydrogels
are tough because the internal fracture of the brittle network dissipates a large amounts
of energy under large deformation, while the elasticity of the second network allows it
to recover to its original configuration after deformation. The fracture energy of the
double network is therefore much larger than those of either of the corresponding single
networks. Thus, by sacrificing the rupture of the covalent bonds of the brittle first
network, the material gains toughness [63].

Goddard et. al [64]used atomistic molecular dynamics (MD) simulations to investigate

11



the mechanical and transport properties of the PEO—PAA double network (DN)
hydrogel with 76 wt % water content. By analyzing the pair correlation functions for
polymer-water pairs and for ion-water pairs and the solvent accessible surface area, the
solvation of polymer and ion in the DN hydrogel is found to be enhanced in comparison
with both PEO and PA A single network (SN) hydrogels. The effective mesh size of this
DN hydrogel is smaller than that of the SN hydrogels with the same water content and
the same molecular weight between the cross-linking points (Mc). The mechanical
performance of DN hydrogel has also been improved to a much higher level than the

sum of the stresses of the two SN hydrogels at the same strain.

1.4 Functional hydrogel

It is well known that the molecular structure and chemical/physical interactions of
hydrogels determine their properties, and these properties in turn determine their
functional applications. [3, 6, 15, 16] In order to better understand the structure-function
relationship of hydrogels, various property-generating mechanisms and the current

status of hydrogel research are further described below.
1.4.1 Conductive hydrogel

Imparting conductivity to hydrogels can further expand their applications in
electrochemistry, such as supercapacitors and sensors [65, 66]. Considering that most
of the polymer networks that constitute hydrogels are insulating, the main strategy to
impart conductivity to hydrogels is to add materials with conductivity to them. Current
conductive hydrogels can be classified as electronic conductive hydrogel and ionic

conductive hydrogel according to the conductivity mechanism. [67, 68]
14.1.1 Electronically conductive hydrogel

Electronically conductive hydrogel relies mainly on the directional movement of

electrons in the presence of an electric field to obtain conductivity. There are two main
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strategies to prepare electronically conductive hydrogels. One is to use conductive
polymers, such as poly(3,4-ethylenedioxythiophene) (PEDOT) [69], polythiophene
(PTh) [70], polypyrrole (PPy) [71], and polyaniline (PAni) [72], to build a conductive
hydrogel network through covalent bonding or physical cross-linking. The other is the
introduction of electronically conducting nanomaterials within the hydrogel system,
such as graphene [56], carbon nanotubes [73], silver nanowires [74], etc. These types
of electronically conducting hydrogels can be used in tissue engineering, energy storage
devices and different types of sensors [15, 18, 68, 75, 76].

Electrically conductive, mechanically tough hydrogels based on a double network (DN)
comprised of poly(ethylene glycol) methyl ether methacrylate (PPEGMA) and
poly(acrylic acid) (PAA) were produced by Naficy and co-workers [77]. Poly(3,4-
ethylenedioxythiophene) (PEDOT) was chemically polymerized within the tough DN
gel to provide electronic conductivity. The hydrogel with PEDOT reached a maximum
conductivity of 4.3 S cm™!. These hydrogels may be useful as soft strain sensors because

their electrical resistance changed significantly when cyclically loaded in compression

(Fig. 1.10).

Hydrogel
Batte

Fig. 1.10 The hydrogel introduced with PEDOT obtained good conductivity. [77]
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1.4.1.2 Tonic conductive hydrogel

A o \ o /
4 :‘4 7 (
> z v - \\ : o/ g i ‘\‘v.‘. ‘
5] - - } ~ UL N
° Y :é: T VNN @ 2 Ve /[ :
TS Y (8
’ _ =V R o X fo~[ Nodl--r--""
ey " U
5 A ( . e N
- ° ] ~ \/ AN ~{. a v&,“’
- = \ )
Solution Composite hydrogel DN hydrogel Dy"?mi.c
i e crosslinking
B £ C D - E 7
o '
—— 1" Sl " \ 3
. - s T s
; . I - S
- > e MWW
Superior mechanics  Ionic conductivity Freezing tolerance

Anti-freezing and sensitive sensor

@ Acrylamide @ Acrylic acid \chlh)lenc bisacrylamide ) Photoinitiator ~— Chitosan @ Fe** o CI

_ P(AM-co-AA) chain ||| Hydrogen bonding a( Molecular aggregation ®  Tonic coordination
Fig. 1.11 Construction of the ionic conductive hydrogel with dynamic cross-links and
the resultant antifreezing and sensitive hydrogel sensor. (A) Preparation of the elastic,
antifatigue, and freezing-tolerant CS—P(AM-co-AA) DN hydrogel with dual-dynamic
cross-links. (B) Excellent mechanics of the hydrogel to endure various deformations.
(C) Ionic migration under electric field. (D) Strong freezing tolerance at subzero
temperature. (E) Wearable, antifreezing, and sensitive hydrogel sensor to detect human

motion in cold weather.

Conductivity of the ionic conductive hydrogels is mainly achieved through the
directional migration of positive and negative ions in hydrogels. The introduction of
polyelectrolytes [78] and small molecules of acids [79], bases [80], and salts [81] is the
main way to impart ionic conductivity to hydrogels. Depending on the role of ions in
the conductive hydrogel, ionic hydrogels are classified as physically doped and
chemically doped [82]. Some inorganic ions are simply incorporated into the gel as free

ions to enhance the conductivity of the hydrogel without forming new bonds and are

14



referred to as physical dopants. The other type is chemical doping, where the ions act
as ligand centers to cross-link with different polymer chains in the hydrogel to form a
hydrogel network. Liu and co-workers [83] introduced ionic conductivity to the
chitosan—poly(acrylamide-co-acrylic acid) double-network [CS-P(AM-co-AA) DN]
hydrogel with dual-dynamic cross-links (chitosan physical network and ionic
coordination [CO>LFe'"]) by soaking the CS-P(AM-co-AA) composite hydrogel in
FeCls solution (Fig. 1.11). The ions immobilized in dynamic cross-links exerted crucial
effects on improving mechanics; meanwhile, the free ions in the hydrogel rendered the
hydrogel excellent conductivity and strong freezing tolerance concurrently. The sensor
assembled from the DN hydrogel exhibited cycling stability and good durability in
detecting pressure, various deformations (elongation, compression, and bend), and

human motions even at a low temperature (—20 °C).

1.4.2 Anti-freeze hydrogel

Conventional hydrogels consisting of pure water systems inevitably freeze at low
temperatures and thus lose their original properties such as flexibility and conductivity,
which limits their practical application at low temperatures. By expanding anti-freezing
property to hydrogel, anti-freezing hydrogel-based sensors can maintain their own
stability at low temperatures and improve their practicability. In addition, anti-freezing
property of hydrogel sensors can also protect human skin from frostbite damage. The
most widely used strategy to prepare hydrogels with resistance to low temperatures are
to introduce organic solvent or ions to reduce the freezing point of water in the hydrogel

network.

1.4.2.1 Binary (organic/water) solvent method

To achieve anti-freeze performance, binary solvents, namely two miscible solvents
(organic solvents and water), were introduced into the polymer network of the hydrogel.

According to the research of Lin et al. [84] (Fig. 1.12), when prepared in a
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water/glycerol binary mixed solvent, the DN hydrogels remained elastic at -30 °C and
can be twisted at will. The reason for the anti-freeze performance of the hydrogel is that
glycerol molecules contain a large number of hydroxyl groups that can form hydrogen
bond interactions with water molecules, thereby inhibiting the crystallization of water

molecules and lowering the freezing point of water.
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Fig. 1.12 Schematically fabrication of HPS/SA DN hydrogels. [84]

1.4.2.2 Solvent replacement method

Solvent displacement-method is a method that replaces water in the hydrogel with
organic solvent through soaking water-based hydrogel into the organic solvent. Li et al.
[85] assembled a symmetrical all-solid supercapacitor (called OHEC) with the OHE of
double-network PAMPS/PAAm containing organic electrolyte solution (4 m LiCI/EQG)
(Fig. 1.13). The replacement of water with LiClI/EG mixture enables the OHE achieves
mechanical toughness under large deformation behavior and long-term capacitance

retention across a wide operating temperature range (from -20 to 80 °C). The OHE
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effectively broadens the voltage window and avoids the electrochemical polarization at

low temperatures.
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Fig. 1.13 Schematic illustration of the preparation of OHEC. [85]
1.4.2.3 Tonogels

Ionogels can be formed by introducing ionic liquids (IL) or ionic salts into physically
or chemically crosslinked polymer matrix networks [86]. Ionogels are widely used in
flexible energy storage devices, actuators and sensors because of their unique physical
and chemical properties, such as high ionic conductivity, non-flammability,
transparency, thermal and electrochemical stability [87-90].

Negre and co-workers[91] have reported an inorganic gel polymer electrolyte based on
the confinement of an ionic liquid mixture (1:1 by weight or molar ratio) of N-methyl-
N-propylpiperidinium  bis(fluorosulfonyl)imide  (PIP13FSI) and N-butyl-N-
methylpyrrolidinium bis(fluorosulfonyl)imide (PYRI14FSI) into a SiO; matrix. The
synthetized ionogel exhibits a high ionic conductivity over a wide temperature range
(from 0.2 mS cm ! at =40 °C up to 10 mS cm™! at 60 °C). Ge and co-workers [92] have
synthesized a class of freezing- and dehydration-tolerant PAM/CNF double network

hydrogels containing LiCl (Fig. 1.14). The presence of Li" and CI ions effectively
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strengthens the interactions between the water molecules within the hydrogel,
preventing both ice formation and water evaporation. Therefore, PAM/CNF/LiCl
hydrogels exhibited impressive freezing and dehydration tolerance (Fig. 1.14b). Owing
to the corporation of CNF and LiCl salt, the tensile strength and high ionic conductivity
were preserved even at temperatures as low as -40 °C. The use of PAM/CNF/LiCl 50%
hydrogel electrolyte in an assembly supercapacitor showed stable electrochemical

performance and excellent flexibility at low temperatures.

AMI/CNFI/LiCI PAM/CNF/LiCI hydrogel
precursors

h&t’:!ratiom

= Acrylamide (AM) S PAM ~~ CNF 3{ Covalentbond
MBA (crosslinker) # Li*t @ cr » H,0 Hydrogen bond
Fig. 1.14 Strategy used in the design of a conductive and stretchable electrolyte
hydrogel with low temperature and dehydration tolerance. (a) Schematic illustration of
the formation of PAM/CNF/LiCl hydrogel. (b) The PAM/CNF/LiCl hydrogel shows
anti-freezing and anti-dehydration performance, is flexible and conductive under cold
conditions (-40 °C). (c) Schematic illustration of hydrogen bonding between PAM and
CNF chains in the PAM/CNF/LiCl hydrogel. [92]
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1.4.3 Adhesive hydrogel

Although the number of advanced hydrogels reported in recent years has increased
significantly, there are still many opportunities that have not yet been fully explored.
For example, for hydrogels used in flexible wearable devices, how to achieve tight
fixation while satisfying user comfort or even sensory-free use is one of the key issues
to be addressed. The strong and robust adhesion of hydrogels highly desirable for their
integration and performance in devices and systems, which remains an ongoing
challenge in the field.

The surface adhesion of hydrogels and objects mainly comes from the chemical bonds
and/or non-covalent interactions between the active groups in the hydrogels and object
surface. The functional groups of hydrogels, such as hydroxyl, ether, amino, carboxyl
or catechol groups, can react with object surface functional groups to form imines,
amides or other covalent bonds. At the same time, some non-covalent interactions, such
as hydrogen bonds, cation-rn interactions and mechanical interlocking, are formed at the
interface (Fig. 1.15). [93] Covalent bonds are usually strong but irreversible, while non-

covalent bonds are relatively weak but reversible and may allow repeated adhesion and

peeling.
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Fig. 1.15 Examples of chemical/physical linkages formed between hydrogels and

surrounding tissues. [93]

Currently, the main strategy to increase the adhesion of hydrogels is to introduce
compounds with adhesive properties, such as dopamine, proteins, and polysaccharides
into the hydrogel system.[94-96] For example, inspired by the catechol-based strategy,

Fu et al. [97] prepared a hybrid network hydrogel with underwater adhesion strength as
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high as 86.3 + 7.2 kPa and reduced to 43 + 3.4 kPa after being immersed in water for 9
days. Alginate hydrogel acted as a “glue” to allow the strong, permanent adhesion of
the hydrogel onto the PDMS surface by 1) imparting hydrophilicity to improve
compatibility with hydrogels, and 2) providing functional groups for the stable

conjugation of hydrogels [98] (Fig. 1.16).
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Fig. 1.16 Hydrogels were fabricated on the alglnate-PDMS surface by 1) ionic
crosslinking with calcium ions or 2) covalent crosslinking with adipic acid dihydrazide
(AAD). [98]
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1.4.4 Self-healing hydrogel
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Hydrogel has attracted significant interest in view of the flexible wearable devices.
However, the hydrogels currently in use often suffer from insufficient service life to
withstand prolonged use. To solve this problem, on the one hand, the mechanical
properties of the hydrogel can be further optimized, especially the anti-fatigue
performance; on the other hand, the self-healing ability of the device can be realized by
giving the hydrogel self-healing ability.

Self-healing is defined as the property that enables a material to heal damages
intrinsically and automatically, restoring itself to normality. Self-healing usually occurs
in as-prepared materials (with a predefined set of conditions) without the intervention
of an external stimulus to promote the onset or magnitude of self-healing. [100] The
mechanism of self-healing depends on the reversibility of cross-linking. These
crosslinks are mainly constructed by dynamic covalent, hydrogen bonding, ionic,
supramolecular host-guest and hydrophobic interactions. [101-103] The number and
strength (type) of crosslinks determine the degree of self-healing ability, the stability of
the hydrogel and the mechanical properties of the hydrogel.

