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Preface

Hydrogels are 3-dimensional polymer networks made up of covalent or physical bonds, depending on
their composition. It can absorb about 50-90% of water inside its matrix compared to the weight of
monomer in the hydrogel. They show higher mechanical strength and stretchability in the range of
1200-2000% of the original length of hydrogels. Conventional hydrogels are brittle and have lower
mechanical strength. By changing the strategy of preparation and incorporation of certain metals and
nanoparticles, we can improve the mechanical properties and conductivity of hydrogels. Due to their
higher mechanical and electrochemical properties, modern hydrogels can be used for the fabrication
of electrochemical flexible energy storage devices, sensors for motion, temperature, and pressure

detection based on the changes in the resistance of hydrogels under these stimuli.
Chapter 1: Introduction & Literature Survey

This chapter discussed the fundamental understanding of tough hydrogels, including their types,
synthetic approaches, and diverse areas of application. Furthermore, we elaborated on the utilisation
of hydrogels in energy-storage devices, highlighting their integration with metal-based hydrogels and
carbon-based materials within the hydrogel matrix. Finally, we outlined the future scope of hydrogel-

based systems in advancing next-generation energy technologies.
Chapter 2: Materials and methodology

This chapter discussed about the instrument and procedure used for the synthesis of tough hydrogel
and materials characterisation. Here we discussed in detail about dimensions and methods of
characterisation of materials. The major characteristic techniques discussed here are Fourier transform
infrared spectroscopy (FT-IR), field-emission scanning electron microscope (FE-SEM), X-ray

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, UV-Vis
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(ultraviolet-visible spectroscopy), Small Angle X-ray (SAXS), and High- resolution transmission

electron microscope (HR-TEM).

Chapter 3: Polyelectrolyte Complexation Approach to Devise PEDOT: PSS-Based Moldable,

Self-Healable and Ultra-Stretchable Solid Electrolytes for Under-Water Electronics.

This chapter discussed about the approach to synthesise a conducting ink with tunable viscosity
through polyelectrolyte complexation between polyacryloyl hydrazide triflate (PAHT) and
polystyrene sulfonate (PSS), enabling high Poly(3,4-ethylenedioxythiophene) (PEDOT) loading for
fabricating stretchable, self-healable, and conductive solid electrolytes. While PEDOT: PSS systems
are promising for metal- free flexible electronics, they often lack sufficient stretchability, mechanical
strength, and stability in aqueous environments. The introduction of ionic linkages
(CONHNHs*---SOs™ and SOs™---CS*) between polymer chains provided strong film integrity in both
organic and aqueous media, yielding high tensile strength, exceptional stretchability, and good ionic
conductivity. The films also exhibited stable electrical performance, with an excellent AR/Ro value.
As a proof of concept, the solid electrolyte functioned effectively as a strain sensor, showing repeatable
AR/Ro responses to various body movements, even underwater. The system demonstrated suitable
gauge factors of 4.4 (air) and 0.20 (submerged), confirming its potential for flexible and submersible

strain-sensing applications.

Chapter 4: Media Polarity Control Strategy to Tailor the Mechanical Behaviour of Dual

monomer Single Network Hydrogels and Integrated Machine Learning Approach.

This chapter addresses the challenge that very few simple and scalable strategies exist to
simultaneously enhance hydrogel toughness and tailor their material properties. Conventional one-pot

gelation of dual or multi-monomer systems often suffers from macrophase separation, which weakens
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mechanical performance. To overcome this, a Media Polarity Control (MPC) technique was used to
control solvent polarity to promote uniform phase mixing during gelation. As a proof of concept, a
dual-monomer single-network hydrogel composed of acrylamide (AAm) and acrylamidomethyl-
propanesulfonic acid (AMPS) was synthesised. The presence of IPA in the matrix also enables reliable
performance at low temperatures, expanding its practical applicability. Finally, machine learning
models were developed to predict tensile behaviour based on composition and crosslinking parameters

across a wide range of hydrogel formulations, demonstrating the broader potential of the MPC strategy.

Chapter 5: Ultra-stretchable and Adhesive Hydrogel Synthesis and Incorporation of Carbon

Nanotube to Fabricate Highly Conductive Electrolytes for Sensors

This chapter focuses on developing a new class of hydrogels that are highly stretchable, strongly
adhesive, and electrically conductive, making them ideal for next-generation flexible and wearable
sensors. To achieve this, carbon nanotubes (CNTs) are incorporated into the hydrogel network. CNTs
introduce continuous conductive pathways, significantly improving the electrical conductivity of the
hydrogel without compromising flexibility. Simultaneously, the polymer matrix is engineered to
enhance mechanical strength, stretchability, and adhesion to various surfaces. These properties of
ultra-stretchability, adhesive nature, mechanical strength, and high ionic/electronic conductivity
enable the hydrogel to function as an efficient solid electrolyte for sensors. Such hydrogels can detect
strain, motion, or pressure and are suitable for wearable, biomedical, and soft-robotic applications.
This approach offers a simple yet powerful strategy to fabricate multifunctional, high-performance

hydrogels for modern sensing technologies.

Chapter 6: Conclusion and future scope

15



This chapter summarises the work discussed above in all the chapters and outlines the future scope of

this research work.
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Chapter-1

Introduction and Literature Review

Part I: Introduction of Tough Hydrogel and Its Application In Soft Electronic Fabrication
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Introduction

1.1 Statement of the problems: Growing concerns about fossil fuel impacts have

intensified research into green, sustainable materials for energy storage. Polymers, due to their
abundance, low cost, biodegradability, and tunable properties, are increasingly used as gel electrolytes
in energy storage systems. Their unique hierarchical matrix structures facilitate both mechanical
stability and efficient ionic transport, making them promising candidates for next-generation flexible
devices, which are in high demand for wearable and portable electronics. Most systems use
polysaccharide (cellulose, alginate, chitosan) or protein-based (gelatin, silk) polymers as either the
primary matrix, additives, or 3D scaffolds for hydrogel-based electrolytes. Polymers and hydrogels
are deeply interrelated in energy storage systems, with polymers serving as the structural and
functional backbone of hydrogels, and hydrogels acting as transformative materials that address key

challenges in modern batteries, supercapacitors, and flexible/ wearable energy devices.

1.2 Background and History of Hydrogel

A three-dimensional hydrogel was first discovered in the late nineteenth century to advanced tough
and conductive hydrogel. They are capable of absorbing a large quantity of water while maintaining
structural integrity 1894'. Their advanced properties and multifunctional polymeric systems have
positioned them as key materials in advanced energy storage and wearable technologies®. The first
hydrogel was introduced in 1894, having only inorganic systems by Van Bemmelen?, followed by
synthetic hydrogels commercially prepared by Ivalon in 1949* Further, poly(2-hydroxyethyl
methacrylate) (pHEMA) were synthesised by Wichterle and Lim in 1960°. Such hydrogels
demonstrated extensive swelling properties without dissolving, ensuring their application in soft

contact lenses®. From the 1970s to the 1990s, hydrogel technology expanded rapidly in many fields,
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including biomedical, drug delivery, wound healing and tissue engineering’?° 1011121314 15

Incorporation of natural polymers like gelatin, cellulose derivatives, alginate, and chitosan enhances
biocompatibility but has weaker mechanical strength, and develops tougher hydrogel'®!7. In the early
2000s, a major invention of tough hydrogels based on double-network (DN) hydrogel, interpenetrating
(IPN) hydrogel, and topological design with improved elasticity, fracture resistance and fatigue
durability was developed. The higher dissipating energy in sacrificial bonds and a hierarchical network
is brittle in nature'®. Advances in nanotechnology strengthen hydrogel via the incorporation of
nanofillers. Incorporation of such nanofillers reinforced the hydrogel matrix and also imparted
electrical conductivity!'?, which enables their use in flexible electronics and energy device fabrication.

12°, jonic network?! and electrolyte-rich?? matrix led

Recently, the development of conductive hydroge
to the emergence of tough?®, conductive and anti-swelling hydrogels®, making them suitable for
functioning as solid-state electrolytes for batteries?®, supercapacitors?®, wearable flexible devices®’,
ion thermoelectric systems and maintaining high ionic conductivity, mechanical flexibility and
stability under repeated deformations?®. Several challenges include a narrow range of electrochemical
stability window, compatibility between conductivity and mechanical robustness and degradation in
performance under extreme environmental conditions was observed?’. Researchers have optimised

some crosslinking strategies’

, nanocomposite designs and polymer-ion interactions strategies to
synthesise a critical material which can act as a bridge between synthetic polymers and biological

tissues and play an important role in the future development of sustainable, bio-integrated, and flexible

energy storage technologies’!.
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Development of Hydrogel
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Figure 1.1: Development of hydrogels over the years

1.3 Classification of Hydrogels

1.3.1 Single Network (SN) Hydrogels: Single Network (SN) hydrogels are classified

based on the origin of the polymer. Natural hydrogels like alginate, gelatin, and hyaluronic acid exhibit
excellent biodegradability and biocompatibility*?. They are weaker in mechanical strength and limited
tunability®®. Synthetic hydrogels, on the other hand, have precise control over structure, mechanical
strength and their stability, enabling their application in flexible electronics, wearable sensors and
biomedical devices®*. SN hydrogels based on polymer composition are classified as homopolymer

hydrogels with uniform polymer arrangement, controlled swelling behaviour and copolymeric
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hydrogels, which have improved mechanical strength and adjustable tunability and lastly
interpenetrating polymer network (IPN) hydrogels, which include double-network systems, showed
enhanced toughness, stretching and energy dissipation. Crosslinking methods can create physically
crosslinked hydrogels with reversible non-covalent interactions. These are flexible and self-healing,
but have very limited mechanical strength. Other types include responsive hydrogel that can undergo

changes when exposed to external stimuli such as temperature, pH, light, or electric fields.

