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Preface
Hydrogels are soft and wet materials, composed of polymeric network structure and

holds large amount of water (50-99%) inside the network structure. Hydrogels have found
diverse applications due to their interesting mechanical and physicochemical properties. But,
conventional hydrogels are brittle and this weak mechanical property does not allow them
for practical applications in tissue engineering, wearable sensors, bio-medical devices, soft
actuators or in flexible energy storage materials. Thus, the fabrication of mechanically robust
hydrogels deals a great interest. In the Chapter 1, we have presented the basic understandings
of tough hydrogels. Consequently, in the following chapters, we have introduced different
synthetic strategies to develop tough hydrogels with multifunctional properties and further
application of these promising materials in flexible electronics, sensors or in flexible batter-
ies.

In Chapter 2, Polyacryloyl hydrazide (PAHz) was incorporated into ionic hydrogels
to improve mechanical properties, adhesive, self-healability, and strain sensing performance.
Development of such hydrogels possessing high toughness, flexibility and self-healability to-
gether is challenging. Here, addition of PAHz into the polyacrylamido-2-methylpropanesulfonic
acid (PAMPS) hydrogel improved tensile stress (0.9 MPa), compressive strength (80 MPa)
and fracture energy (380 Jm−2) values of by 73, 23 and 422 times respectively compared
to that of the control hydrogel at 70 wt% water content. PAHz segment provided physi-
cal crosslinking through -SO3

– ...H3N+- ionic interaction in the PAMPS hydrogel matrix.
Additionally, this linkages acts as network reinforced zones that dissipated energy under
mechanical deformations and improved the mechanical strength of hydrogel system. The
hydrogels exhibited quick autonomous self-healing ability at ambient conditions, adhesive
strength of 2.8 MPa (on glass) and strain sensing properties.

Chapter 3 introduces a nanocomposite grafted flexible and conductive ionic hydrogel
for applications in wearable electrocardiogram (ECG) monitoring device. Hydrogels with
a combination of flexibility,toughness and conductivity are promising material for applica-
tions in soft electronics. In this work, the mechanical characteristics and conductivity of
polyacrylamidopropane sulphonic acid (PAMPS) hydrogels are improved via ionic graft-
ing of Polyacryloyl hydrazide (PAHz)-silver (Ag) nanocomposites (NC). PAHz-Ag NCs
with varying sizes of Ag NPs (3-40 nm) are grafted into the PAMPS hydrogel matrix by
-CONHNH3

+. . . –O3S- ionic linkage. The PAHz-Ag NC grafted hydrogels exhibited high
ultimate tensile stress (UTS 1.14 MPa) and fracture energy of 1600 Jm−2 at 62 wt% of water

xix



content. The hydrogel showed skin adhesiveness (tack adhesive strength 10.8 kPa), strain
sensing ability and conductivity of 50.5 mScm−1. Thus, the hydrogel would be a potential
candidate for soft electronics applications. The hydrogels were employed as soft electrode
in an ECG monitoring device with a real time data acquisition human-machine interface.

In Chapter 4, interpenetrating supplementary networking strategy (SNIPSy) was em-
ployed to develop tough ionic hydrogels with high water content for in flexible batteries.
Synthesizing hydrogels with tensile strength and modulus in MPa, as well as flexibility at
high equilibrium water content (>90 wt%), is difficult but crucial from an application stand-
point. Such hydrogel compositions are particularly suitable for constructing flexible elec-
tronics devices for subsea applications, where risk-free underwater implementation and op-
timal device performance at low temperature (0 °C) and high hydrostatic pressure (>20 bar)
are desired. Hydrogels with a high water content are required for ion transport, and mechan-
ical strength is desired to maintain a stable electrode-electrolyte interface under stress. We
developed ionic hydrogels of high equilibrium water content value up to 96% showing tensile
strength and Young’s modulus values up to 2 and 1.67 MPa, respectively, using a supplemen-
tal networking of an interpenetrating polymer system strategy.The flexible electrolyte of Zn
and Li ion soaked SNIPSy hydrogel was used to fabricate cost effective, resilient, recharge-
able, and flexible batteries. When immersed in water, distorted, exposed to flame, put under
high load, and operated at low temperatures, these batteries showed minimal capacity loss,
indicating their potential for subsea applications.

Overall, the strategies we have incorporated are helpful to develop hydrogel materi-
als with high mechanical strength at high water content and useful to design smart flexible
sensors and energy storage devices. Hence, these fascinating multifunctional hydrogels are
promising candidates for the benefit of mankind..!
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Chapter 1

Introduction and Literature Survey

1.1 Abstract

The global revenue of flexible and wearable electronics market is growing day by day with
the massive change in modern lifestyles. This growth is bringing new challenges in finding a
suitable material for them. Hence, the advance design of flexible electronics is required to be
inculcated. These next-generation energy storage systems and sensors should work in suc-
cessive stretching, bending, and even in twisting conditions with high power density. In this
aspect, batteries and supercapacitors are recognised as most suitable power source for these
wearable electronics. In addition, these power sources requires to be mechanically tough and
electrochemically sustainable. Tough hydrogels with high conductivity are ideal for design-
ing flexible energy storage devices and sensors. Tough hydrogels are mechanically robust
to sustain large deformation with intrinsic flexibility. Moreover, electrolyte solution can be
stored in the hydrogel matrix, providing a high surface area in the electrode-electrolyte in-
terface surface and electrical conductivity. To date, different strategies have been evolved
for the synthesis of tough hydrogels that have exhibited adequate mechanical robustness and
high performance for batteries/ supercapacitors or for sensors. Moreover, the smart stimuli
responsive hydrogels can be useful for designing soft robotics and programmable actuators.
Future endeavours lie in the advancement of useful tough hydrogels for progressively effec-
tive properties with practical applications.
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1.2 Introduction

Wearable electronics are the game-changer in this booming digital era of human civiliza-
tion. The advancements in smartphone technology, personal healthcare monitoring, IoTs
etc. increased the usage of the advance electronic devices. [1, 2, 3] But there is a great chal-
lenge in finding a versatile material for them. Recent advancements in fabrication of light
weight energy-storage material with high energy density are found in literature. [4, 5]These
energy storage materials are stretchable-bendable with minimal effect of deformation on
electrochemical reactions. [6] The wearable sensors and devices are also utilizing soft and
stretchable materials. But, there are some important criteria, e.g. high conductivity, fast
charge-carrier transport and high chemical stability for functioning the devices. [7, 8]

In the past decade, progresses in material science and innovation have improved the
electrical properties of the energy-storage devices. [9] Due to the traditional design configu-
rations of electrodes and electrolytes, conventional lithium ion batteries and supercapacitors
are rigid. The conventional metallic current collectors/electrodes cannot sustain repeated
stretching-bending. During mechanical deformations, the electrode materials can easily be
detached from the electrode surface and lead to declination in the electrochemical perfor-
mance and even create a short circuit and thermal runaway. [10, 11] Thus, scientists have
looked beyond the traditional organic electrolytes, polymer nano-composites [12, 13], car-
bon materials [14, 15] and conductive polymers [16, 17] to overcome these issues. Solid-
state (polymer or inorganic) electrolytes do not use organic solvents, and it showed a signif-
icant increase in ionic conductivity. [18] But challenges still remain with porous electrodes
and fabrication cost. [19] Non-flammable ionic liquids are also useful, but they suffer from
high viscosity, lower ionic conductivity, incompatibility with graphitic anodes and synthetic
complexity. [20] Organic polymer electrolytes can also be helpful, but they lack high ionic
conductivity and mechanical stability. Hence further investigations are essential in finding a
promising solution for the flexible electronics materials. [21, 22]

Here hydrogels may play a pivotal role to address the issues. Hydrogels can hold a
lot of water into its polymer network. Hydrogels are effective way to utilize the water as
electrolyte. But the hydrogel should be stretchable and tough enough to withstand mechani-
cal deformations during operation of the flexible energy storage devices. Hence, there is an
emerging trend of employing polymeric tough hydrogels as the key electrolyte material in
flexible energy storage devices and flexible electronics. [23, 24]

Hydrogels are soft materials usually composed of 3D crosslinked polymeric network
holding a lot of water in between the networks with highly tunable mechanical and transport
properties. Thus, hydrogels have found diverse applications in biomedical engineering [25],
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Figure 1.1: Tough hydrogel for versatile applications in flexible electronics, wearable sen-
sors, soft robotics, tissue engineering, self-healable smart materials and so on.

tissue engineering [26], drug delivery [27], soft electrodes [28], flexible-electronics [29] and
energy storage systems. [30, 31] For these multifunctional applications, the hydrogels should
be flexible and robust to sustain mechanical stress during practical applications. New syn-
thetic routes provide a rational approach to design tough hydrogels which can satisfy the
demanding requirements of flexible energy-storage devices with high conductivity, electro-
chemical activity and structural flexibility (Fig. 1.1). [32] Therefore, exploring novel strate-
gies for the design and synthesis of tough hydrogel-based flexible energy storage remains an
urgent challenge for academia and industries.

1.3 Strategies for the synthesis of tough hydrogel

Hydrogels have found diverse applications due to their interesting mechanical and physico-
chemical properties. Conventional hydrogels are brittle and this weak mechanical property
does not allow them for use in flexible and stretchable electronics and many other load-
bearing applications. Thus, the fabrication of mechanically robust hydrogels deals a great
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interest. Introduction of dissipation mechanisms in the hydrogel network can enhance tough-
ness, stretchability and fracture energy. Furthermore, addition of physical bonds which can
reversibly raptured and reformed offers a new hydrogel material with self-healing property.
Similarly, some different synthetic strategies have been proposed to enhance mechanical
properties. Thus there are few points to keep in mind while designing tough hydrogels: i)
a low crosslink density is essential for better extensibility because it results in long poly-
mer strands, ii) to diminish the stress applied at the crack tip, the hydrogel must have the
option to loosen up stress or on the other hand to dissipate energy through load redistribu-
tion. [33, 34] Considering these design constraints and material properties, we can broadly
classify the available three principal approaches to construct tough hydrogels; i) Homoge-
neous tough hydrogels: decreasing heterogeneities in the hydrogel matrix can be helpful to
lower the formation of micro-crack and its growth. Because in the homogeneous gels, the
load is evenly distributed over a significant fraction of chains and increase stretchability,
ii) Energy dissipating hydrogels: introduction of strategies to dissipate mechanical energy
during stress is another way to increase robustness and to limit macro-crack propagation,
iii) Multifunctional crosslinker- combined approach: by using multifunctional crosslinkers,
e.g., nanocomposites micro- or nanoparticles can be another methodology to dissipate en-
ergy through fracturing the bond between the polymer and particles (Fig. 1.2). [35] These
different synthetic strategies will be assessed in the following section.

1.3.1 Homogeneous network design

Conventionally, soft polymer networks are synthesized through concurrent polymerization
and crosslinking monomers. This makes randomly cross-connected versatile polymer sys-
tems which contain various molecular heterogeneities and are generally fragile. The homo-
geneous network formation reduces the inborn deformities present in the hydrogel matrix.
This reduces crack nucleation with increase in network stretchability. Now, some model
strategies will be helpful to discuss the homogeneous hydrogel systems with enhanced me-
chanical properties.

1.3.1.1 Tetra-PEG hydrogel

Hydrogel based on tetra (polyethylene glycol) segment (Tetra-PEG) is a significant strat-
egy to control the formation of asymmetric centers or inhomogeneity during formation of
hydrogel network.[36] A four armed tetra-PEG hydrogel was synthesized by Sakai et al.
using two symmetrical tetrahedron like macromonomers: tetraamine-terminated PEG and
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Figure 1.2: Different strategies for the synthesis of tough hydrogels.

tetra-Nhydroxysuccinimidylglutarate terminated PEG (Fig. 1.3).[37] The gel showed a high
compressive stress of 2.5 MPa. Small-angle neutron scattering studies have also shown the
homogeneities in polymer networks to enhance the mechanical strength.[38] However, since
there are no inherent energy dissipation mechanisms, it will cause an easy crack propagation
and low fracture energy. Moreover, this effortless technique to manufacture homogeneous,
tough hydrogels is constrained in the extent of specially designed symmetrical monomers
and polymer synthesis.

Similarly, a latest research-work by Wang et al. suggested that the inception of re-
duced graphine oxide (rGO) into the structure of a tetra-PEG hydrogel network positively
affects the robustness and functionalities. The coupling of the symmetrical monomers of
azido-terminated tetra-PEG (TAPEG) and propargyl-terminated tetra-PEG (TPPEG) was
done along with reduction of GO in a single vessel. The tensile strength of the rGO based-
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Figure 1.3: Schematics of different synthetic strategies involved in homogeneous network
based tough hydrogels (A) Tetra-PEG hydrogel network, (B) Click chemistry based net-
working approach and (C) Topological slide ring design

hydrogel surges by a factor of approximately 8.2 times due to the interactions among the
rGO and tetra-PEG component.[39]

1.3.1.2 Click chemistry based design

This strategy to fabricate tough hydrogels involve well designed architecture of reactants
using azide-alkyne [3+2] based click chemistry.[40] Here tetra-azide-functionalized PEG
and diacetylene PEG derivatives were crosslinked through copper (I)-catalyzed click reaction
for synthesis of PEG based tough hydrogel network (Fig. 1.3).[41]The improved mechanical
properties (stress of 2390 kPa, 1550% elongation) of the gel are ascribed to a homogeneously
dispersed crosslinking points similar to the Tetra-PEG hydrogel system. Similarly, Hilborn
et al. utilized modified poly(vinyl alcohol) with alkyne and azide pendant groups in the
presence of CuSO4 and sodium ascorbate to obtain tough hydrogels.[42] But, toxic side
products, complicated synthetic approach, cross-reactivity limits its application.

1.3.1.3 Slide ring hydrogels

A novel polyrotaxane-PEG gel crosslinked by α-cyclodextrin was introduced by Okumura
and Ito, while maintaining homogeneity in the hydrogel network.[43] In this kind of hy-
drogel, polymer chains are interlocked by slidable ring type crosslinkers and thus called
“slide-ring” (Fig. 1.3). These crosslinking sites helps to redistribute loads and improve me-
chanical properties just like a pulley.[44, 45] Hydroxypropylated polyrotaxane composed of
linear PEG chains and hydroxypropylated cyclodextrins were incorporated as slide-ring ele-
ments into the poly(AAc-co-AAm) hydrogel network to enhance the mechanical properties.
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This hydrogel exhibited a tensile strength of ∼8 MPa and Young Modulus of 18.3 MPa with
high stress recoverability. However, the fracture energy remains relatively low.[46]

1.3.2 Dissipation mechanisms for tough hydrogels

Another way to synthesize tough hydrogels is to incorporate energy dissipation zones into
a hydrogel matrix instead of a homogeneous network strategy. The energy released during
crack formation centers at the crack tip, and proliferate the crack growth through breaking the
polymer strands. Incorporation of the energy-dissipating mechanism will diffuse this energy
by rupturing sacrificial bonds, e.g. physical or covalent bonds in the hydrogel network to
toughen the hydrogel.[47] Such energy-dissipating mechanisms are used in the Double net-
working or Interpenetrating polymer networking or in fibre-reinforced hydrogels to enhance
the mechanical properties.

Figure 1.4: (A) Compressive strength of PAMPS-PAAm double network tough hydrogel, (B)
energy dissipation in double network hydrogel during crack propagation. Reproduced with
permission from ref. [48]. Copyright 2010 Royal Society of Chemistry.

1.3.2.1 Double network strategies

Gong’s research group achieved extraordinary toughness in hydrogels by introducing the
Double networking (DN) approach that consists of a brittle first network and another ductile
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Figure 1.5: (A-D) Agar-PAAm Double network tough hydrogel at different deformations,
(E) compressive stress of the Agar-PAAm double network hydrogel, (F) tensile test of the
DN hydrogel sheets in comparison to the single network. Reproduced with permission from
ref. [49]. Copyright 2013 Wiley-VCH.

second network. This strategy involves fracturing sacrificial bonds of the brittle network dur-
ing load and prevents catastrophic crack propagation through energy dissipation.[50] Gen-
erally the synthesis involve two step sequential polymerization processes: (i) in the first
step a highly crosslinked rigid network is formed with less population and (ii) in the sec-
ond step a loosely crosslinked network is synthesized inside the first network. Consider-
ing this methodology,a tough hydrogel was synthesised consisting poly (2-acrylamido-2-
methylpropanesulfonic acid) (PAMPS) as the first network and polyacrylamide (PAAm) as
the second network. This DN hydrogel exhibited a tensile fracture stress of 2 MPa, com-
pressive stress of 17 MPa and fracture energy of several thousands of Jm−2 at 90% water
content(Fig. 1.4). [48] This kind of DN hydrogels possess high mechanical strength (tensile
stress: 1–10MPa, strain: 1000–2000%; compressive stress: 15–60 MPa and fracture energy
of 100–1000 Jm−2) even at high water content (∼90%). [51] Recently, Chen et al. intro-
duced an one-pot methodology by mixing agar, AAm monomers and chemical crosslinkers
at 90-95°C and upon cooling the precursor solution. The agar is physically crosslinked and
the PAAm second network is formed within the agar network. Agar/PAAm DN hydrogels
showed compression stress of 38 MPa at 98% strain. Moreover, these DN hydrogels can
recover to their initial shape after various mechanical deformations (Fig. 1.5). [49]

Remarkably, the inhomogeneities present in DN hydrogel network and the energy dissi-
pation mechanism are the origin of their superior toughness, which is also known to toughen
many biological tissues.[52] But DN hydrogels also have some limitations due to its syn-
thetic methodology. It generally involved a 1-2 day process involving swelling, diffusion,
and two-step polymerization processes.[53]

8



1.3.2.2 Interpenetrating polymer networks (IPN)

Interweaving of two or more polymer networks results IPN hydrogels and it is widely used
for tissue engineering- biomedical applications. Similar to DN hydrogel, IPNs can be syn-
thesized in two ways: 1) One-step IPNs in which monomers and crosslinkers are mixed to
synthesize polymer network simultaneously or by, 2) stepwise IPNs, where after the forma-
tion of a polymer network, it is swollen in a second monomer solution followed by poly-
merization. Generally, long polymer chains of a network are interpenetrated between short
chains of another network that might be fractured under stress to dissipate energy, and the
long chains preserve flexibility of the hydrogel.[54] Considering this strategy, Wang et. al re-
ported an IPN hydrogel of superior toughness with a compressive stress of 92 MPa, tensile
stress ∼1.3 MPa and fracture energy 400-800 Jm−2 based on Poly (AMPS-co-AM)/PAM
network (Fig. 1.6).[55] Hong et al. utilized biocompatible materials sodium alginate and
poly (ethylene glycol) (PEG) to synthesize an interpenetrating network. The resultant hy-
drogel of covalently crosslinked PEG and ionically crosslinked Ca2+-alginate possesses high
high stress and fracture energy of 1500 Jm−2 .The reversible ionic crosslinking between
Ca2+ and alginate chains are raptured during deformation to dissipate energy. Once the hy-
drogel is relaxed from deformation, it recovered its original since the covalently crosslinked
PEG network helps to maintain the elasticity of the hydrogel network.[56] Similarly, tough
IPN hydrogels were also fabricated by ionically crosslinked sodium alginate interpenetrated
in covalently crosslinked PAM network or by using other polysaccharide chains which are
useful for many biological applications.[57]

Figure 1.6: Schematics of IPN network in Poly(AMPS-co-AM)/PAM hydrogel and its com-
pressive strength. Reproduced with permission from ref. [55]. Copyright 2014 Royal Society
of Chemistry.
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1.3.2.3 Fiber-reinforced hydrogels

Implantation of fibers or fillers into the hydrogel network, can be a technique for tough
hydrogel synthesis. Rapture of fibers/fillers during crack propagation dissipate energy and
increase toughness of the hydrogel. For example, silk fibroin was incorporated in a DN hy-
drogel to achieve 0.26–0.44 MPa tensile strength, 500–900% elongation. [58] Integration of
nanoscale hybrid crosslinking of alginate-polyacrylamide and macroscale thermoplastic Flex
EcoPLA fibre reinforcement gives excellent mechanical properties to a hydrogel through a
high toughness (> 33kJm−2), high stretchability (>2.8 with a notch) and a high modulus
(>6 MPa). [59]This strategy was helpful to fabricate hydrogel scaffolds for medical use. [60]

1.3.3 Multifunctional crosslinkers

Hydrogel with higher elasticity and mechanical strength can be achieved by incorporation of
micro- or nanoparticles or nano-composites into hydrogel network through crosslinking or by
physical entanglement. [61, 62, 63] These multifunctional crosslinking controls crosslinking
density and enable better load redistribution in the hydrogel matrix to reduce crack prop-
agation. The physical bonds between the nanoparticles and polymer chains raptures and
reforms reversibly during energy dissipation. This prevents crack propagation and incor-
porates some additional properties like self-healing, adhesiveness etc. [64]Basically, nano-
composites, nanoparticles, macromolecular moieties and many functional crosslinkers were
utilized in this category.

1.3.3.1 Macromolecular microsphere composite hydrogels

In the macromolecular microsphere composite hydrogels, interactions between microspheres
and polymer chain help to sustain mechanical stress.[66, 67] Xia et al. have prepared poly-
mer core–shell particles to synthesize tough hydrogels through grafting poly(butyl acrylate)
(PBA) over silica nanoparticles.

These nano-composites are then crosslinked in acrylamide hydrogel through hydropho-
bic lauryl methacrylate chains. During mechanical deformation, the aggregated PBA-PLMA
core-shell segments dissipate energy and can show a tensile stress of 1.48 MPa with 2511%
stretchability, and a fracture energy of 12.62 MJm−3 (Fig. 1.7). [65] Similarly, highly stretch-
able and temperature responsive hydrogels were synthesised by incorporating microgels as
nano-crosslinkers in a NIPAM hydrogel system. These microgel-polymer interactions helps
to dissipate energy during load and helps in toughening the hydrogel.
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Figure 1.7: Synthetic scheme of macromolecular microsphere based composite hydrogel.
Reproduced with permission from ref. [65]. Copyright 2017 Royal Society of Chemistry.