Chakraborty and co-workers [99] have fabricated a bio-inspired, mechanically rigid and
conductive Fmoc-FF-PAni hydrogel by in situ polymerization of Ani inside Fmoc-FF
hydrogel matrix. Taking advantage of the inherent tendency of Fmoc-FF fiber to be re-
entangled after being detached by mechanical force, the Fmoc-FF-PAni hydrogel has
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the ability of self-healing. The Fmoc-FF-PAni hydrogels not only retain their
mechanical integrity (Fig. 1.17), but also reinstate their bulk conductivity (Fig. 1.18)

after macroscopic disruption.
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Fig. 1.18 Real-time measurement of the resistance values of Fmoc-FF-PAni hydrogels

during cutting and rejoining procedure (Fmoc-FF concentration = 2% w/v). [99]

1.5 Research purpose and content

Hydrogel is a kind of soft material with structure like natural life tissue, which has good
flexibility and biocompatibility. The remarkable flexibility in the design of network
structure, mechanical properties and functional characteristics of hydrogels makes them
one of the ideal flexible substrate materials for the next generation of flexible electronic
devices. Based on these special performance advantages, hydrogel has attracted the
attention of many researchers and is an ideal choice for flexible wearable sensors. In
practical applications, flexible wearable sensors must repeatedly detect all kinds of
deformation and pressure in daily activities. For example, electronic skin needs to sense
elongation, compression, bending, touch pressure, and even a combination of current
and repetitive. Although remarkable efforts have been made in hydrogels, they are still
not mechanically and functionally inadequate to meet the practical needs of stability,
durability, low temperature adaptability and so on. In this work, we improved the

mechanical properties and introduced various functionalities (anti-freeze property,
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adhesion, and self-healing) in hydrogels to solve the above problems.

To improve the mechanical properties of the hydrogel, we have designed a double
crosslinked hydrogel. The unique double crosslinked microstructure ensures that the
hydrogel has favorable mechanical strength, toughness, resilience, and recovery along
with less residual strain. The hydrogel also exhibits outstanding ionic conductivity. The
combined mechanical performance and ionic conductivity of the prepared hydrogel
results in its remarkable performance when used in sensors.

To improve the low-temperature adaptability of the hydrogel, a novel anti-freezing
system based on ice structuring proteins and CaCl, is introduced to a conductive
hydrogel. Both formation of ice nuclei and ice growth of the hydrogel at sub-zero
temperature can be inhibited. Supported by the anti-freeze system, the hydrogel reveals
good flexibility, recovery and conductivity at both room temperature and sub-zero
temperature. The low-temperature adaptability enables the hydrogel to be used as strain
and temperature sensors at both room temperature and sub-zero temperature.

To meet the requirements of integrated mechanical properties, adhesion, and self-
healing ability to hydrogel, a novel PAA/Fe/PVP hydrogel has been prepared. PVP, as
the main components of adhesives in daily life, plays a significant role in improving
adhesion of the hydrogel. The adhesion can withstand multiple uses due to the good
mechanical properties of the hydrogel. Furthermore, the hydrogel displays outstanding
self-healing ability in terms of both mechanical properties and conductivity. Because of
the good mechanical properties, robust adhesion and rapid self-healing ability, the
hydrogel-based sensors have demonstrated stability, accuracy, and reliability in real-

time monitoring of subtle facial micro-expressions and large human activities.
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Chapter 2 Materials, Experiment and

Characterizations

2.1 Materials

2.1.1 Phytic acid (PA)

Phytic acid (PA) is a six-fold dihydrogen phosphate ester of inositol (specifically, of the
myo isomer), also called inositol hexakisphosphate (IP6) or inositol polyphosphate (Fig.
2.1). It is a natural plant compound with a unique structure that is responsible for its
characteristic properties. PA holds plenty of hydroxyl groups, which could ionize a
considerable number of hydrogen ions to display good conductivity. PA is also a
crosslinker that could form physical crosslinking networks with polymers via hydrogen
bonds. It is mainly found in the seeds, roots, and stems of plants, especially in the seeds

of legumes, bran and germ of cereals.

Fig. 2.1 Chemical structure of phytic acid.



2.1.2 Carboxymethyl cellulose (CMC)

CMC is a kind of cellulose ether obtained by carboxymethylation of natural cellulose.
(Fig. 2.2). It is a negatively charged polyelectrolyte, prepared by the reaction of
hydroxyl groups on alkali cellulose with monochloroacetic acid. It is the most
productive, versatile and convenient product among cellulose ethers. Because of its
high availability as well as its thickening and swelling properties, CMC is widely used
in numerous industries. [1-3] As CMC is derived from natural cellulose, it exhibits
gradual biodegradability and can be incinerated after use, making it a very

environmentally friendly material.

OR

R=H or CH2C02H
Fig. 2.2 Chemical structure of carboxymethyl cellulose.
2.1.3 Ice structuring proteins (ISPs)

Ice structure proteins (ISPs), also known as antifreeze proteins (AFPs), are a class of
peptides produced by certain animals, plants, fungi and bacteria that allow them to
survive below the freezing point of water. ISPs are important for the survival of
organisms in cold environments. The protective function of ISPs is due to their
properties, including ice plane affinity [4], thermal hysteresis [5], ice recrystallization
inhibition [6], and transiently binding an organism to ice [7]. Different properties

produce different antifreeze effects. Although an ISP can usually detect more than one
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antifreeze property, its antifreeze effect is mainly based on one property. In general, all
these properties or effects arise from the ability of ISPs to combine with small ice

crystals to inhibit the growth and recrystallization of ice (Fig. 2.3). [8, 9]

Antifreeze

Fig. 2.3 Biological functions of structure proteins. [9]

2.1.4 Polyvinylpyrrolidone (PVP)

Polyvinylpyrrolidone (PVP) (Fig. 2.4) is a kind of Nonionic polymer compound, which
is obtained from vinyl pyrrolidone (NVP) by bulk polymerization or solution
polymerization. [10] It is divided into four grades according to its average molecular
weight, which is usually expressed by K value, and different K values represent the
corresponding average molecular weight range of PVP. K value is actually the
eigenvalue related to the relative viscosity of PVP aqueous solution, and viscosity is the
physical quantity related to the molecular weight of polymer, so K value can be used to
characterize the average molecular weight of PVP. In general, the higher the K value,

the greater the viscosity and the stronger the adhesion. As a synthetic water-soluble
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polymer, PVP has unique physical and chemical properties, such as film formation,
adhesion, hygroscopicity, solubilization, or condensation, which makes it useful in
many pharmaceutical formulations, food, cosmetics and bath products, as well as

industrial applications. [11-14]

n
Fig. 2.4 Chemical structure of polyvinylpyrrolidone.

2.1.5 Other chemical reagents

In this research acrylic acid (AA), ammonium persulfate (APS), calcium chloride

(CaClp), and iron chloride hexahydrate (FeCls-6H>O) were purchased from Nacalai

Tesque, Inc. All reagents were used as received without further purification. All

aqueous solutions were prepared with deionized water.

2.2 Experiment method

All the hydrogels were synthesized by a one-step radical polymerization. The hydrogel
precursor solution was prepared under stirring followed by ultrasonic treatment for 10
minutes to remove the bubbles. Afterwards, the homogeneous hydrogel precursor was
transferred into a custom mold (2 mm x 100 mm % 100 mm) and placed in an oven at
60 °C for 6 h to initiate the polymerization of acrylic acid and produce a hydrogel. The

mechanism of free radical polymerization of acrylic acid is shown in Fig. 2.5.
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Fig. 2.5 Mechanism of radical polymerization of AA.
2.3 Instruments and Characteristics

2.3.1 Mechanical performance tests

The tensile tests at room temperature were tested by a universal testing machine (Instron,
3385, extra 50 N load cell, Instron Co., Ltd., Canton, USA) in accordance with standard
JIS K6251. For the cyclic tensile test, loading—unloading measurements were
performed at constant velocity of 100 mm/min.

The compressive tests were carried out by a universal testing machine (Instron, 3385,
extra 50 N load cell, Instron Co., Ltd., Canton, USA) at a crosshead speed of 1

mm/min’?,
2.3.2 Fourier Transform Infrared Spectrometer (FT-IR)

The FTIR spectra of the hydrogels were characterized by a Thermo Scientific Nicolet

iN 10 infrared spectrometer.
2.3.3 Microstructure Characterizations

The microstructures of the hydrogels were observed by scanning electron microscopy
(SEM, S-4300 Hitachi, Ltd. Japan). The hydrogels were freeze dried and then sputtered

with platinum by an ion sputtering apparatus prior for SEM imaging at 5 kV.
2.3.4 Antifreeze behavior and properties

The melting behaviors of hydrogels were analyzed by the differential scanning
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calorimetry (DSC, SII X-DSC 7000, Hitachi). The samples were first cooled from 20°C
to -65°C with a cooling rate of 5°C/min. After holding for 5 minutes, the samples were
heated from -65°C to 10°C at a rate of 5°C/min.

The tensile tests at sub-zero temperatures were performed by universal mechanical
tester with an Instron Temperature Controlled Chamber (Instron 3382, Instron Co., Ltd.,
Canton, USA). The low temperature environment was achieved by liquid nitrogen

cooling.
2.3.5 [Electrical Tests

The electrochemical impedance spectroscopy (EIS) results of the prepared hydrogels
were obtained by an electrochemical workstation (CS2350H, CORRTEST, China) in
the range of 10° to 10 Hz at room temperature. The hydrogel was cut into a disk shape
and placed between two stainless steel plates for the EIS tests.

The signals of the hydrogel-based sensors expressed by the resistance variations were

noted via a digital source meter (LCR-6100, GWInstek).
2.3.6 Adhesion Tests

The adhesion properties of hydrogels were determined by lap shear tests using a
universal testing machine (Instron 3385, Instron Co., Ltd., Canton, USA). The sample
(15 mm x 15 mm x 0.6 mm) was sandwiched between two glass slides with a bonded
area of 2.25 cm?. Hold the glass slides with a long-tailed clip for 10 minutes before
testing to make good contact between the slides and the sample. All tests were
performed at a crosshead speed of 2 mm/min at room temperature. Repeated lap shear
tests were also performed to show the reproducibility of hydrogel adhesion. The
adhesion strength was calculated by dividing the maximum load by the initial bonding

arca.
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2.3.7 Self-Healing Tests

The self-healing ability of the mechanical properties of the hydrogels was tested at room
temperature with a universal mechanical tester (Instron 3385, Instron Co., Ltd., Canton,
USA) equipped with a 50 N load cell at room temperature. Rectangular specimens (40
mm in length, 4 mm in width, and 2 mm in depth) were cut into halves with scissor,
then the two halves were brought into contact immediate and were stored in a sealed
vessel to heal for testing. The microscopic self-healing behavior of damaged sample
was observed by a digital microscope (VHX-6000, KEYENCE, America). The self-
healing behavior in electrical properties was detected by a digital source meter (LCR-

6100, GWInstek).
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Chapter 3 Simple preparation of
carboxymethyl cellulose-based ionic
conductive hydrogels for highly sensitive,

stable, and durable sensors

3.1 Introduction

The similarity of water content between hydrogels and natural soft tissues has inspired
the application of conductive hydrogels in electrical fields such as soft wearable sensors
[1, 2], artificial muscle [3, 4] and electronic skin [5, 6]. Since the conversion of human
activities into electrical signals relies on the conductivity of conductive hydrogels, the
conductivity of a hydrogel is a significant property. [7, 8] The traditional approach of
introducing conductivity is to disperse conductive fillers, such as metals [9], carbon-
based materials (e.g., carbon nanotubes [10] and graphene [11]), into the hydrogel or to
use conductive polymers (e.g., polypyrrole [12] or PEDOT [13]). However, both the
aggregation or random distribution of fillers and the stiffness of the conductive
polymers will cause a decrease in stretchability, recovery and conductivity, which will
limit the application of these conductive hydrogels in flexible and stretchable
electronics. It is well known that the conductivity of organisms is achieved by the
movement of electrolytes in body fluids. Therefore, ionic conductive hydrogels
incorporated with electrolyte salts as conductive donors have been increasingly studied
to replace conventional fillers. [7, 14-16] In ionic conductive hydrogels, the hydrogel
network serves as a soft carrier, while electrolytes provide movable ions that act as
conductive donors. Thus, ionic conductive hydrogels usually exhibit good flexibility,
stretchability, recovery and conductivity, which lead to their human skin-like features.

[14, 17-19]
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Despite the merits and advancements of ionic conductive hydrogels, it is still a
challenge to prepare a hydrogel with desirable mechanical properties (tensile strength,
stretchability, toughness and resilience) and ionic conductivity. For example, poly(vinyl
alcohol) (PVA)-based composite hydrogels exhibit a high conductivity of 2.41 S/m, but
weak tensile strength and stretchability (361 kPa, 363%) [20]; a covalent cross-linked
PVA and poly(vinylpyrrolidone) (PVP) hydrogel possesses outstanding tensile strength
(2.1 MPa), high toughness (9.0 MJ/m?) and high stretchability (830%) but low
sensitivity (0.348) [21] ; and supramolecular nanofibrillar hydrogels display high
mechanical strength (0.750 MPa), reliable stretchability (3120%), and robust toughness
(4.77 MIJ/m?®) but unsatisfactory conductivity (102 S/m). [18] The lack of
comprehensive properties consequently results in undesirable shortcomings when used
as sensors, such as insensitivity, instability, and poor durability.