Evolution Period
1.1st Generation
2. 27 Generation

Types of Source 3 i . .
w SR SenSIata Structural Configuration
1. Natural
i 1.Amorphous
2. Synthetic .
. 2. Crystalline
3. Hybrid

3. Semi-crystalline

‘lassification of SN Electric Charge

Stimuli Responsive ERIEIE 1.Neutral
1. Temperature 2. Anionic
2. Touch 3. Cationic
3. Ph-response 4. Zwitterionic

Polymer Composition
1.Homopolymer
2. Copolymer
3. Interpenetrating

Cross-linking methods
1. Physical
2. Chemical

Figure 1.2: Schematic of the classification of Single Network (SN) Hydrogel

A) Based on the evolution period:

Hydrogels are commonly classified by generations based on the evolution of their chemistry and
functionality. The first generation, starting in the 1960s, consists of chemically crosslinked hydrophilic

polymers such as pHEMA, polyacrylamide (PAM), polyvinyl alcohol (PVA), and cellulose-based
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hydrogels. The second generation arose in the 1970s and introduced stimuli-responsive hydrogels,
which are capable of reacting to environmental conditions like pH, temperature, or specific
biomolecules, and found widespread use in smart drug delivery systems and sensors. The third
generation, beginning in the late 1990s and continuing through today, features “smart” or “tunable”
hydrogels®®. These are formed through advanced physical interactions, such as stereo-complexed
networks and cyclodextrin crosslinking, with properties engineered for precise responsiveness in

biomedical applications.

KSingle Network Hydrogel \ / Double Network Hydrogel \

u.imited Mechanical Behaviourj thanced toughness & responsiveness/

4 Historical Evaluation of Hydrogel )

Polymers of vinyl Stimulus-Responsive Crosslinking Method
\ monomers /
Applications
Drug Delivery Biosensor
Energy Storage Wound Healing

Figure 1.3: Schematics of the development of Hydrogel and its application

At present, hydrogel research remains a highly active field, serving as the foundation for novel

biomedical, industrial, and environmental technologies. Current innovation trends focus on multi-
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responsive hydrogels, biocompatible delivery systems, advanced sensor materials, and regenerative

medicine scaffolds.

Table 1.1: Generational Development of hydrogel throughout the years

Generation | Period Properties Limitations Material

1+ 1960s-1980s Chemically crosslinked Brittle in nature pHEMA, PVA, PAM

2nd 1990s-2000s Stimuli responsive Moderate strength PNIPAM, PAA,
polyaniline

3w 2010s---continue Multifunctional, self-healing, | Complex synthesis DN hydrogels,

bioactive supramolecular

hydrogels,
nanocomposite
hydrogels

B) Based on the source: Based on the source, the hydrogels are broadly classified as natural, synthetic,

and hybrid hydrogels depending on the origin of polymers used.

» Natural Hydrogels: Derived from naturally occurring polymers like polysaccharides and
proteins. Some common examples include alginate, collagen, gelatin, chitosan, dextran,
agarose, and hyaluronic acid. These hydrogels have excellent biodegradability and
biocompatibility as they closely resemble the natural extracellular matrix (ECM) of biological
tissues>®. They also support cell adhesion and proliferation and help with tissue regeneration,
making them suitable for biomedical applications. Natural hydrogels, although they exhibit
poor mechanical strength and limited stability, are widely used in wound healing, drug delivery,
cell encapsulation, and cartilage tissue engineering.

» Synthetic Hydrogels: Derived from chemically synthesised polymers like poly (vinyl alcohol)
(PVA), poly (N-isopropylacrylamide) (PNIPAm), poly (acrylamide) (PAAm). These hydrogels
have tunable degradation, controlled mechanical properties and high reproducibility. They
have superior structural stability compared to natural hydrogels and can easily be modified

according to specific applications. They generally lack biological activity and other required
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functionalities for biomedical applications. These hydrogels are useful in biosensor fabrication,
flexible electronics, soft robotics and drug delivery.

Hybrid Hydrogels: These are a combination of natural and synthetic polymers that have both
improved mechanical performance and biological functionality. PEG-collagen hydrogels, HA-
PVA systems, and Gelatin Methacryloyl (GeIMA-based) hydrogels are such examples. These
hydrogels have some enhanced biocompatibility, better structural stability, and tunability than
natural or synthetic hydrogels. Their balanced properties enable them to be used as 3D

bioprinting and injectable scaffolds for cartilage tissue engineering.

C) Based on Polymer Composition: Based on polymer composition, hydrogels are of the following

types:

>

Homopolymeric Hydrogels: formed from a single type of monomer, result in a uniform
polymer network. A hydrogel based on polyacrylamide is an example. These are simple to
synthesise and have consistent structural properties.

Copolymeric Hydrogels: These hydrogels have two or more different types of monomers. The
integration of multiple monomers improves the swelling behavior, mechanical properties, and
degradation rate. One of the examples is the PEG-co-PCL-based hydrogels.

Interpenetrating Polymer Network (IPN) Hydrogels: Such hydrogels have physically
crosslinked polymeric networks entangled within each other's matrix. Hydrogels have better
mechanical stretchability, toughness, and stability as compared to single network systems.
Commonly used in load-bearing for tissue engineering applications.

There is one more category of IPN, semi-IPN hydrogels. These contain crosslinked network
and linear network chains dispersed within the structure. Hydrogels have improved

mechanical properties and easy fabrication steps with better mechanical performance.
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D) Based On The Type of Crosslinking

» Physically Crosslinked Hydrogels: Formed via non-covalent interactions such as ionic
interactions, chain entanglement, and hydrogen bonding. Generally are biocompatible and
injectable as they do not need chemical crosslinking. They usually have poor mechanical
strength. Alginate-Ca** based hydrogels and freeze-thaw PVA-based hydrogels are some
examples.

» Chemically Crosslinked Hydrogels: These hydrogels involve covalent bonds and techniques
such as photo crosslinking, free radical polymerisation and enzymatic crosslinking, etc. They
have better mechanical strength, controlled degradation and long-term stability. GeIMA and

Poly(ethylene glycol) diacrylate (PEGDA-based) hydrogels are some of the examples.
E) Based on Electric Charge:

» Neutral Hydrogel: Composed of neutral hydrophilic polymers with non-ionisable properties in
aqueous media. Their swelling nature is majorly dependent on the number of hydrogen bonds
and water-polymer interactions rather than the electrostatic force of interactions. Such
hydrogels have lower protein adsorption, good biocompatibility and minimal ionic interaction.
Some of the examples include Poly(ethylene glycol) (PEG) based hydrogels useful in the
medical field.

» Anionic Hydrogel: These hydrogels have negatively charged polymers with functional groups
such as sulfate, carboxylate or phosphate groups that get ionised in aqueous media. Their
polymeric chain repulsion increases water absorption and swelling capacity. A few examples
include poly(acrylic acid), alginate, and hyaluronic-based hydrogels. These are pH-responsive
and applicable in drug delivery systems, wound healing, tissue engineering and bioseparation

due to their high ionic conductivity, excellent hydration and good biological compatibility.
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» Cationic Hydrogel: These hydrogels possess positively charged polymers such as amino or
quaternary ammonium group-containing polymers. They interact strongly with the negatively
charged proteins, nucleic acids and biological membranes. Typical examples include chitosan
and polylysine-based hydrogels. Due to the presence of electrostatic interactions, these
hydrogels show antibacterial activity, improve cellular interaction and mucoadhesion. Widely
used for controlled drug delivery, wound healing, antimicrobial coating, and gene delivery
applications. They are also useful in stimuli-responsive biomedical applications due to their
charge-dependent swelling properties.

» Zwitterionic Hydrogels: Such hydrogels contain positive and negative functional units in the
same polymeric matrix, being electrically neutral. They have strong hydration layers resulting
in better water retention. Some of the common examples include carboxybetaine and
sulfobetaine-based hydrogels. Their biocompatibility and poor protein adsorption make them

suitable for biosensors, drug delivery, biomedical implants and tissue engineering applications.

F) Based on Responsiveness: Stimuli-responsive hydrogels are capable of changing their physical
and chemical properties in response to external stimuli like light, temperature, pH, electric & magnetic
fields. A few examples include poly(N-isopropylacrylamide) (PNIPAm) as a thermoresponsive
hydrogel used for injectable drug delivery and smart biomaterials. Poly(acrylic acid)- and chitosan-
based hydrogels as pH-responsive materials for controlled and targeted drug delivery. Some other
types include light-responsive hydrogels for soft actuators, electric- and magnetic-responsive

hydrogels for biosensors, artificial muscles, flexible bioelectronics, and soft robotics.

G) Based on Structural Configuration: Hydrogels based on polymeric chain arrangement inside the
matrix are classified as amorphous, crystalline and semi-crystalline. In an amorphous hydrogel, the

chains are irregularly arranged responsible for its higher flexibility, swelling capacity and elastic
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nature. On the other hand, in crystalline hydrogel, there is a highly ordered arrangement of chains
inside the hydrogel matrix. Due to this, the hydrogel has rigidity, better mechanical strength and lesser
swellability. Semi-crystalline hydrogels possess both phases in the same hydrogel matrix. Therefore,
they have combined the flexibility and swelling property of the amorphous region and the mechanical
stability of crystalline domains. One of the examples is poly(vinyl alcohol) (PVA) based hydrogel

useful in biomedical applications.

1.3.2 Double Network (DN) Hydrogels

Double Network (DN) hydrogels are composed of two interpenetrating polymer networks, a rigid and
highly crosslinked brittle first network and a soft, loosely crosslinked stretchable second network®’.
On applied stress the first brittle network fractures and dissipates energy, while the second hydrogel
network is elastic and can maintain integrity. There is some synergistic mechanism that provides DN
hydrogels an exceptional toughness, higher fracture resistance and high stretchability, allowing the
hydrogel film to mimic the mechanical behaviour of living tissues such as cartilage and ligaments>®.
Some common examples include PAM/alginate®®, PAM/chitosan*’ and chitosan/poly(2-acrylamido-2-
methylpropanesulfonic acid)*! DN hydrogel. DN hydrogels can be widely applied in tissue
engineering®?, flexible soft electronics®, sensors*, artificial cartilage, and load-bearing biomedical

implants* due to their superior mechanical performance.
1.3.3 Synthetic Approach of Double Network Hydrogel

DN hydrogels are typically used two step polymerisation process. A rigid and brittle polymer network
was formed using a highly crosslinked polymer network. This network was then swollen in a precursor
solution of second monomer, crosslinker and initiator, which gets diffused inside the first network.
After polymerisation forms a soft and flexible second network interpenetrating inside the first network
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matrix. These polymeric arrangements result in a tough and resilient hydrogel™. Another approach
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involves microgel-based DN formation*’, nano-material incorporation as strengthening agents*®,
photo-initiated polymerisation and chemical coupling methods* to improve mechanical performance
and maintain shape.

)
by

5 %%
o*$ m W ;.

. 1** network monomer \ ‘1’ . . * Py
® 2™ network monomer [ ] * t
% UV initiator A [ 4{» o
'}Chemical cross-linker * ‘i’ x .
° .0,
* 2" network

SN hydrogel

] Precursor
U l Solution
L] * .