1.3.3.2 Nanocomposite tough hydrogels

Grafting of silica nanoparticle into (PAMPS/PAAm) hydrogel improved compressive tough-
ness. Here, silica nanoparticles with functionalized vinyl end groups were used as macro-
crosslinkers in the polymer network (Fig. 1.8). This hydrogel resists fracture up to 73 MPa
load with a strain above 0.98. [69] Thus different metal nanoparticles were utilized to develop
novel tough hydrogels. Zhao et al synthesized a self-healable tough nanocomposite hydrogel
using aluminum hydroxide nanoparticles in poly-2-acrylamido-2-methyl propane sulfonic
acid and acrylamide network. The hydrogels possess compressive stress of 18.9 MPa and
a tensile elongation of 2100%. [71] Similarly, toughening of hydrogel can be achieved by
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Figure 1.8: Design strategies of diffrent types of tough hydrogels with intermolecular fric-
tions (A) Dual crosslinked Alginate-PAAm hydrogel, Reproduced with permission from
ref. [68], copyright 2012 Nature Publishing Group, (B) Silica NPs grafted PAMPS-PAAm
hydrogel, Reproduced with permission from ref. [69]. Copyright 2012 Royal Society of
Chemistry, (C) ionically crosslinked polyampholyte hydrogel, Reproduced with permission
from ref. [70], copyright 2013 Nature Publishing Group.

ionic grafting of poly (acryloyl hydrazide) – Ag nanocomposites. The hydrogel possess-
ing tensile strength of 1.14 MPa and fracture energy ∼ 1600 Jm−2. [72] Clay nanosheets
were also utilized in Polydopamine-Clay-Polyacrylamide hydrogel, which exhibited tensile
strength of 150 kPa, elongation ∼4000% and fracture energy ∼6000 Jm−2. [73]

1.3.3.3 Hydrogels with intermolecular frictions

In some hydrogels the physical interactions between crosslinker and polymer functionalities
helps to improve the mechanical properties by combination of intermolecular frictions and
energy dissipative mechanism. In many tough hydrogels, ionic crosslinking of metal ions,
Ca2+, Fe3+, Mg2+ etc., hydrogen bonding strategy have been incorporated for intermolecular
frictions.[74, 75, 76]The alginate/ polyacrylamide hydrogel cross-linked via Ca2+ ions is one
of the great example of this class (Fig. 1.8).[68] Here, both ionic and covalent crosslinking
is anticipated to increase the mechanical properties with ∼2000 % elongation and fracture
energies of 9,000 Jm−2 even at 90% water content. In another way, introduction of polymers
bearing randomly dispersed cationic and anionic repeat groups can be helpful in the synthe-
sis of tough hydrogels with multiple mechanical properties (Fig. 1.8). Thus, sodium poly-
styrenesulphonate and 3-(methacryloylamino) propyl-trimethylammonium chloride based
poly-ampholyte hydrogels possess tensile stress 2-4MPa with tensile elongation of 1800%.[70]
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Similarly, zwitterionic polymers of polyampholites were utilized in some crosslinked ionic
hydrogels to improve toughness. Generally, amine functionalized pendant groups of polymer
forms reversible physical interactions with complementary ionic groups of another chemi-
cally crosslinked polymer network and acts as the energy dissipating zone during deforma-
tion. Thus polyacryloylhydrazide (an -NHNH2 functionalized polymer) was used in hy-
drogel to induce toughness by ionic interactions, covalent networking or by other physical
interaction within the polymer network and can be helpful in development of stimuli respon-
sive injectable hydrogel formulations. [77] Similarly this polyacryloylhydrazide was further
utilized to improve toughness in ionic hydrogels through – NH3

+ – – – –O3S – ionic interac-
tions. These interactions not only induce toughness but also incorporates other fascinating
properties like selfhealability, adhesiveness, conductivity etc. The hydrogel exhibited com-
pressive strength of 80 MPa, tensile strength of 0.7 MPa and fracture energy value upto 902
Jm−2. [61] Some other hydrogels under this category are also displayed in Table 1.1.

Table 1.1: Composition of different tough hydrogels and their mechanical properties

Hydrogel composition Crosslinkers
Tensile
Stress
(MPa)

Tensile
Strain
(%)

Fracture
energy
(Jm−2)

Water
content
(%)

Ref.

PAAm/montmorillonite (MMT) MMT nanoclay sheet as physical crosslinker 0.15 1800 - 85 [78]
PNIPAAm/Laponite XLG Laponite as crosslinker 1.1 1000 - - [79]
P(NaSS-co-MPTC) Only physical interactions 1.8 742 4000 55 [70]

k-carrageenan/ PAAm
MBAA chemical crosslinker &
Zr4+ ionic coordination

3.2 2200 18500 83–91 [80]

PAAm/ Pluronic F127DA
micelle

Micelles of F127DA as a physical
crosslinker for the polymer network

0.28 2265 - 75 [66]

PAA/Tannic acid coated
Cellulose Nanocrystals

TA@CNC, Al3+, MBAA 0.4 3000 - - [81]

Alginate (Ca2+)-PAAm
Ca2+ ionically crosslinked in alginate
and MBAA for PAAm

0.16 2300 8700 90 [68]

GO + PAA-Fe3+ Fe3+ ionically crosslinked to PAA and GO 0.77 2980 - 80 [82]

PAHz-PAMPS-PEG
PAHz ionically crosslinked to PAMPS and
PEGDA chemically crosslinked to PAMPS

0.9 900 1210 65-70 [61]

Silicate/PAMPS/PAAm IPN Functionalized SiNPs 1.4 112 - - [83]
Styrene, Butyl Acetate PAA Homoploymerization 0.54 2500 770 89 [84]
PAMPS/PAAm MBA crosslinker 1-10 2000 1000 90 [48]
PVA and 0.9% saline Glyoxal 0.4 - 1000 75 [85]
NIPAM and FOSA Nanodomains of FOSA moieties 1.0 476 8000 63 [86]
2-Hydroxyethyl methacrylate Ethylene glycol dimethacrylate (EGDMA) 0.67 - - 42 [87]
Polyacrylic acid MBA 0.7* 77* - 95 [50]
Collagen,PDMAAm 1% MBA 2.9* 53* - 87 [50]
Agarose, HEMA 2.5% MBA 2.4* 87* - 66 [50]
*Fracture Stress and strain

Overall, in this section, different strategies were discussed with their design constraints,
and toughening mechanisms for several hydrogel materials. However, there are a few chal-
lenges needed to be addressed during their practical applications for flexible devices. Thus
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efforts will be given to implement this knowledge base for the development of tough hydro-
gels for flexible energy storage materials.

1.4 Applications of tough hydrogels

1.4.1 Application in flexible sensors

Flexible and wearable sensors are very useful to develop smart electronics for health monitor,
artificial intelligence, sensory skin and soft robotics. To date, many wearable sensors have
been fabricated via embedding conductive fillers such as graphenes, carbon nanotubes into
polymer films or elastomers (Fig. 1.9). Despite flexibility, they lack stretchability, which
greatly limits their strain sensing ability. In order to realize long-time integration with human
skin and tissues for physiological signal monitoring, the substrate material needs to be highly
biocompatible. In addition, the rapid healable capability is crucial for extending the life and
durability of wearable strain sensors due to the inevitable damage under the mechanical
damage and overtime usage.

Figure 1.9: Different routes for the synthesis of conductive hydrogels.

Conductive hydrogels are assessed mainly for the strain sensing applications. The ba-
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sic working principle of strain sensor relies on the transformation of strain evolved in the
material into electronic signals. These signals are helpful to monitor realtime movements of
bone-joints, cardiac tissue or epidermis for diagnosis purposes. The performance of strain
sensors mainly dependent on their network structures and affects their sensitivity and work-
ing range. The performance index is measured through gauge factor (GF). The GF is defined
by the equation: GF= (δR/R0)/ε ,where R0 is the initial resistance of the sensor and δR is
the difference in resistance originated under strain (ε). Flexible hydrogels serve as matrix
to impart strain under deformation and lead to a change in resistance or conductivity. The
performance of these sensors relies on the conductive properties of the network matix and
the fillers.

Figure 1.10: Glossary of different conductive hydrogels utilized for flexible sensors.

In recent literatures, hydrogel materials are widely used for the strain sensor appli-
cations. Owing to the high water content, hydrogels provide an suitable network for ionic
conductivity. Polyelectrolyte hydrogels composed of immobilized cationic/anionic segments
in polymer backbone have been studied for ion conductive strain sensors materials. Sun et
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al synthesized a polyampholyte hydrogel system by one-step random polymerization of neg-
atively charged 3-sulfopropyl methacrylate and positively charged imidazolium-based ionic
liquid monomer to increase ionic conductivity. Moreover, the ionic interactions between the
imidazolium and sulfonate segments was anticipated to improve the mechanical properties.
The polyampholyte hydrogels exhibited high UTS (1.3 MPa) and high fracture toughness
(6.7 MJm−3), with a adequate conductivity of 3 Sm−1. Interestingly, hydrogels showed
self-healing properties and thus useful for practical applications. To increase conductivity,
incorporation of metal ions into the hydrogel matrix is a common strategy. A hydrogel based
on Fe3+crosslinked cellulose nanocrystal (CNC-Fe3+) network was synthesized to fabricate
mechanically robust, stretchable strain sensors. Here, the metal ions provide both the con-
ductivity and physical crosslinking to the hydrogel network. In an another instance, blend-
ing of conductive filler materials into the hydrogel network is helpful to induce conductivity.
Conductive fillers create a electron conducting network inside the hydrogel and leads to a
conductive material for sensor. For example, graphene embeded hydrogels containing 2.6
wt% graphene exhibited high electronic conductivity of 0.5 Sm−1. Increasing filler contents
can generate high conductivity. However, phase separation between fillers and hydrogel
matrix may decrease the mechanical properties of the material. To overcome these issues,
polyaniline (PANI), a conductive polymer was also used to synthesize conductive hydrogels
without filler materials. In some cases, ionic conductivity was modulated in non-ionic hydro-
gel systems by incorporating ionic salts e.g., LiCl, KCl into the hydrogel network to fabricate
conductive soft materials (Table 1.10). These hydrogels can be utilized for the fabrication of
soft electrodes to monitor physiological signals, ECG, EEG etc. (Fig. 1.11). [88]

1.4.2 Applications in flexible batteries

Development of flexible batteries is an emerging field of research for the growing wearable
smart electronics sector. [89] In the early stage of development, flexible electrode materials
were utilized along with liquid electrolyte and a separator film to fabricate flexible batter-
ies. This design worked unsatisfactorily because under mechanical deformation because, the
electrode materials got loosen from current collector surface and the electrolyte-separator
cannot withstand mechanical stress. [90, 91]

To overcome these issues, conductive hydrogel-based gel electrolyte with high flexibil-
ity was introduced. It can work as the electrolyte material for battery and at the same time
it can serve as a separator. [5, 92] Apart from these advantages, hydrogel-based electrolytes
can enhance the ionic conductivity due to water and also cut down the fabrication cost with
high safety feature. [93, 94, 95] In recent years, a few hydrogel based flexible batteries have
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Figure 1.11: Properties and applications of conductive hydrogels for physiological signal
monitoring. Adapted from ref. [88].

been designed based on Li/ Zn ion or in Zinc-air and Zn-MnO2 with suitable multifunctional
tough hydrogel materials. In the following part, these advancements will be highlighted.

A flexible battery based on a gelatin-hydrogel swelled in Li2SO4 – ZnSO4 electrolyte
(GHE) with Zn/GHE/LiMn2O4 cell structure demonstrated a high specific capacity of 110.2
mAhg−1. [96] A full cell average voltage was observed to be 1.8 V with 90% capac-
ity retentions after multiple cycles of charge-discharge (Fig. 1.12). It can power an LED
light even at twisting or bending conditions and retain electrochemical performance. Re-
cently, researchers at Johns Hopkins University, introduced fire proof flexible “water-in-
bisalt (WiBS)” LIB utilizing a hydrogel electrolyte based on lithium bis (trifluoromethane-
sulfonyl) imide, lithium trifluoromethanesulfonate inside a crosslinked polymer network of
hydroxyethyl acrylate and poly (ethylene glycol) methyletheracrylate (Fig. 1.13). [97] WiBS
in hydrogel network expands the ESPW to 4.1 V in LTO/LMO electrode system and makes
the LIB safer and mechanically robust.

Interestingly, self-healable LIBs were also reported based on a selfhealing hydrogel.
N,N,N-trimethyl-1-(oxiran-2-yl) methanaminiumchloride grafted PVA-based hygrogel can
be self-healable in presence of borax. This hydrogel composite was used to fabricate the
flexible LIB with LVO anode and LMO cathode which can recover healing and show a very
minimal effect in mechanical and electrochemical performances. A specific capacity of 18.2
mAhg−1 at current density of 1 Ag−1 was observed even after five cycles of cutting/healing
recovery. [98]
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Figure 1.12: (A) charge-discharge characteristics of batteries resting for 24 h in the full
charge state after 3 cycles, (B) charge–discharge voltage profile, (C) cycling performance
of full cells at 25 mAg−1, (D) cycling performance of the full cell at various current den-
sities. Reproduced with permission from ref. [96]. Copyright 2018 The Royal Society of
Chemistry.

During this developmental stages, Zinc ion flexible batteries (ZIB) have also gained
an immense interest along the lines of LIBs due to high cost and low abundance of lithium
derivatives. Li et al. fabricated a safe and flexible rechargeable ZIB using gelatin-PAM
based hydrogel electrolyte and α-MnO2 nanorod/CNT cathode. This ZIB possess a high
energy density of 6.18 mWhcm−2 and specific capacity of 306 mAhg−1 with 97% capacity
retention after 1000 cycles. Moreover, this battery exhibited adequate flexibility and high
safety performance under mechanical stree and fire. [99] Recently, Zhao et al. reported a
novel strategy of “cooling-recovery” to fabricate selfhealable polymer hydrogel electrolyte
based flexible Zn battery which can withstand mechanical deformations. [100] The hydrogel
electrolytes (PHEs) were synthesised by pluronic polymer (F77, PEO53 – PPO34 – PEO53)
and an aqueous solution of ZnSO4 and Li2SO4. The flexible battery prepared by PHE with
zinc anode and LiFePO4 (LFP) cathode material impart cycle stability, high initial open-
circuit voltage (∼1.60 V) and showed a better capacity retention under load. Moreover,
simple cooling process can restore electrochemical performance of the battery if there is any
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Figure 1.13: (A) Schematics of hydrogel electrolyte design, (B) Cycling performance of
flexible battery C-W-GPE with LTO/LMO electrodes at 0.25C. Reproduced with permission
from ref. [97]. Copyright 2019 The Royal Society of Chemistry.

fracture in electrode-electrolyte interface.

In last few years, flexible Zn-MnO2 batteries also joined the race. For example, an
extremely compressible Zn-MnO2 battery was designed using a PAAm hydrogel electrolyte
with a specific capacity of 277.5 mAhg−1 (Fig. 1.14). The battery showed a stable cyclic
electrochemical performance over 1000 times and it can withstand cyclic compression stain
up to 20%. [101] Furthermore, a mechanically tough and flexible Zn-MnO2 battery was de-
veloped using a dual crosslinked Zn-alginate/PAAm hydrogel electrolyte. [102] This battery
showed high specific capacity of 300.4 mAhg−1 at 0.11 Ag−1 and a great cycle stability. A
great retention in electrochemical performances was also observed for this Zn-MnO2 battery
during folding and pressing, cutting, twisting, and hammering and even it can survive run-
over by a car. Thus, the battery performances suggests its potential application in flexible
and wearable electronics.

Flexible zinc-air battery (ZAB) is another promising candidate under flexible energy
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Figure 1.14: (A) Schematic design of battery assembly, (B) galvanostatic charge/discharge
curves of the battery at different rates, (C) retention of specific capacities of the battery
under cyclic compressional strain.Reproduced with permission from ref. [101]. Copyright
2018 American Chemical Society.

storage devices. But the special semi-opened structure and electrochemistry are quite differ-
ent from other flexible batteries and challenges the current technologies. Recently, Pei et al.
have designed a low-temperature compliance flexible ZAB based on a nano-electrocatalyst
to increase the electrochemical performance of ZABs. In ZABs, the electrochemical reac-
tions relies on oxygen evolution/ reduction reactions (OER/ORR) on their cathodes during
discharging/charging. Here, a bamboo shaped fibrous nanocatalyst (BFCs) was synthesized
by PVA, PAN and Fe-Co salts for air cathode. And a flexible polyacrylic acid based hy-
drogel in alkaline medium was used as electrolyte with a Zn anode. This battery assembly
(ZAB-BFCFC-0.2) delivers a high capacity of 691 mAhg−1 and an energy density of 798
Whkg−1 with a OCV of ∼1.5 V even at -20 °C. [103]

Challenges for hydrogel-based flexible batteries

From the above discussion, it is clear that a few applications of tough hydrogels in the
flexible LIBs, ZIBs or ZABs are explored. And, the progress of hydrogel based electrolytes
for flexible ZIBs are much more noticeable compared with LIBs due their compatibility with
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Table 1.2: Glossary of hydrogel materials used in fabricating flexible batteries

Materials for flexible batteries
Mechanical properties of hydrogel
electrolyte materials

Electrochemical performance
of flexible batteries

Ref.

Polyacrylamide-chitosan-SiO2

+LiTHSI Aq. LIB
Tensile Strength 130 kPa, 1600% elongation Energy density 110.7 Whkg−1 [104]

Borax crosslinked PVA/glycerol
hydrogelAq. ZIB

Tensile Strength 120 kPa, 500% elongation,
Compressive strength 1.7 MPa

Energy density 46.8mWcm−3,
Power density 96 mWcm−3 [105]

Carboxymethylcellulose+ Li2SO4

CNT/LMO & CNT/LTO electrode
Tensile Strength 0.45 MPa, 150% elongation Energy density 32.04 Whkg−1 [106]

Gelatin hydrogel+ ZnSO4+Li2SO4 ZIB Compressive Strength 110 kPa at 80% strain Specific capacity 110 mAhg−1 [99]
Gelatin+acrylamide+MBA+PAN fibre+
ZnSO4+MnSO4 Zn-MnO2 Battery

Tensile Strength 7.5 MPa, 180% elongation
Energy density 148.2 mWcm−2

Sp. Capacity 306 mAhg−1 [99]

Crosslinked PAAm+ ZnSO4+MnSO4

Zn-MnO2

Compressive hysteresis upto 70 kPa at 80 %
strain for 5 cycles

277.5 mAhg−1 Stable cyclic
performance over 1000 times at 4C

[101]

Polyurithaneacrylate-polyacrylamide+
ethyleneglycol hydrogel Zn-MnO2 battery

- 275mAhg−1 and 32.68 mWhcm−3 [107]

PAAm-Zn alginate hydrogel Zn-MnO2
Tensile Strength 160 kPa, 500% elongation
with 2022 Jm−2 fracture energy

300.4 mAhg−1 [102]

PVA-ZnCl2+MnSO4/ Zn-MnO2 PEDOT -
366.6 mAhg−1 and energy
density 504.9 Whkg−1 [108]

Fe3+ crosslinked polyacrylate NiCo//Zn Tensile Strength 205 kPa, 1000% elongation Capacity >200 mAhg−1 1.8 V OCV [109]

PANa + Zincacetate+KOH NiCo//Zn 1400% stretchability
Energy density 210 Whkg−1 power
density 11.6 kWkg−1 [110]

Catalytic PAN, PANI, Fe-Co in
Polyacrylicacid hydrogel ZAB

Tensile Strength 82 kPa, 650% elongation
and compressive stress 240 kPa

Capacity 691 mAhg−1 Energy
density 798 Whkg−1 [103]

PAMPS-MC KOH ZAB
Tensile Strength 45 kPa, 250% elongation
with compressive strength 200 kPa at 80% strain

Sp. Capacity 764.7 mAhg−1Energy
density 850.2mWhg−1 [111]

the aqueous electrolyte systems. Although, hydrogel based flexible batteries have promising
outcome, further improvements are necessary to enhance electrochemical performance and
design for practical applications (Table 1.2). [112]

Conventional flexible batteries still depend on organic or ionic liquid electrolytes with
broader ESPW compared than that of hydrogel based aqueous electrolytes. As a result, the
hydrogel based batteries delivers low energy density. [113]

Moreover, many conventional electrode materials failed in fabricating aqueous hydro-
gel based flexible batteries due to the decomposition reaction of water. Therefore, the devel-
opment of novel electrode materials and designing the proper electrochemical reactions for
aqueous energy storage techniques are required to be explored more and more. [114]

Beside this, another major issue is the proper choice of hydrogel electrolyte materials.
The polymer network of the hydrogel should be compatible with water-electrolytic salts with
minimum side effect to the electrochemical reactions of battery. And the hydrogel-based
electrolyte must be conductive enough for efficient charge/discharge cycles. Hence, hydro-
gels are designed with hydrophilic functional groups in their polymer network to maintain
high water content and electrolyte counter-ions. [115]

Furthermore, one of the key features of the hydrogel electrolyte is the mechanical flex-
ibility. Otherwise, the battery system will be rigid. Thus, to fabricate mechanically robust
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hydrogels, a proper synthetic strategy must to be chosen. Double networking approach, hy-
drogel with multifunctional crosslinker, e.g. nanoparticles, nano-composites may be used to
obtain hydrogels with high mechanical strength and elasticity. Moreover, these can lead to
some additional functions, such as self-healing properties to the smart energy storage sys-
tems. However, the safety and the cost of fabrication/manufacturing should keep in mind
while designing these flexible energy storage devices with mechanical flexibility and high
electrochemical performance.