Moreover, it is also a challenge to explore a simple, cost-efficient and easy-to-process
method for preparing ionic conductive hydrogels. To date, there are two main steps for
the preparation of ionic conductive hydrogels: (1) the preparation of traditional strong
hydrogels to construct soft carriers, and (2) the loading of electrolytes in a hydrogel
network by soaking in a highly concentrated salt solution to improve conductivity [19,
22, 23]. The complex preparation procedure incurs undesirable costs of equipment,
energy and time, which can become a large of waste resources.

To date, there are many strategies that can meet the demands of the mechanical
properties of hydrogels, such as double networks [24], nanocomposites [25],
topological structures [26], and macromolecular cross-linking [27], and so on [28].
Formerly reported research has proven that the introduction of a double network is an
effective way to build a performance-controlled hydrogel [29]. Carboxymethyl
cellulose (CMC), as a kind of cellulose derivative, is widely used in many fields, such
as the food, medicine, textile and paper industries, due to its low cost, non-toxicity and
biocompatibility. Previous studies have successfully formed functional hydrogels with
CMC as a crosslinker. [30, 31] Our previous work also reported that, as an initiator and

crosslinker, CMC could significantly improve the mechanical properties of polyacrylic
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acid (PAA) hydrogels [32]. In addition, phytic acid (PA), as a natural substance in the
seeds, roots and stems of plants, has been used as a crosslinker due to its unique
structure [33, 34]. The conductivity of PA has also been reported to enhance the ionic
conductivity [35]. Therefore, it is expected that PA can promote not only the mechanical
performance but also the conductivity of ionic conducting hydrogels.

Herein, a simple one-step thermal polymerization is applied to prepare a novel double-
network polyacrylic acid (PAA) hydrogel with carboxymethyl cellulose (CMC) as the
first cross linker, and phytic acid (PA) as the ion donor and second cross linker. A
balance among the mechanical properties, resilience, recovery, conductivity and
sensitivity are realized due to the unique design of the microstructure. Interestingly, the
resilience of the hydrogel (93%) is similar to that of natural resilin (92%), which has
rarely been mentioned in reported ionic conductive hydrogels. As a result, these ionic
conductive hydrogels can be used as tension and compression sensors to precisely
detect both very small and large human activities, such as speaking, pulse, finger, and
knee activities, with outstanding durability, stability and sensing performance.
Furthermore, the need for a complicated process has been avoided since there is only
one step for the preparation of these ionic conductive hydrogels. The characteristics of
these ionic conductive hydrogels give them high potential for use in healthcare

monitoring sensors, wearable devices, and artificial intelligence applications.
3.2 Experimental Section

3.2.1 Materials

Carboxymethyl cellulose sodium salt (CMC, EP), acrylic acid (AA, EP), ammonium
peroxydisulfate (APS, GR), and phytic acid solution (50 wt.% in water) were used. All
the above mentioned materials were employed without any further purification.
Deionized water was employed to prepare aqueous solutions throughout the whole

work.
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3.2.2 Fabrication of Hydrogels

The hydrogels were prepared by heating with water as the solvent. In the reaction
system, the concentration of AA was fixed at 25% of the total solution weight, while
the mass ratio of PA to PAA acted as the control parameter. As shown in Table 1, 40 mg
APS, 4.00 g of AA and a certain amount of PA (the mass ratio of PA to PAA was 0, 0.34,
1.01, 1.69 and 2.36, respectively) were mixed with deionized water by magnetic stirring.
After that, 0.32 g of CMC was gradually added to the mixture with strong magnetic
stirring. The precursor mixture was dissolved for 1 h with stirring followed by an
ultrasonic treatment for 10 min to remove bubbles. The viscous precursor hydrogels
were then transferred into a tailored mold and placed in an oven at 60 °C for 6 h to
generate hydrogels. For simplicity, the prepared hydrogels were denoted as PCP-n, in
which n=0, 1, 2, 3, and 4, which represented that the mass ratios of PA to PAA were 0,

0.34, 1.01, 1.69 and 2.36, respectively.

Table 1.1 The composition and the mechanical properties of the hydrogels.

Hydrogel AA (mL) H,O (mL) CMC (g) APS (mg) PA (mL) PA / PAA(g/g)

PCP-0 4 11.10 0.32 40 0 0

PCP-1 4 9.67 0.32 40 1 0.34
PCP-2 4 6.81 0.32 40 3 1.01
PCP-3 4 3.94 0.32 40 5 1.69
PCP-4 4 3.94 0.32 40 7 2.36

3.3 Characterizations

3.3.1 Mechanical Tests

The mechanical tests were conducted with a universal mechanical tester (Instron 3385,
Instron Co., Ltd., Canton, USA) equipped with a 50 N load cell at room temperature.

The hydrogel was coated with silicone oil to minimize water evaporation during the
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mechanical tests. The hydrogels were cut into rectangular specimens (20 mm x 4 mm
x 2 mm) to determine the tensile strength at a speed of 100 mm/min. The fracture energy
(toughness) was calculated by the area below the stress—strain curve. The tensile cycle
tests were carried out at a speed of 100 mm/min by the same universal mechanical tester.
The dissipated energy (Ed) was obtained from the area between the loading—unloading
curves, while the resilience was defined as the quotient of the area under the unloading
stress-strain and the loading stress-strain. The recovery behavior of the hydrogel was
characterized by the intermittent tension cycles carried out on one hydrogel at a fixed
strain of 300% for different intervals. The compressive tests were carried out at a cross-
head speed of 1 mm/min~" and a strain of 70% on a disk shaped sample with a diameter

of 9 mm and a height of 2 mm.
3.3.2 Microstructure Characterizations of Hydrogels

The FTIR spectra of pure PAA, CMC, the PAA/CMC hydrogel and the PAA/CMC/PA
hydrogel were characterized by a Thermo Scientific Nicolet iN 10 infrared spectrometer.
The microstructures of the hydrogels were observed by scanning electron microscopy
(SEM, S-4300 Hitachi, Ltd. Japan). The hydrogels were freeze dried for 24 h after
quick-freezing by liquid nitrogen and then the cross-section was sputtered with

platinum for SEM imaging at 5 kV.
3.3.3 Electrical Test

The electrochemical impedance spectroscopy (EIS) results of the prepared hydrogels
were obtained by an electrochemical workstation (CS2350H, CORRTEST, China) in
the range of 10° to 10 Hz at room temperature. The hydrogel was cut into a disk shape
and placed between two stainless steel plates for the EIS tests. The conductivity of the
hydrogels was calculated based on ¢ = L/RS, in which L, R and S represented the
thickness, the impedance and contact area of the hydrogel, respectively.

The signals of the sensors expressed by the resistance variations were noted via a digital
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source meter (LCR-6100, GWInstek) at a voltage of 10 mV. AR/Ro (the relative
resistance change value) was computed from the equation (R- Ro)/Ro, in which AR, Ro
and R represented the change in resistance, original resistance and dynamic resistance
under different strains, respectively. The sensitivity of the tensile sensors was defined
as the gauge factor (GF), which was the value of (ARo/R)/e (€ represented the strains
when the resistance equalled R). The sensitivity of the compression sensors (S) was
defined as the slope of the curve of the relative resistance change (absolute value)

VErsus pressure.

3.4 Results and Discussion

3.4.1 Synthesis of hydrogel

A simple and feasible one-step method was developed to prepare the designed
hydrogels. Fig. 3.la illustrates the fabrication procedure of the ionic conductive
hydrogels. In brief, a predetermined amount of AA (monomer), CMC (crosslinker), PA
(cross-linker and ion donor) and APS (initiator) was dissolved in deionized water to
form a viscous solution. The solution was heated to initiate the polymerization of PAA
and to form ionic conductive hydrogels.

During the preparation process, APS decomposed to generate anionic radicals upon
heating, and then abstracted hydrogen from the hydroxyl group of CMC to form macro-
radicals which initiated the polymerization of the acrylic acid monomer [36-38]. Our
previous work reported in detail that CMC acts as the first crosslinker, and has a positive
influence on the properties of PAA hydrogels [32]. To further improve the properties of
the hydrogel, PA was introduced to the system to assume two roles in this work. First,
it is well known that as a six-fold dihydrogen phosphate ester of inositol, PA contains
numerous hydroxyl groups that can ionize a considerable number of hydrogen ions.
Therefore, the first role of PA is to act as an ion donor to improve the conductivity of
the hydrogel. Second, the presence of abundant hydrogen ions can also inhibit the

ionization of the carboxyl groups of PAA, which will correspondingly create an
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abundance of active physical crosslinking points, finally resulting in the crosslinking
of polymer chains.[39] Furthermore, PA is also a crosslinker that can form physical

crosslinking networks with both CMC and PAA via hydrogen bonds.

VR~
: i l"L /
b 5 S -

ST < BT SR

Precursor mixture Hydrogel

® AMA = pA AN CcMC

original

7

B .~ <
recover

Fig. 3.1 Fabrication of the ionic conductive hydrogel and illustration of strength,
stretchability, stretch recovery, compressive recovery and conductivity with digital
photos. a) Illustration scheme of the formation and mechanism of the hydrogel. b) The
hydrogel (width of 4 mm, thickness of 2 mm) is strong enough to lift a steel block with
a weight of 1.25 kg. ¢) The hydrogel can be stretched and twisted and still recover to
its original state without visible change. d) The hydrogel can bear large compression
deformation with outstanding recovery. €) The conductivity of the hydrogel is good

enough to light an LED bulb.

The interactions in the hydrogel were confirmed by FTIR spectroscopy (Fig. 3.2). As
shown in FTIR spectra, absorption band of pure CMC at 3421 cm™, 1262 cm™! and 899
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cm’! represented the stretching vibration of -OH, the in-plane bending vibration of —
OH and the symmetric stretching vibration of C-O-C, respectively. After
polymerization, the corresponding peaks were shifted to lower wave numbers at 3335
cm!, 1203 cm! and 895 cm™! respectively in the hydrogel of PAA/CMC (Fig. 3.2¢)
when compared with pure CMC. Moreover, there was a new absorption at 1732 cm™,
which ascribed to carboxyl groups of PAA in the spectrum of the hydrogel of PAA/CMC
(Fig. 3.2¢). Both of the carbonyl stretching from the carboxyl groups of PAA, and CMC
were shifted after turning into PAA/CMC hydrogel. These results demonstrated that
chemical network was formed under the crosslinking effect of CMC [36, 37]. The FTIR
spectra has also been used to characterize the crosslinking effect of PA. It could be
found that a new peak appeared at 2852 cm™!' in hydrogel PAA/CMC/PA (Fig. 3.2d)
after adding PA. Meanwhile, the carbonyl stretching in the hydrogel PAA/CMC/PA
shifted to higher wave numbers at 1745 cm™ compared with the hydrogel of PAA/CMC,
which confirmed that the physical crosslinking networks have been formed with the
assistant of PA. In general, there were two kinds of crosslinking networks in the
hydrogel. One was the chemical network formed between PAA and CMC by radical
polymerization, which could improve the strength of the hydrogel via stress transfer at
a large deformation. The other was multiple dynamic physical networks among CMC,
PAA and PA, which could rapidly associate, dissociate and finally result in the
improvement of the hydrogel recovery, resilience, and fatigue resistance.

As a result, the hydrogel possessed favorable mechanical properties to endure lifting,
twisting, stretching and compression along with self-recovery performance (Fig. 3.1b-
d). As shown in Fig. 3.1b, the hydrogel was mechanically sturdy enough to lift a steel
block with a weight of 1.25 kg without any rupture. Besides, the self-recovery property
of the hydrogel is excellent. A twisted dumbbell-shaped hydrogel could be stretched to
3 times its original length, and then returned to its original state immediately after
removing the force (Fig. 3.1¢). The hydrogel also possessed favourable compressive
recovery as displayed in Fig. 3.1d. The cylinder-shaped hydrogel was compressed to

70% of its original height without fracture, and then as soon as the pressure was

50



removed, it immediately recovered to its original shape. Moreover, the conductivity of
the hydrogel enabled it to light up an LED bulb (Fig. 3.1e). This method is expected to
be used in large-scale manufacturing since there is simply blending and heating during

the preparation process, which is the most widely utilized processes in industry.
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Fig. 3.2 FTIR spectra of a) PAA, b) CMC, c) the hydrogel of PAA/CMC and d) the
hydrogel of PAA/CMC/PA.

3.4.2 Structural and mechanical properties

A series of hydrogels with various ratios of PA were prepared and compared with a
hydrogel without PA (Table 1.1). The hydrogels gradually became opaque with an
increasing content of PA (Fig. 3.3a), which may be explained by a change in the
microstructure. As the SEM images of the hydrogel cross-sections show (Fig. 3.3b-f),
the hydrogels possessed a three-dimensional (3D) porous structure with pore sizes in
the range of 5-50 um. The pore size of the hydrogel without PA was the largest, while
with the introduction of PA, the crosslinking points of the hydrogels increased, and the
pore sizes decreased accordingly. The more PA that was added, the denser the hydrogel
structure became, which finally resulted in an opaque hydrogel appearance. Since the

mechanical performance of 3D crosslinked network hydrogels is extremely dependent

51



on the crosslinking density [40], the increase in hydrogel cross-linking density resulting

from the introduction of PA may enhance mechanical properties.
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Fig. 3.3 Structural and mechanical performances of the hydrogel. a) Digital photos
displaying the appearance of PCP-0, PCP-1, PCP-2, PCP-3 and PCP-4 (from left to
right). b-f) Microstructure of the hydrogels (PCP-0, PCP-1, PCP-2, PCP-3 and PCP-4,

successively) as characterized by SEM. g) Tensile stress-strain curves of the hydrogels.

h) Compressive stress-strain of the hydrogels.