Double Network Hydrogel SN dipped in 2" network
precursor solution

Figure 1.4: Schematic of the synthetic approach of Double Network (DN) Hydrogels

1.3.4 Classification of Double Network (DN) Hydrogels

DN hydrogels are classified based on polymer composition, crosslinking methods and application.
The classification allows better understanding of their structural design, suitability for advanced

applications and mechanical performances.

28



A) Based on Polymer composition: The DN hydrogel can be categorised into synthetic-synthetic,

natural-synthetic, and natural-natural systems based on polymer composition.

» Synthetic-synthetic DN hydrogels have two synthetic networks of polymers, perform excellent
toughness, tunability and mechanical properties. Few of the examples are polyacrylamide
(PAAm), polyvinyl alcohol ( PVA) based hydrogels. They may have poor biodegradability and
biocompatibility based on the polymer used.

» Natural-synthetic DN hydrogel includes some natural polymer ( gelatin, cellulose, chitosan,
etc) along with a synthetic one in a single hydrogel system. Such a hydrogel shows better
biodegradability and compatibility, along with cell integration, mechanical robustness and
stability. These DN hydrogels have wide application in wearable electronics, wound dressing
and tissue engineering.

» Natural-natural DN hydrogels contain all naturally derived polymers. They have low toxicity,
biodegradability and are biocompatible. Therefore, such DN hydrogels are suitable for
biomedical applications. However, they have lower mechanical strength and flexibility than

synthetic DN hydrogels.

B) Based on Crosslinking strategies: Based on their network synthesis strategies, the DN

hydrogels can be classified as physically crosslinked and chemically crosslinked DN hydrogels.

» For physical crosslinking, the non-covalent interactions, hydrogen bonding, crystallisation,
chain entanglement and hydrophobic interactions are responsible. Such hydrogels have
reversible arrangements of networks, show self-healing behaviour, can be injectable, and
are stimuli-responsive in nature. However, their durability and mechanical stability are

relatively lower.
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» For chemical crosslinking, there is a presence of covalent bonds within the hydrogel matrix
formed via a chemical crosslinker or some polymerisation reactions. This type of DN
hydrogel has better mechanical strength, long-term durability and superior structural
stability. All these properties make them a suitable material for load-bearing applications.
Also, the permanent nature of the covalent bond might reduce the self-healing ability of

these DN hydrogels.

C) Based on Functional Applications: DN hydrogels depending on their performance in different

sectors, can be classified as self-healing, tough hydrogel and conductive hydrogel systems.

» The self-healable DN hydrogels can heal or repair any damage in their matrix using reversible
dynamic interactions. Such a property in hydrogel significantly enhances the durability and
reliable application in wearable sensors and other electronic devices.

» Tough DN hydrogels are a special kind of hydrogel system with high stress-bearing ability, an
excellent range of stretchability of ~ 1000%.-2000%, and lower hysteresis loops representing
their excellent repeating ability without any structural failure. This overall mechanical
toughness arise from an effective energy dissipation in between two interpenetrating networks,
which makes them a suitable material for soft robotics, flexible electronics.

» Conductive DN hydrogels have integrated metal nanoparticles, ionic salts, carbon nanotubes
or conductive polymers inside their matrix, which provide them with electrical conductivity.
Such hydrogels, due to their flexible, conductive and biocompatible nature, are well suited for
strain sensing applications, material for bioelectrode, human-machine interface, and as

electrolyte for flexible batteries and supercapacitors.
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1.3.5 Key Challenges of Double Network (DN) Hydrogels

Despite its exceptional toughness, DN hydrogels suffer from irreversible damage due to permanent

bond breakage, limiting self-recovery under repeated loading™. Physically crosslinked hydrogels have

partial recovery but exhibit mechanical instability and stress relaxation over time®'. The synthetic

procedure is complex and requires precise control over the polymer composition, crosslinking density

and network balance. Toughness, self-healing ability, biocompatibility and higher stability remain a

key challenge in DN synthesis for advanced biomedical engineering®? applications.

Table 1.2: Comparison table for Single Network and Double Network Hydrogel

Feature

Single Network Hydrogel

Double Network Hydrogel

Structure of Hydrogel

One polymer network is
usually homogeneous

Two interpenetrating
networks with contrasting
crosslinking densities

Mechanical Strength

Moderate strength, elasticity,
often brittle under high stress

Very high toughness and
strength, highly resistant to
fracture,

Toughness

High chain entanglement,
high crosslink density, need
modification to improve
performance

The first network acts as a
sacrificial network, and the
second network maintains
integrity

Elasticity/Recoverability

Highly elastic in some
designs, but limited durability
under heavy load

Some designs can achieve
high energy dissipation some
designs offer rapid self-
recovery

Fabrication Complexity

Usually simple, single-step
synthesis

More complex, multi-step
process (sequential or
combined polymerisation)

Swelling Behaviour

Typically high, it can weaken
the mechanical strength in the
swollen state

Balanced by the differing
swellabilities of each network
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1.4 Research Motivation: The research motivation focused on designing conductive inks

and hydrogels that have significant stretchability, self-healing ability, and mechanical resilience, which
remains a significant challenge in the field of flexible and wearable electronics. Although PEDOT:
PSS-based materials offer good electrical conductivity, they typically suffer from limited stretchability
and mechanical robustness. To overcome these limitations, polyelectrolyte complexation with
polyacryloyl hydrazide triflate (PAHT) is explored as a strategy to develop conductive inks with
tunable viscosity, improved stretchability, and self-healing properties. Achieving a careful balance
between conductivity and mechanical characteristics through dynamic ionic linkages is essential for
the inks' practical use in underwater and wearable electronics devices. The primary motivation is to
create a polymeric conductive ink system that is compatible with flow-based fabrication methods, such
as 3D printing, and can maintain stable function under both environmental and underwater
conditions>. Developing a simple and scalable method to enhance both the toughness and adhesive
strength of dual monomer single network hydrogels by mediating the polarity of the gelation medium.
Most of the strategies for tough hydrogels rely on complex multi-network design, such as double
networks, alignment techniques, or post-gelation treatments. However, these approaches are not
always practical for large-scale or application-specific formulations, and one-pot methods involving
multiple monomers often suffer from issues like macrophase separation, which reduces mechanical

performance’”.

There is a pressing need for simple and scalable methods that can improve both toughness and adhesive
strength in hydrogels at the same time. Many existing approaches rely on complex multi-network
designs or require multi-step fabrication processes, which can be impractical for real-world
applications. One challenge in one-pot polymerisation of dual monomer hydrogels in water is phase

separation during gelation®®, which weakens their mechanical properties. To address this, controlling
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the polarity of the gelation medium by using mixed solvents has been proposed as a way to promote

better phase mixing and polymer chain entanglement, resulting in improved mechanical toughness and

adhesive performance. Additionally, the approach aims to create hydrogels capable of functioning well

at low temperatures, a condition where most conventional hydrogels fail. To further aid hydrogel

design, machine learning methods are applied to predict mechanical properties from formulation

parameters, enabling more rational and efficient material development. The synthetic approach

provides a stretchable and self-healing hydrogel with a conductive nature are suitable candidate for

flexible, soft material to be used in flexible, wearable electronic devices.

1.5 Research Objective

v

To achieve a balance between conductivity and mechanical resilience in conductive polymer
systems via dynamic ionic linkages, making them suitable for flow-based fabrication methods
such as 3D printing and stable operation under environmental and underwater conditions.

To produce hydrogels that maintain functional performance at low temperature conditions,
expanding their practical applicability.

To develop a simple and scalable strategy to simultaneously enhance the toughness and
adhesive strength of dual monomer single network hydrogels by promoting phase mixing and
chain entanglement during one-pot polymerisation.

To design and formulate conductive hydrogels with tunable viscosity, enhanced stretchability,
and self-healing properties through polyelectrolyte complexation aimed at flexible and
wearable electronics.

The objective revolves around innovating hydrogels and conductive ink formulations to realise
multifunctional materials with improved mechanical, adhesive, and electrical properties for

advanced applications in flexible electronics and biomedical devices.
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1.6 Importance of Tough Hydrogels for Soft Electronics

From the various hydrogel categories, tough hydrogels were the most suitable material for soft
electronic applications as they have an exceptional combination of stretchability, functional
adaptability, mechanical robustness, and flexibility. The conventional hydrogels are soft materials,
biocompatible and contain high water content, but they have poor mechanical strength, structural
stability, and suffer from lower fracture resistance when undergoing repeated mechanical loading-
unloading. However, the traditional elastomers show better elasticity and durability but suffer from
dehydration, poor ionic conductivity, unable to execute tissue-like properties necessary for
biointegrated electronic systems. The tough hydrogel, however, can effectively solve these problems
by introducing advanced network architectures. Such hydrogels have improved fatigue resistance,
toughness and high energy dissipating property with better intrinsic flexibility and better hydration.
These properties are required in soft electronics, as the material undergoes continuous stretching,
compression, twisting, bending, and cyclic deformation during usage. Additionally, due to its tunable
nature, tough hydrogels can also incorporate some other necessary functionalities, such as self-
healability, transparency, conductivity, adhesiveness, stimuli-responsive and reprocessability. These
properties of tough hydrogel make it a suitable material for electronic skins, soft actuators, wearable
sensors, and flexible energy storage devices. Hence, tough hydrogel selection over other conventional
hydrogels and elastomers is a better choice as they have the necessary properties of mechanical
stability, biological compatibility, and functional stability needed for long-term durability and reliable

performance of the device.

1.7 Strategies for The Synthesis of Tough Hydrogel
Hydrogels possess valuable mechanical and physicochemical properties, but conventional types are
brittle, limiting their use in flexible electronics and load-bearing applications. Enhancing toughness
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involves introducing energy dissipation mechanisms>®, reversible physical bonds for self-healing’’,
and adopting specific design principles such as low crosslink density for extensibility and stress
dissipation to prevent crack propagation®®. Tough hydrogels can be classified into three main types:
(1) homogeneous tough hydrogels, which reduce structural heterogeneities to improve load distribution
and stretchability®®, (ii) energy-dissipating hydrogels, which incorporate mechanisms to absorb
mechanical energy and limit crack growth®, and (iii) multifunctional crosslinker-based hydrogels,
which use nanocomposites or particles to dissipate energy through polymer particle bond fracture®!.
Some of the examples include Slide-Ring DN hydrogel,®> Nanocomposite DN hydrogel,** 3D printed

DN hydrogel®, etc.