1.4.3 Application of tough hydrogels in flexible supercapacitors

The conventional supercapacitors are basically electrical double-layer capacitors which can
store electrochemical energy by adsorption of electrolyte ions on the surface. [116, 117]
Generally, it contains carbon materials, graphene, carbon nanomaterials etc. as active mate-
rials. [118] Further developments in energy storage techniques introduced pseudocapacitor,
in which fast surface redox reaction is the key and made up of conducting polymers and metal
oxides. [119, 120, 121] These supercapacitors offered high specific capacitance and energy
density but lack of mechanical flexibility. Hence, development of flexible supercapacitor
technology is an emerging field in energy and material sciences. [122] Here, the hydrogel-
based aqueous electrolytes are the fascinating field to be explored in the smart electronic
applications because of their high ionic conductivity, high mechanical properties and of high
safety. [123, 124] Thus, some examples of hydrogel-based flexible supercapacitors will be
helpful in this regards.

Polyvinyl alcohol (PVA) is a commonly used material in developing hydrogel-based
flexible supercapacitors, because of their low cost, chemical stability, and nontoxicity. One
of the strategies is to crosslink PVA–H2SO4 hydrogel and to assemble it in a polyaniline
(PANI) based supercapacitor. This hydrogel exhibited ionic conductivity of 0.082 Scm−1

with a high mechanical strength and stretchability up to 300%. This flexible supercapacitor
offered a high capacitance of 488 mFcm−2 with a capacitance retention about 90% after
7000 cycles (Fig. 1.15). [125]

The energy dissipation mechanism of APPH arises from the sacrificial PANI network
and reversible deformation and formation of the PVA network and thus allow high mechani-
cal stretchability and toughness. APPH exhibits high ionic conductivity due to PANI scaffold
and thus endow it to work as a flexible electrode for supercapacitors. The APPH based su-
percapacitor offers a high specific capacitance of 260 Fg−1 at 0.5 Ag−1 and a large energy
density of 27.5 Whkg−1 (Fig. 1.16).
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Figure 1.15: A) Schematics of fabrication of crosslinked PVA hydrogel electrolyte PCH-
PANI based flexible supercapacitor, B) GCD curves of the SC at various current densities,
C) Capacitance retension of the SC. Reproduced with permission from ref. [125]. Copyright
2015 Wiley-VCH.

Apart from this, the polyacrylamide (PAAm)-LiCl hydrogel was also used as electrolyte
material for their high ionic conductivities (3.8 to 8.1 Sm−1) for flexible SCs. Assembling
this PAAm–LiCl hydrogel with CNTs supercapacitors offered a high specific capacitance of
99.3 Fcm−3 and a long discharge profile. This devices showed superior flexibility and a very
low degradation in performance under deformation for 5000 cycles. [127] Compared with
conventional PVA-based gel electrolytes, this PAAm hydrogel electrolytes exhibited better
water retention property, higher ionic conductivity and improved mechanical properties.

In recent years, applications of hydrogel based supercapacitors also extended for low
temperature applications. Generally, below the freezing point, icing is the major issue with
the hydrogel based SCs. Because it reduces the mobile water molecules and causes precipita-
tion of electrolyte salts. It leads to significant loss in conductivity and polymer chain move-
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Figure 1.16: (A) CV curves of the SCs based on different compositions of anisotropic
polyvinyl alcohol/polyaniline hydrogels at a scan rate of 10 mVs−1. (B) charge/discharge
profiles, (C) CV curves of APPH-2 based SCs at stretching (D) charge-discharge profile of
APPH2 based SCs at different current densities. (E) Cycling performance of the SCs, (F)
Gravimetric and areal capacitances of the SC with APPH-2. Reproduced with permission
from ref. [126]. Copyright 2020 Nature Publications.

ments. Owing to this, the hydrogel based SCs faced poor electrochemical performances.
Tao et al. introduced a cold-resistant self-healing hydrogel electrolyte to improve the low-
temperature performance of SCs. [128] In this work, sodium alginate (SA)-dopamine (DA)
hydrogel was crosslinked by a dynamic catechol–borate ester linkage and fabricated in a
flexible supercapacitor with KCl electrolyte. The ionic conductivity of the hydrogel elec-
trolyte was measured to be 85.7 mScm−1 even at -10 °C. And the dynamic catechol–borate
ester linkage endow self-healing property to the SCs. These properties helps to conserve the
capacitance over 80% for the hydrogel based high performance flexible supercapacitor.

Challenges in hydrogel based flexible supercapacitors The examples discussed in
the above section showcased the achievements in hydrogel electrolyte based flexible super-
capacitors with high electrochemical performance. Few more outcomes are also incorporated
in Table 1.3. In spite of this achievements, there are few challenging aspects faced during
the fabrication of these smart energy storage devices. Some of these will be discussed in the
following:

The major concern in the development of flexible supercapacitors lies in their elec-
trochemical performance. The water in hydrogel based supercapacitors, itself is the enemy
due to their low ESPW. [140] Immobilization of the water molecules within the polymeric
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Table 1.3: Flexible hydrogel based supercapacitors

Electroactive materials Hydrogel electrolyte

Mechanical
properties
Tensile strength
& elongation

Electrochemical performance Ref.

Specific capacitance
Cyclic stability
(cycle no.)

PANI (polyaniline) Polyvinylalcohol 5.3 MPa 928 Fg−1 at 0.5 Ag−1 90% (1000) [129]
PANI PVA-H2SO4 0.35 MPa 488 mFcm−2 at 0.2 Ag−1 93% (7000) [125]
PPy (polypyrrole) Fe3+ crosslinked PVA-H2SO4 0.65 MPa, 360% 261.2 mFcm−2 at 0.1 mAcm−2 86.3% (10000) [130]
Carbon nanotube CNT-PANI PVA-H2SO4 - 680 mFcm−2 at 1 mAcm−2 90% (500) [131]
Graphene PVA-H2SO4 - 186 Fg−1 at 1 Ag−1 91.6% (10000) [132]
PANI Polyacrylamide PAAm - 315 Fg−1 at 2 Ag−1 92% (35000) [133]
CNT PVA/PPy composite - 354.3 Fg−1 84% (8000) [134]

CNT paper
Borax crosslinked PVA/
nanocellulose hydrogel

23 kPa, 600% 504.9 mFcm−2 95.3% (5000) [135]

CNT
Poly (AMPS-co DMAAm)
+ laponite+GO

62 kPa, 1200% 180 mFcm−2 95% (5000) [127]

AC electrode PVA-g-PAA KCl 18 kPa, 700% 80 Fg−1 at 1 Ag−1 - [136]
Graphene@PPy Fe3+ crosslinked PAA/ KCl 400 kPa, 700% 87.4 Fg−1 at 0.5 Ag−1 89% (5000) [137]

PPy-CNT
Vinylhybrid silica NPs
crosslinked PAAm

300 kPa, 1500% 250 Fg−1 - [138]

PANI-Carbon cloth
Dual crosslinked PVA-PAM +
Ethyleneglycol+water

3.5 MPa
Comp. stress

175 Fg−1 at 0.5 Ag−1 86.5% (4000)
at -30°C

[139]

network of hydrogel can suppress the decomposition of the water. Or use of concentrated
electrolyte salts in hydrogel matrix can widen the ESPW to some extent. Although there are
few reported works are available for aqueous rechargeable batteries, insufficient attention
has been paid for hydrogel electrolyte based supercapacitors. [141, 142]

Further investigation on mechanical properties of the flexible supercapacitors and their
constituent parts are required. The electrode materials should also be designed along the line
of tough hydrogel electrolyte materials. A theoritical and as well as a practical correlation
of electrochemical performances flexible supercapacitors with mechanical deformations in-
cluding the bending angle, twisting or other sever deformation should be addressed during
design. The strain induced during mechanical deformation on the device should be studied,
which will help further for material selection. [143]

1.4.4 Applications of stimuli responsive hydrogels for soft actuation

In recent years, stimuli responsive hydrogel materials have found fascinating applications
due to its unique properties in micro-environments. Living creatures, from micro-organisms
to humans and plants responds to the environmental stimuli and generates motions. Plants
have developed unique movements through the hydro-elastic motion based on swelling of
cells. For example, the opening or closing movement of pine cone scales originates from the
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anisotropic swelling of cells in moisture. Interestingly, some carnivorous plants like Venus
Flytraps learned to make rapid motions through swelling induced elastic instability. Inspired
from these natural systems, soft and smart hydrogel materials were developed for advanced
applications. The polymer networks chains in hydrogel have found to undergo volumetric
change upon solvent absorption just like the plants. Hydrogels have been found responsive to
temperature, pH, light, electric and magnetic field. These responsive behavior of hydrogels
makes it a promising candidate for sensing, soft actuations, microfluidics, and bio-medical
engineering and so on. [144]

Smart stimuli responsive hydrogels have found to reversibly change shapes and other
physical properties under external stimuli to accomplish different actuations like; bending,
folding and capture/release and maintain mechanical stability under deformations. Such
shape adaptability is the result of structural anisotropy present in the hydrogel network. But,
one can impose non-uniformly oriented stimuli like magnetic field, electric field or light ir-
radiation to achieve controllable anisotropic deformations in conventional isotropic hydrogel
network. But application of precise non-uniform external stimuli over hydrogel finds diffi-
culty in real life applications. Thus the fabrication of anisotropic hydrogels itself has become
a good strategy to achieve actuation properties. [145, 146]

The design and fabrication of anisotropic structures is fundamental for the develop-
ment of hydrogel actuators. Up to now, various inhomogeneous structures including bilayer
structures, gradient structures, patterned structures, oriented structures have been explored.
Bilayer fabrication strategy was widely used for unimorph hydrogel actuators, where two
hydrogel sheets with different swelling ratios were attached together. This allows actuation
behavior under solvents by means of asymmetric responsive behavior of the two layers. For
example, a thermo-responsive actuator was fabricated by sandwiching two layers of poly(N-
isopropylacrylamide)-Laponite clay hydrogels with different clay content. [147] Similarly,
a salt responsive bilayer hydrogel actuator was fabricated by sandwiching a composite of
poly([2-(methacryloyloxy)ethyl]-trimethylammonium chloride) and poly[N-(2-hydroxyethyl)
acrylamide] hydrogel layer with a poly(3-(1-(4-vinylbenzyl)-1H-benzo[d]imidazol-3-ium-
3-yl)-propane-1-sulfonate) polymer layer. The hydrogel layers responds to salt concen-
tration in a opposite manner, resulting swelling induced actuation of the hydrogel. [148]
Gradient distribution of fillers, nanoparticles or polymer segments is also an effective de-
sign strategy to synthesize anisotropic hydrogel network (Figure 1.17). [149] A gradient
porous hydrogel was synthesised by hydrothermal treatment of 4-hydroxybutyl acrylate and
N-isopropylacrylamide (NIPAM). [150] Similarly, photo-patterning strategy was employed
to fabricate multi-responsive anisotropic hydrogels with graphene oxide-PNIPAM and poly
(methylacrylic acid) composite hydrogel, which exhibited thermo-, pH- and NIR-triggered
actuation. [151] Moreover, these actuation properties allowed us to fabricate soft robots and

26



soft grippers to manipulate small weights or to design micro-valve or prosthetic materials
with potential applications in drug delivery and futuristic biomedical engineering devices.

Figure 1.17: Design of a bilayer hydrogel actuator. (A) folding of NIPAm-AAc/PEODA
bilayer hinge during change in pH, (B) reversible actuation of the Janus bilayer hydrogel in
different pH, (C) dual temperature and pH-responsive semi-IPN hydrogel actuator. Repro-
duced with permission from ref.[149].

1.4.5 Appliction of tough hydrogels in tissue engineering

Hydrogel with high water content can be useful for biomedical applications due to its ex-
cellent biocompatibility and similarity with the extracellular matrix in biological tissues.
However, conventional hydrogels are mechanically weak and are not suitable for physio-
logical load-bearing conditions. Thus, the development of tough hydrogels is necessary
for tissue engineering and biomedical applications. [152, 153] Tough hydrogels have found
promising application in cartilage regeneration. Cartilage defects are common symptoms of
osteoarthritis. Thus, tough hydrogels have been developed to repair cartilage defects for both
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in vitro and in vivo. In recent years, several double network hydrogel systems have been fab-
ricated, e.g., poly (2-acrylamide-2-methylpropane sulfonic acid)-polyacrylamide hydrogel
and bacterial cellulose- gelation hydrogel have been synthesized with high fracture stress
of 17.2 MPa and 5.3 MPa, respectively for that application. [154, 155] Hyaluronan and
N,N-dimethylacrylamide based strong double network hydrogel was also fabricated with
high fracture stress. [156] Recently, Khademhosseini et al. fabricated a cell-laden double-
network hydrogel, using gellan gum methacrylate 1st network, and gelatin methacrylamide
second network with adequate cytocompatibility. [157] However, to mimic the physiological
microenvironment, it is necessary to develop tough hydrogel scaffold for 3-D cell culture
with biocompatibility. And it requires a collaborative research environment in biology and
chemical/ material science interfaces.

1.5 Conclusion

Tough hydrogels have found profound applications in fabrication of flexible energy storage
devices, wearable sensors, tissue engineering and soft-robotics applications. Hydrogels with
inherent mechanical robustness and high conductivity, are the suitable platform to fabricate
these materials. Many strategies have been developed to synthesize tough hydrogel materi-
als with desired properties. Double network, IPN and nano-particle reinforced strategies are
there, but not effectively utilized for the application purposes. Despite the discussed achieve-
ments till now, the development of tough hydrogel based flexible energy storage devices are
still in the early stages of research. The next step is to find a structural design and reliable
configuration to integrate all of components and then assembling it into the electronic device.
Meanwhile, the smart electronics with self-healability, optical transparency, biocompatibil-
ity will be more challenging. But, in this state, there are limited number of tough hydrogel
with such multifuctional capability. As the upcoming growth in wearable electronics rely on
miniaturization and flexibility, there is an emerging demand to extend the scope of research
and innovation in hydrogel based flexible devices.
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Chapter 2

Incorporation of Polyacryloyl Hydrazide
into Ionic Hydrogels to Improve

Toughness, Elasticity, Self-Healability,
Adhesive and Strain Sensing Properties

2.1 Abstract

Development of hydrogels possessing high toughness, flexibility and self-healability together
is challenging. Polyacryloyl hydrazide (PAHz) was incorporated into ionic hydrogels to
improve mechanical properties, adhesive, self-healability, and strain sensing performance.
Here, addition of PAHz into the polyacrylamido-2-methylpropanesulfonic acid (PAMPS)
hydrogel improved tensile stress (0.9 MPa), compressive strength (80 MPa) and fracture en-
ergy (380 Jm−2) values by 73, 23 and 422 times respectively compared to that of the control
hydrogel at 70 wt% water content. PAHz segment provided physical crosslinking through
-SO3

– ...H3N+- ionic interaction in the PAMPS hydrogel matrix. Additionally, this linkages
acts as network reinforced zones that dissipated energy under mechanical deformations and
improved the mechanical strength of hydrogel system. The hydrogels exhibited quick au-
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tonomous self-healing ability at ambient conditions, adhesive strength of 2.8 MPa (on glass)
and strain sensing properties. This general one-pot strategy may be extended to other ionic
hydrogel systems to impart mechanical properties for practical applications.

2.2 Introduction

Artificial soft hydrogels have found to be promising materials in mimicking the mechanical
properties such as flexibility, high fracture strength and self-healing ability of naturally oc-
curring tissues like cartilage, ligaments, tendons and extracellular tissue matrix. [158, 159]
Thus, the hydrogels are widely utilized for multi-purpose applications ranging from synthetic
self-healable materials, [160] under water adhesive products, [161, 162] 3D printing, [163]
environmental remediation, [164], super adsorbing materials, [165] solar energy harvest-
ing, [166] energy storage, [167, 168] flexible supercapacitor, [169, 170] targeted drug deliv-
ery, [171, 172] carbon capture, [173] biomedical applications, [153] werable sensor, [174]
and many more. As a result of the foregoing, a lot of research work is being put into de-
veloping hydrogels with superior mechanical properties. In recent years some strategies
like double-networking approach, [175, 176] nanoparticle reinforcement, [177] use of func-
tionalized polymer composites, [178] universal soaking entanglement, [179, 180] dual click
approach, [181] insertion of low-melting-point alloy, [182] use of functionalized crosslink-
ers [183] and slide ring mechanism [184] have been employed to develop tough hydrogels.
However, several of these techniques’ synthetic procedures, which are multi-step in nature
and involve post-gelation processing to produce the requisite mechanical properties, neces-
sitate close attention for large-scale material creation. As a result, robust one-pot synthetic
approaches for large-scale production of tough hydrogels with high mechanical strength and
multifunctional properties are desirable. [185, 186]

Polyacryloyl hydrazide (PAHz) is known for its water solubility and possesses weakly
basic CONHNH2 functionality in its polymer segments. These CONHNH2 groups are ca-
pable of forming ionic linkages with various strongly acidic functionalities. Therefore, in-
corporation of PAHz in ionic hydrogels possessing acidic functionalities such as –SO3H,
-COOH etc may provide physical crosslinking through ionic interactions to affect the me-
chanical strength. [187] These physical interactions are capable of reversibly break and
reform under load to supplement the mechanical properties via energy dissipating mech-
anism. [188, 189, 190] Addition of a chemical crosslinking can further improve the me-
chanical properties of ionic hydrogels. [191, 192] However, most of the strategies involve
metal ions or strongly cationic polyelectrolytes (substituted or unsubstituted amines having
pKa of ≈ 9-11) for the synthesis of ionic crosslinked hydrogel systems. [193, 194] Here,
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a cationic polyelectrolyte, PAHz possessing -CONHNH2 group (weak, having pKa of ≈ 3-
4) was incorporated into a chemically crosslinked hydrogel system having strongly anionic
functionality (-SO3H) to synthesise a dual crosslinked hydrogel. [195] To assess the strat-
egy, polyacrylamido-2-methyl-1-propanesulfonic acid (PAMPS) possessing complementary
functionality (-SO3H) to that of the -CONHNH2 of PAHz was selected as the ionic hydrogel
system and the effect of PAHz incorporation on the mechanical properties of PAMPS was
investigated. Additionally, PAMPS based hydrogels were already known in literature for bio-
compatible materials, [196] biomedical membrane [197, 198] and other applications, [199]
suggesting a high thought put application. Furthermore, presence ionic linkages and hydro-
gen bonds in the hydrogel systems may endow self-healing performance. The ionic func-
tionalities present in the hydrogel can facilitate conductivity and adhesive properties with
various surfaces. Thus the hydrogels were explored for promising adhesive and strain sens-
ing applications.

2.3 Experimental

2.3.1 Material

Acrylamido-2-methyl-1-propanesulfonic acid (AMPS, Sigma Aldrich, 99%), Poly (ethyleneg-
lycol) diacrylate (PEGDA, Mn 250, Sigma Aldrich, 99%), α-ketoglutaric acid (Sigma Aldrich,
99%), N,N’-methylene bisacrylamide (MBA, Sisco Research Laboratory, 99%), dansyl chlo-
ride (DC, Alfa Aesar, 97%), hydrazine hydrate (NH2NH2 ·H2O, Fisher Scientific, 99%),
tetrahydrofuran (THF, Finar Ltd., 99%) were used as received. PAHz was synthesized as
per reported procedure with molecular weight of Mn = 15000 g/mol and PDI 1.8) follow-
ing reported procedure. [200] DI water was collected from Elga Pure water purifier for the
preparation of hydrogels.

2.3.2 Instrumentation

The compression tests were performed in universal tensile machine (H25KS/H5KL, Tinius
Olsen) at a machine speed of 2 mm/min. The hydrogel samples were prepared in cylindrical
shape (of dimensions: diameter 7 mm and length 15 mm) using syringes. The water content
of the as synthesized hydrogels was ∼70 wt% and used for testing. The tensile and frac-
ture tests were conducted in the same machine with a cross head speed of 50 mm/min. The

31



samples were prepared by injecting the pre-gel solution into molds made up of two glass
slides separated by 2 mm thick spacer. The tests were carried out within 5 h of removing
the samples from the mold with rectangular hydrogel strips (dimensions: 30.0 x 9.5 x 2.0
mm3). The Young’s modulus (E) values were obtained form the Hookean slope of tensile
traces. the FT-IR spectra of the polymer samples were recorded in Perkin Elmer Spectrum
Two FT-IR spectrometer. The system was equipped with a PIKE MIRacle single reflection
horizontal ZnSE ATR accessory. FESEM images of the hydrogel samples were recorded
in a Carl Zeiss-Sigma FESEM at 3 kV acceleration voltage. Fully swelled hydrogel sam-
ples were freeze dried and thin cross-sections were used for the FESEM imaging after gold
coating. The polymer nano aggregate size in aqueous medium was measured by Dynamic
Light Scattering (DLS) spectrometer (Nano-ZS, Malvern) equipped with green laser of 523
nm and the intensity of the scattered light was detected at the angle of 173°. The size dis-
tribution data was processed in Zetasizer 6.20 software (Malvern Instruments). Confocal
fluorescence microscope (LSM780NLO, Carl Zeiss GmbH) was used to record images of
cross-sections of fluorescent dye tagged hydrogel samples under green laser source of 532
nm. The microscopic images were further processed in ZEN 2012 software (Carl Zeiss). The
time dependent self-healing efficiency of the hydrogel was monitored under a upright light
microscope (Magnus). Live image acquisition and image processing was performed using
Magnus pro 3.7 software.

2.3.3 Synthesis of polyacryloyl hydrazide (PAHz)

PAHz was synthesized as per previous report from polymethylacrylate (PMA). For the sy-
hthesis of PMA, methyl acrylate (17.20 g, 200 mmol) was dissolved in 285 mL of water
followed by addition of 5 mL aq. solution of potassium bromate (0.08 g, 0.48 mmol) and
sodium hydrogen sulfite solution (0.24 g, 2.3 mmol in 5mL water). The mixture was vigor-
ously stirred for 15 min to free radical polymerization. The polymerization was quenched by
pouring thereaction mixture into aqueous sodium chloride solution (44.0 g in 300 mL water).
Then the obtained polymeric mass was washed with water for several times to remove salt
and unreacted monomer. The PMA was dried at ambient temperature and stored for further
use. Yield of PMA: 14.0 g, 82%. 1H NMR (400 MHz, in CDCl3) δ (ppm): 1.3-2.0 (m, 2H,
-CH2-CH-COO), 2.3 (b, 1H, -CHCOO), 3.7 (s, 3H, -COOCH3). FT-IR (in cm−1): 2954 (m,
C-H), 2852 (w, C-H), 1728 (s, C=O), 1436 (m, C-H), 1158 (s, C-O). GPC (PMA dissloved
inTHF): Mn = 15000 gmol−1, PDI = 1.9.