The mechanical properties of the hydrogels (PCP-0 to PCP-4) were further studied to
verify the effect of PA. As the stress-strain curves of the hydrogel displayed in Fig. 3.3g,
all hydrogels prepared were elastic. PA could increase the tensile strength of the
hydrogel as expected while compromising the stretchability. The hydrogel without PA
exhibited a tensile strength of 0.022 MPa and 2600% elongation at break. When the
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mass ratio of PA to PAA was up to 1.69, the tensile strength reached 0.836 MPa (PCP-
3), which was approximately 38 times that of the hydrogel without PA (PCP-0, 0.022
MPa). However, when the ratio was further increased to 2.36, the tensile strength
decreased to 0.471 MPa, which may be caused by the uneven stress distribution
resulting from aggregates in the hydrogel [41]. Moreover, the elongation at break
showed a gradual downward trend with the introduction of PA, which was a common
phenomenon for double crosslinking hydrogels [42]. However, the elongation at break
of PCP-3 still exhibited a value of 779%, indicating the satisfactory elastic performance
of the hydrogel. Interestingly, both the stretchability and tensile strength of PCP-1
(3000%, 0.065 MPa) were improved compared to the hydrogel without PA (PCP-0,
2600%, 0.022 MPa), which indicated that the addition of PA significantly improved not
only the strength but also the toughness of the hydrogel. In addition, the toughness
values of the hydrogels were calculated to further indicate their ability to withstand both
high stresses and high strains (Fig. 3.4a). The toughness greatly increased with an
increasing PA content from 0.61 MJ/m* (PCP-0, PA/PAA=0) to 3.11 MJ/m?® (PCP-3,
PA/PAA=1.69), and the improvement was achieved 5 times. However, the toughness
decreased to 0.89 MJ/m? (PCP-4) as the PA content further increased (PA/PAA=2.36)
due to the decrease in both the tensile strength and stretchability. In addition to tensile
strength, the addition of PA also influenced the compression performance (Fig. 3.3h and
Fig. 3.4b). The compression strength of the hydrogel without PA (PCP-0) was 0.03 MPa.
With the addition of PA, the compressive strength showed an increasing trend, which
went along with the structural changes. Notably, the compression strength of PCP-4
increased to 1.34 MPa, which was approximately 45 times that of the hydrogel without
PA (PCP-0, 0.03 MPa). However, after compression to over 60% strain, PCP-4 showed
an irregular trend, which may be caused by damage to the internal structure under large
stresses [43]. PCP-3, possessing the highest toughness (3.11 MJ/m?) and satisfactory
tensile strength (0.836 MPa), stretchability (779%) and compression strength (0.43
MPa) was used for the subsequent research unless otherwise mentioned for

comprehensive consideration.
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Fig. 3.4 a) Toughness of the hydrogels, b) Compression strength of the hydrogels.
3.4.3 Resilience, recovery, fatigue resistance

Stable mechanical properties such as recovery, resilience and fatigue resistance are also
of great importance in the application of soft wearable sensors, artificial muscle and
electronic skin due to the requirement of reliable performance [44]. The fatigue
resistance properties of the produced hydrogel were studied via 20 successive loading-
unloading tensile tests at a strain of 125% (Fig. 3.5a). There was a hysteresis loop in
the 1st cycle, which was defined as “structure stabilization” resulting from
microstructure changes, such as the untying of the physical crosslinked network, the
drifting of polymer chains and the fracture of the network [45]. After that, the rest of
the cycles showed similar loading—unloading curves with slight hysteresis. The energy
dissipation (Ed) was calculated to further discuss this phenomenon. As shown in Fig.
3.5b, Ed decreased from 15.95 kJ/m*(Ist cycle) to 6.98 kJ/m* (3rd cycle) and then
hardly changed in the remaining cycles. Accordingly, the resilience and residual strain
achieved almost stable values at 93% and 6.7% after the first two cycles. The hydrogel
resilience was similar to the resilience of natural resilin (92%) [46]. It is expected that
the produced hydrogel could be used to mimic natural resilin, which plays an important
role in dictating the movement and sound production of animals [47]. Since resilience

is the ability of a material to absorb and release energy upon loading-unloading, the
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remarkable resilience of the hydrogel suggests that it exhibits excellent and rapid
recovery characteristics and fatigue resistance through energy dissipation after the
structure is stabilized. Figures 3¢ and S1 also indicate the outstanding recovery of the
hydrogel since it could recover to its original condition in 20 min after 7 cycles at a
strain of 300%. All the above results demonstrated the outstanding recovery and fatigue

resistance of our hydrogel when stretched.
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Fig. 3.5 a) Successive loading—unloading tensile tests for 20 cycles at a strain of 125%.
b) Energy dissipation and resilience calculated from the loading-unloading curves at a
strain of 125% during 20 successive loading-unloading cycles. ¢) The recovery of the
hydrogel was displayed by the stress recovery after 7 cycles at a strain of 300%
(recovered to its original condition after storing the hydrogel for 20 min at room
temperature). d) Successive compressive tests of the hydrogel at 70% strain for 20

cycles.
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Fig. 3.6 a) Recovery state of the hydrogel was displayed by stress recovery after storing
for different time intervals at strain 300%. 1st, 2nd, 3rd, 4th, 5th, 6th, 7th represent the
loading-unloading tensile cycles on the same hydrogel for the first time, the second
time, the third time, the fourth time, the fifth time, the sixth time and the seventh time,
respectively. b) The energy loss coefficient (IE) during successive compressive tests of

the hydrogel at 70% strain for 20 cycles.

The recovery and fatigue resistance were further tested by applying a successive
compression force for 20 cycles at 70% compressive strain on the hydrogel.
Interestingly, there was no obvious change in the maximum compressive stress, and the
energy loss coefficient (Ig) also showed little change during the compression cycles
(Fig. 3.5d, Fig. 3.6). The hydrogel could quickly recover to its original state after
removing the stress, which was due to the effective energy dissipation from the rapid
tying and untying of the physical crosslinked network. The results indicated that the
hydrogel was resilient with excellent shape recovery performance and fatigue resistance

under compression.

3.4.4 Tonic conductivity

The conductivity of the hydrogel can also be improved due to the doping effect of PA
[20, 35]. Electrochemical impedance spectroscopy (EIS) was introduced to characterize

the conductivity of the hydrogels with varying PA contents (Fig. 3.7a). The linear trend
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in all the EIS curves indicated the non-Faradaic process of the hydrogels, in which
charge was gradually stored instead of moved across the electrode [19]. The intersection
point between the curve and X-axis could be regarded as the impedance of the hydrogel.
The conductivity of the hydrogel with various PA ratios was calculated and presented
in Fig. 3.7b. With an increasing PA ratio, the conductivity shifted to a higher value,
which indicated the effect of PA on the improvement in ionic conductivity. The highest
conductivity (6.0 S/m) was achieved when the value of PA/PAA was 1.69 (PCP-3),
which was 13 times that of the hydrogel without the addition of PA (PCP-0, 0.53 S/m).
However, the conductivity of PCP-4 showed a slight decrease, which may result from

the diminished pores.
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Fig. 3.7 Tonic conductivity of the hydrogels. a) EIS Nyquist plot of the hydrogels. b)
Ionic conductivity of the hydrogels. ¢) Ashby plot of ionic conductivity versus
toughness for comparison with formerly reported ionic conductive hydrogels. [18, 20,

48-51]

As a result, the hydrogel achieved a combination of favourable mechanical properties
(tensile strength of 0.836 MPa, elongation at break of 779%, toughness of 3.11 MJ/m3,
and resilience of 93%) and a conductivity of 6.0 S/m. The Ashby plot of toughness and
conductivity is shown in Fig. 3.7c to compare the performance between PCP-3 and
formerly reported hydrogels. This comparison demonstrated that the hydrogel designed
in this work not only realized the integration of mechanical properties and conductivity

but was also outstanding compared to former works.
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3.4.5 Sensing performance
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Fig. 3.8 Sensing performance of the hydrogel-based sensor. a) Relative resistance
variations of the hydrogel-based sensors under different tensile strains. b) The gauge
factor (reflecting the strain sensitivity of sensors) increases with an increasing tensile
strain. c¢) Repeatable and reversible AR/Ro under small tensile strain (0.3%-5%) in
successive tests. d) Relative resistance variations of the hydrogel-based sensors under
a cyclic uniaxial force at a tensile strain of 50% for 40 cycles. e) Relative resistance
variations of the sensor with pressure. f) Absolute value of AR/R¢ and the compression

sensitivity (S) of the sensor.

The unique combination of mechanical performance and ionic conductivity in this
hydrogel suggests that it could potentially be used in soft sensors. To investigate the
potential sensing performance of the hydrogel, it was assembled into a resistive sensor.
The tensile strain sensing ability was first evaluated by monitoring the variation in the
resistance signal upon uniaxial stretching at a constant voltage of 10 mV. As displayed
in Fig. 3.8a, the relative resistance change (AR/Ry) increased with an increasing tensile
strain from 0% to 600%, which illustrated the broad tensile strain sensing range of the

sensor. The gauge factor (GF) is defined as the relative resistance change against tensile
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strain ((AR/RO)/e), which is an important parameter reflecting the tensile strain
sensitivity of sensors. The GF of the sensor showed two trends with an increasing
tensile strain (Fig. 3.8b). When the tensile strain was below 20%, the GF increased
sharply to 0.95; then, when the tensile strain was further increased to 600%, the GF
increased linearly to 2.86. The high GF enabled it to be sensitive enough to detect both
small and large deformations. The repeatable and reversible AR/Ro under small tensile
strain (0.3%-5%) and large tensile strain (50%-300%) in successive tests (Fig. 3.8c and
Fig. 3.9) also demonstrated the large-scale tensile strain sensing ability and stability of
the sensor. The sensor was stretched at a tensile strain of 50% for 40 cycles to further

reveal its good sensing stability under tensile stress (Fig. 3.8d).
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Fig. 3.9 The repeatable and reversible AR/Ro under large tensile strain (50%-300%) in

successive tests.

In addition to tensile strain sensing performance, the hydrogel also exhibited excellent
compression sensing performance. The compression sensing ability of the sensor was
evaluated by monitoring the resistance signal variation after compression at a constant
voltage of 10 mV. The resistance of the sensor decreased rapidly when the pressure
progressively increased from 0.16 kPa to 213.3 kPa, as shown in Fig. 3.8e. According
to the formula R=pL/S, the resistance is related to the resistivity (p), length (L) and
cross-sectional area (S). As p of the prepared hydrogel is constant, the change in L/S

would cause the variation in R. When pressure was applied to the sensor, the
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deformation of the sensor decreased the value of L/S, which further reduced the
resistance. The compression sensitivity S is defined as the slope of the curve of the
relative resistance change (absolute value) versus pressure. As displayed in Fig. 3.8f,
the sensitivity was divided into more than one region, which was similar to most
previous research [18, 20]. The sensitivity was 0.004 kPa! when the applied pressure
was within the range of 6.14-213.3 kPa, while the sensitivity was 3.99 kPa! when the
applied pressure was less than 6.14 kPa. Both the tensile strain and compression sensing
performance were prominent compared to previous works. The sensitivity was 0.004
kPa™ when the applied pressure was within the ranges of 6.14-213.3 kPa, while the
sensitivity was 3.99 kPa™* when the applied pressure was less than 6.14 kPa. Both the
tensile strain and compression sensing performance were prominent to previous

works.[19, 52, 53]
3.4.6 Wearable sensor

Due to the outstanding sensing performance over a large scale of strains resulting from
the integration of a favorable ionic conductivity and fine mechanical properties and
recovery, the hydrogel shows high potential for use in wearable devices. The hydrogel
was fabricated into wearable sensors and assembled into various human body parts to
monitor the change in resistance during human activities (Fig. 3.10).

Fig. 3.10a illustrates the folding and unfolding process of the index finger detected by
the sensor during consecutive cycles. AR/Ry increased rapidly along with the bending
of the finger, while it returned to the original value when the finger was straightened.
The whole process could be distinguished clearly, and the signals of each cycle were

almost without any hysteresis, which was due to the reliability and sensitivity of the

sensor. Moreover, as shown in Fig. 3.10b, when the index finger bent from 0° to 90°

and returned to 0° step by step, AR/Ro changed to a correspondingly precise value and

remained constant at a certain angle until the next action occurred. As a result, the whole

process accurately presented terraced variation. These accurate records were also
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attributed to the high sensitivity of the wearable sensor. The movements of the knee
were also detected to illustrate the application of the wearable sensor for detecting large
actions (Fig. 3.10c).

In addition, the sensor was also sensitive enough to detect subtle and complicated
activities, such as the vibration of the throat during speaking. When a volunteer
expressed greetings in three languages (English “hello”, Chinese “nihao” and Japanese
“konnichiwa”, respectively), the phonation could be clearly recognized due to their
differences in syllables (Fig. 3.10d). The characteristic peaks and valleys were similar
when the words were repeated six times, which indicated the reliability of the sensor.
The ability of the sensor for voice detection promotes its potential application in the
field of phonation recognition and voice control switches, which is beneficial for people
who have difficulties speaking or for human/machine interfaces [54]. When attached to
the wrist, the highly sensitive sensor was able to monitor the blood flow of a volunteer
(Fig. 3.10e). According to the pulse signal shown in Fig. 3.10e, the pulse frequency was
calculated to be 65 beats/min with an ordinary and repeatable pulse shape, which was
within the pulse range of a normal human body.