Synthesis Procedure of Tough Hydrogel

Thermal
initiator

Crosslinking Density

More Elongation

Light-induced cleavage

Figure 1.5: Schematic showing the synthetic strategy of tough hydrogel.
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1.8 Key Problems Associated with Tough Hydrogel Synthesis

There are various factors that affect the hydrogel synthesis which including controlling crosslinking
density, to difficult to precisely control the degree of crosslinking, affecting swelling, mechanical
strength, porosity, and drug release profile. The second problem in the Macrophase separation results
in a heterogeneous structure with poor mechanical integrity or performance inconsistency®. Some
remaining initiator residue during the incomplete polymerisation leads to weaker hydrogel linkages
and mechanical strength, which results in toxicity in biomedical applications and instability in sensors
or batteries®®. The next parameter is pH, and temperature can cause incomplete gelation, network

collapse, or side reaction.

In the Ultra-violet (UV) or thermal-initiated radical polymerisation, the interference of oxygen with
the free radical causes collapse of the network formation or surface defects®’. Many hydrogels,
especially single-network ones, are mechanically weak and prone to cracking during or after the
synthesis. Some hydrogels undergo syneresis (expelling water after gelation), especially during

storage or curing. This phenomenon results in structure alternation and ionic conductivity, especially

critical in energy devices®®.

These challenges can be easily overcome by the use of inert gas (N2) during free radical

0

polymerisation®, one-pot synthesis, use of biocompatible initiators’’, synthesis of composite

hydrogels’! (e.g., nanofillers ) to enhance mechanical properties, and designing of self-cross-linkable

systems’? ( e.g., catechol-modified hydrogels). The obtained hydrogels have evolved in terms of

173 174

composition, structure, and functionalities to meet the biomedical "°, pharmaceutical *, environmental,

175

and industrial > applications.
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1.9 Application of Tough Hydrogels in Different Sectors:
Tough hydrogels are a versatile material for modern-day technological, environmental and medical
challenges, as they have higher water content, biocompatibility, stimuli responsiveness and tunable
mechanics. Hydrogels have wide applications in wound dressings, tissue engineering scaffolds’,
biosensors for health monitoring’’, ophthalmic devices’®, and controlled drug delivery in healthcare
and biomedical applications’. The tunable chemistry and higher swelling rate of hydrogels enabled

189, soil moisture retention in agriculture®!, smart sensing of

their application in pollutant remova
environmental toxins®?, and water purification. Hydrogels also function as flexible gel electrolytes
for batteries and supercapacitors, active materials for soft robotics®?, electronic skin and actuators®.

Hydrogels also served as bioink for 3D-printing®, stimuli-responsive®® and self-healing materials®’

applicable for advanced research and smart systems.

Table 1.3: Application of Single Network and Double Network Hydrogel

Single Network Double Network

Wound Dressing Tissue Engineering

Tissue Engineering Drug Delivery

Drug Delivery Wound Healing

Biosensing Bio adhesive

Cell and tissue scaffolds Wearable sensors, soft robotics

Flexible electronics Food packaging, an advanced load-bearing
biomaterial
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1.10 Tough Hydrogel as a Functional Material in Flexible, Wearable

Bioelectronic Devices

Hydrogels are a potential material for functional and flexible bioelectronic devices due to their various
properties, such as a high range of mechanical stretchability, high-water content, tunable behavior and
ionic conductivity. Single-network (SN) and double-network (DN) hydrogels have distinct advantages
to offer in strain-sensing, wearable, and bioelectronic systems. Due to their soft and hydrating network,
the hydrogels can form a close interface with the skin surface while maintaining the biocompatibility
and flexibility. Additionally, single-network hydrogels and double-network hydrogels can be
incorporated with some conductive or responsive material for signal transmission, mechanical

adaptability and deformation sensing.
1.10.1 Single Network (SN) Tough Hydrogel in Flexible Electronic Devices

Single-network (SN) tough hydrogels are useful in flexible and wearable electronics due to their
tunable, hydrated polymeric structure. Also, they can exhibit high ionic conductivity through acid and
salt loading and the addition of conductive fillers (e.g., CNTs, MXene, Graphene). They are often eco-
friendly and biocompatible. Therefore, suitable for wearable sensors, tissue interfacing platforms and
soft electronic devices where they can be used as soft substrate, ion-transport media, and conductive
matrices. Hydrogels made up of PAM, PVA, PEG, gelatin, and chitosan have been explored in
biomedical and soft electronic applications. Some single network (SN) hydrogels have dynamic
linkages (ionic bonding, hydrogen bonding, reversible covalent bonding, etc) in the matrix. Therefore,
enable their autonomous crack repair and improved durability under mechanical strain. Hence, a single
network (SN) hydrogel can be a safer, softer, and hydrated alternative to the conventional rigid

materials.
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Table 1.4: Common Single Network (SN) Hydrogel Systems used for Different Applications

SN hydrogel Polymer Function Application

PVA Flexible gel matrix Wearable sensors

PAM Ion transport medium Soft bioelectronics

PEG Hydrogel host matrix Biomedical devices

Chitosan Bio-based polymer Green biomedical systems

Gelatin Biopolymer matrix Biodegradable wearable platforms

These hydrogels are easy to fabricate, cost-effective, and have tunable mechanical and electrical
properties. SN hydrogels are compatible with flexible and bio-integrated electronics. Although they
have lower mechanical toughness and a quick drying out over time (due to loss of water content). Also,
their medium conductivity and mechanical instability need an enhancement via the incorporation of

suitable nanomaterials or by applying secondary reinforcement strategies.

1.10.2 Double Network (DN) Tough Hydrogels in Flexible Electronic Devices

Double-network (DN) hydrogels are a suitable material for advanced flexible electronic devices as
they replace the poor mechanical properties of single-network (SN) hydrogels by merging the rigid
energy-dissipating network with a flexible, soft network, resulting in high strength, toughness, and
fatigue resistance under repeated deformation. The ion-rich and hydrated matrix of the double network
(DN) hydrogel improved its ionic transport property, resulting in a stable functional performance®®.
These mechanical and conductive properties of DN hydrogel allowed their effective use as flexible
sensors and wearable bioelectronics, and self-healing wearable soft devices and tissue interfacing

systems.
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Table 1.5: Common Double Network (DN) Hydrogel Systems in Flexible Electronic Devices

1°* Network 2" Network Role

Alginate PAAm Tough,ion-conductive matrix

PVA PAM Stretchable wearable platform

Chitosan PAM/PEG Biocompatible, self-healing
matrix

Gelatin PAA Transparent, self-repairing
hydrogel

Double-network (DN) hydrogels exhibit several desirable properties for next-generation flexible and

wearable electronic systems. They provide high mechanical strength, enhanced ionic transport

capability, and excellent fatigue resistance under repeated loading/unloading cycles. Many DN

hydrogels are also self-healing, adhesive®’, and biocompatible’’, making them highly suitable for

transportable and wearable energy platforms®'. Despite these advantages, DN hydrogels present

certain challenges. Their synthesis is relatively complex, involving multiple preparation steps, and

they may suffer from water loss over time, which can adversely affect long-term stability®>.

Table 1.6: Summary Comparing Single Network (SN) and Double Network (DN) Hydrogel

Properties
Property SN hydrogel DN hydrogel
Strength Low High
Toughness Low Excellent
Conductivity Moderate High (if doped)
Self-Healing Rare Common
Energy Storage Suitability Basic Advanced and wearable
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1.11 Challenges in Utilizing Tough Hydrogels for Flexible Electronic Devices

Tough Hydrogels act as promising functional materials for the next-generation flexible devices,
including wearable sensors and flexible electronics. Their high ionic conductivity, flexibility,
environmental friendliness, biocompatibility, and adaptability make them suitable for use as wearable
and implantable systems. One of the major challenges linked with the dryness in hydrogel due to water
evaporation causes a lowering of ion transport, mechanical shrinkage, cracking in harsh environmental
conditions, and poor functional stability during prolonged environmental exposure. Additionally, the
random swelling property can also adversely affect the matrix stability and integrity of hydrogel
systems. This severely restricts the long-term durability of the hydrogel. Single-network (SN)
hydrogels have a weak mechanical nature and poor fatigue resistance, restricting their performance
during continuous mechanical deformation. Scalability issues, uncontrolled swelling and layer
delamination can cause the biodegradation and shortening of device lifetimes®®. Also, maintenance of
structural integrity along with flexibility and hydration remains a major challenge in hydrogel design.
Incorporation of nanomaterials and conductive polymers has been explored to enhance the mechanical
stability and physicochemical performance of the hydrogel. Therefore, a homogeneous dispersion of
such fillers inside the hydrogel matrix and proper phase mixing remain significant concerns. Another
challenge includes the fabrication complexity of advanced hydrogel systems, especially double
network (DN) hydrogels and nanocomposite hydrogels. Their multistep synthesis process, long-term
degradation properties, and interfacial instability affect the reproducibility and larger-scale fabrication.
Additionally, it is difficult to opt for multiple characteristic useful properties such as flexibility,
toughness, hydration stability, biocompatibility, self-healing and conductivity in a single hydrogel
system. To overcome the above limitations, various strategies have been adapted. Those include

double networking, nanomaterial reinforcement, the introduction of humectants, the development of
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hybrid polymer systems, and surface modification. These approaches enhance the structural stability

and mechanical strength, durability and hydration retention of hydrogel systems.
1.12 Key Challenges and Future Prospects

Hydrogels have emerged as an important advanced soft material due to their flexibility, tunable
network structure and multifunctional property, especially wearable, flexible and sustainable devices.
SN hydrogels have a simple network structure, low cost, and easy scalability. DN hydrogels have
superior mechanical strength, self-healing ability, and fatigue resistance as they have dynamic
bonding, stretchability, longer shelf life, and good energy storage ability. Introduction of DN hydrogels
with MXenes, graphene, CNTs and conductive polymers improves conductivity and toughness, useful
for advanced wearable, 3D printable and implantable electronic devices. In future endeavours, the
research will be focused on developing multifunctional hydrogel systems with improved mechanical
stability, self-healing ability, injectability, anti-drying and anti-freezing properties, and better structural
adaptability. Also, with the advancement in stimuli-responsive hydrogels, nanocomposite hydrogels
and 3D printable hydrogel systems, there is a potential for hydrogels for advanced material
applications. Furthermore, the structurally stable and multifunctional hydrogels with long-term

performance can be an important direction for future research.