Next, 10.0 g (0.156 mmol) of PMA was dissolved in 300 mL of THF taken in a round-
bottom flask. To this solution, TBAB (10.0 g, 31.02 mmol) and hydrazine hydrate (38.8 g,
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760 mmol) were added. Then the mixture was stirred at 60 °C for 12 h. After cooling to
ambient temperature the solution formed two separate layers. The aqueous layer contain-
ing hydrazide functionalized PAHz was poured into methanol to precipitate out the desired
polymer. The polymer was washed with methanol for several times and dried in a rotary
evaporator. Further, aqueous solution of PAHz was prepared by dissolving certain amount
of it into water. Yield was recorded to be 9.5 g, 95%. Characterization FT-IR (in cm−1):
3261 (m, N-H), 2924 (m, C-H), 1610 (s, C=O), 1447 (m, C-H), 981 (m, C-N).1H NMR (500
MHz, D2O) δ (in ppm): 1.3-2.2 (m, 3H, -CH2-CH-CO-), 3.15 (b, 2H, -CONH-NH2).

2.3.4 Synthesis of PAHz incorporated hydrogels

For synthesis of a typical hydrogel, 12.0 mL 30 wt% aqueous solution of AMPS (17.0 mmol)
PEGDA (0.85 mmol) and 0.83 mL 30 wt% aqueous solution of PAHz (2.8 mmol) were taken
in a 30 mL glass vial and vigorously mixed for 5 min. After purging the mixture with N2 gas
for 15 min, α-ketoglutaric acid (0.17 mmol) was added and stirred. Then the pre-gel solution
was syringed out in 1 or 5 mL disposable syringes and poured into glass molds and kept
under UV light (365 nm, light intensity ≈ 3.5 mWcm−2) for 6 h. The as prepared hydrogel
samples were stored in a sealed container at 25 °C till analysis. Similarly, other hydrogels
formulations were prepared by varying the crosslinker and monomer concentrations.

2.3.5 Dye tagging of hydrogel sample

Thin slices of a PAHz incorporated hydrogel were kept in a glass vial containing a 2 wt%
aqueous solution of DC for 10 h at ambient conditions. Then the samples were taken out from
the DC solution and washed with distilled water for several times to remove the untagged
dye molecules on the hydrogel surface. The samples were pasted on a microscopic slide and
dried under ambient conditions. These slides were utilized for confocal fluorescent imaging.

2.3.6 Calculation of swelling parameter

A fully dried hydrogel sheet (dimension: 0.6 x 0.4 x 0.1 cm3) was allowed to completely
swell in distilled water for 48 h and the final dimensions were recorded. The anisotropic
swelling factor was calculated by using the following equation, Anisotropic swelling param-
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eter = (H/H0)/(L/L0)−1 Where, H and H0 are the heights and L and L0 are the lengths of
the rectangular hydrogel sheet after and before swelling respectively.

2.3.7 Study of hysteresis performance

Loading-unloading curves of as synthesized cylindrical hydrogel samples (70 wt% water
content) under compression mode were recorded in consecutive cycles. Compressive strain
from 0 to 75% was applied on the samples in controlled strain mode. The hysteresis energy,
energy dissipated during a compressive loading-unloading cycle (Eh) was calculated from
the area between loading and unloading curves of two consecutive hysteresis cycles using
Origin Pro 8.5 software.

2.3.8 Measurement of adhesive strength

Adhesive strength was measured in tensile mode by H5KL machine (Tinius Olsen) with
1000 N load cell. For measurement of wet adhesive strength, different hydrogel samples
(containing 60 wt% water) were cut into rectangular strips of dimension 1.0 x 0.5 x 0.1 cm3

and sandwiched between two substrates and pressed under a load of 500 g for 20 min. Then
the two ends of the substrates were clamped into the machine and stretched with a machine
speed of 10 mm/min to record the adhesive force. For dry adhesive strength measurement,
the above mentioned sandwiched substrates were incubated at 50 °C for 24 h under 500 g
load prior to the testing.

2.3.9 Experimental setup for strain sensing

A hydrogel sheet of dimension of 10.0 x 2.0 x 0.3 cm3 (50 wt% water content) was attached
with metal binder clips at both ends and connected to a electronic circuit comprising LED
light, digital multimeter and 9V DC power source. The changes in resistance and change in
LED light intensity was recorded during stretching-releasing of the hydrogel. Further, the
hydrogel strip was attached on the human index finger using Band-Aids and connected to
the electronic circuit to sense the motion of human body. Resistance was monitored with
different motions of finger or limbs with time for evaluation of this hydrogel strain sensor.
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2.4 Results and Discussion

Various hydrogel compositions based on AMPS monomer and MBA/PEGDA crosslinker
were prepared by adding PAHz in certain weight proportions (1.5–12.0 wt% of total solid
content) (Scheme 2.1 and Table 2.1). The gelation was carried out via a onepot strategy by
adding the initiator (α-ketoglutaric acid) to the mixture of crosslinker, PAHz, and monomer
in distilled water and exposing the resulting aqueous mixture to UV source (365 nm). The
samples appeared cloudy during the crosslinking stage and the transparency improved grad-
ually by storing the sealed hydrogels for 4 days under ambient conditions.

Table 2.1: Mechanical properties of various PAHz incorporated hydrogels

Samplea σmax UTSb λmax
b Eb Umax

e G f

(MPa) (MPa) (%) (MPa) (MJm−3) (Jm−2)
PAMS-PAH-MBAc 80.1±1.5 0.7±0.2 710±12 0.4±0.10 1.7±0.3 902±3
PAMS-PAH-PEGd 59.1±2.5 0.9±0.1 900±23 1.1±0.08 1.2±0.4 1210±6
PAMS-MBAc 1.1±0.2 0.04 250±25 0.06±0.01 0.04 2±1

aThe as-synthesized samples possessed ∼70 wt% water and the water contents of the hydrogel samples
were measured to be around 67±3 wt%, while recording the mechanical properties. The mol% of the PAHz
repeating unit was fixed at 14 mol% of total solid content for all samples except PAMS-MBA. bThe ultimate
tensile stress (UTS), Young’s modulus (E) and ultimate elongation (λmax) values were determined from
uniaxial tensile analysis. cThe hydrogel possessed 1 mol% of MBA. dThe hydrogel possessed 5 mol% of
PEGDA with respect to AMPS. eToughness (Umax) was determined from the σ versus strain curves. f Fracture
energy (G) values were determined from the tensile tearing test.

The domains in the resulting hydrogel matrix possessing PAHz were anticipated to be
network reinforced zones owing to the additional physical crosslinking provided by the -
CONHNH3

+—SO3
– ionic linkages (Scheme2.2). The pair of FTIR bands at 1232 and 1076

cm−1 accountable to SO3H of AMPS shifted to 1160 cm−1 in the PAHz-AMPS mixture
supporting ionization of –SO3H to –SO3

– . Similarly, the band at 3275 cm−1 for -NH2 in
PAHz shifted to 3288 cm−1 in the hydrogel suggesting possible formation of CONHNH3

+

ions (Fig. 2.1A).

To visualize these possible PAHz mediated ionic complex zones in the hydrogel matrix,
a dye labeling technique was used. DC was chosen as the dye for this purpose, since the dye
is capable of reacting with the PAHz under ambient conditions and exhibiting fluorescent
properties after structural modification. [201] Fluorescence confocal microscopy images of
a cross-sectional view of the DC labelled PAMS-PAH-MBA revealed fluorescent patches
of irregular shapes with average sizes in the range of 0.6 to 1.2 mm dispersed throughout
the matrix (Fig. 2.2). These micron size fluorescent patches in the hydrogel matrix were
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Scheme 2.1: Schematics of PAHz incorporation into ionic hydrogels to endow mechanical
properties through energy dissipation mechanism during stress.

Scheme 2.2: Synthetic scheme for PAHz-AMPS based dual crosslinked ionic hydrogels us-
ing crosslinker and photo-initiators.
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Figure 2.1: (A) FTIR spectra suggesting the formation of ionic complex in PAHz-AMPS
system, (B) DLS traces showing effect of [AMPS] on the size distribution of aqueous PAHz
(2wt% solution).

attributed to the ionic complex zones in the samples. Possibly, the extent of ionic complex-
ation between the PAHz and AMPS monomers controlled the sizes of these ionic complex
domains.

To further support the domain sizes of these ionic crosslinked zones, DLS data of PAHz
solution in the presence of different concentrations of AMPS were recorded. The DLS and
FESEM data revealed that, PAHz (2 wt%) in aqueous solution formed aggregates of ∼20
nm size. In the presence of AMPS the average size gradually increased up to 70 nm and
new peaks around 200 nm and ∼2 mm appeared (Fig. 2.1B). This supported the confocal
data and the sizes of these ionic microdomains in the hydrogels resulting from the ionic
complexation of PAHz and AMPS. The swelling parameter (∼0.14) value calculated based
on reported procedures revealed a certain degree of anisotropic swelling characteristics in
rectangular PAMS-PAH-MBA samples. [202] This anisotropic swelling of the samples sup-
ported the presence of strongly crosslinked zones in the hydrogel matrix. [203] At the initial
stages of swelling (within 10 min), the PAMS-PAH-MBA hydrogel displayed an uneven
swelling pattern and the appearance of curly textures on the swelled surface, which became
uniform with an increase in water content. The presence of strongly crosslinked domains in
the light crosslinked matrix is known to induce non-axisymmetric swelling patterns in the
samples. [204]

The amounts of PAHz and crosslinker in the hydrogel compositions were optimized
based on their σmax values. The samples possessing 14 mol% (with respect to repeating unit)
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Figure 2.2: (A) Reaction schematics of -CONHNH2 PAHz segment and dansyl chloride
dye in PAMS-PAH-MBA hydrogel matrix during the dye labeling experiment. (B1, B2 and
C) Confocal fluorescence microscopic images of DC-tagged cross-sectional view of PAMS-
PAH-MBA hydrogel. (B2) background processed image. The arrows showing the PAHz
incorporated domains in the hydrogel matrix.
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of PAHz and 1 mol% of MBA or 5 mol% of PEGDA exhibited maximum σmax value in all
cases (Fig. 2.3A and B). The σmax values of PAMS-PAH-MBA (∼80.1 MPa) and PAMS-
PAH- PEG (∼59.1 MPa) strongly improved compared to that of the PAMS-MBA (1.1 MPa).
The σmax values of the PAMS-PAH-MBA (82.3 MPa) and PAMS-PAH-PEG (55.2 MPa)
samples were comparable to those of the samples synthesized under sun light. Therefore,
these selective compositions were used for further studies (Table 2.1). The σmax value is
superior compared to that of the several tough hydrogels reported in the literature.

The Umax value of the PAMS-PAH-MBA (1.7 MJm−3) was 40 times higher compared
to that of the control (0.04 MJm−3) (Table 2.1). A PAMS-PAH-MBA sample (water content
∼70 wt%) compressed to ∼90% of its original height quantitatively recovered on release of
the stress, whereas PAMS-MBA broke into multiple pieces (Fig. 2.3E1-E3). Possibly, the
ionic linkages present in the dual crosslinked hydrogel dissipated energy through reversible
rupture under stress and strongly improved the compressive properties as envisaged. High
mechanical dissipation in the systems is important to enhance the toughness of the sam-
ples. [205]

To further support our claim, the hysteresis data of PAMS-PAH- MBA were compared
to that of the control. These PAHz incorporated hydrogels exhibited remarkable resilience
and anti-fatigue properties (Fig. 2.4A). PAMS-PAH-MBA recovered up to 99% of the origi-
nal shape after five consecutive cycles and the recovery time (∼2 min) after each cycle was
relatively faster compared to that of the already reported tough hydrogels. [206, 207] The
loading and unloading curves almost superimposed upon each other and no residual strain
was noticed at the end of each unloading cycle. The dissipated energy of PAMS-PAH-MBA
was ∼138 times higher compared to that of the PAMS-MBA supporting our design strategy
that the ionic linkage-embedded micro-domains present in the PAHz incorporated hydrogels
are responsible for the energy dissipation (Fig. 2.4B).

PAMS-MBA simply broke on a single impact with a hammer, whereas the PAMS-
PAH-MBA survived multiple impacts without any noticeable deformity. Importantly, the
sample instantly recovered the original shape each time after the impact. The sample resisted
repeated attempts of cutting using a blunt kitchen knife and remained intact after being run
over multiple times by a car (car weight ≈ 1.3 ton) (Fig. 2.5).

These demonstrations revealed that the PAHz incorporated-hydrogels are resilient and
suitable for high impact applications. The σmax value (∼59.1 MPa) of PAMS-PAH- PEG
was somewhat lower than that of the PAMS-PAH-MBA (80.1 MPa) (Table 2.1). This may
be attributed to the compact network structure of the latter resulting from the short chain
crosslinker (MBA) (Figure 2.6). Interestingly, the dehydrated (water content ≈10 wt%)
PAMS-PAH-MBA displayed an unprecedented σmax value (∼0.4 GPa), while maintaining
excellent compressibility (92%) (Figure 2.3C). The sample recovered the original shape
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Figure 2.3: Effect of (A) [PAHz] and (B) amount of crosslinker with respect to AMPS
monomer on the compressive stress (σmax) of the hydrogels, (C) the compression strength
profiles of as-synthesized (containing ∼70 wt% of water) and dehydrated (water content
∼10%) PAMS-PAH-MBA samples, (D) tensile traces of the different hydrogel samples, (E1-
E3) a cylindrical PAMS-PAH-MBA sample was subjected to compress up to 90% strain and
regained its original shape after release of the load, (F1-F2) a rectangular PAMS-PAH-MBA
strip sustained stretching up to 900% of its original size, (F3-F4) knotting and stretching of
a PAMS-PAH-MBA sample.
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Figure 2.4: (A) Hysteresis traces of PAMS-PAH-MBA hydrogel under five consecutive com-
pression loading-unloading cycles, (B) dissipation energy of PAMS-PAH-MBA and PAMS-
MBA control sample in different cycles.

Figure 2.5: Demonstration of toughness by putting hydrogel sample under a car and cuting
by a kitchen knife.
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Figure 2.6: (A) FESEM image of aqueous solution of PAHz drop-casted on silicon wafer
showing nano-aggregates, (B and C) FESEM images of crossections of freeze-dried PAMS-
PAH-MBA and PAMS-PAH-PEG hydrogel samples.

within 1 h of releasing the stress. This suggested that these dried crosslinked networks
may be used as oleophobic rubber for printing and other load bearing applications in organic
media, where natural rubber plasticizes on long-term contact with organic solvents and oils.
A simple demonstration shows that a piece of commercial latex rubber gradually disinte-
grated over 10 days of immersion in THF, whereas PAMS-PAH-MBA’s shape and elasticity
remained least affected by the same exposure (Figure 2.7).

The molar ratio between SO3H:CONHNH2 (0.86 : 0.14) in samples (PAMS-PAH-
MBA and PAMS-PAH-PEG) possessing optimum mechanical properties was far from the
charge balance point. Strong swelling ability of the hydrogels supported the charge im-
balance in these hydrogel systems. Under equilibrium water uptake conditions, the water
content of both PAMS-PAH-MBA and PAMS-PAH-PEG strongly increased up to 98.4 and
96.9 wt%, respectively. The σmax values of the equilibrated PAMS-PAH-MBA and PAMS-
PAH-PEG hydrogels decreased to 1.2 and 2.1 MPa, respectively. Importantly, the values
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Figure 2.7: Effect of organic solvent (A1) a latex rubber tubing in THF, (A2) A1 after 2 days,
(A3) A1 after 10 days, (B1) a piece of PAMS-PAH-MBA hydrogel sample (water content
70wt%) kept in THF, (B2) B1 after 10 days. (B3-B4) the hydrogel showing compressibility
after removing from THF after 10 days.

were notably higher compared to that of the equilibrated PAMS-MBA control (water content
∼98.2 wt%, σmax ∼0.006 MPa). Intuitively, the modulus value of dehydrated PAMS-PAH-
MBA (0.46 MPa) was substantially higher compared to that of the equilibrated sample (0.005
MPa).These PAHz incorporated-hydrogels displayed λmax and UTS values up to ∼900% and
0.9 MPa, respectively (Figure 2.3D). The E values of these hydrogels were recorded in the
range of 0.4 to 1.1 MPa, which is comparable to that of the pig bone cartilage, [208] and
somewhat higher than that of the skin [209] as reported in the literature. The UTS values
of PAMS-PAH- MBA and PAMS-PAH-PEG were ∼18-23 times higher than that of the con-
trol. PAMS-PAH-MBA strips and knotted samples were reversibly stretched up to ∼500%
without fracture (Figure 2.3F). The G values of the PAHz incorporated-hydrogels (902-1210
Jm−2) were substantially higher compared to that of the PAMS-MBA (2 Jm−2) (Table 2.1).
The UTS value (1.1 MPa) of PAMS-PAH-PEG was somewhat higher compared to that of
the gel synthesized under sunlight(0.9 MPa). However, the PAMS-PAH-MBA samples pre-
pared using a low amount of MBA (0.1 mol%) displayed substantially low UTS (0.1 MPa)
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and σmax (11.2 ± 3.1 MPa) values and the samples possessing 0.05 and 0.07 mol% of MBA
displayed fluid-like behavior.

The mechanical properties of the PAHz-based PAMPS hydrogels were compared to
those of the several recently reported tough hydrogel systems based on a dual (ionic and
covalent) crosslinking approach (Table 2.2). The σmax (∼80 MPa), UTS (∼0.9 MPa) and E
(∼1.1 MPa) values of the current hydrogels are comparable and in some cases superior to
those of the existing systems (σmax ∼15 to 62 MPa, UTS ∼0.2 to 1.4 MPa, and E ∼0.009 to
1.0 MPa), whereas the G (∼1210 J m2) and λmax (900%) values are inferior to some of the
tough hydrogels reported earlier (λmax up to 2980%, G ≈8700 Jm−2).

Table 2.2: Comparative study for the mechanical properties of the current hydrogels with
some of the reported dual crosslinked hydrogels

Compositiona σmax

(MPa)
UTS

(MPa)
λmax

(%)
E

(MPa)
G

(Jm−2)
Ref.

Alginate (Ca2+)-PAAm - 0.16 2300 0.029 8700 [188]
GO + PAA-Fe3+ - 0.77 2980 - - [210]
PAA/SMA-Si NPs - 0.25 2823 0.009 - [211]
Silicate/PAMPS/PAAm IPN 61.9 1.4 112 1.0 - [212]
κ-Carrageenan/PAAm 15.4 0.56 2100 0.125 6150 [213]
Agar/PAAc/Fe3+ - 0.32 1130 0.11 1015 [214]
PAMS-PAH-PEG 59.1 0.9 900 1.1 1210 This work
PAMS-PAH-MBA 80.1 0.7 710 0.4 920 This work

aThe mechanical properties were measured for water contents in the range of 60–90 wt%.

These hydrogels exhibited autonomous self-healing ability. A cylindrical PAMS-PAH-
PEG specimen was cut into two pieces using a sharp blade and simply joined together with
mild force and kept in a closed container at 25 ◦C for possible autonomous self-healing.
The self-healing was efficient and the healed sample sustained stretching up to 500% af-
ter 5 min of healing period (Figure 2.8). The healing efficiency was quantified based on
the tensile data recorded with rectangular samples. The edges of the cut rectangular strips
were touched with each other and left undisturbed for self-healing. A healing period of 2
h was sufficient to recover the UTS and λmax values up to ∼80 and 90%, respectively. The
conductivity of PAMS-PAH-PEG hydrogels was measured using a four-probe set-up. The
values of the as-synthesized (water content ∼70 wt%) and dehydrated (water content ∼10
wt%) samples were 1.7 and 0.6 Sm−1, respectively. The conductivity of the samples may be
attributed to the presence of sulfonic acid groups in the hydrogel matrix [215] and the green
LED connected through the PAMS-PAH-PEG strip was able to glow supporting the above
(Figure 2.8C1). The light extinguished on cutting the sample into two separate pieces. On
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Figure 2.8: (A) Tensile traces of the assynthesized and self-healed PAMS-PAH-PEG hy-
drogel with different healing time, (B1-B2) two PAMS-PAH-PEG strips were joined and
allowed to self-heal, (B3) stretchability of the self-healed PAMS-PAH-PEG up to 500% elon-
gation, (C1) a PAMS-PAH-PEG strip connected to a circuit shows glowing of an LED light,
(C2) cutting of the hydrogel sheet broke the circuit, (C3) after 5 min self-healing of the hy-
drogel the LED turned on, (D1) a PAMS-PAH-PEG strip bearing 1 kg load, and (D2) broken
D1 after 30 min self-healing bearing 230 g load.

joining the two pieces together the LED was lit again and the intensity of the light gradu-
ally improved with the self-healing period suggesting reinstatement of ionic conduction in
the hydrogel matrix and self-healing of the hydrogel (Figure 2.8C2 and C3). Joined PAMS-
PAH-PEG cylindrical pieces were able to bear 230 g of load after 30 min of autonomous
healing further supporting the quick self-healing ability of these hydrogel systems. The
crack healing on the PAMS-PAH-PEG sample surface was monitored after regular time in-
tervals under a microscope (Figure 2.9A). Disappearance of the crack interface within 24 h
revealed that the bonding is via selfhealing. However, the self-healing of PAMS-PAH-MBA
was slower compared to that of the PAMS-PAH-PEG hydrogel. The efficient self-healing in
PAMS-PAH-PEG samples may be attributed to the presence of multiple physical interactions
such as SO3

– - - -H3N+ ionic linkage and COO—HN hydrogen bonds in the samples. Fur-
thermore, the presence of PEG in the hydrogels resulted in an amphiphilic system consisting
of immiscible PEG, PAMPS and PAHz segments. Interaction between chains of individual
segments to phase-segregate also promoted chain diffusion and self-healing. Micelle forma-
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Figure 2.9: (A) Optical microscopic images of PAMS-PAH-PEG hydrogel film possessing 60
wt% water showing the crack healing, (B) plausible mechanism of self-healing in a PAMS-
PAH-PEG hydrogel.

tion in PEG-PAMPS block copolymers is already known in the literature. [216] A plausible
self-healing mechanism based on thereversible dissociation and re-formation of the above
three interactions is schematically presented in Figure 2.9B. Self-healable hydrogels based
on hydrogen bonding, [217, 218] ionic interaction [219, 220] and segment association [221]
are already known in the literature.