Moreover, the sensor was utilized as a pressure sensor to detect a gentle finger touch
(Fig. 3.10f). A sharp increase in AR/Ro was recorded when the finger touched the
surface of the sensor, while AR/Ry rapidly recovered to 0 when the finger pressure
disappeared. It only took 0.3 s for one contact period, which demonstrated the
sensitivity and recovery of the sensor once again. The ability of the sensor for finger
touch detection makes it possible for it to be assembled into tactile panels to fabricate
smart wearable keyboards.

As discussed above, the sensor could be used to monitor both large human activities,
such as joint motions, and very small activities, such as phonation recognition and heart
pulse detection. Furthermore, the sensing signals were not only stable and durable but
also sensitive. Therefore, the sensor shows high potential for use in personal healthcare,

wearable devices, and artificial intelligence applications.
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Fig. 3.10 Hydrogel-based wearable sensors for the real-time detection of human
activities. a) Signals express the folding and unfolding process of an index finger during
consecutive cycles. b) Response to a finger bending step by step. ¢) Response to the
movements of the knee at different angles for consecutive cycles. d) Recognition of
phonation via the sensor. e) Precisely monitored heart pulse signal. f) Recording of a

gentle finger touch by the pressure sensor.

3.5 Conclusions

In summary, a novel ionic conductive poly(acrylic acid)/carboxymethyl
cellulose/phytic acid hydrogel with outstanding comprehensive performance was
fabricated via a simple and economical method. The high mechanical performance,
good resilience and recovery and favorable fatigue resistance of the hydrogel were
attributed to its unique microstructure resulting from the synergistic effects of the
double crosslinked network. The outstanding conductivity (6.0 S/m) combined with the
unique microstructure endowed a hydrogel-based sensor with excellent sensitivity
when used as both a tension and compression sensor. Based on the outstanding
comprehensive performances, the prepared hydrogel could be used as a wearable sensor

to precisely record human activities (such as knee and finger motion and heart pulse
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detection) over a broad strain window with excellent sensitivity, stability, and durability.
In general, this research provides a new way to facilely and effectively prepare ionic
conductive hydrogels with outstanding comprehensive performance. In addition,
hydrogel-based sensors with high sensitivity, stability and durability exhibit high
potential to be widely applied in sensing and flexible devices, such as health-recording

sensors, wearable devices, and artificial intelligence.
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Chapter 4 Low-temperature adaptive
conductive hydrogel based on ice
structuring proteins/CaCl; anti-freeze
system as wearable strain and

temperature sensor

4.1 Introduction

Conductive hydrogels have recently become a research hopot due to their wide
applications in sensing and flexible devices [1-4]. However, when an ionic conductive
hydrogel is used below sub-zero temperatures, it will lose its original performances [5-
8]. It is well known that the most abundant component in an ionic conductive hydrogel
is water. When temperature drops below 0 °C, the hydrogel will be frozen without
external intervention, inevitably causing it to lose flexibility, conductivity, resilience
and so on [9, 10]. Therefore, to extend the application of ionic conductive hydrogels
below sub-zero temperatures, it’s necessary to prevent the freezing behavior of the
water in the hydrogel below 0 °C.

To depress the freeze point of the water in a hydrogel is an effective way to prepare
antifreeze hydrogels or organohydrogels [10-13]. There are two main ways to depress
the freeze point. One is to introduce binary water/organic solvent systems into
hydrogels by immersing a hydrogel in an organic solvent or by directly polymerizing
in a binary solvent system [14, 15]. For example, the participation of H>O/ ethylene
glycol as a binary solvent made PVA organohydrogels exhibited stable flexibility and
strain sensitivity even at -55.0°C [16]. However, the introduction of organic solvents
will hinder the migration of ions, thus resulting poor conductivity of ionic conductive

hydrogel [17]. In addition, some organic solvents may case safety risks that will narrow
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the applications of ionic conductive hydrogels [18]. The other way to depress the freeze
point of an ionic conductive hydrogel is to add inorganic salts in the hydrogel [9, 11,
19]. Yang et al. reported that melting temperatures of the hydrogels decreased with the
increasing of salt concentration [9]. When the salt concentration was high enough,
melting peak was not even found in the calorimetric map of the hydrogel in the
temperature range of -80-50°C. Nevertheless, high concentration of inorganic salts may
lead to salting-out effects, which in turn destroys the stability of ionic conductive
hydrogel network [20].

Certain organisms can survive below the freezing point of water because they have ice
structuring proteins (ISPs) in their body fluids [21-23]. Researches have found that ISPs
can bind to the surface of small ice crystals to inhibit the growth and recrystallization
of'ice [24-26]. Inspired by this mechanism, antifreeze protein has been used to construct
anti-icing hydrogel sensors with low temperature adhesion and toughness [20]. It is
expected that antifreeze proteins can also play a role in the hydrogel network.

Despite the recent rapid developments of antifreeze hydrogels, most of them have
focused on a single aspect of antifreeze. It is well known that water freezing includes
two processes, ice nucleation and growth. The development of an anti-freeze system
that can inhibit both ice nucleation and growth is expected to effectively improve the
anti-freeze properties of hydrogels. Motivated by water freezing processes and existing
researches, in this work, a novel antifreeze system was designed to inhibit both ice
nucleation and growth in ionic conductive hydrogel. The hydrogels are prepared by
one-pot in situ polymerization of acrylic acid (AA) in the presence of CaCl, and ISPs.
Ca?*, as an indispensable ion for all physiological activities of the organism, is used to
lower the freezing point of water, thus preventing ice nuclei from forming. The Ca?
also plays an important role in the mechanical properties of the hydrogel via ionic bonds
[27]. ISPs, refere to a class of polypeptides produced by certain organisms, are
introduced to inhibit ice growth and recrystallization. With the dual effect of inhibiting
both ice nuclei formation and ice growth, the stretchability and conductivity can be

maintained at sub-zero temperatures. The hydrogels achieve good conductivity of 0.50
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S/m even at —20 °C. The ioic conductive hydrogel can also be stretched to a strain of
890% at -20°C. When used in wearable sensors, the hydrogels can be used as strain and
temperature sensor, demonstrating good stability and durability at both room

temperature and -20C.
4.2 Experimental Section

4.2.1 Materials

Acrylic acid (AA, EP), ammonium peroxydisulfate (APS, GR), calcium chloride
(CaCly, EP). Ice structuring proteins (ISPs) were supplied by Shanghai Ruifeng
Industrial Co., Ltd, China, and were extracted from plants. All reagents were used as
received without further purification. All aqueous solutions were prepared with

deionized water.
4.2.2 Preparation of Hydrogels

Table 2.1 The raw materials amount of hydrogels.

Hydrogel ISPs (0.8% aq)/g AA/g H20/g CaCl2(40% aq)/g APS/g
PAA/ISPi-Ca1 6 6 6 2 0.1
PAA/ISP1-Caz 6 6 4 4 0.1
PAA/ISP1-Casz 6 6 2 6 0.1
PAA/ISP1-Cas 6 6 0 8 0.1
PAA/ISP1 6 6 8 0 0.1
PAA 0 6 14 0 0.1
PAA-Cas 0 6 8 6 0.1
PAA/ISP2-Cas 8 6 0 6 0.1

The hydrogels were prepared by one-step method. 6 g AA, a certain amount of CaCl,

(40% aqueous solution) and deionized water were mixed under stirring. After that a
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certain quantity of ISPs (0.8% aqueous solution) was slowly added to above solution
under strong stirring, followed by adding 0.1g APS. The weight ratio of AA was fixed
at 30% of the total solution weight. The precursor solution was dissolved under stirring
for 2 h, followed by a 10 min ultrasonic treatment to remove air bubbles. The hydrogel
precursors were then transferred to a custom mold and placed in an oven at 60°C for 6
h to produce a hydrogel. The hydrogels were abbreviated as PAA/ISPy-Ca,, the
corresponding recipes were shown in Table 2.1. For comparison, PAA hydrogel and

PAA-Cas hydrogel were also fabricated under the same condition without ISPs.

4.2.3 Characterizations

(1) DSC analysis

The melting behaviors of hydrogels were analyzed by the differential scanning
calorimetry (DSC, SII X-DSC 7000, Hitachi). The samples were first cooled from 20°C
to -65°C with a cooling rate of 5°C/min. After holding for 5 minutes, the samples were
heated from -65°C to 10°C at a rate of 5°C/min. The frozen water amount (Wr) was
calculated from the melting peaks. W =AH/AHy X 100%, where AH was the
enthalpy of hydrogel melting peak obtained by integration and /A Ho was the enthalpy
of pure water (334 J/g).

(2) Microstructure Characterizations

Scanning electron microscope (SEM, Hitachi, Ltd S-4300, Japan) was used to observe
the microstructure of the hydrogels. Samples were rapidly frozen in liquid nitrogen and

then freeze-dried for 24 hours for testing.

(3) Mechanical Tests

Mechanical performance at room temperature were tested by universal mechanical
tester (Instron 3385, Instron Co., Ltd., Canton, USA), while mechanical performance

at sub-zero temperatures were performed by universal mechanical tester with an Instron
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Temperature Controlled Chamber (Instron 3382, Instron Co., Ltd., Canton, USA). The
low temperature environment was achieved by liquid nitrogen cooling. Rectangular
samples (20 mm x 4 mm x 2 mm) were used to determine the mechanical
performance at a speed of 100 mm/min. The tensile strength was tested more than 3
times. To do the low temperature test, the samples were cooled at -20 <C for 30 minutes,
then clamped to the fixture and held at -20<C for another 5 minutes before testing.
Dissipated energy (Ed) was obtained from the area between the loading—unloading
curves. Resilience was defined as the area quotient under unloading stress-strain and

the loading stress-strain.

(4) Electrical Test

The resistance was measured by a digital source meter (LCR-6100, GWInstek). The
disc-shaped sample was sandwiched between two stainless steel discs for measurement.
The ionic conductivity of the hydrogels was calculated according to 6 = L/RS. L, R and
S represented the thickness of hydrogel, the resistance and the contact area, respectively.
The relative resistance change A R/Ro was calculated from (R- Ro)/Ro <100%, where
AR, Ro and R represented the amount of resistance change, the initial resistance and the

real-time resistance.

4.3 Results and Discussion

4.3.1 Design and fabrication of Hydrogel

A one-step radical polymerization method was employed for the synthesis of PAA/ISP-
Ca hydrogel. The production process was illustrated in Fig. 4.1a. Briefly, AA, CaCl;
aqueous solution, ISPs aqueous solution and APS were mixed to form a pre-solution
under stirring. The pre-solution was heated to initiate the polymerization of AA and
form target PAA/ISP-Ca hydrogel. A novel ice structuring proteins/CaCl, (ISPs/CaCly)
anti-freeze system was introduced into the hydrogel to improve the adaptability of

hydrogels at sub-zero temperatures. The CaCl, were used to reinforce the hydrogel and
74



inhibit ice formation, while ISPs were added to inhibit growth and recrystallization of
ice crystals. It is well known that when dissolve in water, CaCl, salts ionizes into Ca*"
and CI'. The ions have a strong influence on the colligative property of water in the
hydrogel, leading to the inhibition of ice crystal formation at sub-zero temperature
conditions [28]. On the other hand, ISPs, which ensures that organisms survive in
subzero environments, are shown to prevent ice crystallization and crystal growth by
binding to small ice crystals [24].Thus, the ISPs/CaCl; anti-freeze system was expected
to not only inhibit the formation of ice crystal but also prevent crystal growth. The anti-

freeze mechanism and properties would be discussed in detail later.

a Hydrogel precursors PAA/ISP-Ca hydrogel
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Fig. 4.1 a) Schematic diagram of the preparation process and mechanism of PAA/ISP-
Ca hydrogel. b) Microstructure of PAA/ISP-Ca hydrogel. ¢) PAA/ISP-Ca hydrogel can
be stretched at sub-zero temperature. d) PAA/ISP-Ca hydrogel can light an LED bulb

at sub-zero temperature.
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A circular porous structure was obtained by dynamic cross-linking networks (Fig. 4.1b).
The dynamic cross-linking networks of PAA/ISP-Ca hydrogels were built by two kinds
of physical networks. One was ionic crosslinking between Ca’>" and -COO", the other
was hydrogen bond between -COOH and -NHb». The physical cross-linked networks
were used to provide support for structure, flexibility and mechanical strength of the
hydrogels. The anti-freeze system was used to ensure that these properties could be
maintained at low temperatures. As a result, the hydrogel obtained good flexibility and

conductivity even at low temperatures. (Fig. 4.1c, 4.1d; Fig. 4.2)

i

Fig. 4.2 a) PAA/ISP-Ca hydrogel can be bent at sub-zero temperature. b) PAA/ISP-Ca

hydrogel can be stretched after knotting at sub-zero temperature.

4.3.2 Anti-freezing mechanism

Due to the large amount of water stored in the cross-linked network of hydrogels, they
are generally prone to freezing in sub-zero temperatures. The frozen hydrogels are stiff
and friable, resulting in poor flexibility and conductivity. Therefore, to improve the low-
temperature resistance of hydrogels is to prevent formation of ice nuclei and the growth
of ice crystal. It is generally believed that there are three different states of water in the
hydrogel: non-bound water, frozen bound water and non-frozen bound water [29, 30].
Non-bound water participates in neither hydrogen bonding nor hydration, and exhibits
a similar icing temperature to that of bulk water. Frozen bound water is the water that
interacts weakly with the ions or hydrogel network, while non-frozen bound water
strongly bounds to the hydrogel network. The state of water in hydrogels was studied

by DSC to show the effect of ISP/CaCl, antifreeze system on the low-temperature
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adaptation of the hydrogel.
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Fig. 4.3 a) DSC curves for heating PAA and PAA/ISP; hydrogel from -65°C to 10°C.
b) Wrof the PAA and PAA/ISP; hydrogels.