Table 1.7: Future Potential of SN vs DN Hydrogels

Feature SN- Hydrogels DN hydrogels

Fabrication Simple, low-cost Complex but tunable

Mechanical Strength Moderate High (tough, durable)

Best Use Scalable, low-cost devices Wearables,
flexible/stretchable devices
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Smart Features Basic Self-healing, multi-responsive

Future Role Biodegradable and large- | Advanced  multifunctional
scale systems hydrogels

Hydrogels are increasingly used as solid or quasi-solid electrolytes, binders, electrode matrices and
separators in energy storage and conversion systems as they combine high ionic conductivity with
mechanical safety and flexibility. Hydrogels replaced liquid electrolytes and separators in batteries,
offering stable ion transport, lowering dendrite growth®® and improving cycle stability?> while
reducing leakage and fire hazards. Their flexible, self-healing network’® enables flexible and wearable
device applications, maintaining the rapid charge-discharge capability’’ under repeated mechanical
deformation. Their properties can be tuned through nanoparticles®®, ionic liquids®’, redox additives'®,
and multifunctional polymer'! to enhance safety and performance in a wider range of temperatures'?>.

103

The dynamic nature of bonds'™ and self-healing behaviour extended the device's shelf-life, and

conductive fillers'%*

simultaneously improve its ionic and electronic transport with higher energy
storage. DN and composite architecture supplied with nanomaterials such as CNTs, MXene, graphene,
cellulose nanofibers and clay nanosheets make them suitable for soft electronic applications'®. The
interconnected polymer framework has higher elasticity, toughness, and fatigue resistance, enabling
the hydrogel for bending, stretching (~1000%), and compression with good electrochemical
performance. Hydrogels have enhanced electrode-electrolyte interface contact, low interfacial
resistance, and effective charge transfer. The water-rich ability and permeable structure represent rapid
ion diffusion and stable interfacial reactions. This synergistic ionic, higher mechanical and interfacial

nature enabled safe, durable, and flexible energy storage devices useful for wearable and deformable

applications'%.
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Figure 1.6: Schematic of properties and applications of hydrogel in energy storage and conversion

1.13 Conclusion

Tough hydrogels proved to be a suitable material for wearable soft electronics. Strategies such as
double networking, IPN and nanoparticle incorporation have simultaneously improved the functional
behavior and mechanical stability of hydrogel systems. But their application is limited to device
fabrication as they suffer from fast dehydration, structural instability, poor fatigue resistance and poor
long-term stability. Multifunctionality such as self-healing, transparency, stretchability and
biocompatibility further complicated the material design as only very few strategies are known
currently for tough hydrogel with such combined properties. Future aspects include next-generation
flexible and wearable electronic devices. We are focusing on the development of advanced hydrogel

systems with enhanced structural stability, multifunctionality, adaptability, and injectability. The
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progress in hydrogel research highlights their significance as a versatile advanced soft material useful

to the next-generation multifunctional applications.

Part II: Literature Survey of Tough Hydrogel And Its Application In Soft Electronic
Fabrication

1.14 Literature Survey

Tough Hydrogels are an important class of material used for flexible and wearable electronic devices
as they are rich in water content, have tunable physicochemical properties'®’,!%  tissue-like softness
and have brilliant deformability. Their three-dimensional matrix can absorb and sustain a huge amount
of water with higher structural integrity via physical and chemical crosslinking'®’. Hydrogels have
achieved extreme importance in wearable sensors, soft actuators, bioelectronic devices, flexible
electronic devices and tissue engineering applications as they are flexible and biocompatible in
nature!'%,''!. However, conventional hydrogels have very poor mechanical properties, limited
stretchability, and their degradation performance is influenced by dehydration. Their poor durability
affects the application in flexible electronics!'?. Therefore, efforts have been taken to develop

multifunctional and mechanically stable systems with enhanced mechanical and electrochemical

performance, and they should be reprocessable and environmentally stable.
1.14.1 Subclassification of Tough Hydrogels

A) Homogeneous tough hydrogels: Homogeneous tough hydrogels are a class of hydrogels that

achieve both high mechanical strength and toughness through a uniform, well-organized polymer

45



network structure. Unlike many conventional mechanically weak hydrogels, due to inhomogeneous,
uneven crosslinking, homogenous tough hydrogels are engineered to have an even distribution of
network crosslinks and polymer chain entanglements at the microscopic level. This homogeneity
allows the applied mechanical load to be distributed evenly throughout the material, which minimizes
stress concentration and reduces the risk of crack initiation and propagation''®. Toughness in these
hydrogels primarily arises from effective energy dissipation mechanisms such as viscoelasticity and
physical chain entanglements rather than relying on heterogeneous domains or multiple networks!!“.
These homogenous tough hydrogels were prepared using free radical polymerisation with a high
concentration of monomer and a low amount of chemical crosslinker''>. These methods result in a
densely entangled polymer network with few imperfections and many mobile physical cross-links,
which facilitates efficient dissipation when the hydrogel is stretched or compressed. As a result, these
hydrogels can sustain large deformations, recover their shape after stress release, and resist fracture,

116

even at higher degrees of swelling' '°. Homogenous tough hydrogels are soft, water-rich materials with

a structurally uniform network, exhibiting exceptional strength and stretchability due to optimised

energy dissipation and minimised structural defects'!”.

B) Energy-dissipating tough hydrogels: Energy-dissipating hydrogels are a class of soft materials
specially engineered to absorb and dissipate mechanical energy when subjected to stress or
deformation!'®. This property is crucial for improving hydrogel toughness and durability. The key
principle behind energy-dissipating hydrogels is the incorporation of structures or bonds within the

polymer network that can reversibly break and reform, or rearrange, during mechanical loading.
The main energy dissipation mechanisms include:

e Sacrificial Bonds and Networks: These are physical or chemical bonds (such as hydrogen

bonds, ionic interactions, hydrophobic associations, or metal-ligand coordination) that break
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under stress, absorbing energy in the process. After the stress is removed, these bonds can
partially or fully reform, allowing the hydrogel to recover its structure'".

e Non-covalent Interactions: The use of reversible cross-links, such as host-guest interactions
or supermolecular chemistry, enables hydrogels to dissipate energy over a wide range of
timescales'??. Fast and slow relaxing bonds can work together to increase toughness by
spreading energy dissipation across different molecular motions.

e Polymer Chain Entanglements and Sliding: In some hydrogels, physically entangled or
slide-ring structures allow polymer chains to slide past each other under stress. This sliding
action dissipates energy and enables the hydrogel to stretch and deform without

fracturing'?!,!?2,

e Viscoelasticity and hysteresis: Hydrogels exhibit viscoelastic behaviour'?®>, where

deformation results in hysteresis, i.e., energy loss due to internal friction and rearrangement,

further contributing to energy dissipation'?.

By combining these design principles, energy-dissipating hydrogels can withstand repeated
mechanical impacts or stretches, making them ideal for applications such as shock-absorbing
materials'?, tissue engineering, soft robotics, and artificial cartilage!?®. The challenge in developing
these materials lies in balancing rapid recovery (so the hydrogel can return to its original shape quickly

) and strong energy dissipation for robust mechanical resilience.

C) Multifunctional crosslinker-based tough hydrogels: Multifunctional crosslinker-based
hydrogels are hydrogels synthesised using crosslinking agents that possess multiple reactive sites,
enabling the formation of complex, robust, and often dynamic three-dimensional polymer networks'?’.

These multifunctional crosslinkers allow simultaneous bonding at several points of the polymer

chains, thereby enhancing the mechanical strength, stability, and functionality of the resulting
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hydrogels. The use of multifunctional crosslinkers enables precise control over the hydrogel’s network
architecture, including crosslink density and spatial distribution, which in turn influences the
hydrogel’s swelling behaviour, elasticity, and responsiveness to environmental stimuli'?®.
Multifunctional crosslinkers can also introduce dynamic or reversible bonding features such as light
responsiveness, pH sensitivity, or self-healing capabilities when designed appropriately. Synthesis
methods typically involve free radical polymerisation, where multifunctional monomers or
crosslinkers polymerise simultaneously, forming a highly interconnected network in a single-step
process'?’. Alternatively, sequential physical and chemical crosslinking processes may be combined
to form hydrogels with multifunctional properties, such as enhanced mechanical performance and
targeted bioactivity!*®. These hydrogels find applications in areas like biomedical engineering (e.g.,
drug delivery, tissue scaffolds), environmental remediation'*!, and soft robotics due to their
multifunctional nature, mechanical robustness, combined with tailored stimuli-responsive behaviours.

The multifunctional crosslinkers contribute significantly to the versatility'*? and adaptability'** of the

hydrogels in diverse conditions and applications.
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Figure 1.7: Schematics showing the synthetic approach & application of tough hydrogel

1.14.2 Tough Hydrogels in Flexible Electronic Devices

The tough hydrogel systems have become a major interest in flexible electronics fabrication, as the
conventional hydrogels are not stable under repeated mechanical loading-unloading and
deformation'®*,. Tough hydrogels are designed for dissipating mechanical energy via reversible

interactions, interpenetrating networks'*3

, and efficient sacrificial bonds. Double network hydrogels
are one of the most widely applicable strategies for enhancing hydrogel toughness. These include a
rigid and brittle network and a second soft network responsible for the structural integrity!'*®. Several

studies have reported a double-network hydrogel with remarkable mechanical properties. A highly

stretchable hydrogel system was reported by Sun et al., synthesised by using an ionic-covalent
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crosslinking method, resulting in a mechanically resilient and transparent hydrogel system'®’. Also,
the supramolecular hydrogels with mixed host-guest interactions, incorporating hydrogen bonding and

8 and self-recovery. Tough

metal-ligand coordination complex, improve their fatigue resistance'?
hydrogels are suitable for flexible electronic device fabrication as they have the high mechanical
durability required for interfacial tissue interaction, and they are ionically conductive in nature'®.
Tough hydrogels have a stable hydrated matrix that can facilitate the ion transport and are interfacially

compatible with tissues'#’. These properties make the tough hydrogel a suitable material for wearable

sensors, implantable bioelectronics and electronic skins.

Table 1.8 Tough Hydrogel Applications In Flexible Electronics

Application Required Properties Common Hydrogels Systems
Strain sensors Stretchability, sensitivity CNT/PAM hydrogels
Electronic skin Self-healing, softness Supramolecular hydrogels
Supercapacitors Ionic conductivity PVA-based conductive gels
Bioelectronics Biocompatibility GelMA and HA hydrogels

1.14.3 Conductive Tough Hydrogels and Conductivity Mechanisms

Conductive hydrogels, due to their mechanical flexibility and electrically conductive nature'*!, have
attracted attention. The conductivity may be ionic, electronic, or via hybrid conductive pathways. lonic
conductivity hydrogels contain dissolved salts, ionic liquids, and acids inside their matrix to facilitate
the migration of ions. Electronically conductive hydrogels have incorporated conductive fillers like
carbon nanotubes (CNTs), MXenes, intrinsically conductive polymers, and metallic nanoparticles into
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the matrix'*2. CNTs are generally used as nanomaterials for conductivity enhancement due to their
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high electrical conductivity, superior mechanical strength and higher aspect ratio. The preparation of
a uniform CNT dispersion with a polymer matrix is a challenging task as they have strong van der
Waals interactions and phase aggregation tendency'*’. Techniques such as polymer-assisted dispersion

and surface modification helped to overcome these problems.