The hydrogel samples exhibited impressive adhesive properties towards metal, skin,
plastic, wooden and glass surfaces (Figure 2.10A). A typical PAMS-PAH-PEG sample weigh-
ing 0.5 g was able to hold a 300 g glass object (Figure 2.10A3). The adhesive strength
values of the rectangular hydrogel samples were determined from the lap-shear tests. This
procedure is regularly used in the literature to evaluate the adhesive efficiency of hydro-
gels. [222, 223] Moreover, the method allowed the measurement of both wet and dry adhe-
sive strengths of the samples under similar conditions. A curing time of 20 min under 500 g
load at 25 ◦C was sufficient for the PAMS-PAH-PEG to achieve maximum adhesive strength
values on glass substrates (Figure 2.10B). The PAMS-PAH-PEG showed higher adhesiveness
towards glass surface compared to PAMS-PAH-MBA (Figure 2.10C). The adhesive strength
values of PAMS-PAH-PEG for different surfaces were measured in the range of 40-110 kPa
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(Figure 2.10D. The value was maximum for the glass substrate.

Figure 2.10: (A1–A8) Adhesive efficiency of PAMS-PAH-PEG hydrogel towards different
substrates. The force/width vs. displacement plots to access adhesive strength of (B) PAMS-
PAH-PEG on a glass substrate with different curing time, (C) different hydrogels on a glass
substrate, (D) PAMS-PAH-PEG on different adhering substrates, (E) dry adhesive curing of
PAMS-PAH-PEG on different substrates. (F) The adhesive strength of PAMS-PAH-PEG on
glass in consecutive adhesion and peeing cycles, (G) a transparent PAMS-PAH-PEG sheet
used to paste a screen guard on a mobile phone screen.

A comparative analysis of the adhesive strength of these hydrogels with some of the re-
cently reported hydrogel adhesives revealed that the adhesive efficiency of the current system
on glass substrates is comparable to those of the several reported systems (Table 2.3). [228,
224] The high adhesive strength of PAMS-PAH-PEG towards glass may be assigned to the
presence of various physical interactions such as electrostatic, van der Waals and hydrogen-
bonding interaction between the hydrogel and glass and cohesive interactions in the hydrogel
matrix. The efficient recovery of the samples from high cyclic stress (∼0.2 MPa) supported
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Table 2.3: Comparison of adhesive property between the current and some recently reported
hydrogel systems towards glass surface

Adhesive material Adhesive strength (MPa) Ref.
Dopamine/nanoclay 0.12 [224]
PAA/CaCO3 0.02 [222]
Chitosan/dopamine 0.4 (dry) [225]
PDMAAC/TA 0.11 [226]
Snail mucus 0.01 [227]
PAAm/polydopamine/talc 0.4 (dry) [228]
Cellulose/PAA/TA 0.06 [229]
PEG-boronic acid 0.04 [223]

PAMPS/PAHz 2.8 (dry)/ 0.11
This
work

the strongly cohesive nature of the PAMS-PAH-PEG. The reusability of the adhesive was
monitored by repeatedly sandwiching a typical wet PAMS-PAH-PEG thin strip between two
glass slides and measuring their adhesive strength until failure. The adhesive strength de-
creased by ∼28% only over 20 consecutive cycles (Figure 2.10F). The minor decrease in
the strength may be assigned to dust accumulation on the hydrogel surface due to repetitive
handling. Nevertheless, the satisfactory wet adhesive strength value of 76 kPa after the 20th
cycle suggested that PAMS-PAH-PEG may be utilized as a suitable reusable adhesive. The
adhesive efficiency of PAMS-PAH-PEG (shear adhesive strength ∼0.8-2.8 MPa) increased
by approximately 20 times for all substrates on evaporation of water (Figure 2.10E). Possi-
bly, on evaporation of water, the extent of physical interactions between the hydrogel and
substrate increased, which strengthened the adhesion. The dry adhesive strength value of
PAMS-PAH-PEG (2.8 MPa) on a glass surface is superior compared to that of the several
recently reported systems. The tack adhesive strengths of PAMS-PAH-MBA (0.02 MPa)
and PAMS-PAH-PEG (0.04 MPa) were measured on a glass surface following a procedure
similar to that reported in the literature. [230] The superior value of shear adhesive strength
of PAMS-PAH-PEG (0.11 MPa) compared to that of the tack test may be attributed to the
strongly crosslinked nature and high modulus of the hydrogel samples. These properties al-
lowed to apply a thin and transparent PAMS-PAH-PEG sheet to paste a screen guard on a
mobile phone screen (Figure 2.10G).

The strain sensing ability of PAMS-PAH-PEG was accessed by observing the resistance
change with increase in strain. At 0% strain, a resistance value of 3 kΩ was observed. The
resistance increased by ∼700% on increasing the strain up to 900% (Figure 2.11A). This
may be attributed to the narrowing of the hydrogel cross section and increase in path length.
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Figure 2.11: (A) The gauge factor plot: change in resistance with changing strain, (B) record-
ing the resistance with reversible stretching and releasing in consecutive five cycles, (C1–C3)
the variation in glow of LED light under mechanical deformation of a PAMS-PAH-PEG hy-
drogel sheet.

The gauge factor value of PAMS-PAH- PEG is comparable to various hydrogel-based strain
sensors reported in the recent literature. [228, 231] The resistance change was reversible and
the initial resistance value was regained on releasing the strain. To understand the stability
of the resistance change with respect to strain, the sample was reversibly extended to 100%
strain for five continuous cycles and the resistance change was measured. Each time the
resistance reached a value of 3.4 kΩ at 100% strain and the value decreased to 2.9 kΩ on
releasing the strain (Figure 2.11B). The resistance change was demonstrated by connecting a
LED circuit through a PAMS-PAH-PEG strip. The intensity of light gradually decreased on
increasing the strain of the PAMS-PAH-PEG strip and only a faint illumination was visible
at 500% strain (Figure 2.11C1-C3). The intensity of the LED was reinstated on gradually
releasing the strain on the hydrogel.

To demonstrate real life applications of the hydrogel through sensing of the motions of
the human body, a rectangular strip was attached to a human finger and the corresponding
change in resistance with the movement of the finger was measured. The resistance grad-
ually increased from 2.8 to 4.4 kΩ with bending of the finger suggesting that the hydrogel
may potentially be used in a biomedical device to monitor various motions of the body (Fig-
ure 2.12A). The baseline shift during the repeated measurements was minimal suggesting
that the data collection was consistent. The basic setup for monitoring the motions involves
strain sensing mechanism monitored by a custom made assembly of PAMS-PAH-PEG hy-
drogel sheet, digital multimeter, LED light and power unit (Figure 2.12B). The sensing of
movement of various parts of the body was further monitored by attaching PAMS-PAH-
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PEG strips to elbow and knee joint models (Figure 2.12C-D). The resistance of the sample
reversibly changed from 2.8 to 4.1 kΩ with gradual bending of the knee joint model (Fig-
ure 2.12C and C1-C3). Similarly, the resistance of the sample changed from 2.7 to 3.9 kΩ

with the movement of the elbow. The elbow and knee models were held at each position
for 10 s to understand the fluctuations associated with the reading. The change in resistance
value at each position was minimal in both cases suggesting that these hydrogel samples
may be utilized to fabricate devices for sensing body movements by implementing certain
amplification tools. To summarize, PAHz incorporation created energy-dissipating micro-

Figure 2.12: (A) A PAMS-PAH-PEG strain sensor pasted on the finger tip utilized to mon-
itor the motion of finger, (B) schematic illustration of hydrogel strain sensor setup, (C) the
variation in resistance of a PAMS-PAH-PEG strain sensor with movement of the knee joint
model and (D) elbow, (C1–C3) real time monitoring of the movements of a knee joint model
by a PAMS-PAH-PEG sensor assembly.
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domains in the hydrogel matrix and improved the overall mechanical properties of the ionic
hydrogels. PAMS-PAH-PEG hydrogel exhibited excellent adhesive properties towards glass
substrates along with quick self-healing and strain sensing ability. The adhesive strength of
these hydrogel samples wasmaximum on a glass surface and comparable to several reported
systems. Similarly, the strain sensing ability of these hydrogel systems with gauge factor
value up to 0.7 may be suitable for various applications. The study proved that this strategy
is general and may be used to develop various tough and self-healable ionic hydrogels in the
future.

2.5 Conclusion

PAHz, which can interact with polymerizable monomers via ionic interactions, can be in-
corporated in small mole fractions to produce ionic hydrogels with improved mechanical
properties. These PAHz chains form network reinforcing zones within the hydrogel matrix,
absorbing stress through reversible ionic bond breaks and improving the mechanical proper-
ties of hydrogels. This strategy has succeeded in synthesizing hydrogels with autonomous
self-healing ability, adhesive and strain sensing properties. The strategy is general one pot
procedure, easy to implement and useful for large scale synthesis of hydrogels. PAMPS
based hydrogels incorporating these PAHzs exhibited excellent elasticity and ultra-high com-
pressive strength values at low water content. This suggests that these materials can be used
as oleophobic rubber. Furthermore, hydrogels exhibit adequate adhesion to glass surfaces
and strain-sensitive properties, highlighting their usefulness in a variety of applications.
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Chapter 3

Nanocomposite Grafted Stretchable and
Conductive Ionic Hydrogels for Use as

Soft Electrode in Wearable
Electrocardiogram Monitoring Device

3.1 Abstract

Hydrogels possessing stretchability, toughness and conductivity together are promising can-
didates for soft electronics applications. This chapter introduces a nanocomposite grafted
flexible and conductive ionic hydrogel for applications in wearable electrocardiogram (ECG)
monitoring device. Hydrogels with a combination of flexibility,toughness and conductivity
are promising material for applications in soft electronics. In this work, the mechanical char-
acteristics and conductivity of polyacrylamidopropane sulphonic acid (PAMPS) hydrogels
are improved via ionic grafting of Polyacryloyl hydrazide (PAHz)-silver (Ag) nanocompos-
ites (NC). PAHz-Ag NCs with varying sizes of Ag NPs (3-40 nm) are grafted into the PAMPS
hydrogel matrix by -CONHNH3

+. . . –O3S- ionic linkage. The PAHz-Ag NC grafted hydro-
gels exhibited high ultimate tensile stress (UTS 0.70-1.14 MPa) and fracture energy of 1600
Jm−2 at 62 wt% of water content. The hydrogel showed skin adhesiveness (tack adhesive
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strength 10.8 kPa), strain sensing ability and conductivity of 50.5 mScm−1. Thus, the hy-
drogel would be a potential candidate for soft electronics applications. The hydrogels were
employed as soft electrode in an ECG monitoring device with a real time data acquisition
human-machine interface.

3.2 Introduction

Strategies for improving the toughness and conductivity of hydrogels are gaining momen-
tum to realize their potential, from wearable soft electronics [232] to biomedical and tissue
engineering. [233, 234, 235] In recent literature, several tough and conductive hydrogels
have been studied for personalized health monitoring devices, [236] electronic skin, [237,
238] human motion detection, [239] sports performance analysis and performance enhance-
ment, [240, 228] human-machine interactions [241, 242] and soft-robotics applications. [243,
244] In particular, hydrogels with adequate conductivity, toughness, and elasticity are being
studied as compatible soft skin electrodes for ECG monitoring purposes. [245, 246] Hydro-
gel as an electrode material is known to hydrate the stratum corneum of the skin epidermis
and facilitate the conduction of ionic current generated in the cell during action into electrical
impulse, which is essential for ECG motoring. [247] In addition, the hydrogel film has suf-
ficient elasticity and softness to accommodate uneven geometries and minimizes the air gap
between the skin and the electrode during human motions. [248] The adhesion of the hydro-
gel sample to the skin minimizes the relative movement between the skin and the electrode
and reduces the charging effect that creates artifacts during real-time data collection. [249]
However, a relatively less number of hydrogel samples have been evaluated in the literature
for their potential use as electrode materials for ECG monitoring devices. [250, 251]

The conductivity of the hydrogel and low impedance of the hydrogel electrode are de-
sirable to achieve a high signal to noise ratio during ECG monitoring. Conjugated polymer
segments such as polyaniline and polyethylenedioxythiophene have been incorporated into
hydrogel matrices in the past to improve conductivity. [252, 253] However, some of these
hydrogel compositions have poor mechanical strength. In addition, the conductive hydrogel
does not adhere to the skin and is known to be allergic to the skin in some cases, making it
difficult to use. [254] It is known that the incorporation of various nanoparticles improves the
conductivity of the hydrogel. [255, 256] Importantly, hydrogels incorporating nanoparticles
exhibit improved mechanical properties as well as useful biomedical and optical proper-
ties. [257, 258, 259] Therefore, incorporation of metal nanoparticles in hydrogel scaffolds
provides a viable way to improve the toughness and conductivity of hydrogels required for
soft electronic applications.
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Several approaches can be found in the literature to incorporate nanoparticles into the
hydrogel matrix. For example, hydrogels are swelled in a solution of metal nanoparticles
allowing penetration of the nanoparticles into the hydrogel matrix. [260] The nanoparticles
are synthesized in situ within the hydrogel network to obtain the hydrogel-nanoparticle com-
posite. [261, 169] Perhaps one of the most widely used approaches is to perform gelation of
a pre-gel solution containing uniformly dispersed nanoparticles. [177] This process allows
the nanoparticles to be evenly dispersed and their concentration adjusted within the hydro-
gel matrix. In addition, covalent or ionic bonding of nanoparticles to hydrogel networks
is advantageous compared to physically integrated ones. The former resists the leaching
and agglomeration of nanoparticles in the system during the swelling-deswelling cycle and
mechanical deformation. [262, 187, 263]

Considering the above, we plan to use a polymer-metal nanocomposite (NC) graft strat-
egy to improve the mechanical properties of ionic hydrogels. As recently reported, the pres-
ence of stress-absorbing ionically crosslinked microdomains in polyacrylamide propanesul-
fonic acid (PAMPS) hydrogels improves mechanical properties. [264] We thought that re-
ducing the domain size of hydrogels to the nanoscale could further improve the mechanical
properties. In addition, the presence of metal nanoparticles in the hydrogel matrix can in-
crease conductivity. Therefore, in this study, polyacryloyl hydrazide (PAHz) silver (Ag) NC
of different sizes was used as a reinforcing agent. The PAHz-Ag NCs are grafted on to the
PAMPS hydrogel matrix via -CONHNH3

+— –O3S ionic linkage. The effect of PAHz-Ag NC
size on the mechanical properties of resulting hydrogels is assessed. As a result, PAHzAg
NC-modified hydrogels are being investigated as potential candidates as flexible electrodes
for real-time ECG monitoring applications.

3.3 Experimental

3.3.1 Materials

Poly(ethyleneglycol) diacrylate (PEGDA, average Mn = 250, Sigma Aldrich, 99%), 2-Acrylamido-
2-methyl-1-propanesulfonic acid (AMPS, Sigma Aldrich, 99%), α-ketoglutaric acid (ox-
oglutaric acid, Sigma Aldrich, 99%), silver nitrate (AgNO3, SD Fine Chemicals, 99.9%),
methyl acrylate (SD Fine Chemicals, 99%), hydrazine hydrate (NH2NH2 ·H2O, Fisher Sci-
entific, 99%), tetrahydrofuran (Finar Ltd., 99%), silica nanoparticle (APS 20 nm, 40 wt%
dispersion, Sisco Research Laboratories) were used without further purification. PAHz (Mn
=15500 g/mol, PDI = 1.8) was synthesized as per reported procedure. [265] Deionized water
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used for synthesis of hydrogels was collected from ELGA Pure Lab water purifier. NODE
MCU ESP8266 module and AD8232 ECG module were purchased from Amazon India Pvt.
Ltd and Banggood e-commerce website respectively.

3.3.2 Instrumentation

Universal tensile testing machines (H25KS and H5KL, Tinius Olsen) were used to test me-
chanical properties of hydrogel samples at ambient condition (25°C room temperature, RH
60%). The hydrodynamic size of PAHz-Ag NC in aqueous solution was measured by Dy-
namic Light Scattering (DLS, Zetasizer Nano-ZS, Malvern Instruments). The DLS data
was processed in Zetasizer 6.20 software. Transmission electron microscopic (TEM) im-
ages were collected in JEM 1400 (Jeol Ltd., Tokyo, Japan) at 120 keV accelerating voltage,
equipped with Gatan Erlangshen and Orius CCD camera. The aqueous solution of PAHz-Ag
NC was drop-casted on graphite coated copper grid and dried at room temperature and used
for imaging. For imaging of hydrogel matix, thin cross-section of water swelled hydrogel
was dried over the TEM grid. Similarly, thin slice of hydrogel sample was freeze dried over
TEM grid to record another set of TEM images. The images were processed and analyzed
by imageJ. Xeuss 2.0 (XENOCS S.A. France) was used for small angel X-Ray scattering
(SAXS) studies. The machine was equipped with a 30 Watts Cu X-ray source with 50 kV,
0.6 mA current and single photon counting hybrid pixel on-line detector Pilatus 300 K. The
as prepared hydrogel sheets of 1mm thickness was pasted on the sample stage for data ac-
quisition. The data was analyzed by Sasfit software (Synchtron Granobel).FT-IR spectra
was recorded in a ATR-FTIR spectrometer (Spectrum Two, Perkin Elmer) equipped with
PIKE MIRacle single reflection horizontal ZnSe crystal ATR accessory. UV-Visible spectra
of the NC aqueous solutions was recorded in UV-Vis 3200, Lab India within 250 to 700 nm
wavelength range. CHI660E electrochemical workstation,CH Instruments was used to per-
form electrochemical impedance spectroscopy for measuring the conductivity value of the
hydrogel samples.

3.3.3 Synthesis and characterization of PAHz-Ag nano-composite (PAHz-
Ag NC)

PAHz-Ag NC was synthesized by reducing Ag+ in presence PAHz. PAHz-Ag NC of different
sizes were prepared by addition of certain amount of 20 mM aqueous AgNO3 solution to 0.02
g/mL aqueous solution of PAHz. To different set of 10 ml aqueous PAHz solution 50µL, 25
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µL, 13 µL, 6.5 µL, 3.25 µL aqueous AgNO3 solution was added respectively and stirred
well for 30 min and kept standing for 5 h. The PAHz-Ag NC so formed was characterized by
UV-Vis spectroscopy, DLS and TEM imaging. These PAHz-Ag NC solutions were further
used in hydrogel synthesis.

3.3.4 Synthesis of PAHz-Ag NC grafted hydrogel

To synthesize PAHz-Ag NC grafted PAMPS hydrogel, AMPS monomer (13.9 mmol), crosslinker
PEGDA (0.69 mmol) and oxoglutaric acid (0.14 mmol) as the initiator were added to a 10
mL PAHz-Ag NC aqueous solution (0.02 g/mL). The solution was mixed by vortex for 5 min
and purged with N2 gas for 15 min. This pre-gel solution was syringed out and injected into
glass molds and were kept under UV light (365 nm) for 6 h to prepare the hydrogel sample.
The sample coding for the hydrogel composition is NCxPAMSPEG-y, where x is average
size (davg) of Ag nanoparticles (Ag NP) in the PAHz-Ag NC, y is the molar ratio of AMPS
to PEGDA present in the sample. For example, NC5PAMSPEG-20 is composed of Ag NP
possessing davg value of 5 nm and AMPS: PEGDA = 100:5 (mol:mol).

3.3.5 Analysis of mechanical strength

The mechanical tests were performed in universal testing machines (H25KS/ H5KL, Tinius
Olsen) at a strain rate of 2 mmmin−1 and 50 mmmin−1 for compression and tensile tests
respectively. The tensile tests were carried out with rectangular strips of the hydrogels (di-
mension 30.0 x 9.0 x 2.0 mm3) at 62% water content. Young’s modulus was calculated from
the slope of tensile traces. Cylindrical samples (dimensions: 15 mm height and 7 mm diam-
eter) were utilized for compression tests. Fracture energy values were measured by H5KL,
Tinius Olsen machine with rectangular hydrogel sheet. The hysteresis curves for consec-
utive five loading-unloading cycles in both tensile and compression mode were performed
in H5KL machine at 1 mm/min machine speed using rectangular and cylindrical hydrogel
samples respectively.
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3.3.6 Tack test for adhesive strength measurement

Tack test was performed in H5KL (Tinius Olsen) machine with 100 N load cell. Hydrogel
samples were cut into discs of 10 mm diameter and 2 mm height. The sample was glued
with the upper stage clamp of machine by super glue before 6 h prior to test and kept in a
close container to resist water loss from sample. The adhering materials like glass sheet,
aluminum sheet were fixed with the lower stage of the machine by super glue adhesive tape
before 24 h prior to test. During experiment, the upper stage containing hydrogel sheet was
compressed with 10 µm/s speed until it reached the preset force value of 1 N during contact
with the adhering material and it was kept there for a contact time of 10 s. Then the upper
stage was pulled back till debonding occur. Force vs. time data was recorded for the whole
duration and the tack adhesive strength was calculated from the debonding peak force per
surface area of the hydrogel.