Certain species can produce ISPs to allow them to survive in sub-zero temperatures.
When freezing of the body fluids of these species occurs, ISPs can bind to small ice
crystals, thereby inhibiting the ice crystals from further binding to each other into large
ice crystals [31]. The effects of ISPs on the water behavior of the hydrogels at low
temperatures were investigated by DSC. As could be seen from Fig. 4.3a, due to the
addition of ISPs, the melting point of ice in the PAA/ISP; hydrogel was reduced by 2°C
compared to PAA hydrogel. Furthermore, the amounts of frozen water (non-bound
water and frozen bound water) can be calculated from the DSC melting peaks [32, 33].
The addition of ISPs also lowered the frozen water amount (Wy) from 52.6% (PAA/ISP;
hydrogel) to 37.5% (PAA hydrogel) (Fig. 4.3b), which meant ISPs caused less frozen
water in the hydrogel system. Moreover, a decrease in melting point and Wt could also
be found in PAA/ISP-Ca hydrogel. As shown in Fig. 4.4a, 4.4b, both the melting point
and Wt of the hydrogel containing ISPs (PAA/ISPi-Cas hydrogel) were decreased
compared to the corresponding hydrogel without ISPs (PAA-Cas hydrogel). In general,
the addition of ISPs to the hydrogel system could not only effectively reduce the W,
but also lower the melting point, suggesting that ISPs played a role in the anti-freeze

system. The possible reason for the effects was that ISPs could bind to ice surfaces as
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long as ice crystals were formed in the hydrogel, thereby inhibiting the ice crystal
growth and recrystallization of the hydrogel. However, a further increase in ISPs
(PAA/ISP»>-Ca3) did not reveal a significant change in melting point, but a further
decrease in Wr. This result was consistent with previous researches that ISPs had non-

colligative properties [24, 34].
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Fig. 4.4 a) DSC curves for heating the PAA/ISP;, PAA/ISP;-Cai, PAA/ISP-Cay,
PAA/ISPi-Ca; and PAA/ISPi-Cas hydrogel from -65°C to 10°C. b) DSC curves for
heating PAA-Cas, PAA/ISP1-Caz and PAA/ISP>-Caz hydrogel from -65°C to 10°C. ¢)
Frozen water amount (Wy) of the PAA/ISP1, PAA/ISP-Ca;, PAA/ISP;-Caz, PAA/ISP;-
Caz and PAA/ISP-Cas hydrogels. d) Wrof the PAA-Cas, PAA/ISP1-Caz and PAA/ISP>-

Cas hydrogels.

The role of CaCl; in the anti-freeze system has also been studied (Fig. 4.4c, 4.4d). With
the introduction of CaCl,, the melting peaks of the PAA/ISP-Ca hydrogels started to

shift toward sub-zero temperatures (Fig. 4.4c). The decrease in the melting point of
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PAA/ISP-Ca hydrogels suggested that the added CaCl> not only interacted with the
hydrogel network but also affected the structure of the water in the hydrogel. In addition
to melting point, Wrof PAA/ISP hydrogel also gradually decreased from 37.5% to 5.4%
with the introduction of CaCl> (Fig. 4.4d). The results showed that the change of
melting point was related to the amount of CaCl, added to the hydrogel, which implied
that the effect of CaCl> on the melting point in the hydrogel had a collegiality.

Based on the above-mentioned results, we propose that the synergistic effect of
ISPs/CaCl anti-freeze system play a significant role in simultaneously inhibiting the
formation of ice nuclei and ice crystal growth and recrystallization. PAA/ISP-Ca

hydrogels were expected to have good sub-zero temperature tolerance.

4.3.3 Structure and mechanical properties

Mechanical properties are essential for conductive hydrogels to withstand mechanical
deformation and to convert the deformation into electrical signals. In this work,
dynamic physical crosslinking was used to ensure the mechanical properties of the
hydrogel.

Internal structures of the hydrogels were observed by SEM. The PAA hydrogels
possessed a three-dimensional (3D) porous structure (Fig. 4.5a). After adding CaCl,,
the porous structure became denser and turned into a circular porous structure
(PAA/ISP;-Cas, Fig. 4.5b).

The denser structure further influenced mechanical properties of PAA/ISP-Ca
hydrogels. As shown in Fig. 4.5c, tensile strength of the hydrogels was significantly
increased with the introducing of CaCl,, proving that the crosslinking effect of CaCl..
Meanwhile, the elongation at break showed a gradual downward trend as the
introducing of CaCl,. However, the elongation at break of PAA/ISP;-Caj still exhibited
a value of 920%, indicating good flexibility of the hydrogel. For comprehensive

consideration, PAA/ISP-Ca3 was selected for the follow-up study.
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Fig. 4.5 a-b) Microstructure of the PAA (a) and PAA/ISPi-Ca; (b) hydrogels as
characterized by SEM. ¢) Tensile stress-strain curves of the hydrogels. d) the PAA and
PAA/ISP-Cas hydrogels reveal different low-temperature adaptability. e) Tensile
stress-strain curves of the PAA/ISP1-Caz hydrogel at room temperature, -15°C and -
20°C.
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Fig. 4.6 Tensile stress-strain curves of the PAA -Caz hydrogel at room temperature and
-20°C.
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Fig. 4.7 a-b) Continuous loading-unloading tests at different maximum strains of
PAA/ISP:-Caz hydrogel at room temperature and -20°C. c¢) The comparation of
calculated energy dissipation (Ed) of PAA/ISP1-Cas hydrogel at room temperature and
-20°C. d-e) Continuous loading-unloading tests of the PAA/ISP1-Cas hydrogel for 20
cycles at a strain of 100% at room temperature and -20°C. f) The comparation of

resilience of PAA/ISP1-Cas hydrogel at room temperature and -20°C.

Conventional hydrogels containing large amounts of water are highly susceptible to
freezing at low temperatures, resulting in loss of stretchability. Here, because of the

introduction of novel ISPs/CaCl, anti-freeze system, the hydrogel exhibited a good
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flexibility and could withstand deformation in curling, twisting and stretching (Fig. 4.5d)
after holding at -18°C for 24 h. In contrast, PAA hydrogel became a hard, ice-like solid
and was brittle under bending (Fig. 4.5d). The tensile stress-strain curves of the
PAA/ISP1-Cas hydrogels showed slight variations at room temperature, -15<C and -
20<C (Fig. 4.5e), which implied good performance even at extreme low temperatures.
Notably, the elongation of PAA-Casz hydrogel was significantly reduced at -20°C (Fig.
4.6), indicating that ISPs in the anti-freeze system is necessary to maintain the low
temperature flexibility of the hydrogel. In general, the ISPs/CaCl; anti-freeze system
enabled the PAA/ISP-Ca hydrogel with good flexibility even at -20<C.

In order to further investigate the mechanical properties of the hydrogel, loading-
unloading tests at different maximum strains were performed. PAA/ISP1-Cas hydrogels
were constructed by reversible non-covalent interactions, which could be dissociated to
dissipate energy during stretching. Fig. 4.7a-b showed the loading—unloading curves of
PAA/ISPi-Cas hydrogel at room temperature and -20°C. Similarly, the hydrogels
exhibited significant hysteresis loops at both room temperature and -20°C, which
became larger with increasing maximum strain. The calculated energy dissipation also
showed that the energy dissipation increased with increasing strain at room temperature
and -20°C (Fig. 4.7¢). These results indicated that the physical interactions (ionic
coordination and hydrogen bonds) in the hydrogel network were readily dissociated
during the deformation process to dissipate force for toughening the hydrogels. As the
strain increased, more physically cross-linked interactions were dissociated to dissipate
energy. The physical interactions could also dissociate at -20°C, indicating that the
mechanical properties of the hydrogel could adapt to low-temperature environments.
The hydrogel also had good recovery ability, since the broken non-covalent interactions
can be recovered automatically. Herein, 20 successive cyclic loading-unloading tensile
tests were performed at a maximum strain of 100% to investigate the recovery ability
of the hydrogel at room temperature and -20°C (Fig. 4.7d-e). To better investigate the
ability of the hydrogel to deform reversibly without loss of energy, resilience was

calculated as shown in Fig. 4.7f. The hydrogel had good resilience, which was stable at
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90% and 88% with increasing number of cycles at room temperature and -20°C,
respectively. These results indicated that the hydrogel had good recovery ability and
that its recovery ability can be maintained at sub-zero temperature, which further
confirmed its outstanding mechanical property stability and freezing tolerance at

subzero temperature.

4.3.4 Conductivity

After connecting the hydrogel to circuit, bulb in this circuit could be lit (Fig. 4.8a),
which indicated that the hydrogel had good ionic conductivity. There was not much
difference in the brightness at room temperature and sub-zero temperature, which
meant that the hydrogel maintained good conductivity even at sub-zero temperature.
Fig. 4.8b showed the conductivity of PAA/ISP-Cas hydrogel at different temperatures.
The conductivity at 20°C was 1.86 s/m. As temperature decreased the conductivity
tended to decrease, which was likely due to the slower ion migration rate at low
temperatures. Although the conductivity decreased with temperature, it still had a
conductivity of 0.50 s/m at -20°C. Interestingly, linear relationship between ionic

conductivity and temperature (range of 20°C to -20°C) was revealed.
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Fig. 4.8 a) The bulb in circuit with the PAA/ISPi-Cas hydrogel can be lit at room
temperature and -18°C. b) The conductivity of PAA/ISPi-Caz hydrogel at different

temperatures.

83



Furthermore, both resistance (R) of the PAA/ISP;-Cas hydrogel and the PAA-Ca;
hydrogel increased at -20°C and -30°C (Fig. 4.9). The resistance of PAA-Casz hydrogel
increased more drastically, which implied a more decrease in conductivity. It was well
known that ion migration rate, which directly affected the resistance and conductivity,
was influenced by temperature and ion migration channels. When temperature
decreased, in addition to the effect of low temperature, the reduction of ion migration
channels due to icing also would increase resistance. Therefore, the sharp increase in
resistance at -30°C of both the PAA/ISP-Caz hydrogel and PAA-Caz hydrogel may
mainly be caused by icing below the freezing point. The more growth in resistance of
PA A-Ca3 hydrogel compared to the PAA/ISP-Cas hydrogel was probably due to more
ice crystal growth and recrystallization. The resistance of the PAA-Cas hydrogel also
revealed a much more increase than the PAA/ISP-Casz hydrogel at -20°C. Since -20°C
was a temperature below the freezing point of the PAA-Ca;s hydrogel and above the
freezing point of the PAA/ISP1-Cas hydrogel, the increased resistance of the PAA/ISP;-
Ca; hydrogel was more like caused by the decrease of temperature, and differently, both
the decrease of temperature and icing may be the reasons of the increase in resistance
of the PAA -Cas hydrogel. Thus, ISPs also played a role in the anti-freeze system for
the improvement of the conductivity of hydrogel at low temperature.

In general, the novel anti-freeze system enabled the PAA/ISP-Ca hydrogel with good

conductivity even at sub-zero temperature.

75
[ PAANSP4-Cag

[ PAA-Cag

R (Q}

20C -20°C -30C
Fig. 4.9 The resistance of PAA -Caz and PAA/ISP-Caz hydrogel at 20°C, -20°C and -

30°C.
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4.3.5 Application in sensors
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Fig. 4.10 a-b) Relative resistance change (AR/Ro) signals of strain sensor during
continuous loading-unloading tensile tests at room temperature and -20°C. c¢) AR/Ro
signals of temperature sensor during the temperature change. d-g) A wearable sensor to
detect the finger activities at room temperature and -20°C. h) The temperature sensor
to monitor the temperature change process of an empty bottle and after the addition of

ice water.

The good ionic conductivity, as well as flexibility, mechanical strength and self-
recovery ability of the hydrogel at sub-zero temperature indicated its potential for use
in cold conditions. Here, we demonstrated ion sensors that took advantage of these

properties.
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(1) Strain sensor

First, strain sensor was assembled to record the strain sensing performance of the
hydrogel. Relative resistance change (AR/Ro) signals during successive loading-
unloading tensile tests were shown in Fig. 4.10a. The AR/Ry of the sensor increased as
the tensile strain increased, while as the strain gradually decreased to the original strain,
the AR/R¢ decreased accordingly, which was attributed to the strain sensing ability of
the sensor. Further, there was no significant loss of electrical signal during 20 cycles at
strain of 50%, indicating remarkable stability and repeatability of the strain sensor.
Strain sensing tests were also performed at -20°C at the same strain of 50% (Fig. 4.10b).
As expected, the strain sensor exhibited a similar pattern of signal changes during 20
cycles at strain of 50% at -20°C, which revealed its low-temperature adaptability. Signal
stability together with low-temperature adaptability under strain enabled its application

as a strain sensor at sub-zero temperatures.

(2) Temperature sensor

The hydrogel was also expected to be used as temperature response sensor due to the
variation in conductivity at different temperatures. Hydrogel sensor was placed in a
temperature controller to detect its temperature response. The temperature
responsiveness of the hydrogel, as shown in Fig. 4.10c, was expressed by the curve of
AR/Ry of the sensor with temperature. It could be found that when temperature changed
from 20°C to -20°C, AR/Ry of the hydrogel changed from 0% to 200%, and the AR/Rg
could restore to 0% when the temperature returned to 20°C. Similarly, AR/Ro varied
with temperature when cycling from 20°C to -10, 0, and 10°C, respectively. Even after
several successive temperature cycles, AR/Ro could still recover to 0%, which was
important for the application of the hydrogel as a temperature sensor with low-

temperature adaptation.
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(3) Practical applications of sensors

The sensor was assembled into a wearable sensor to detect the finger activities at room
temperature and -20°C (Fig. 4.10d, 4.10e). When monitoring finger flexion-extension,
the response increased monotonically with increasing bending angle and the signal
remained constant when the bending angle was maintained. The signal could also return
to its initial value at a certain angle when the finger angle decreased. The signal was the
same for both flexion-extension cycles of the finger at room temperature and -20°C,
indicating good accuracy and stability of the sensor. The stability of the sensor was
further investigated by cyclically bending the finger at room temperature and -20°C
(Fig. 4.10f, 4.10g).