Hydrogels based on Graphene and MXene materials have excellent electrochemical properties useful
for flexible electronic devices and sensing applications'#*. To enhance the electronic conductivity and
electrochemical performance!*, several conductive polymers are being used. However, their
excessive loading can affect the flexibility and mechanical strength of the hydrogel system!.
Therefore, to synthesise a hydrogel system with balanced mechanical and electrochemical

performance is a challenge for the scientific community.

Table 1.9 : Comparison of Conductive Fillers in Tough Hydrogels

Conductive Fillers Conductivity Advantages Limitations
Mechanics

CNTs Electronic conduction | High conductivity and | Dispersion difficulty
flexibility

Graphene Percolation network Excellent mechanical | Aggregation tendency
strength

MXenes Metallic conductivity | High capacitance Oxidation sensitivity

Conductive Polymers | Intrinsic conductivity | Good processability Brittleness

1.14. 4 Tough Hydrogel Optimisation Strategies

Several strategies are being explored to improve the performance of hydrogels for flexible electronic

devices. Nanocomposite reinforcement with graphene, cellulose nanofillers, MXenes, nanoclays, and
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147 mechanical strength, and conductivity of the

CNTs has been used to improve the structural stability
materials. Use of dynamic covalent and supramolecular interactions to fabricate a self-healing
hydrogel has also been explored'*®. The hydrogels with hydrogen bond interaction have significantly
higher toughness and energy dissipation in their matrix'¥. Other approaches include the dual
crosslinking have both chemical and physical interactions, resulting in an effective enhancement of
the hydrogel’s elasticity, toughness and structural stability!>’. Solvent engineering and cryogelation
are a few other strategies to improve the water retention, anti-freezing ability and environmental

stability!>!

. Recent development of deep eutectic solvents (DES) based hydrogels is a promising
material for flexible electronic devices with their excellent ionic conductivity, anti-freezing nature,
lower volatility and eco-friendly nature'>2. Such hydrogels have better electrochemical performance
and moisture retention than other water-based systems!>*. Hence, these multifunctional hydrogels have

been explored for future generation flexible electronics and interfacial bioelectronic device

fabrication.
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Materials & Methods
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2.1 Experimental Section

This section includes the experimental part related to the synthesis of tough hydrogels using
different monomer or polymer units along with crosslinkers and photo/thermal initiators. After the
synthesis of these hydrogels, their application were studied in the field of energy storage devices
fabrication based on their mechanical and electrochemical properties. All the chemicals utilised
for synthesis, and the techniques used to characterise the synthesis of hydrogels, have also been

briefly described.
2.1.1. Chemicals

All the chemicals used for the synthesis of materials are of laboratory reagent grade and used

without further purification.

Poly(sodium 4-styrenesulfonate) (PSS), average Mw~ 70 000g/mol (Sigma-Aldrich ), 3,4-
ethylene dioxythiophene (EDOT) (Sigma-Aldrich ), potassium persulfate (KPS) ( Sigma-Aldrich~
99%), triflic acid (Thermo fisher Scientific India Pvt. Ltd.), hydrazine hydrate (Ranchem, 99%),
methyl acrylate (SD Fine Chemicals 99%), Tetrabutylammonium bromide (TBAB) (SD Fine
Chemicals), and tetrahydrofuran (Finar Ltd. (99%) were utilized as purchased unless specified.
PAHz (Intrinsic viscosity ~ 0.27 dL/g) was synthesised. Acrylamidomethyl propane sulfonic acid
(AMPS, Sigma-Aldrich,99%), Acrylamide (Sisco Research Lab. Pvt., 99%), Acrylic acid (AA,
Thermo-fisher Scientific India Pvt. Ltd.), PEGDA ( Avg. Mn= 250, Sigma-Aldrich, 99%),
oxoglutaric acid (Sigma-Aldrich,99%), Isopropyl alcohol (IPA, Rankem, 99%), ethanol (EtOH,
C.H. Fine Chemical, 99.9%), Tetrahydrofuran (THF, Finar, 99.0%), rice straw, ferrocene, methanol
(MeOH, SD Fine Chem., 99.0% ) as received. (Sisco Research Lab. Pvt., 99%), CNT. Milipore

ELGA water purifiers were used to obtain DI water.
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2.1.2. PEDOT-PSS-PAHT (PDTPS-PAHT-n) Ink synthesis

a) PEDOT: PSS Dispersion Preparation

A dispersion of PEDOT: PSS was prepared by mixing 0.027 mol (3.9 g) EDOT with 3.1 g of
PSSNa powder in 10 ml DI water for 15 min at 25 °C. To the solution, 0.65 g of KPS was added,
and the solution was stirred for 2 h at 60 °C on a hot plate cum stirrer. A dispersion of dark blue

colour was obtained.

b) PEDOT-PSS-PAHT (PDTPS-PAHT-n) Ink Preparation

A representative synthesis of PDTPS-PAHT-1.0 is described as follows: 3 ml of 30 wt% PAHz
was mixed with 0.0013 mol (0.195 g) of triflic acid, and the mixture was stirred in a vortex mixture
for 5 min. The viscous solution of PAHT was then added to 7 ml of PEDOT: PSS dispersion under
continuous stirring on a hot plate cum stirrer at 60 °C. After 1 h of mixing, a viscous mass was
obtained. The above mass was utilised as the conductive ink to fabricate different shapes via
printing, drop-casting and spin coating procedures.

¢) Synthesis of Thin Films

To create a thin, Consistent layer, the PDTPS-PAHT-n conducting ink was drop cast on a Teflon

surface and allowed to air dry for the whole night.

2.1.3. Synthesis of PAMSAAm-IP-n based hydrogel

Hydrogel samples were synthesised in a one-pot procedure. For synthesis of a typical hydrogel
PAMSAAmM-IP0.1, 0.45 g AMPS, 0.45 g AAm, 2 pL PEGDA were mixed in a glass vial containing
1.5 mL of solvent (H2O: IPA 90:10 v/v). Then 1 mol% of oxoglutaric acid was added and the

resulting solution was purged with N for 10 min. Then the solution was syringed out and injected
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into glass molds, and the gelation was carried out under UV light (365 nm) for 5 h. Similarly,
various PAMSA Am-IP-n samples were synthesised by varying monomer content, crosslinker and
solvents. A total of 75 samples were prepared, and the formulation data along with their mechanical
properties were utilised to train and test the machine learning model.

2.1.4. Synthesis of PAAm-CNH hydrogel

a) Synthesis Procedure of Carbon Nanotube: For the synthesis of CNT material, 2.5 g extracted
lignin (from rice straw) and 0.5 g of ferrocene were dissolved in 150 mL of ethanol and stirred
magnetically for 2 h. Then, the mixture was sonicated for 90 min and subsequently transferred into
a 250 mL Teflon-lined autoclave tube inside a stainless steel reactor, then heated in an electrical
muffle at 180 °C for 120 min. A pale yellow powder of the pretreated lignin mixture was obtained.
The obtained solid was carbonised for 6 hours at 600°C under an inert gas atmosphere. The
carbonised material was then dried in a vacuum oven at 100 °C. This CNT material was then used

for further synthesis and characterisation procedures'>*.

b) Synthesis of CNT Solution: For the preparation of CNT, we took the pre-characterised CNT
particle in a 10 mL mixture of DI water and DMF (9:1) (vol: vol) and mixed it via stirring at
1000rpm on a mechanical stirrer for 1 hr. A uniform solution of CNT in H>O: DMF was obtained.
We vary the CNT amount according to our requirement, including 0.5wt%, 1wt% and 2wt%,

respectively.

c¢) Synthesis of Hydrogel: A one-pot synthetic method was used to synthesise the hydrogel using
a photoinitiator. The precursor solution of hydrogel was prepared by mixing the AAm (0.45g),
AMPS (0.45g) monomers, PEGDA (2uL), Oxoglutaric acid (initiator) (130uL) in 1.5ml of CNT

solution. Poured the above form precursor solution in a glass mold and put it under UV light for 5
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hrs for gelation. The obtained hydrogel film was used for further mechanical testing and other

characterisation processes.

2.2 Methods used for Mechanical Study

2.2.1 Universal tensile machine (UTM): Mechanical test and adhesive test of hydrogel samples
were performed by using Tinius Olsen HSKL universal tensile machine (UTM) at 10mm/min
machine speed. Sample dimensions were (15x8x1mm?). Young’s modulus E values were derived
from the Hookean slope. It has a Force Capacity - 25KN, having a Minimum Test Speed —

0.001mm/min.

us O\sen

L\

R
HEKs

-
-

Figure 2.2.1: Schematic diagram of the Universal tensile machine for mechanical performance

testing

2.2.2 Dynamic Mechanical Analyser (DMA): It is used to measure a material's viscoelastic
properties (stiffness, damping) by applying oscillating forces and analysing its response, revealing

changes with temperature, time, and frequency, crucial for understanding polymers, composites.
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Dynamic Magnetic Analyser: Frequency sweep data of PDTPS-PAHT-n were recorded by a DMA

Q800 TA Instruments.

Figure 2.2.2:Schematic diagram of the Dynamic Mechanical Analyser for testing the strength of

the hydrogel

2.2.3 Thermal Gravimetric Analyser (TGA): TGA was used to determine the thermal stability
of hydrogel samples. TGA model Linseis STA 1100 has been employed to determine the difference
in the weight of the polymer in the thermal working condition in the presence of airflow/N> 100

ml/min. The TGA data were recorded on an instrument at a heating rate of 10°C/min.

59



Figure 2.2.3: Schematic diagram of the Thermal Gravimetric Analyser to test the thermal stability

of the hydrogel

2.2.4 Rheometer: The viscosity versus shear rate of the conductive ink was recorded on a Modular
Compact Rheometer MCR302e under room-temperature conditions using parallel plate geometry.
For testing the viscosity, 2 g of PDTPS-PAHT-n conducting inks was dropped over the platform
of a rheometer, and the viscosity versus shear rate plots were extracted under room-temperature

conditions.