3.3.7 Measurement of conductivity of hydrogels

Conductivity of the hydrogel samples were measured by electrochemical impedance spec-
troscopy (EIS) using CHI660E electrochemical workstation (CH Instruments). [266] Hydro-
gel sample of 2 x 2 cm2 and 0.1 cm thickness was sandwiched between two parallel copper
plates and acrylate plates. A.C impedance experiment was performed within frequency range
of 100000 Hz to 0.001 Hz and A.C amplitude of 0.005 V to record impedance and frequency
responses.

3.4 Results and Discussion

The PAHz-Ag NCs were synthesized from PAHz and AgNO3 by using our earlier reported
procedure. [267] As per the TEM data, the davg value of the Ag NPs in the PAHz-Ag NCs
were in the range of 3 to 40 nm (Figure 3.1 A-E). The dark yellow to pale colour of aque-
ous solutions of NCs suggests variation in NC size (Figure 3.2). The NCs were further
investigated by UV-Vis spectroscopy and DLS. The hydrodynamic sizes of the resulting
PAHz-Ag NC were measured by DLS analysis and the values were observed between 50 to
110 nm (Figure 3.2). The negative zeta potential value (-27 mV) supported the presence of
electropositive –CONHNH2 groups on the surface of PAHz-Ag NC in solution. The value
gradually increased in presence of AMPS suggesting possible ionic complexation between
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–SO3H and surface –CONHNH2 groups. A set of PAMPS based ionically-covalently dual
crosslinked hydrogels were synthesized by using PEGDA as the chemical crosslinker and
PAHz-Ag NC as the ionically grafted reinforcing agent (Scheme 3.1).

Figure 3.1: TEM images and size distribution of PAHz-Ag NC with varying [AgNO3]
of (A1-A2) 0.0125 mmol/L (B1-B2) 0.025 mmol/L (C1-C2) 0.05 mmol/L, (D1-D2) 0.1
mmol/L, (E1-E2) 0.2 mmol/L.

Figure 3.2: (A) UV-Visible spectra of PAHz-Ag NC aqueous solutions with varying
[AgNO3], (B) DLS size distribution profile of different PAHz-Ag NC aqueous solutions,
(C) digital images of different PAHz-Ag NC aqueous solutions. Certain amounts of 20 mM
AgNO3 solution was added to 0.02 g/mL PAHz aqueous solution to synthesize PAHz-Ag
NC.

To understand the distribution of PAHz-Ag NCs in PAMPS hydrogel domain, TEM
and SAXS analysis were conducted on the NCxPAMSPEG-y samples. The TEM images
of both the hydrogel samples based on large (davg ≈ 40 nm) and small Ag NPs (davg = 5
nm) were recorded by drying the thin hydrated films of the samples under normal as well as
freeze drying conditions. The TEM data of NC40PAMSPEG-20 possessing Ag NP with davg
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Scheme 3.1: Schematics of synthesizing ionically grafted dual crosslinked NCxPAMSPEG-
y hydrogel.

value of 40 nm displayed uniform distribution of Ag NPs throughout the hydrogel matrix
(Figure 3.3A). Interestingly, the TEM images of NC5PAMSPEG-20 possessing Ag NP with
davg value of 5 nm exhibited the presence of nano domains with average sizes in the range
of ∼25-65 nm (Figures 3.3B and C). Each of these nano domains contained multiple Ag
NPs. A similar trend was observed for the samples prepared under freeze drying conditions.
However, the domain sizes (∼35-70 nm) were marginally larger compared to that of the
sample dried under ambient conditions. This may be attributed to the change in morphology
owing to different drying conditions used for sample preparation. The SAXS data of these
hydrogels were recorded under hydrated conditions to further understand the distribution of
PAHz-Ag NC in hydrogel matrix. The SAXS intensities were proportional to the sizes of
Ag NPs present in the hydrogel samples (Figure 3.3D). The sizes of metal nanoparticles are
known to control the scattering intensities in literature. [268] The domain sizes (D) of the
PAHz-Ag NC were calculated from the Guinier regime of the scattering plots using following
equation; [269] D=2π/QC, where QC is the scattering vector at scattering shoulder in nm−1.
The “D” values of hydrogels possessing small Ag NPs (∼5 to 15 nm) were around 125-135

60



nm, whereas the values for hydrogels based on large Ag NPs (davg = 23 to 40 nm) were
between 95-108 nm. This supported the TEM data and suggested that, possibly, the PAHz-
Ag NC based on small Ag NPs are undergoing segregation in hydrogel matrix, whereas
similar phenomenon may be absent with the PAHz-Ag NCs based on the large Ag NPs (∼40
nm).

Figure 3.3: TEM images of cross-sections of (A) NC40PAMSPEG-20 and (B)
NC5PAMSPEG-20, (C) magnified view of B, (D) SAXS data depicting NC scatter-
ing domains inside the of NCxPAMSPEG-y sample matrix, SAXS 2D profiles of (D1)
NC40PAMSPEG-20, (D2) NC15PAMSPEG-20, (D3) NC5PAMSPEG-20, (E1-E3) an as-
synthesized cylindrical NC5PAMSPEG-20 hydrogel sample shows mechanical strength un-
der manual compression, a NC5PAMSPEG-20 rectangular strip sustain (F) twisting and (G1-
G2) stretching up to ∼950% in the tensile machine.

The robustness and stretchability of the synthesized hydrogels were accessed. An
as synthesized NC5PAMSPEG-20 was manually compressed up to ∼90% and released.
The sample regained its original shape after removal of stress (Figure 3.3E). Similarly, a
NC5PAMSPEG-20 hydrogel strip sustained repeated twisting and stretching up to 950%
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strain (Figures 3.3F-G). The size of Ag NP in the PAHz-Ag NC moderately controlled the
tensile properties of the resulting hydrogels. The UTS value gradually increased from 0.70 to
1.14 MPa and the compressive stress (σc) value increased from 51 to 68 MPa on decreasing
the davg of Ag NP from 40 to 5 nm in the hydrogels (Table 3.1).

Table 3.1: Mechanical properties of different NCxPAMSPEG-y hydrogel systems

Sample Code
AgNP a

(davg)
(nm)

UTS b

(MPa)
λ b

(%)
σc

c

(MPa)
E d

(MPa)
G e

(Jm−2)

NC40PAMSPEG-20 40 0.70±0.01 667±21 51±2 0.16±0.02 1175±25
NC23PAMSPEG-20 23 0.78±0.02 780±20 55±1 0.13±0.01 1230±10
NC15PAMSPEG-20 15 0.87±0.02 917±30 59±3 0.10±0.02 1410±22
NC5PAMSPEG-20 5 1.14±0.02 1085±25 68±4 0.11±0.02 1600±20
NC3PAMSPEG-20 3 1.03±0.01 935±32 62±2 0.09±0.03 1545±35
PAMSPEG-20 (control)* Nil 0.08±0.01 280±15 1±0.2 0.06±0.01 4.8±1.3

athe davg values of Ag NP present in the hydrogel matrix as per the TEM data, bRectangular samples were
used for tensile and fracture analysis, ccylindrical samples were used for the compression tests, dE values

were calculated from the Hookean Slope of the tensile plot, e fracture energy, *the control does not contain
any PAHz-Ag NC and the molar ratio of AMPS to PEGDA is similar to the other samples.

Similarly, the ultimate elongation (λ ) value increased from 667 to 1085% with the
above decrease in Ag NP size (Figures 3.4A-B). Possibly, the energy dissipation was higher
for the hydrogels possessing smaller Ag NPs as reported earlier in literature. [270] The size
of Ag NPs plays a crucial role in frictional interaction of nanoparticle and polymer chain
during stress. [271] The reinforcement zone around PAHz-Ag NC inside the hydrogel matrix
results from the retardation of polymer chains at interfacial zone and the interaction increases
with lowering the Ag NP size due to increase in effective ionic crosslinking. [272] The
fracture energy (G) of the hydrogel samples also displayed a similar trend and the value
increased from 1175 to 1600 Jm−2 on decreasing the davg of Ag NP from 40 to 5 nm in
the samples. However, the Young’s modulus (E) value (100 to 160 kPa) of the hydrogels
remained similar irrespective of the davg of Ag NP in the samples (Figure 3.4C). A marginal
loss in UTS from 1.14 to 1.03 MPa was noticed, when the size of Ag NP in the hydrogel
matrix decreased from 5 to 3 nm. This may possibly be attributed to the decrease in number
of reinforcing sites in the NC3PAMSPEG-20 due to the tendency of PAHz-Ag NCs based
on small Ag NPs (davg ≤ 5 nm) to segregate inside hydrogel matrix. The control hydrogel
synthesized in absence of PAHz-Ag NCs displayed inferior UTS (0.08 MPa) and λ (280%)
values (Table 3.1). This suggested that the presence of PAHz-Ag NC in the hydrogel matrix
strongly improves the mechanical properties. Other control hydrogels possessing PAHz or
PAHz and silica NPs and devoid of any Ag NPs were prepared and the tensile data were
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Figure 3.4: (A) Variation of mechanical properties of different hydrogels with varying PAHz-
Ag NC size, (B) tensile traces of NCxPAMSPEG-y hydrogel samples, (C) effect of Ag NP
size in E and G values of the hydrogels, (D) hysteresis curves of a NC5PAMSPEG-20 sam-
ple under five consecutive loading-unloading cycles. The samples possesses 62 wt% water
during all tests.

recorded to understand the role of Ag NP in reinforcement of mechanical properties. The
UTS value in above samples was observed in the range of 0.68 to 0.85 MPa and the λ value
was observed between 630 to 860% which is somewhat inferior compared to that of the
NC5PAMSPEG-20 (UTS ≈ 1.14 MPa, λ ≈1085%).

The hysteresis data of as-synthesized NC5PAMSPEG-20 were recorded under com-
pression and tension mode to understand the fatigue resistance ability (Figure 3.4D). Minor
stress softening was noticed in the sample during the unloading cycle and a dissipation en-
ergy value of 14.4 kJm−3 was observed for the first compression hysteresis loop. Residual
strain up to of 8% was observed after the first cycle. The dissipation energy decreased from
the second cycle onwards and a value of 10.3 kJm−3 was calculated for the fifth cycle. The
strain recovery was efficient from the second cycle onwards. The dissipation energy value is
comparable to that of the several tough hydrogels reported in literature. [273] Similarly, the
energy loss during the first hysteresis loop under tension mode was 0.5 kJm−3 with a residual
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strain of 5%. For subsequent cycles, the energy value was observed around 0.17 kJm−3 with
negligible residual strain suggesting the sample possess adequate fatigue resistance ability.

Figure 3.5: (A) Tensile traces of hydrogels with varying PAHz-Ag NC concentration (mol%)
with respect to AMPS monomer, (B) effect of [PAHz-Ag NC] on G, E and σc values of
samples, (C) effect of crosslinker [PEGDA] on mechanical properties like UTS, σc and λ

values. All the mechanical properties were measured at ∼62 wt% water content.

Subsequently, the effect of PAHz-Ag NC amount on the tensile properties of resulting
hydrogels were accessed. The UTS value increased from 1.14 to 1.45 MPa and the λ value
decreased from 1085 to 720% on increasing the PAHz-Ag NC concentration in the hydrogels
from 0.09 to 0.27 mol% with respect to AMPS monomer (Figure 3.5A). Possibly, with the
increase in PAHz-Ag NC amount, the -SO3

– — + H3NNHCO- ionic linkage based degree of
physical crosslinking increased in the samples. This improved the rigidity and the brittleness
of the samples. The E value gradually increased on increasing the PAHz-Ag NC amount
supporting the above (Figure 3.5B). The amount of PEGDA in the samples was optimized by
varying the PEGDA concentration and monitoring the tensile data of the resulting hydrogels.
Presence of 5 mol% of PEGDA with respect to AMPS produced hydrogels with optimum
tensile properties. The samples possessing PEGDA: AMPS = 0.03:1.0 (mol:mol) or more
exhibited low UTS values (< 0.2 MPa) (Figure 3.5C).

These PAHz-Ag NC grafted hydrogel systems were evaluated towards their applicabil-
ity as potential soft electrodes in ECG monitoring devices. Skin adhesiveness and adequate
conductivity are two important parameters for the hydrogels to be used for the above appli-
cation. The tack adhesive strength value of 35 kPa for NC5-PAMSPEG-20 was maximum
on glass surface (Figure 3.6A). The adhesive strength value of 10.8 kPa on skin was ad-
equate suggesting the material may be utilized for skin electronics applications. A gauze
factor value of 0.9 was recorded on stretching the NC5-PAMSPEG-20 film by 1000% sug-
gesting the dependence of conductivity on the stretching of the sample (Figure 3.6B). The
impedance and conductivity of NC5-PAMSPEG-20 were measured through electrochemi-
cal impedance spectroscopy by sandwiching the sample between two parallel Cu electrode
plates (Figure 3.7A). Bode and Nyquist plots show characteristic impedance features for
conductive hydrogels with temperature variation (Figures 3.6C-E). The Bode plots show the
changing resistive and capacitive nature of hydrogel with the change in frequency. The trend
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Figure 3.6: (A) Force versus time plot obtained during tack test of NC5PAMSPEG-20 on
different substrates, (B) plot of change of resistance vs. strain to determine gauge factor
(GF), (C and D) impedance (Z) versus frequency plots and phase versus frequency plots
of NC5PAMSPEG-20 in different temperature, (E) Nyquist plots of NC5PAMSPEG-20 at
different temperatures, the inset shows is enlarged higher frequency zone.

of plots helps in determining hydrogel resistance, mass transfer resistance and double layer
capacitance. [274, 275] Intersection of half circle on left part of real axis was used to deter-
mine the value of hydrogel resistance (Figure 3.6E). Conductivity (C) of the hydrogel sample
was calculated by the following equation, "C = 1/R x l/A" where, R is the hydrogel resistance
calculated from Nyquist plot, l is the thickness of hydrogel in cm and A is the area of the
electrode surface with contact to hydrogel in cm2.

The conductivity value increased from 42.4 to 69.4 mScm−1 on increasing the PAHz-
Ag NC loading from 0.04 to 0.27 mol% with respect to AMPS. The sample (NC5PAMSPEG-
20) possessing 0.09 mol% of PAHz-Ag NC with respect to AMPS exhibited conductivity
value of 50.5±0.5 mScm−1. Impedance of NC5-PAMSPEG-20 was further recorded under
different temperature conditions. The conductivity value at 35 °C (52.6±0.6 mScm−1) de-
creased on lowering the temperature to 10 °C (47.7±0.3 mScm−1). The conductivity value
of hydrogels is already known to increase with temperature. [276] The conductivity values
of NC5PAMSPEG-20 possessing different water contents from 45 to 62 wt% were recorded
(Figure 3.7). Presumably, the value decreased with decrease in water content of the samples.
However, the conductivity values of control hydrogels based on PAHz (31.3 mScm−1) and
PAHz-silica NP (36.7 mScm−1) were lower compared to that of the PAHz-Ag NC based
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Figure 3.7: (A)Setup of EIS for the measurement of conductivity of the hydrogel samples,
(B) effect of NC loading in the Nyquist plots for different hydrogels, (C) effect of hydrogel
water content on the conductivity of the hydrogel electrodes.

sample (50.5 mScm−1). The conductivity value at 35 °C was important for application as
soft electrode in ECG devices, since the temperature value is close to normal human body
temperature (37 °C). Especially, the low impedance value ( 30 Ω) at ∼10-50 Hz (the fre-
quency corresponding to the Q-R-S complex of ECG) favored the role of NC5PAMSPEG-20
as electrode material in ECG sensing devices. [277] The electrode material is desired to fa-
cilitate transduction of ionic current produced in functional cells into electric current and
generation of noise-free signals for ECG sensing. [278]

For ECG monitoring purpose, a film of hydrogel sample was attached to the Ag/AgCl
electrode of a commercial ECG sensor pad. The hydrogel modified electrode was attached to
the human body in 3 electrode mode and real-time ECG data were collected by an integrated
electronic device (Figure 3.8). [279] The device was made up of a ECG signal amplifier
AD8232 module and a microprocessor chip with Wifi module (NODEMCU-ESP8266). The
ECG signal was then transferred via Wifi to smart phone or laptop and live data was mon-
itored using an android application developed for this purpose using Arduino code. The
sensor was evaluated for different locomotion of human body, i.e. sleeping, walking, run-
ning, cycling etc. (Figures 3.9A-E). Under sleeping, running and cycling position, noise free
data were recorded with the P, Q, R, S and T peaks clearly visible in the scans.

Repetitive ECG signals were collected under live cycling conditions using the hydrogel
based ECG device. Vigorous running generated minor motion artifacts in ECG signals which
may be attributed to sweating (Figure 3.9E). However, in absence of the hydrogel film, the
motion artifacts were pronounced and the signals became irregular suggesting the importance
of hydrogel film in the sensing device (Figure 3.9F). Moreover, the NC5PAMSPEG-20 film
was found to be non-allergic when tested for skin irritation by patch test (Figure 3.8H). The
overall performance of hydrogel modified ECG sensor was satisfactory and acceptable for
potential applicability in on demand health monitoring devices. A hydrogel based sensing
device was installed on the body and the change in water content was monitored over 8 h
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Figure 3.8: (A) Schematic illustration of the hydrogel based real time ECG monitoring plat-
form, (B) fabrication of ECG sensor assembly, (C) circuit diagram of the ECG device, real
time ECG monitoring during (D) cycling work out, (E) running, (F) sleeping, (G) ECG de-
vice with hydrogel based ECG electrodes plugs, (H) patch test for a hydrogel sheet on human
skin over 24 h.
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Figure 3.9: Real time ECG data collected during different human locomotion (A) sleep-
ing, (B) running, (C) cycling exercise, (D) normal resting condition, (E) extensive running
workout and sweating, (F) ECG signal of the sensor assembly without hydrogel electrode
recorded during running exercise.

period to observe the loss in water content during use. The water content decreased from 62
to 60% and the corresponding change in conductivity was relatively small (1.5 mS/cm). This
suggested that, the hydrogel based device may be used in future to generate reproducible
ECG signals.

3.5 Conclusion

Mechanical strengths like tensile and compressive properties of PAMPS hydrogels can be
improved by the ionic grafting of PAHz-Ag NCs into it’s matrix. The size of Ag NPs in
the PAHz-Ag NC controls the mechanical properties. The study suggests an optimized size
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of Ag NPs with davg value of 5 nm for maximum toughness and stretchability. The sam-
ples show maximum adhesions to the glass surface, but skin adhesions of these NC-grafted
hydrogels are also acceptable from application perspectives. The conductivity of these hy-
drogels varies with strain and temperature. Therefore, the hydrogel samples described are
useful for strain measurements and soft electronics applications. These PAHz-Ag NC grafted
hydrogels have found good applications in wearable ECG sensors and other soft electronics.
Similar NC grafting strategy can be used to improve the mechanical properties as well as the
electrical properties of similar hydrogel systems.
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Chapter 4

Supplementary Networking of
Interpenetrating Polymer System

(SNIPSy) Strategy to Develop Strong &
High Water Content Ionic Hydrogels for

Flexible Electrolyte Applications

4.1 Abstract

Interpenetrating supplementary networking strategy (SNIPSy) was employed to develop
tough ionic hydrogels with high water content for in flexible batteries. Synthesizing hy-
drogels with tensile strength and modulus in MPa, as well as flexibility at high equilibrium
water content (>90 wt%), is difficult but crucial from an application standpoint. Such hy-
drogel compositions are particularly suitable for constructing flexible electronics devices for
subsea applications, where risk-free underwater implementation and optimal device perfor-
mance at low temperature (0 °C) and high hydrostatic pressure (>20 bar) are desired. Hy-
drogels with a high water content are required for ion transport, and mechanical strength is
desired to maintain a stable electrode-electrolyte interface under stress. We developed ionic
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hydrogels of high equilibrium water content value up to 96% showing tensile strength and
Young’s modulus values up to 2 and 1.67 MPa respectively, using a supplemental network-
ing of an interpenetrating polymer system strategy.The flexible electrolyte of Zn and Li ion
soaked SNIPSy hydrogel was used to fabricate cost effective, resilient, rechargeable, and
flexible batteries. When immersed in water, distorted, exposed to flame, put under high load,
and operated at low temperatures, these batteries showed minimal capacity loss, indicating
their potential for subsea applications.

4.2 Introduction

Science and technology have effectively complemented humanity’s eternal pursuit of con-
stantly overcoming the problems associated with everyday life with plausible solutions. The
design and development of tough and flexible hydrogels over the last few decades is an
important example of this. [280] Hydrogels possessing adequate mechanical properties are
primed to play a pivotal role in design and fabrication of flexible electronic devices, [281]
wearable sensors, [282] tissue engineering, [152] coating, [283] adhesive [224] and flu-
idics [284] applications. To date, several strategies have been used in the literature to improve
the toughness of hydrogels. In recent years, double and triple networking, [285, 286] rein-
forcement of hydrogels via nanoparticles, [287] interpenetration of polymer networks, [163]
incorporation of energy dissipating physical and chemical linkages, [273, 188] slide ring
networking, [184] and network alignment [190] approaches have been explored to develop
tough hydrogels. For example, the first exemplary report of the double networking approach
improved the compressive strength of hydrogels up to 17 MPa and the fracture toughness
at high water content of ∼90%. [176] Interpenetrating networking through a one-step or
sequential process increased the compressive strength to 90 MPa or above and the tensile
strength to 1.3 MPa. [288] Polymeric [289] and metallic nanoparticles [177] are also known
to reinforce the network and improve the mechanical properties of the hydrogels. In a re-
cent study, incorporation of polyacryloyl hydrazide (PAHz) microparticles and Ag-PAHz
nanocomposites was found to improve the mechanical strength and conductivity of the ionic
hydrogels. [290, 291] The tensile strength of the resulting hydrogel increased to ∼ 1 MPa
with an elongation of 1000%.However, water content is limited to between 70 and 90% for
most of these reported strategies.

he above report predicts that the fracture energy of these tough hydrogel systems, as
well as the tensile strength and modulus can be extensively optimized to meet the desired
mechanical properties for the intended application. In applications such as human articu-
lar cartilage, tissue engineering and flexible electronics, it is desirable that the modulus of
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elasticity is given in MPa. [292] In this work, the goal was to design a hydrogel system suit-
able for use as a flexible solid electrolyte in rechargeable batteries for sub-sea applications.
Below sea level, water temperature gradually decreases and hydrostatic pressure increases
with depth. Therefore, the device should operate at a lower temperature and a pressure in
the range of 5-20 bar without significant loss of capacity. In addition, the device must be
compatible to the environment for a risk-free operation.