In a practical application of temperature monitoring, the hydrogel was assembled into
a simple temperature sensor to monitor the temperature change of a bottle containing
ice water (Fig. 4.10h). Set the AR/Ro of an empty glass bottle at room temperature to
0%. When ice water was added to the bottle, AR/R increased rapidly to 60%. The glass
bottle was then left at room temperature and AR/Ro gradually decreased with time,

which was caused by heat absorption of bottle and water at room temperature.

4.4 Conclusions

In summary, a novel ISPs/CaCl, anti-freeze system was introduced to conductive
hydrogel to improve its adaptability to low temperatures. Because the system could
inhibit ice nucleation and ice growth, the stretchability, recovery and conductivity of
the hydrogel were maintained at sub-zero temperatures. The hydrogels achieve good
conductivity of 0.50 S/m at —20°C. The ionic conductive hydrogel can also be
stretched to a strain of 890% at -20°C. The hydrogel had good resilience (88%) even at
-20°C. Good features made it available for sensors. When used as strain and
temperature sensors, the hydrogel demonstrated good stability and durability at both

room temperature and -20°C.
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Chapter 5 A tough hydrogel with fast self-
healing and adhesive performance for

wearable sensors

5.1 Introduction

In recent years, wearable sensors based on conductive hydrogels have attracted a lot of
attention in the field of human motion detection due to their many advantages, such as
flexibility, sensitivity and accuracy [1-5]. In these wearable sensors, the conductive
hydrogel serves as a transducer for converting external deformations (e.g., stretch,
compression, and bending) into electrical signals [6]. Much work has been done to
improve the performance of hydrogels for better applications in wearable sensors [7-9].
Unfortunately, hydrogels usually face the challenge of being unable to strike a balance
between mechanical properties, adhesion, and self-healing ability [10, 11]. Therefore,
adhesive hydrogels are usually difficult to withstand repeated adhesion and reuse.
Furthermore, in previous studies, the raw materials used for adhesive hydrogels were
often specific and the production process was complex, which limited their widespread
use.

A hydrogel without adhesive property needs to be combined with other adhesives to
establish good contact with substrates, which brings some disadvantages (e.g.,
complicates the procedure, does not facilitate lightweighting of the device, and leads to
undesired signal loss). Ultimately, there will be a waste of energy and a negative effect
on the accuracy and real time of signal transmission. So far, many efforts have been
made to improve the adhesion of hydrogels[12]. The adhesion of hydrogels is mainly
achieved through chemical bonds and/or physical interactions between the functional
groups of the hydrogel and other substrates [13]. Typically, chemical bonds with high

energies are usually strong but irreversible. Physical interactions (such as hydrogen
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bonding, hydrophobic interactions, metal complexation, m—m stacking, cation—n
interactions [14-20]) are relatively weak but reversible and may be used for repeated
adhesions. The adhesive hydrogel can establish reliable contact with the surface of the
skin, which is favorable for wearable sensors. For instance, inspired by mussel foot
proteins, the strong adhesion of hydrogels was achieved through a variety of
interactions (covalent interactions, electrostatic attraction, 7-m/cation-t bonds,
hydrogen bonds, and hydrophobic interactions) [19]. Jin et al. [21] fabricated a new
adhesive hydrogel with GO@DA nanofillers to make the hydrogel adhesive and
physically and chemically crosslinked network to ensure that the hydrogel was
stretchable and self-healing. Unfortunately, most of adhesive hydrogels usually suffer
from weak mechanical properties (e.g., poor tensile strength, elongation, toughness),
which are too weak to withstand repeated adhesions and reusability. For example, v et
al. [22] designed a mussel-inspired conductive hydrogel that showed excellent adhesion
strength of 49.6 kPa but only 42.4 kPa of tensile toughness. An ionic hydrogel based
on the mussel and zwitterionic adhesion mechanisms could robust adhere to tissues
with a strength of 19.4 kPa, but the maximum tensile strength and fracture strain of the
hydrogel were just 90 kPa and 900% [23]. The lack of mechanical properties will also
affect the stability and reliability of hydrogels used in wearable sensors, thus hindering
the development of hydrogels in practical applications. Therefore, it is of great interest
to develop a hydrogel with both adhesion and good mechanical properties.

When used as a sensor, the hydrogel will inevitably undergo mechanical damage during
long-term cyclic deformation, which will affect its signal stability, reliability and
service life. Hydrogels with self-healable performances, which can repair their own
damage, are widely used to solve this problem [24-28]. There are still some challenges
with self-healing hydrogels, such as low healing efficiency, long self-healing time and
the need for assistance (mechanical, thermal, optical, electrical or magnetic stimulation)
in the healing process [27, 29, 30].

Polyvinylpyrrolidone (PVP) is a traditional industrial product that is often used as an

adhesive for glue sticks, hot-melt adhesives, etc. because it can act as a hydrogen bond
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acceptor to form strong interactions with a hydrogen bond donor. The biocompatibility
and adhesion of PVP also enable it to be used as ingredients in the pharmaceutical field,
such as pharmaceutical tablets, temporary skin coverings, and wound dressings. In
previous studies, the use of PVP to improve the adhesion of hydrogels has hardly been
mentioned. Herein, taking advantage of PVP, an adhesive hydrogel is prepared in this
work by an easily accessible fabrication method. The hydrogel is constructed by strong
hydrogen bonding interactions between polyacrylic acid (PAA) and PVP as well as
ionic coordination between Fe’" and PAA. Good adhesion and mechanical properties
were achieved simultaneously in this hydrogel. The involvement of PVP provides the
hydrogel with a robust adhesion (64 kPa). The good mechanical properties ensure that
the adhesion can be reused. The hydrogel also has a rapid self-healing ability with high
healing efficiency in terms of both mechanical properties and conductivity. Because of
the combination of favorable adhesion, mechanical properties and self-healing ability,
the hydrogel-based sensors to provide good stability, accuracy and reliability in real-
time monitoring. In addition to the excellent performance, the raw materials used in this
hydrogel are all mature products and the preparation process is simple, which is

expected to be applied in large scale industrial production.
5.2 Experimental Section

5.2.1 Materials

Acrylic acid (AA, EP), polyvinylpyrrolidone (PVP K-30, EP), ammonium
peroxydisulfate (APS, GR), iron chloride hexahydrate (FeCls-6H>0O, EP). All the above

materials were not subjected to any further purification. Deionized water was used to

prepare the aqueous solution throughout the work.
5.2.2 Fabrication of Hydrogels

The hydrogels were prepared by one-step method. 10 g AA, a certain amount of
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FeCl3-6H>0 aqueous solution and deionized water were mixed followed by the adding

of a certain quantity of PVP under stirring. After that 0.1g APS was added to the solution.
After fully dissolving, the above solution was treated by ultrasonic for 10 min to remove
air bubbles. The hydrogel precursor was then poured into a custom mold to form the
hydrogel in a 60°C oven for 6 h. The hydrogels were abbreviated as PAA/Fe/PVP-n,
the corresponding recipes were shown in Table S1. For comparison, PAA/Fe hydrogel

and PAA/PVP hydrogel were also fabricated under the same condition.

5.2.3 Characterization

(1) Microstructural Characterizations

The FTIR spectra of pure PVP, PAA/PVP, and PAA/Fe/PVP hydrogel were
characterized by a Thermo Scientific Nicolet iN 10 infrared spectrometer. The
microstructure of the PAA/Fe/PVP hydrogel was observed by scanning electron
microscopy (SEM, S-4300 Hitachi, Ltd. Japan). The hydrogels were freeze dried for 24
h after quick-freezing by liquid nitrogen and then the cross-section was sputtered with

platinum for SEM imaging at 5 kV.

(2) Mechanical Test

The mechanical tests were conducted with a universal mechanical tester (Instron 3385,
Instron Co., Ltd., Canton, USA) equipped with a 50 N load cell at room temperature.
Rectangular hydrogel strips (20 mm %< 4 mm X 2 mm) were used for mechanical tests
(tensile speed of 100 mm/min). The area of integration under the stress-strain curve was

defined as the toughness.

(3) Adhesion Test

The adhesion properties of hydrogels were determined by lap shear tests using a

universal testing machine (Instron 3385, Instron Co., Ltd., Canton, USA). The sample
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(15 mm x 15 mm % 0.6 mm) was sandwiched between two glass slides with a bonded
area of 2.25 cm?. Hold the glass slides with a long-tailed clip for 10 minutes before
testing to make good contact between the slides and the sample. All tests were
performed at a crosshead speed of 2 mm/min at room temperature. Repeated lap shear
tests were also performed to show the reproducibility of hydrogel adhesion. The
adhesion strength was calculated by dividing the maximum load by the initial bonding

area.
(4) Self-Healing Test

The self-healing ability of the mechanical properties of the hydrogels was tested at room
temperature with a universal mechanical tester (Instron 3385, Instron Co., Ltd., Canton,
USA) equipped with a 50 N load cell at room temperature. Rectangular specimens (40
mm in length, 4 mm in width, and 2 mm in depth) were cut into halves with scissor,
then the two halves were brought into contact immediate and were stored in a sealed
vessel to heal for testing. The healing efficiency (HE) was the ratio of tensile strength
(HE of tensile strength) or tensile stress (HE of tensile stress) between the healed
hydrogel and the original hydrogel. The microscopic self-healing behavior of damaged
sample was observed by a digital microscope (VHX-6000, KEYENCE, America).

(5) Electrical Test

A digital source meter (LCR-6100, GWInstek) was used to monitor the resistance in
real time. The relative resistance change A R/Ro was computed from (R- Ro)/Ro *
100%, where R, Ro and AR represented the real-time resistance, inherent resistance and

the difference between R and Ro, respectively.
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5.3 Results

5.3.1 Synthesis of Hydrogels

Fig. 5.1 a) Schematic diagram of the fabrication process and mechanism of
PAA/Fe/PVP hydrogel. b). The hydrogel is strong enough to lift a weight of 200 g. c)
Strong adhesion enables the PAA/ Fe/PVP hydrogel to withstand a heavy load of 80 g.

d) The PAA/Fe/PVP hydrogel can self-heal to the original shape at room temperature.

PAA/Fe/PVP hydrogel was synthesized by a simple one-step radical polymerization

method. The mechanism scheme of synthesis was shown in Fig. 5.1a. In brief, AA,

FeCl3-6H20 aqueous solution, PVP and APS were mixed to form a pre-solution under

stirring. The pre-solution was heated to initiate the polymerization of AA and form the
target PAA/Fe/PVP hydrogel. PAA, as a hydrogen donor, formed strong hydrogen bond
with the carbonyl group of PVP [31]. In fact, another type of hydrogen bond may exist
between PAA and PVP, which was formed between the partially positively charged
nitrogen atom of PVP and the carboxyl group of PAA. However, this type of hydrogen
bonding was rare due to the spatial site resistance between the ring and the
macromolecular chain [32]. There was also another kind of physical bond in the
hydrogel. Fe*", as an ionic cross-linker, could form ionic coordinate bonds with -COO-

of PAA[33, 34]. The hydrogen bonding and ion coordination built strong interactions
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in the PAA/Fe/PVP hydrogel, giving the hydrogel good mechanical properties (Fig.
5.1b, the hydrogel could lift a weight of 200 g). Due to the involvement of PVP, the
hydrogel also displayed strong adhesion and was able to withstand a heavy load of 80
g (Fig. 5.1c). The good self-healing performance allowed the sheared hydrogel
fragments to heal to the original shape at room temperature (Fig. 5.1d). Furthermore,
the raw materials used were all commonly used products and easily available. The
preparation process was simple. The method in this work had the potential to enable

large-area, low-cost manufacturing.

5.3.2 Mechanical properties
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Fig. 5.2 a) Tensile stress-strain curves of the PAA//Fe/PVP hydrogel. b) Toughness of
the PAA//Fe/PVP hydrogel.

The mechanical properties were further investigated by tensile stress-strain tests. Fig.
5.2a displayed the representative tensile stress-strain curves of the hydrogels. The
presence of PVP had a positive effect on the mechanical properties as a result of strong
hydrogen bonding interactions between carbonyl groups of PVP and carboxyl groups
of PAA [35]. As the content of PVP increased, the tensile strength increased
monotonically from 0.05 MPa (PAA hydrogel) to 0.40 MPa (PAA/Fe/PVP-4 hydrogel).
Different from the tensile strength, the elongation increased to 1500% at first and then

decreased. Tensile stress-strain curves of PAA hydrogel and PAA/Fe hydrogel indicated
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that ionic coordinate bonds could also improve the mechanical properties. Toughness
of the hydrogels were calculated to demonstrate the mechanical properties (Fig. 5.2b)
more visually. The change in toughness further demonstrated the effect of hydrogen
bonds and ionic coordinate bonds on improving the mechanical properties.
PAA/Fe/PVP-2 hydrogel had a toughness of up to 1.91 MJ/m®. For comprehensive
considerations, PAA/Fe/PVP-2 hydrogel was used in the subsequent experiments

unless otherwise stated.

5.3.3 Adhesion

Fig. 5.3 The hydrogel demonstrates robust adhesion to various substrates.