Figure 2.2.4: Schematic diagram of the Rheometer instrument for viscosity analysis of conductive
ink.

2.2.5 Lyophiliser: It was used primarily to remove water from sensitive hydrogel materials,
extending shelf life, preserving structure, and making products lightweight for transport, by
freezing them and then sublimating the ice under vacuum. Also, freeze-drying of a hydrogel

sample in an equilibrium state was performed by using a lyophiliser.
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Figure 2.2.5: Schematic diagram of a Lyophiliser for freeze-drying the hydrogel

2.3Physicochemical Characterisation Technique Used:

The synthesised hydrogels have been thoroughly characterised by using different analytical

techniques as mentioned below.

2.3.1 X-Ray Powder Diffraction (XRD): X-ray diffraction (D8 Advance,Malvern Panalytical’s
instrument) with CuKa radiation (A= 1.5418 A) was used to characterise the crystal phases of
hydrogel samples. The accelerating voltage and applied currents were 40kV and 30mA,
respectively. The diffraction data at angle 20 from 5°to 60° were collected at a step size of 0.02°
accumulating data for 60 sec per step. XRD is a useful technique to identify the crystal phases that

exist in a sample. Freeze-dried hydrogel samples were put on the XRD stand, then analysed.
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Figure 2.3.1: Schematic diagram of X-ray Powder Diffraction instrument to check crystallinity of

hydrogel.

2.3.2 Small-Angle X-ray Diffraction Spectroscopy (SAXS): Small-angle X-ray spectroscopic
images were recorded by a XENOCS, Xuess 3.0 HR instrument at SD 1000mm for an exposure
time of 1h under uniaxial stretching mode. It was a non-destructive analytical technique that probes
the structure, shape, and size (nanometer to micron scale) of polymeric materials in solution by
measuring X-ray diffraction at very small angles, revealing large-scale features like shapes,
internal structures (pores, domains). The SAXS plots were derived under environment mode to
maintain an adequate water content in the samples. The as-synthesised hydrogel sheet was
mounted on a tensile stage (Modular force stage, Linkam) and kept in the sample chamber of a
SAXS instrument. Acquisitions were taken for 1 h at different stretches of the samples controlled

by the programmed macro at a sample to detector distance of 1.5 m.

62



Figure 2.3.2: Schematic diagram of the Small-angle X-ray Spectroscopy instrument for insight
study of the hydrogel matrix

2.3.3 X-ray Photoelectron Spectrometer: it was used to identify the surface to the subsurface
composition of the hydrogel present on the surface. It enables an evaluation of all the possible
chemical states of any element present on the surface to the subsurface of a polymer. it was used
to identify the surface-to-subsurface composition of the hydrogel present on a surface. It enables
an evaluation of all the possible chemical states of any element present on the surface to the
subsurface of a polymer. The XPS analysis was conducted in an ultra-high vacuum (UHV) set-up
with a monochromatic AlKa X-ray source (h = 1486.6eV), working at 14.5kV and 35mA, and a
high-resolution gamma Thermo Fisher Scientific Model: Nexsa base Inc. The pressure in the
chamber was retained at about 7 x 107! mbar. The measurements were conducted in the fixed
transmission mode with a fixed energy of 200 eV, resulting in an improved energy resolution of
0.25 eV. The charging effect was minimised by the flood gum. The binding energy scales were
standardised by the sp? hybridised C1S line of graphitic carbon at 284.8 eV. For XPS depth

analysis, the sample surface was etched with argon ions for 30 s, and then data was collected after
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multiple rounds of etching from the surface to the bulk. Avantage 5.922 software was used for XPS

mapping and data analysis.

Figure 2.3.3: Schematic diagram of X-ray Photoelectron Spectrometer for elemental analysis of

hydrogel

2.3.4 Field emission Scanning electron microscopy(FE-SEM): It was a very powerful technique
for the morphological study of polymer samples. Scanning electron microscopy images were taken
on FEI Quanta 200F utilising a tungsten filament fixed with lanthanum hexaboride (LaB6) as an
X-ray source equipped with an ETD (Everhart-Thornley detector). Scanning electron microscopic
images of gold-coated dried hydrogel films were recorded in JEOL (JSM 7900).JSM-7900F (Jeol
Ltd.) equipped with an energy dispersive X-ray spectroscope (EDAX) was used to record the
FESEM images and elemental mapping of the freeze-dried, synthesised and swelled hydrogel
samples, and images were recorded. The EDS elemental mapping in SEM was performed along a

line scan, and subsequently, the elemental intensity data were plotted.
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Figure 2.3.4: Schematic diagram of FE-SEM instrument for morphological study of hydrogel

surface

2.3.5 Atomic force microscopy (AFM): It is a very-high-resolution type of scanning probe
microscopy. The AFM data of a dried spin-coated film was recorded by AFM Bruker Fastscan.
The tip details for the AFM study are as follows: Si tip with a cantilever-T-650 nm.The Atomic
force microscopic (AFM) data of freeze-dried hydrogel films were recorded by AFM Bruker
Fastscan using a Si-tip with a cantilever T:650nm. For confocal Raman mapping and spectra

JASCO NRS-5500 instrument was used.

Figure 2.3.5: Schematic diagram of AFM instrument for phase study of hydrogel surface
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2.3.6 Fourier transform infrared spectroscopy (FTIR): FTIR spectroscopy is one of the
powerful analytical tools for compound identification and functional group analysis using
PerkinElmer Spectrum. It is based on the principle that a molecule can exist in a variety of
vibrational and rotational levels depending upon the release or absorption of energies in a particular
range of the electromagnetic spectrum. This characteristic adsorption and emission form the basis
of IR spectroscopy. The normal range of the infrared spectrum employed is between 4000 cm™ to
400 cm™'. The range from 4000 to 1200 cm™ is generally considered the functional group region
was corresponding to specific adsorption or emission bands of the various functional groups.
Frequencies below 1200 cm™ are considered characteristic of the fingerprint region and are
important in identifying the complete structure of a pure compound. The advantage of FTIR lies
in its versatility in that the analysis can be carried out in any state of matter. However, compounds
in which there is no change of dipole moment in any mode of vibration are IR inactive as selection
rules for emission/absorption of IR radiation mandate that there should be a shift in dipole moment
between the states during emission of absorption. Further, predominantly ionic compounds are
also IR inactive. The FTIR spectra of synthesized samples were collected using a Nicolet 8700
research spectrometer at a resolution of 4 cm™'. The solid samples were pelletized with KBr in
order to take the FTIR scans. FTIR bands were analysed in a Nicolet 8700 FT-IR spectrometer,
along with beam slitter XT-KBr and utilizing a DTGS TEC detector in the region of 4000-400 cm"
!, The operating conditions were as follows: 2 cm™! spectral resolution and 36 kHz scan speed.It

was used to record the FTIR data of different hydrogel films.

66



Figure 2.3.6: Schematic diagram of a Fourier Transform Infra-red spectrometer for functional

group analysis

2.3.7 Confocal Raman Spectrometer: It was merges a Raman spectrometer with an optical
microscope, using a pinhole (confocal setup) to filter out-of-focus light, enabling high-resolution
2D/3D chemical imaging and analysis of hydrogel sample volumes with exceptional depth
selectivity, identifying molecular structures, compositions, and distributions non-
destructively.Raman spectra of conductive films were recorded on a JASCO NRS-5500 instrument
using laser beams of 785nm and 532nm, and 20X resolution was used to capture all the spectra
and images of hydrogel samples. Freshly prepared hydrogel were attached over glass slide and
Raman spectra at 532 nm laser beam, 20X resolution, 10 accumulation, using JASCO NRS-5500

instrument were recorded.
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Figure 2.3.7: Schematic diagram of a Confocal Raman Spectrometer for surface analysis

2.3.8 Microscope: Self-healing images of hydrogel samples were recorded on a Mag Cam DC
series microscope. Self-healing involves repairing of cut or damaged region via several reversible
interactions like ionic interactions, hydrogen bonding, host-guest interaction, physical chain
entanglement, or dynamic covalent bonds. To observe the mechanics behind the healing, MagCam
microscopes were used with high-resolution optical magnification cameras due to its ability to

capture the self-healing process in real time.

A sharp cut was made in the hydrogel and placed gently in contact with a glass slide. A transmitted

light of 50x-200x is ideal for observing the healing interface.
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Figure 2.3.8: Schematic diagram of a Microscope for insight image capturing

2.3.9 UV-Vis spectroscopy: Agilent Technologies, Carry 5000 with DRS 2500 was used to record
the UV-visible spectroscopic data of diluted commercial PEDOT: PSS dispersion and synthesised
PEDOT: PSS dispersion. It is a powerful analytical technique to study light absorption by
hydrogels, concentration of solutes, and optical property analysis in dispersions. It also monitors
the conversion of photoinitiator during curing and explains the interaction of these hydrogels with
dyes and incorporated nanoparticles. For dispersion analysis, UV-Vis becomes a quantitative tool
to measure the concentration of particles. To perform UV-Vis of the hydrogel film, the hydrogel
was placed in a solid sample holder and scanned across the 200-800nm range to record its

absorption or transmission spectrum.
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Figure 2.3.9: Schematic diagram of a UV-Vis spectrometer to check the transparency of the

hydrogel

2.4 Electrochemical Study:

The electrochemical study was performed using an Autolab Electrochemical workstation (M204

PGSTAT).

Figure 2.4.1: Schematic diagram of Autolab potentiostat for electrochemical study of hydrogel

Electrochemical characterisation is a method for analysing electrical, ionic and redox behaviour
of hydrogel, understanding their ability to be used in flexible electronics, sensors, solid-state
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electrolytes, and energy storage devices. Techniques such as electrochemical impedance
spectroscopy (EIS), linear sweep voltammetry (LSV), Cyclic voltammetry (CV) and
chronoamperometry, the conductivity and electrochemical behaviour of hydrogel can be studied.
The Autolab instrument PGSTAT M204 workstation is an essential tool for studying the
electrochemical performances of hydrogels. Through a combination of above above-discussed
techniques, researchers are able to get a detailed insight into the hydrogels' ionic behaviour, redox
nature, and electrochemical stability. These detailed characterisations focus on the hydrogel
formulations and explain their practical application in advanced energy storage and conversion

techniques.
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3.1 Summary

PEDOT: PSS-based systems possessing effective opto-electronic behavior are promising for metal
particle free flexible electronics applications. However, these systems currently suffer from low
stretchability, mechanical resilience and performance in aqueous media. In this article,
polyelectrolyte complexation between polyacryloyl hydrazide triflate (PAHT) and polystyrene
sulfonate (PSS) is utilized to devise conducting ink with tunable viscosity at high PEDOT loading
for printing stretchable, self-healable and conductive solid electrolytes for flexible electronics
applications. The possible ionic linkages (CONHNH;3"™---SOs™ and SO3;™---CS") between the
polymeric segments enabled film integrity in various organic and aqueous media and imparted
effective tensile strength (0.14 MPa) & stretchability (~1120%), while maintaining effective ionic
conductivity (18 S/m). The film displayed an effective AR/R¢ value of ~26.2 at 600% stretching.
As a proof of concept, the ability of these solid electrolytes towards strain sensing application was
studied. The system was able to display repeatable change in AR/Ry values in response to various
bodily movement under submersible conditions and an adequate Gauge factor value of 4.4 and
0.20 under environmental and under-water conditions supporting its viability towards strain

sensing applications.