Recently, many hydrogel systems have been developed and studied for soft electronics
applications due to their specific advantages over batteries consisting of liquid electrolytes
and separators. [293] Introducing hydrogel at the interface greatly improved the perfor-
mance of the anode by maintaining the integrity of electrode-electrolyte interface, proper
ionic conductivity and mechanical durability. [294] In addition, a nonflammable and safe
electrolyte system is considered one of the key goals of next generation rechargeable bat-
teries, which can accommodate hydrogel-based aqueous electrolyte systems. [295] How-
ever, the hydrogel-based system impaired ion transport to some extent, and the output volt-
age of the hydrogel-based battery was lower than that of the liquid electrolyte based sys-
tem. [296, 297] Moreover, hydrogel-based flexible battery that function properly under the
combined high pressure and low temperature conditions required for sub-sea applications
have not been reported so far to our knowledge.

Since we have targeted hydrogel systems for use as solid electrolytes in flexible recharge-
able batteries for subsea application, the hydrogel composition should have tensile strength
and modulus values in the MPa range with very high water (≥90%). The high water con-
tent of the hydrogel system is desirable to mimic the ion transport and diffusion rates of
a liquid electrolyte during battery functions. Adequate flexibility and modulus to maintain
structural integrity under stress are properties required for them to be used as electrolytes
without any supporting layer and to operate efficiently under extreme conditions of high
hydrostatic pressure. However, the mechanical properties of hydrogels are known to de-
crease rapidly with increasing water content of the hydrogel system. And reaching ten-
sile strength and modulus values in MPa with a hydrogel possessing water content of ≥90
wt% is a difficult task. [298] Interpenetrating polymer system (IPS) based on dual crosslinks
(ionic and covalent) are known to exhibit high water content values and lower mechanical
strength. [299, 300] Therefore, a supplementary networking of an interpenetrating system
(SNIPSy) approach was utilized to improve the tensile properties of the IPS while maintain-
ing the water content values. The approach involves a two-step process. In the first step, a
dual crosslinked IPS was synthesized based on PAHz and poly (2-Acrylamido-2-methyl-1-
propanesulfonic acid) (PAMPS) capable of high swelling ratio. In next step, the swelled IPS
was supplemented with an independent polyacrylamide (PAAm) network to further reinforce
the mechanical strength. In addition, presence of energy dissipating physical linkages helps
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to improve the load bearing capability by minimizing hysteresis loss under multiple defor-
mations. The ionic functionalities also anticipated to provide sufficient ionic conductivity to
the hydrogels required for applications in electronics. [301]

In this chapter, a series of hydrogel compositions were synthesized using the SNIPSy
approach to study the corresponding mechanical properties related to water content. To
demonstrate the effectiveness of the developed hydrogel system as a electrolyte, a Zn/Li
battery was fabricated and tested as a proof of concept. Traditional lithium-ion batteries
(LIBs) have high energy densities, but suffer from flammable and explosive leaks of organic
electrolytes and rising prices for lithium resources. [302, 303] Thus, development of battery
systems based on earth abundant metals such as Na and K is gaining momentum. [304, 305]
Here Zn-ion batteries comes out as a viable option due to its compatibility with aqueous elec-
trolytes, large theoretical capacity (820 mAhg−1), low cost raw material and low Zn2+/Zn re-
dox potential for the practical applications. [306, 307] Recently, several high performance Zn
metal based aqueous batteries have been reported with long cycle life. [308, 309] However,
their flexible hydrogel-based counterparts have seen tentative development and rare com-
mercialization. Therefore, the key to achieving Zn metal-based flexible aqueous batteries is
in the development of a durable hydrogel electrolyte system. Additionally, incorporation of
cooperatively hydrated Li+ and Zn2+ etc. into the hydrogel electrolyte helps to improving
the battery performance and reversibility by suppressing the formation of undesired oxide
and hydroxide by-products. [310] These hydrogel-based Zn/Li batteries can advance a wide
range of perspectives in the field of flexible and wearable electronics in the near future.

4.3 Experimental

4.3.1 Materials

2-Acrylamido-2-methyl-1-propanesulfonic acid (AMPS, Sigma-Aldrich, 99%), oxoglutaric
acid (Sigma-Aldrich, 99%), poly(ethylene glycol) diacrylate (PEGDA, average Mn = 250
and 700,poly (vinylidene fluoride) (PVDF, Himedia Laboratories Ltd., 99%), Sigma-Aldrich,
99%),zinc foil (0.25mm, Alfa Aesar, 99.98%), methyl acrylate (SD Fine Chemicals, 99%),
lithium cobalt (III) oxide (LCO, Alfa Aesar, 97%), hydrazine hydrate (Ranchem, 99%),
tetrahydrofuran (Finar Ltd., 99%), stainless steel foil (0.25mm, Alfa Aesar, Type 304), acety-
lene carbon black AB50 (Shivneri Colour Chemicals),zinc sulphate (ZnSO4 · 7H2O, Quali-
gens Fine Chemicals, 99%), lithium sulphate monohydrate (Avra Synthesis Pvt. Ltd., 99%),
potassium sulphate (Merck, 99%), N-Methyl-2-pyrrolidone (Sisco Research Laboratories
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Pvt. Ltd., 99%) were used during experiments as received. Deionized water was obtained
from Pure Lab ELGA water purifier. PAHz (Mn = 16000 g/mol, PDI = 1.6) was synthesized
as per previous report. [311]

4.3.2 Instrumentation

Universal testing machines (H5KL and H25KS, Tinius Olsen) were used for mechanical test-
ing of the hydrogel samples. UV-Vis spectrophotometer(Cary 5000, Agilent Technologies)
was utilized to record transmittance data of the equilibrium swelled hydrogel samples. X-
ray Photoelectron Spectrometer (K-Alpha, Thermo Fisher Scientific) was utilized to record
XPS data of dried IPS and SNIPSy hydrogel sheets. FTIR data of the hydrogel sheet was
recorded in Perkin Elmer Spectrum Two FTIR spectrometer using PIKE-ATR mode. Scan-
ning electron microscopic images of zinc anode were recorded before and after Zn stripping
experiment by JSM6490 (Jeol). All electrochemical characterizations of the hydrogel based
battery were performed in electrochemical workstation (CHI660E, CH Instruments).

4.3.3 Synthesis of PAMPS-PAHz IPS

To synthesize PAMPS-PAHz IPS hydrogel,1.44 g (6.97 mmol) AMPS monomer and 1 mol%
PEGDA crosslinker was added to a 5 mL of 2 wt% aqueous PAHz solution followed by
mixing and degassing with nitrogen gas for 10 min. Then 1 mol% of oxogularic acid was
added to it and the solution was poured into sealed glass molds or in disposable syringes.
Gelation was carried out under UV light (365 nm) for 6 h.

4.3.4 Synthesis of PAMPS-PAHz-PAAm SNIPSy

A pre-gel stock solution of 2 M acrylamide was prepared by mixing acrylamide monomer,
0.1 mol% PEGDA and 1 mol% oxoglutaric acid initiator. The above IPS hydrogel was taken
out from the mold and kept in the above 10 mL solution for 24 h to completely swell. The
swelled hydrogel was kept under UV light for next 12 h. Then the hydrogel sample was
kept in distilled water for 24 h to reach equilibrium swelled state. Water was changed 2 to
3 times during the period to washout the unreacted monomers. Similarly, different hydrogel
samples were synthesized by varying monomer and crosslinker concentrations in both IPS
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and SNIPSy network.

4.3.5 Synthesis of Control hydrogel samples

Control1: 1.44 g (6.97 mmol) AMPS and 1 mol% PEGDA was mixed with 5 mL of distilled
water and purged with nitrogen gas for 10 min. Then 1 mol% of oxogularic acid was added to
it. After mixing, the solution was transferred into disposable syringes or glass molds and kept
under UV light (365 nm) for 6 h to form the hydrogel. Then the hydrogel was immersed into
a solution of 2 mole/L acrylamide, 0.1 mol% PEGDA and 1 mol% oxoglutaric acid. After
swelling the hydrogel for 24 h, it was crosslinked by UV for 12 h. Then the hydrogel so
formed was kept in DI water for 24 h.

Control2: To 5 mL of 2 wt% aqueous PAHz solution, 1.44 g (6.97 mmol) of AMPS and
1 mol% PEGDA was added and the mixture was vortexed for 5 min. After degassing with
nitrogen gas for 10 min, 1 mol% of oxogularic acid solution was added to it and the solution
was transferred into disposable syringes or glass molds and kept under UV light (365 nm)
for 6 h to form the hydrogel. Then the hydrogel was removed from the mold and kept in
distilled water for swelling.

4.3.6 Analysis of mechanical properties

Rectangular hydrogel strips of 15 x 40 x 3 mm3 dimensions possessing equilibrium water
content was used for mechanical analysis using universal testing machine (H5KL, Tinius
Olsen) at machine speed of 50 mm/min. Young’s modulus was calculated from the slope
of tensile traces. Consecutive 5 hysteresis cycles in tensile mode for the hydrogel sample
were recorded under fixed stress mode with end value of 0.5 MPa. In the compression test,
a cylindrical sample (diameter 25 mm, height 20 mm) was compressed to 90% strain at a
with 5 mm / min speed. For compression mode hysteresis, the sample was subjected to
loading-unloading between 0 to 0.5 MPa. The dissipated energy was calculated from the
region between the load / unload curves. The fracture energy (G) was determined by a tear
test performed on a notched hydrogel sample. The average tearing force “F” was used to
calculate “G” using the equation; G = Favg/2w, where Favg and w are the average force and
width of the hydrogel sample respectively.
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4.3.7 Fabrication of flexible hydrogel based battery

The SNIPSy hydrogel sample thus synthesized was immersed in an aqueous electrolyte so-
lution (1 M Li2SO4, 1 M ZnSO4, 0.5 M K2SO4) overnight. Hydrogels impregnated with
electrolytes were used as solid electrolytes in battery manufacturing. Before using as an an-
ode material, 2 x 2 cm2 strips of zinc foil were cut and washed with acetone. A 2 x 2 cm2

stainless steel (SS) foil was coated by a solution of LCO as active material, acetylene black
(as conductive additive material) and PVDF (as polymer binder) (in 8:1:1 weight ratio) and
N-methyl-2-pyrrolidone. After air drying followed by drying at 80 °C for 12 h, the cathode
material (SS-LCO) was constructed. The active mass loading was kept around 2-3 mgcm−2.
The battery was fabricated by sandwiching the electrolyte soaked hydrogel between the Zn
anode and SS-LCO cathode. The Zn/SNIPSy/SS-LCO cell was wrapped with adhesive tape
keeping the electrode ends free for further analysis.

4.3.8 Electrochemical characterization of flexible battery

In the zinc stripping/platting test, a Zn/SNIPSy/Zn symmetric cell was fabricated by placing
an electrolyte-soaked SNIPSy hydrogel sheet between two zinc electrodes. The data was
recorded by a 100 h chronopotentiometry experiment at 0.2 mAhcm−2. Cyclic voltamme-
try curves of the Zn/SNIPSy/SS and Zn/aqueous electrolyte (Li2SO4, ZnSO4, K2SO4)/SS
asymmetric cells were obtained at 5 mVs−1 scan rate between the potential window of -0.6
to 0.6 V. Open circuit voltage (OCV) of the hydrogel based battery, Zn/SNIPSy/SS-LCO
was calculated from the voltage versus time plot. The battery was fully charged and then
the output voltage was monitored during the self-discharge process and the stable voltage
after 5 h of discharge was determined as the OCV. Battery performance was assessed using
the charge-discharge profile. The charge-discharge curves were obtained from chronopoten-
tiometry measurements at various current densities. Cyclic stability was determined from
multiple charge-discharge curves over 50 cycles. Capacity and coulombic efficiencies were
calculated from the charge-discharge profile. Battery performance was also evaluated under
different bending angles and mechanical deformations. The battery was connected to a po-
tentiostat and the discharge profiles were recorded at various bending angles. To check the
performance of the battery under load, the battery was compressed between two metal plates
while increasing the load and charge-discharge plot was recorded at intervals. Battery per-
formance was checked under ice cold condition. The battery was kept in an ice tray (∼1 °C)
for 30 min and then charge-discharge profile was recorded. In the fire susceptibility test, the
battery was held in butane flame (∼350 °C) for 2-3 minutes. The battery was removed from
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the flame and the OCV was measured by digital multimeter. Then the battery was connected
to a potentiostat to record the charge-discharge profile. To check sub-sea applicability, the
battery was kept under ice-cold water tank with a compression load of 10 kg. The electrode-
clip connections were insulated with adhesive plastic tape to protect them from water. The
battery functions were tested by recording charge-discharge profiles and also by powering
electronic devices under the extreme conditions.

4.4 Results and Discussion

Synthesis of hydrogel involves ionic complexation of -CONHNH2 functionalized PAHz
with-SO3H of PAMPS chain in the first step. The FT-IR spectra of of a sheet made up of
AMPS and PAHz mixture displayed a peak at 1178 cm−1 for the SO3

– and 3301 cm−1 for the
NH3

+. The peaks at 1076 and 1233 cm−1 for the S=O bending of the SO3H group in AMPS
disappeared suggesting the formation of above ionic linkage (Figure 4.1). Subsequently,
the IPS based on PAMPS and PAHz was synthesized by polymerization and crosslinking of
AMPS with PEGDA using oxoglutaric acid as the initiator under UV light (λ = 365 nm)
(Scheme 4.1). The IPS was swelled in presence of AAm monomer to equilibrium swelling
state and the polymerization was carried out in the subsequent step to synthesize the hydro-
gel compositions based on SNIPSy strategy. A series of hydrogel samples were synthesized
by varying the amount of PEGDA in the IPS followed by the supplementary PAAm network
as shown in Table 4.1.

To understand the distribution of networks in the hydrogel, XPS data was recorded
before and after supplementary PAAm networking (Figures 4.2 and 4.3). In the narrow
region XPS of S2p, peaks at 169 (S=O of SO3H), 167 (S=O of SO3

– ) and 164 eV (C-
S) indicates the presence of sulfonic acid functionality and – SO3

– —+H3NHNCO– ionic
linkages on the surface of the IPS hydrogel sample. After the supplementary networking, the
signal of S2p notably decreased suggesting the surface of SNIPSy is largely populated by
the PAAm segment (Figure 4.2A). The N1s peaks at 399.4 eV (CONH of AMPS), 401.0 eV
(CONH of PAHz) and 402.0 eV ( – NH3

+ of – NH3
+—SO3

– ionic linkage) were observed
for IPS network (Figure 4.2B). The peak internsity at 399.4 eV substantially decreased and
a new peak at 399.6 eV for – CONH2 of PAAm was observed after supplementary PAAm
networking, supported the presence of PAAm segment on the surface. And disappearance
of the peak at 402.0 eV suggesting very low abundance of – NH3

+—SO3
– ionic linkages on

the surface of SNIPSy1.

Similarly for C1s XPS spectra of SNIPSy1, peak at 286.0 eV (CONH of PAMPS)
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Scheme 4.1: (A) Schematics for synthesis of the hydrogel by SNIPSy strategy, (B) scheme
illustrates orientation of different polymeric segments inside the hydrogel.
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Figure 4.1: FTIR spectral analysis to study the ionic complexation in the IPS hydrogel net-
work.

decreased and a new peak for the CONH2 of PAAm appeared at 286.4 eV in supporting the
above (Figure 4.2C). And the O1s peak at 531.8 eV ( – CONH2) also favoring the surface
abundance of PAAm segments in SNIPSy1 (Figure 4.3). Overall, the XPS data indicate that
there may be a supplementary PAAm network on the surface and the –NH3

+—SO3
– - based

ionic crosslinked zones possibly remained towards the core of the SNIPSy samples. The
formulation of diffrent hydrogel systems was optimized by monitoring tensile properties of
each samples. A series of samples were synthesized by varying the AMPS, PAHz mol% and
PEGDA crosslinker in both IPS and PAAm supplementary network (Table 4.1). 14.0 mol%
of PAHz repeating units with respect to AMPS monomer produced SNIPS1 with optimum
σT (2.1 MPa) and E value (1.67 MPa) (Figure 4.4).

The SNIPSy hydrogels exhibited high mechanical strength (σT = 1.0-2.1 MPa and λ =
115-580%) swelled at equilibrium water content (87-96 wt%) compared to the Control1 (σT

= 0.004 MPa, λ = 60%) and Control2 (σT = 0.6 MPa, λ = 10%) sample (Figure 4.4B, Table
4.1). In Control1, PAHz was not incorporated into the first PAMPS IPS network and the
Control2 devoid of the supplementary PAAm networking. The supplymentary networking
also improved compressive strength value of SNIPSy1 up to 28 MPa (at 90% strain) which
was 4.1 and 140 times higher compared to that of the Control1 (6.8 MPa) and Control2 (0.02
MPa) samples respectively (Figure 4.4C). During compression test, the SNIPSy1 sample
regained its original shape without any mechanical deformations, whereas both the control
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Figure 4.2: Narrow region (A) S2p, (B) N1s, and (C) C1s XPS data of the SNIPSy1 and IPS
hydrogel network.

Figure 4.3: XPS data (A) survey spectra, (B) narrow region spectra of O1s in IPS and SNIPSy
network.
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Table 4.1: Mechanical properties of different SNIPSy hydrogels

Code IPSa SNIPSy σb
T λ c E d G e EWC f κ i

(mol:mol)g (mol:mol)h (MPa) (%) (MPa) (Jm−2) (%) (Sm−1)
SNIPSy1 2.79:0.027 20:0.02 2.1±0.1 120±8 1.67 380±10 87 0.35
SNIPSy2 2.79:0.027 10:0.01 1.7±0.1 140±10 1.12 230±5 90 0.46
SNIPSy3 2.79:0.014 10:0.01 1.7±0.12 170±5 1.31 290±4 92 0.54
SNIPSy4 2.79:0.007 20:0.02 1.4±0.08 115±6 1.10 190±8 93 0.56
SNIPSy5 2.79:0.007 10:0.01 1.0±0.04 130±12 1.01 - 96 0.66
SNIPSy6† 2.79:0.007 20:0.10 1.0±0.03 215±15 0.48 200±10 90 0.47
SNIPSy7 2.79:0.007 10:0.005 1.1±0.1 320±10 0.36 - 92 0.55
SNIPSy8† 2.79:0.027 10:0.01 0.8±0.05 580±15 0.18 570±12 94 0.60
SNIPSy9 2.79:0.014 20:0.02 1.6±0.15 135±15 0.98 240±10 90 0.51
SNIPSy10 2.79:0.014 10:0.005 1.2±0.02 215±10 0.49 - 91 0.54
Control1g 2.79:0.027 20:0.02 0.6±0.05 60±10 0.78 160±4 89 0.40
Control2h 2.79:0.027 - 0.004±0.0 10±4 0.01 - 95 0.62

athe amount of PAHz is 0.46 mmol in all the cases except control1, †PEGDA (Mn = 250) was used as
crosslinker, in other cases PEGDA (Mn = 700) was used as the crosslinker, gin Control1 PAHz was not added,
hin Control2 the PAAm network is absent, bultimate tensile stress (σT ), celongation at break (λ ), dYoung’s
modulus (E), efracture energy (G), f equilibrium water content (ECW) of hydrogels, grepresents the molar
ratio of AMPS to PEGDA, hrepresents the molar ratio of AAm to PEGDA and ithe conductivity (κ) values are
determined from the Nyquist plots of EIS spectra.

samples fractured during compression. The Young’s modulus values of SNIPSy hydrogels
were in the range of 0.3-1.67 MPa. The strategy offers an optimizable range of mechanical
properties varying amount and molecular weight of of PEGDA crosslinker (Figure 4.4D).
The σT value of the samples were improved by increasing the amount of PEGDA in the first
IPS network but compromised the stretchability. The fracture strength of the SNIPSy strip
was calculated to be in the range of 190-570 Jm−2 using tear test (Table 4.1).

Table 4.2 gives a comparative study of mechanical properties like σT , E, G values of
the SNIPSy hydrogel with some of the reported tough hydrogels possessing high water con-
tent (≥90 wt% or above). The Ashby charts reveals that the mechanical properties of current
hydrogel systems cover a relatively unexplored region in terms of the tensile properties and
high water content (Figures 4.4E-F). Moreover, the properties are also desirable for applica-
tions in tissue engineered cartilage and other soft electronics applications. [312, 313]

To further understand the energy dissipation ability under cyclic stress, the hysteresis
data under both extension and compression mode were recorded. A small residual strain
value of ∼2% was noticeable after the first cycle and dissipation energy value was 2.5
MJm−3. The residual strain in the subsequent cycles up to 5th cycle was negligible and
the dissipation energy values for 2nd cycles decreased to ∼1.1 MJm−3 and remained mostly
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Figure 4.4: A) The effect of [PAHz] mol% on the σT , elongation at break and fracture energy
values, B-C) tensile and compressive strength traces of the SNIPSy1 and control samples, D)
effect of crosslinker in the tensile properties of different SNIPSy samples, E–F) comparative
Ashby plots for different hydrogel systems containing ≥90 wt% water content.

similar till the 5th cycle. Overall, the value remained constant from the 2nd cycle onwards
suggesting these samples are capable to recover original shape repeatedly after application
and release of high stress value up to 0.5 MPa (Figures 4.7A-B). Similarly, the compressive
hysteresis cycles under fixed stress mode up to 5 MPa for 5 consecutive cycles revealed a
trend similar to that of the tensile hysteresis (Figure 4.7C). The dissipation energy for the
first cycle (4.8 MJm−3) decreased to 0.6 MJm−3 in the second cycle and remained unaltered
thereafter till 5th cycle. The residual strain value of 4.5% after the 1st hysteresis cycle be-
came negligible from the 2nd cycle onwards. Both the tensile and compressive hysteresis
data suggested that the hydrogels possessing C=O—H-N hydrogen bond and -SO3

– — +
H3NHNCO- ionic interaction based reversible physical linkages are capable of dissipating
energy instantly and subsequently the sample regains original size through reformation of
the above physical linkages on release of stress. A steel ball (∼50 g) dropped from certain
height on a hydrated hydrogel film instantly stopped bouncing suggesting swift dissipation
of energy on the hydrogel surface. The above sample also resisted multiple hammer impact
without crack and recovered original shape immediately after the impact. The resilience
of the SNIPS sample was demonstrated further using several visual tools. A SNIPS1 fiber
under fully hydrated condition handled the knotting followed by stretching (Figure 4.5A).
Similarly, the specimen was easily twisted multiple times without deformity further support-
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Figure 4.5: Demonstrative images of water swelled SNIPSy1 hydrogel strips during A) knot-
ting and stretching, B) twisting, C) cutting by a knife, D) lifting of weight and E) puncturing
by a pen. F) transparency of a swelled SNIPSy1 hydrogel sheet, G-I) a cylindrical SNIPSy
under compressive loadind and unloading.