PVP is widely used in various adhesive formulations because of its strong adhesion to
the surfaces of the objects. The hydrogel also showed good adhesion due to the addition
of PVP. As demonstrated in Fig. 5.3 the hydrogel could adhere to various substrate
surfaces such as rubber, plastic, metal, and textiles. Adhesion strength was tested by lap
shear tests (Fig. 5.4a). Representative adhesion strength-displacement curves of the
PAA/Fe/PVP-2 hydrogel with glass, chicken skin and stainless steel as substrates were
shown in Fig. 5.4b. The adhesive strength was 64 kPa, 36 kPa, and 59 kPa with glass,
chicken skin, and stainless steel as substrates, respectively, which was higher than that

of the previously reported adhesive hydrogels [21, 36, 37].
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Fig. 5.4 a) Schematic diagram of lap shear test. b) Representative adhesion strength-
displacement curves of the PAA/Fe/PVP-2 hydrogel with glass, chicken skin and
stainless steel as substrates. ¢) The adhesion performance of the hydrogel could
withstand multiple uses without breaking down. d) The adhesion efficiency of the

PAA/Fe/PVP-2 hydrogel.

The effect of PVP on adhesive performance of the hydrogel was further studied.
Representative adhesion strength-displacement curves were shown in Fig. 5.5a. The
maximum strength was used as the interfacial adhesion strength of the hydrogel and
results were shown in Fig. 5.5b. It was found that PVP had a significantly influence on
the adhesive strength of the hydrogel. The adhesion strength of the hydrogel without
PVP (PAA/Fe hydrogel) was about 18 kPa, which tended to increase with the addition
of PVP and finally reached up to 64 kPa (PAA/Fe/PVP-2 hydrogel). With the further
increase of the amount of PVP, the adhesion strength of the hydrogel (PAA/Fe/PVP-3,
PAA/Fe/PVP-4 hydrogel) did not change much. From the adhesion strength of the
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PAA/Fe hydrogel and PAA/PVP hydrogel, it could also be found that PVP had a more
significant effect on the improvement of the hydrogel system. It is well known that PVP
is a hydrogen bond acceptor with multiple hydrogel-acceptable sites. Since the
vinylpyrrolidone unit in the PVP repeating unit can form hydrogen bonds with other
functional groups, strong surface adsorption can be achieved between PVP and the
substrate surfaces. Therefore, the substantial improvement in the adhesion performance
of the hydrogel was considered to be caused by the hydrogen bonding originating from

carbonyl group.
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Fig. 5.5 a) Representative adhesion strength-displacement curves of the PAA/Fe
hydrogel, PAA/Fe/PVP hydrogel and PAA/PVP hydrogel. b) Adhesion strength of the
PAA/Fe hydrogel, PAA/Fe/PVP hydrogel and PAA/PVP hydrogel. c¢) Representative
adhesion strength-displacement curves of the same PAA/Fe-2 hydrogel used 5 times. d)

Adhesion strength of the same PAA/Fe-2 hydrogel used 5 times.

A lap shear test was also performed on the same sample to investigate the feasibility of
reuse of the hydrogel. As expected, the adhesion performance of the hydrogel could
withstand multiple uses without breaking down (Fig. 5.4c). As shown in Fig. 5.5¢ and
Fig. 5.5d, the adhesion strength could be maintained after 5 repeated tests, and the

minimum adhesion efficiency was over 60% for all 5 cycles (Fig. 5.4d). There are two
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kinds of interactions when bonding hydrogel with substrates. One is surface adhesion,
which decides the adhesion strength of the hydrogel. The other is cohesion, which
determines the inner strength of the hydrogel. The hydrogel could achieve not only
favorable adhesion strength but also be reused when adhesion and cohesion are
balanced. Therefore, the high mechanical properties played an important role in the
repeated bonding of the hydrogel, as it helped the hydrogel not to be broken during the

bonding and stretching process.
5.3.4 Self-healing

A self-healing material is a substance that has the inherent ability to automatically repair
its damage. The ability to self-heal is highly desired for materials, as it extends the life
of the material. In order to study the self-healing performance of the PAA/Fe/PVP
hydrogel, the hydrogel was artificially damaged, and a series of experiments were

performed on the damaged samples.

a b

Heal efficiency (%)

Fig. 5.6 a) The PAA/Fe/PVP hydrogel revealed good self-healing performance against
mechanical damage. b) The self-healing efficiencies of tensile strength and elongation.
c¢) The hydrogel is conductive to allow the LED bulb to be lit in the hydrogel-connected
circuit. The LED bulb goes off and immediately come back on when the two parts are

placed together again.
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The PAA/Fe/PVP hydrogel revealed good self-healing performance against mechanical
damage. When the two halves of the cut hydrogel were joined again, they healed
automatically into one piece at room temperature with virtually no gaps. Besides, the
healed piece could withstand stretching without being damaged (Fig. 5.6a). The
microscopic process of hydrogel self-healing was further observed by optical
microscopy (Fig. 5.7a). It could be noted that the self-healing ability of the hydrogel
showed a time-dependent characteristics. As shown in Fig. 5.7a, the crack became
smaller and smaller with time and finally almost disappear within 2 h, indicating that
the hydrogel had fast and good self-healing properties. Further, the self-heal of the
mechanical properties of the damaged hydrogel was studied. The hydrogel was cut into
two pieces with scissors and re-contacted to heal itself without any external force. The
tensile strength and elongation of the healed hydrogel showed significant enhancement
with increasing healing time (Fig. 5.7b). The self-healing efficiencies of tensile strength
and elongation were calculated to quantitatively represent the self-healing ability (Fig.
5.6b). After 2 h of healing, the healing efficiency reached 86% (tensile strength) and
96% (elongation), and after 12 h of autonomous healing, more than 95% of healing
efficiency was obtained for both tensile strength and elongation. The results indicated
that the PAA/Fe/PVP hydrogel showed good self-healing performance against
mechanical damage.

In addition to mechanical performance, the self-healing performance of conductivity
was further investigated. The hydrogel was conductive due to the involvement of FeCls
in the hydrogel, which allowed the LED bulb to be lit in the hydrogel-connected circuit
(Fig. 5.6¢c). After the hydrogel was cut into two parts, the LED bulb went off and
immediately came back on when the two parts were placed together again. The
electrical signals during hydrogel cutting and healing were recorded to investigate the
healing behavior of electrical conductivity. As displayed in Fig. 5.7¢, once an open
circuit was formed due to the hydrogel being cut, the resistance increased to an infinite
value. When the two pieces came into contact again, the resistance dropped rapidly to

close to its initial value. This process was repeated six times and the signal showed the
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same trend. In addition, it can be seen from the detail plot (Fig. 5.7d) that the resistance
was lower than the steady-state value at the instant of contact between the two pieces,
which was the result of free ions transferred in the hydrogel[38]. It cost about 1.6 s for
the resistance to recover to the steady-state value, demonstrating the rapid self-healing

ability of conductivity.
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Fig. 5.7 a) The microscopic process of hydrogel self-healing observed by optical
microscopy. b) Representative tensile stress-stress curves of PAA/Fe/PVP-2 hydrogel
and self-healing samples at different time intervals. c¢) Resistance changes indicate the
process of the PAA/Fe/PVP-2 hydrogel being cut and self-healing. d) Rapid self-healing
speed of the PAA/Fe/PVP-2 hydrogel in conductivity. e) Self-healing mechanism

illustrations of the hydrogel.

It is well known that hydrogen bonds and ionic coordination in hydrogels are reversible
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and can be broken and recombined during the cutting and healing process [39, 40]. The
mechanism of rapid and outstanding self-healing ability of the PAA/Fe/PVP hydrogel
can probably be explained by the physical bonds in the hydrogel, as shown in Fig. 5.7¢.

5.3.5 Sensor Applications
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Fig. 5.8 a) The hydrogel-based sensor was sensitive to deformations. b) The gauge

factor (GF) of the hydrogel-based sensor.

The hydrogel was assembled into strain sensors to investigate its application in sensing.
As shown in Fig. 5.8a the hydrogel-based sensor was sensitive to deformations. The
relative resistance change (AR/Ro) increased with increasing tensile strain from 0% to
900%, indicating that the sensor had a wide strain sensing range. The gauge factor (GF)
is defined as AR/RO/g, which reflects the tensile strain sensitivity of sensors. As shown
in Fig. 5.8b, when the tensile strain was below 50%, the GF increased sharply to 1.5;
then, when the tensile strain was further increased to 900%, the GF increased linearly
to 10.8. The GF was compatible to previous research that had a similar purpose [41-43].
20 consecutive load-unload tensile cycles were performed at a strain of 50%, and the
relative resistance change (AR/Ro) of the sensor increased and decreased
correspondingly with the change in strain (Fig. 5.9a). In this process, the signals were

stable and accurate, which stemmed from the good mechanical properties, conductivity
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and self-heal ability.
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Fig. 5.9 a) Signal of the relative resistance (AR/Ro) of the hydrogel-based sensor over
time during 20 consecutive loading-unloading tensile tests. b) The AR/RO signal of a
wearable hydrogel-based sensor represents a tiny frowning process. c-d) The real-time

response signals of elbow and wrist flexion.

Further, sensors based on the hydrogel could be made into various shapes adapted to
the human body for wearable applications. As shown in Fig. 5.9b, the hydrogel-based
sensor was adhered to the forehead to sense facial micro-expressions. Tiny frowns were
converted into electrical signals and recorded. Muscle contraction (frown) and muscle
relaxation (frown relaxed) corresponded to the peaks in the waveform. Repeated peaks
could be detected stably when the frown was repeated. The subtle frowns were steadily
and repeatedly converted into electrical signals, indicating close contact between the

hydrogel-based sensor and the forehead. In addition to tiny facial micro-expressions,

106



the hydrogel-based sensor could also be adhered to human joints to detect large
movements. Fig. 5.9¢, d displayed the real-time response signals of elbow and wrist
flexion. When the elbow was bent to 45° and straightened, the electrical signals could
steadily change to the corresponding value. And the peak value also responded to the
angle changes, becoming larger when the bending was greater to 90° (Fig. 5.9¢).
Moreover, the process of 15 repetitive flexion and extension of the wrist was monitored
precisely and stably (Fig. 5.9d). In short, the hydrogel exhibited good sensing
performance as wearable sensors because of its good mechanical properties, strong

adhesion, and self-healing ability.

5.4 Conclusions

In summary, a novel ionic conductive PAA/Fe/PVP hydrogel with good mechanical
properties, robust adhesion and rapid self-healing ability was fabricated via a simple
radical polymerization method. This work solves the problem of generally poor
mechanical properties of adhesive hydrogels. The involvement of PVP provided the
hydrogel with robust adhesion to a variety of substrates. The good mechanical
properties supported by hydrogen and ionic bonding ensured that the adhesion of the
hydrogel could withstand multiple uses. In addition, both mechanical properties and
conductivity could rapidly repair themselves after damage without any assistance.
Outstanding adhesion, mechanical properties and self-healing ability enabled hydrogel-
based sensors to demonstrate stability, accuracy, and reliability in real-time monitoring.
Moreover, the raw material and preparation process of this work are expected to be

applied in large-scale industrial production.
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Chapter 6 Conclusion

Based on the needs of hydrogel-based flexible devices for signal stability, durability,
and low-temperature adaptability, functionalities have been introduced to the hydrogels
in this thesis. The functional hydrogels with outstanding mechanical properties,
conductivity, anti-freeze property, adhesion, and self-healing ability have been designed
and prepared, and their applications in flexible sensors have been further studied.

In chapter 3, a double-network ionic conductive hydrogel has been designed and
prepared via a simple one-pot approach. The unique microstructure ensures that the
hydrogel has favorable toughness, resilience, and recovery along with less residual
strain. The hydrogel also exhibits outstanding ionic conductivity (6.0 S/m). The
combined mechanical performance and ionic conductivity of the prepared hydrogel
results in its remarkable performance when used in sensors. The hydrogel-based sensor
displays superior sensitivity, stability and durability towards both tensile and
compressive deformation. In practical applications, the sensor demonstrates a broad
strain window to detect both large and very small human activities, showing the
excellent potential of this hydrogel in sensing and flexible devices. The approach in this
research has also been optimized to potentially allow for large-area, low-cost
fabrication.

In chapter 4, the anti-freeze performance of hydrogel has been realized by introducing
a novel anti-freeze system based on ice structuring proteins and CaCl; to the hydrogel
structure. Both formation of ice nuclei and ice growth of the hydrogel at sub-zero
temperature could be inhibited. Supported by the anti-freeze system, the hydrogel
revealed good flexibility, recovery and conductivity at both room temperature and sub-
zero temperature. The low-temperature adaptability enabled the hydrogel to be used as
strain and temperature sensors at both room temperature and sub-zero temperature. The
anti-freeze system in this research is expected to open up a new avenue to promote the

conductive hydrogel with low-temperature adaptability.
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In chapter 5, the balance of good mechanical performance, adhesion and self-healing
ability have been achieved in the novel PAA/Fe/PVP hydrogel. PVP, as the main
components of adhesives in daily life, plays a significant role in improving adhesion of
the hydrogel. The adhesion of the hydrogel reaches up to 64 kPa by adjusting the
amount of PVP. The adhesion can also withstand multiple uses due to the good
mechanical properties of the hydrogel. Furthermore, the hydrogel displays outstanding
self-healing ability in terms of both mechanical properties and conductivity. Because of
the good mechanical properties, robust adhesion and rapid self-healing ability, the
hydrogel-based sensors have demonstrated stability, accuracy and reliability in real-
time monitoring of subtle facial micro-expressions and large human activities.
Moreover, benefiting from the common raw materials and simple preparation process,

the method in this work has the potential for large-area, low-cost manufacturing.
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