84



Figure 4.6: (A)Transmittance of different SNIPSy hydrogel sheets recorded in a UV-Vis
spectrophotometer, (B) Nyquist plots of different SNIPSy hydrogels for the measurement
of conductivity. A hydrogel sheet was sandwiched between two stainless steel electrode
plates of 4 cm2 area and connected to a potentiostat for A.C impedance measurements. The
impedance data was recorded between 105 - 0.1 Hz frequency at 5 mV amplitude.The con-
ductivity (κ) of the hydrogel sample was calculated by the equation, "κ = 1/R . l/A , where
R is the high frequency resistance obtained from Nyquist plot, l is the thickness of hydrogel
in cm (0.4 cm), and A is the area of the electrode surface with contact to hydrogel in cm2 (4
cm2).

85



Figure 4.7: A) Hysteresis cycles of a SNIPSy1 strip under tensile mode, B) change in dissipa-
tion energy and residual strain values in consecutive loading-unloading cycles, C) hysteresis
curves of a cylindrical SNIPSy1 hydrogel sample for consecutive five cycles and D) effect
of crosslinker [PEGDA] on the mechanical properties of different SNIPSy samples.
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Table 4.2: Comparison of mechanical properties of current hydrogel with recently reported
hydrogel systems with high water content

Hydrogel system σT λ E G Water Ref.
(MPa) (%) (MPa) (kJm−2) (%)

κ-CG/ Zr4+ 0.003 15-20 0.015 - 99 [314]
κ-CG/PAAm/ Zr4+ 1.1 2200 1.05 2.5 91 [315]
Polyurethane hydrogel 0.037 110 0.036 - 91 [316]
Alginate/SiO2 nanofiber - - 0.024 - 99.8 [317]
Ca2+/Alginate/PAAm 0.2 2200 0.11 9 86 [188]
PVA 0.02 247 0.06 0.257 89 [318]
Poly(AMPS/PAAm)DN 0.9 850 0.6 0.8 90 [319]
Agar/AAm 0.04 488 0.011 - 90.9 [320]
BC gellan gum 1.1 220 5.0 - 85 [155]

PAHz-AMPS-PAAm 0.8-2.1 120-580 0.3-1.67 0.19-0.57 87-96
This
work

ing the flexibility and toughness of the samples (Figure 4.5B).

A typical fully swelled SNIPS1 (water content 87%) resisted cutting by sharp edges
and piercing by pointed objects without any damage. An equilibrated strip of SNIPSy1 was
able to lift 2 kg object and withstood pressure of 2 kg object without undergoing a perma-
nent shape change (Figure 4.5). A cylindrical SNIPS1 specimen compressed to 70% strain
regained original shape after the release of the load (Figures 4.5G-I). The above demonstra-
tions were adequate to prove that the current hydrogel systems may handle repeated stress
and different types of deformations during the prolonged handling without undergoing shape
deformation and are suitable to be utilized as support free solid electrolytes for battery appli-
cation. Presumably, the samples possessing high water contents in the range of 87-96 wt%
were thoroughly transparent and colorless in nature (Figure 4.5F). The transmittance values
for the hydrogels recorded under DRS mode in UV-Vis spectrometer were observed in the
range of 96-98% (Figure 4.6).

The hydrogel systems possessing σT and E values up to 2.1 and 1.7 MPa at fairly
high water content value of 87-96 wt% were promising for use as solid electrolytes in eco-
friendly energy storages devices. As a proof of concept, a Zn-Li aqueous battery was fabri-
cated using Zn and Li ion soaked SNIPSy1 as the electrolyte without a separator material,
Zn anode, LCO coated SS cathode and the properties were analyzed as per available proto-
col. [321, 322] The Scheme 4.2 summarizes the electrochemical processes involved during
the charge–discharge cycles of the battery. During charging, extraction of Li+ from lay-
ered structures of LiCoO2 occurs at cathode and Zn2+ from the electrolyte moves towards
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Scheme 4.2: Schematics of redox reaction mechanism involved in charge-discharge process
of the hydrogel based battery. During charging, Co is oxidized with Li+ moving to the
electrolyte and Li+ intercalation/ de-intercalation process occurs in charge-discharge cycles.

the zinc anode and got reduced. During discharging process, de-intercalation of Li+ occurs
in cathode and oxidation of zinc occurs at the anode. The reversible Li+ intercalation/ de-
intercalation process occurred in the cathode of hydrogel based Zn/Li hybrid battery is a
reported mechanism, which is supported by in-situ XRD analysis. [96] And at the same time
the Zn/Zn2+ reversibility at the zinc anode can be assessed by the stripping-plating cycles
and other electrochemical characteristics. The conductivity of the SNIPSy hydrogel formu-
lations were determined from the respective Nyquist plots and observed in the range of 0.35
to 0.66 S/m (Figure 4.6B). The conductivity of SNIPSy1 increased from 0.35 to 5.0 S/m
after incorporation of Zn2+, Li+ andK+ ions. Presence of salts is known to enhance the con-
ductivity and suppress undesirable water splitting via electrolysis. [323] The electrochemical
stability window (ESW) of the SNIPSy based electrolyte was determined from the LSV us-
ing three electrode assembly at different scan rate. The ESW value at the salt concentration
(2 M) utilized for cell fabrication was observed around ∼2.79 V, above which the onset of
water electrolysis was noticed (Figure 4.9A). Subsequently, the battery fabrication was car-
ried out under ambient conditions without using any dry or inert environment. [324, 325] A
full cell was designed by sandwiching electrolyte soaked SNIPS1 between zinc anode and
LCO coated stainless steel cathode.
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Figure 4.8: Photograph of a pristine Zn anode (A1) before and (B1) after stripping-plating
cycles in Zn/SNIPSy/Zn symetric cell. SEM images of the Zn foil surface (A2-A3) before
and (B2-B3) after cycling process. XPS survey spectra of (A4) pristine Zn foil and (B4) the
Zn foil after stripping/plating cycles.

The cyclic voltammetry of the Zn/SNIPSy1/SS asymmetric cell revealed the reversibil-
ity of the Zn2+/Zn system in the electrolyte-soaked SNIPSy1 medium (Figure 4.9C). Im-
portantly, the current density was superior compared to that of the several hydrogel-based
electrolyte systems reported in recent literature and marginally lower compared to that of the
liquid electrolyte. [326, 327] This may be attributed to the high water content of the hydro-
gel system that facilitated the transportation of the charge. Subsequently, the Zn plating and
stripping reversibility was checked via galvanostatic measurement using the Zn2+/Zn sym-
metric cell. The process was studied up to 100 h at current density value of 0.2 mAcm−2

and capacity of 0.2 mAcm−2. The overall voltage range remained similar and the nature of
the cycles was repetitive up to 100 h supporting the stability of the stripping-plating process
(Figure 4.9B). XPS and SEM analysis of the Zn foil surface before and after stripping-plating
cycles were carried out to further understand the stability of Zn electrode during the process.
The SEM images recorded at different magnifications suggested the absence of dendritic
structures on the surface after the cycling process (Figure 4.8). The XPS data also favored
the SEM analysis and no noticeable change in the nature of Zn2p peaks of the Zn surface
was observed after stripping-plating cycles. Furthermore, no signals in the O1s region ac-
countable to the Zn–O linkage were visible suggesting the oxide formation was absent on
electrode surface.

The Zn anode recycling enabled us to fabricate a Zn-based full cell using SNIPSy1 as
the solid electrolyte (Figure 4.10A,B). The Zn/SNIPSy1/LCO-SS battery, based on Zn anode
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Figure 4.9: (A) The LSV curve of salt soaked SNIPSy1 based electrolyte at different scan
rates displaying the ESW for battery applications, (B) Zn stripping/plating cycles of a Zn/S-
NIPSy1/Zn symmetric cell, (C) cyclic voltammetry curve of a Zn/SNIPSy1/SS asymmetric
cell.

and LCO cathode material displayed an impressive open-circuit voltage (OCV) of 1.72 V.
The value is comparable to that of the conventional liquid electrolyte-based Zn2+/Zn batter-
ies further suggesting that the SNIPSy1-based solid electrolyte systems owing to their high
water content are able to emulate their liquid counterparts in terms of the cell potential. [297]
The stability of the cell was assessed by observing the extent of self-discharge at 1.6 V over
a 50 h period (Figure 4.10C). Negligible drop in voltage was noticed over the time period
suggesting the cell configuration is stable and suitable for further performance analysis. A
typical galvanostatic charge-discharge profile at 1 mAg-1 current density between 1.0 to 2.0
V showed that the charging and discharging occurred over a similar time period of ≈2.5 h
(Figure 4.10D). The cell was subjected to multiple charge–discharge cycles by chronopoten-
tiometry experiments (Figure 4.10E).

The cell exhibited specific capacity (SC) value of ≈99.5 mAhg−1 with respect to the
mass loading of LCO at cathode, when measured at a current density value of 1 mAg−1

(Figure 4.10F). The energy density of the SNIPSy1- based battery was calculated to be 142
Whkg−1. The valuesomewhat decreased to 120 Whkg−1 on increasing the discharge current
density from 1 to 10 mAg−1. The cell exhibited ≈100% retention in coulombic efficiency
(CE) and ≈95% retention in SC over a 260 h testing period (Figure 4.10G). The nature
of charge–discharge cycles was identical for the initial and final few cycles suggesting that
the energy storage and the charge migration is efficient in the system (Figure 4.10H). The
galvanostatic charge–discharge curves suggested that the battery performance is adequate
and comparable to that of the recently reported flexible aqueous Zn batteries. [328, 329, 330]
The capacity gradually decreased on increasing the current density from 20 to 100 mAg−1

owing to the ohmic resistance of electrolytes (Figure 4.10I). A minor variation in the capacity
value with respect to the mass loading is already known in literature. [331] Importantly, the
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Figure 4.10: (A) Fabrication of the cell using Zn anode, LCO coated SS cathode and salt
soaked SNIPSy1 hydrogel electrolyte sheet, B) the cell displaying the output voltage in a
digital multimeter, C) testing the potential stability of the fabricated asymmetric cell over
the time, and D) charge-discharge cycle of the Zn/SNIPSy1/LCO-SS asymmetric cell at a
current density of 1 mA/g. E) repeated charge-discharge cycles of the full asymmetric cell,
F) the voltage versus capacity plot of the full cell recorded at different current densities,
G) durability test of the full upto 50 cycles of charge-discharge in terms of SC and CE,
H) magnified view of the first and last five charge-discharge cycles of E and I) cyclability
performance of the cell under different current densities.
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Table 4.3: Comparison of current hydrogel based battery performance with that of the re-
ported Zn aqueous batteries

Battery System
OCV
(V)

Sp. Capacity
(mAhg−1)

Ref.

Pluronic hydrogel electrolyte/Li2SO4/ZnSO4

Zn/PHE/LMO
1.6 105 [330]

Gelatin/Li2SO4/ZnSO4

Zn/LMO
1.8 110 [326]

PAAm/LiCl/ZnSO4

Zn/LiFePO4
1.3 106 [310]

Zn/Poly zwitterionic hydrogel/VS2 1.5 90 [328]
Zn/ PAAm- conc electrolyte LiTFSI +
Zn(OTf)/LVPF-CNT@PPy Carbon cloth

1.9 147 [334]

Zn/LiV2(PO4)3 Zn-Li salts 1.7 140 [335]
Zn/ZnMn2O4/carbon composite/Zn(CF3SO3)2 1.4 150 [336]

Zn/SNIPSy-Zn-Li salt/LCO 1.7 100
This
work

capacity value was retrieved on further decreasing the current density to original value.

The impedance spectra of the Zn/SNIPSy1/LCO-SS asymmetric cell were recorded at
four discharge potentials (1.7, 1.5, 1.3, and 1.0 V). A single semi-circle was mainly visible
in all the Nyquist plots recorded at different potentials. The low value (∼1 Ω) of the intrin-
sic resistance (R0) suggested that the hydrogel-based electrolyte offers high conductivity.
Importantly, no change in R0 value was noticed throughout the discharge process. The cell
at 1.7 V exhibited charge transfer resistance (Rct) value of 35 Ω suggesting possible forma-
tion of resistant layer at the electrodeelectrolyte interface. The Rct value somewhat increased
from 35 to 50 Ω on decreasing the discharge potential from 1.7 to 1.5 V. The values at 1.3 and
1.0 V remained similar to that of the 1.5 V. The Rct value is known to increase during the dis-
charge process of batteries due to possible depletion of [Li+] at the electrode interface. [332]
During the subsequent discharge, the Nyquist plot corresponding to 1.7 V matched with that
of the first cycle suggesting the process is reversible. Furthermore, during the second dis-
charge from 1.7 to 1.0 V, the increase in Rct value (10 Ω) was lower compared to that of the
first cycle (15 Ω). This may be attributed to possible contact improvement through electro-
chemical activation. [333] Overall, the Zn/SNIPSy1/LCO-SS cell performance was adequate
and comparable to that of the several Zn-based aqueous battery systems reported in recent
literature (Table 4.3).

To further explore the applicability of the cell system under various deformations, the
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Figure 4.11: (A) Charge-discharge cycles of the cell after and before the fire test (tempera-
ture ∼350 °C), (B) photograph of a SNIPSy based battery showing stable voltage output over
butane flame (∼350°C), (C) performance of battery in terms of specific capacity under dif-
ferent environment conditions like cold, under-water and heating recorded at 60 mA/g, (D)
demonstration of a wearable battery powering a LED light worn in wrist, (E) polarization
curve of the battery after and before mechanical deformation by hammer impact,(F) capacity
retention ability of the battery in different bending angles, (G) a bendable Zn/SNIPSy/LCO-
SS battery running a digital clock/humidity meter over 45 days.

capacity retention under bending conditions was evaluated. The battery capacity was com-
promised by only a minor extent during the bending process. The folding of the cell by 120°
decreased the cell capacity by 2%, which further decreased up to 5% during the extreme
folding till 30° (Figure 4.11). A cell was also exposed to repeated hammering and subse-
quently, the capacity was monitored. The cell after hammering retained capacity value up to
95% of the as-fabricated sample suggesting minor alteration in performance. The LED bulb
connected to the cell continued to glow during the hammering process (Figure 4.11E). A
digital clock powered by a semicircular cell runs successfully up to 45 days further support-
ing the durability of the device. A cell was subjected to fire test by exposing the system to a
butane flame (≈350 °C) for 2-3 min. The digital multimeter displayed a minor decrease in
output voltage from1.7 to 1.5 V over the burning period. Importantly, the voltage of the cell
recovered to 1.65 V after removal of the flame. The charge-discharge cycles recorded after
the fire test displayed 15% decrease in SC value of the cell, which may be attributed to the
partial evaporation of water from the hydrogel electrolyte (Figure 4.11A-B). Thus, the non-
flammable hydrogel electrolyte allows fabrication of flexible batteries with high safety fea-
tures which may not be accessed in conventional LIBs with organic separators and flammable
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Figure 4.12: (A) Charge–discharge curve of the battery under different environmental situa-
tions e.g. ambient condition, low temperature (1 °C), under water and composite condition
of low temperature (2 °C), load and water submersion,(B) a battery is able to run a digital
clock when placed under water at low temperature and high-pressure conditions, (C) battery
working under ice cold conditions to power a digital clock, (D) performance of the battery
under high compressive load to compare with subsea conditions.

electrolytes. [337] A flexible battery worn in the wrist powered a LED light with ease further
supporting the flexibility of the SNIPSy1-based battery (Figure 4.11D).

Finally, the utility of these cells for possible subsea applications was assessed. For
subsea applications, the battery needs to operate efficiently under water, at high hydro-
static pressure, and low-temperature conditions of the seabed. [338] Therefore, the perfor-
mance of Zn/SNIPSy1/LCO-SS full cell was evaluated under the above three conditions.
The charge–discharge cycles under water were similar to that of those recorded in air (Fig-
ure 4.12A). The columbic efficiency and capacity recorded under water also remain un-
changed suggesting full retention of performance under water. Further, the cell was dipped
in an ice bath maintained at 1 °C and the charge-discharge cycles were recorded. The capac-
ity decreased by 10% at ≈1 °C which may be attributed to a possible decrease in the rate of
the ion transport at low temperature (Figure 4.12B). The ionic conductivity is known to be
directly proportional to the temperature of the medium. [339] The capacity returned to the
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original value after equilibrating the cell to room temperature conditions again further sup-
porting the above. Finally, the cell performance was studied under different loads, since the
pressure is known to increase with depth from the sea surface due to the hydrostatic pressure
exerted on the system.The capacity value gradually decreased up to 13% on applying 20 bar
pressure on the cell (Figure 4.12D). The above pressure value corresponds to a depth of 200
m from the surface. Overall, the performance of cell under all three conditions of tempera-
ture and pressure anticipated under subsea conditions was adequate. To further demonstrate
the battery functions under subsea conditions, a battery was kept under ice-cold water with
a compressive load of 10 kg and the capacity was measured (Figure 4.12B). The battery was
able to retain capacity up to 90% suggesting the viability of operation under subsea con-
ditions. A digital clock connected to the battery kept under the above conditions was able
to function smoothly. Overall, the fabrication of the above battery was a proof of concept
and the performance and durability may be further optimized by varying the type of ion and
composition in the electrolyte.

4.5 Conclusion

A supplementary networking strategy of interpenetrating polymer networks can be used to
synthesize hydrogels with high strength and modulus at high water content. This strategy
also helps to improve the compressive and hysteresis behavior of the hydrogels. The swelled
hydrogel samples sustained various deformations and repeated impacts supporting their prac-
tical use. These hydrogels as solid electrolytes are suitable for use in various Zn-ion batteries.
Battery fabricated using the above hydrogel systems can compete with their liquid counter-
parts in output voltage and other performances. The resulting batteries show consistent per-
formance under low temperature, high pressure and submersible conditions indicating their
subsea applicability. The battery can also operate safely in presence of a transient fire or
under water. In the future, several batteries can be fabricated using the hydrogel as the solid
electrolyte systems by varying the salts and composition to further optimize the durability
and performance.
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Chapter 5

Summary & Future Directions

This thesis work comprises design and synthesis of tough hydrogels and applications
of these promising multi-functional materials in flexible electronics. We have developed
PAHz based hydrogels with high mechanical strength, elasticity, self-healability, adhesive
and strain sensing properties. Improvement of conductivity and mechanical properties of
ionic hydrogels were also assessed by means of PAHz-Ag nanocomposites with their po-
tential application in ECG sensing. A novel supplementary networking strategy was dis-
covered to induce mechanical properties in hydrogel materials with ultrahigh water content.
These hydrogels was applied for the fabrication of flexible energy storage devices. Thus
the present thesis work has wide potential impact in both fundamental as well as applied
multidisciplinary research.

However, challenges still remain for the development of advance functional materials.
There is need to develope self-healable tough hydrogel with high conductivity and adhesive
properties. For flexible senors, sensitivity is an important issue to be addressed. It should
be able to correctly distinguish irregular pulse and heart beats signals from complex envi-
ronments for monitoring human health. Most researches were focused on the strain sensors
performance studies rather than the packaging, integration, and practical application of hy-
drogel strain sensors. These hydrogels can further be utilized to develope smart e-skin.

More efforts to be incorporated to synthesize self healable tough ionic hydrogels with
high water content. The hydrogels can improve performance of flexible batteries and su-
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percapacitors for practical applications. Integration of carbon based materials and MOFs or
COFs in to hydrogel matrix may be used to develop new materials for water treatments, CO2

capture and environmental remediation.

There is a scope for investigation of polymer morphology in hydrogel network. Ad-
vance spectroscopic tools like AFM, SAXS, cryo EM and some molecular dynamics simula-
tions would be helpful to further illustrate the science behind the strategies. From synthesis
view point, there exists end number of scopes to develop functional block polymers for
the development of hydrogels. Advance controlled polymerization techniques like RAFT,
ATRP, living anionic polymerization can be utilized to synthesise programmable functional
hydrogels for real life applications.

Furthermore, bio-compatible tough hydrogels would be a great area for future studies.
Development of artificial organs, skins can be encouraged with the development of mod-
ern 3D printing technology and biochemical assays. Smart stimuli responsive hydrogels and
actuators can be helpful to develope advance biomedical devices and targeted delivery mech-
anisms for complex micro-environments. Bio-mimetic hydrogels can play a pivotal role to
develop these soft machines.

The above mentioned challenges and future workplan need mutual efforts from inter-
disciplinary experts of chemistry, biology, engineering, material science, biotechnology and
so many. We believe that our work would contribute somehow for the betterment of Life....!
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