3.2 Introduction

Currently, a notable attention is imparted to the development of flexible and stretchable
electronic devices as a possible substitute to the conventional rigid electronics systems especially
for applications in the area of bioelectronics,'>> wearable and health monitoring devices.!3%!5

Especially to print these flexible electronics utilizing conductive inks have gained popularity

owing to the ease of complex shape attainability, low fabrication cost and sustainability.'*® The
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conductivity, viscosity and surface tension of the conductive inks and the tensile behavior of the
resulting printed device are some of the determining factors towards further utilization of the
formulation. Metallic nanostructures owing to their high conductivity (~10” S/m) are widely
utilized as conducting fillers in the ink nanocomposites currently. For example, densely loaded Ag
nanoparticles in polycaprolactone and BC-Lipase matrix displayed superior conductivity value of
2.1 x 10* S/m and stretchability till 80%."*° Similarly, recyclable polymer, multiple metal
microparticles and liquid metal based composition was digitally printed and laser patterned to form
stretchable and self-healable films for sensing applications.'®® However, metallic particles are
known to form oxidative layer on the surface with exposure to environment under specific
conditions, that compromises the conductivity and propensity of these systems towards
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agglomeration along with adverse toxicity. Furthermore, a flexible matrix such as

polydimethylsiloxane (PDMS) or Ecoflex is utilized in certain cases to impart adequate elasticity
to the sample.'®?

Therefore, the development of metal nanoparticle free conductive inks possesses certain
advantages from the prospective of superior stability, ease of synthesis and low sintering
temperature. For example, single walled carbon nanotubes (SWCNT), carbon nanofibers,
graphene sheets are utilized as conducting fillers owing to their high conductivity and large surface
area for fabrication of flexible electronics.'®® Use of conducting polymers offers another exciting
avenue to develop conductive ink compositions offering adequate conductivity. For example,
aqueous dispersion of polyethylenedioxy thiophene (PEDOT): polystyrene sulfonate (PSS)
displaying adequate conductivity and transparency is a suitable candidate to be utilized as a

conducting matrix.'®* However, the films generated from the PEDOT:PSS dispersion tend to

exhibit low stretchability owing to the rigidity of the backbone of the PEDOT segment. To

75



circumvent the above, PEDOT:PSS based hydrogel systems were developed those offered
flexibility, healability and injectability.!> Composites of the PEDOT:PSS based system with
various hydrogels enabled the films to be stretchable, a property desirable for these systems to be
utilized for strain sensing applications.'®® Similarly, blending of PEDOT:PSS with waterborne
polyurethane improved the elongation at break from ~5 to 33% with a conductivity value of 77
S/ecm.'®” However, the stretchability of such PEDOT:PSS based composite systems have remained
below 300% in most of the cases to the best of our knowledge. 6516

Ability of these flexible electronics films to recover from damage and self-heal under
autonomous conditions is anticipated to further promote their self-life and usability. Therefore,
avenues to induce self-healing ability in flexible electronics systems is another important aspect
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studied currently.!”!"! For example, dynamic linkages, hydrogen bonded motifs,
bond'” and inclusion chemistry present in the polymeric matrix have been utilized to impart self-
healing ability to the wearable electronics system.'”* For example, metal-ligand coordination was
utilized as the dynamic linkage to induce autonomous self-healing ability to the semi-conducting
film.!” The percolation threshold was controlled in the bled to optimize gauze factor value of
electronic skin. Ionic interaction is promising to induce autonomous self-healing behavior in these
reconfigurable electronics systems due to their swift dynamic behavior.!'’® For example, an ion
cluster driven system displayed ultrafast self-healing kinetics along with high stretchability up to
1130%.'”7 Similarly, a carboxylate anion and metal ion interaction based self-healable and
stretchable hydrogel system displayed adequate adhesive behavior and high gauge factor value up
to 12.2 and elongation till 1400%.'7®

Overall, the role of PEDOT:PSS as a conducting matrix for development of wearable

sensors is well articulated in literature.!”®'8" The challenge remains to formulate a suitable
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conductive ink that can be utilized for ambient condition 3D printing application to fabricate ultra-
stretchable films. Furthermore, uniform dispersibility of PEDOT component throughout the film
along with adequate stretchability is desirable to utilize the same for strain sensing application.
Most of the reported composite systems use the confinement of PEDOT:PSS in the hydrogel
matrix in a non-interactive manner, which affect the uniformity of the distribution of the above
conducting segment and control for further optimization. Therefore, necessary strategies to
formulate PEDOT-PSS based inks capable of printing stretchable films with possibility of further
optimization in segment distribution and adequate mechanical properties is desirable for utilization
of the same for flexible electronics applications. PSS segment in the dispersion offers the
possibility of utilizing polyelectrolyte complexation in the system with a suitable polycation to
formulate conducting systems with desirable mechanical behavior and flexibility. Importantly, the
salt content in these polyelectrolyte complexes may be controlled to alter the physical state to fluid
or solid.'®! This allows the flexibility to optimize the viscosity of the resulting ink necessary for

printing applications.

In this report, we have utilized polyacryloyl hydrazide triflate (PAHT) as a polycation to
form the polyelectrolyte complex with PSS segment in PEDOT:PSS. Triflate is utilized as the salt
content to control the viscosity of the resulting PEDOT:PSS-PAHT system and formulate a
conductive ink for printing applications. The salt content is also useful in tailoring the ionic
conductivity necessary for flexible electronics applications. The -CONHNH;3" functionality of
PAHz is presumed to form the ionic linkage with the —SO3™ of the PSS segment and both PAHT
and PSS segment are known to ionically coordinate with the PEDOT moiety, which has resulted
in an interactive multipolymer ink.!®? The ink is utilized to fabricate different shapes to

demonstrate its viability for the 3D printing application, which is important from the prospective
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of device fabrication.'®>!34 The interactive nature of the segments are anticipated to control the
distribution of these segments in the matrix necessary for useful mechanical and electrochemical
behavior. The phase distribution, tensile behavior and strain sensing ability of the resulting system
is studied in detail. The strain sensing ability of the system is also assessed under environmental

and under-water conditions to understand the viability of system for underwater electronics.

3.3 Synthesis of PEDOT-PSS-PAHT (PDTPS-PAHT-n) Ink:

The complete synthesis was included in Chapter 2, Section 2.1.2

3.4 Results & Discussion

The PEDOT: PSS aqueous dispersion was prepared from PSS and EDOT using the procedure
reported in the literature.'®® The Amax at 255 nm in the UV-Vis spectra supported the formation of

a PEDOT: PSS dispersion (Figure 3.1).!8¢
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Figure 3.1: UV-Vis spectra of the synthesized PEDOT:PSS
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The cyclic-voltametry (CV) traces displayed the oxidation and reduction peaks at 0.25 and -0.48
V, respectively, further supporting the PEDOT: PSS synthesis (Figure 3.2).'%
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Figure 3.2: CV data of the synthesized PEDOT:PSS.

PAHz was ionized in aqueous solution using triflic acid to the corresponding PAHT. Generation of
a positively charged -CONHNHs" unit that will form dynamic ionic interactions with the —SOs~
group of polystyrene (PSS) part of PEDOT: PSS. The triflate (CF3SOs") ion will improve the ionic
conductivity, control the viscosity of ink, stabilise the dispersion and assist in the ink formation.
Relative to the other conventional acids, the triflic acid has superior protonation ability, better ionic
mobility, reversible ionic interactions responsible for self-healing ability, a high amount of non-
coordinating triflate anions in the matrix and stable underwater performance. Other corresponding
salts were not tested in the present work. But the choice of triflic acid was made due to its enhanced
conductivity, better mechanical performance and processability. The PDTPS-PAHT-n were
formulated by adding PAHT to the PEDOT: PSS dispersions and varying the molar ratio between
PSS and PAHT in the ink (Table 3.1). The corresponding CONHNH;3"---SO;3™ ionic linkages

formed in the ink formulation aided the viscosity of the system (Scheme 3.1). The PEDOT chains

79



also formed corresponding ionic linkages with the PSS to constitute the overall PAHz-PEDOT-

PSS network in which all the three different polymeric systems were ionically interlinked with

each other.
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Scheme 3.1: The schematics showing the synthetic procedure of PDTPS-PAHT-n conductive ink

and the possible ionic linkages present in the samples.

The FTIR band at 1174 cm™ accountable to S=O of PSS shifted to ~1186 cm™ in the
PDTPS-PAHT-1.0 suggesting the possible formation of CONHNH3"---SO3™ ionic linkage.
Similarly, the band at 1036 cm™ accountable to the C-S of PSS shifted to 1058 cm™! supporting the
above (Figure 3.3A). The FTIR data displayed bands at 1608 and 1639 ¢m™ supporting the
presence of PAHT and PEDOT components. Similarly, in Raman spectra the peak at 1441.5 cm!
corresponding to C,=Cp of PEDOT moiety in PEDOT-PSS shifted to 1415.2 cm™ in the PDTPS-
PAHT-1.0 film suggesting possible change in doping level via interaction with CONHNH: of
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PAHT segment as reported in literature (Figure 3.3B).!%® The XRD data supported mainly the
amorphous nature of the PDTPS-PAHT-n film. The broad peak at 24.4° 20 value may be attributed
to inter-chain m-stacking of aromatic moieties present in the system (Figure 3.3C).'*° The O Is
XPS peaks at 531.8 eV accountable to C=0O moieties and N 1s peak at 400.4 eV supported the
presence of PAHT segment on the surface (Figure 3.3D-E). Similarly, the S 2p peaks at 168.9 and
168.0 eV for the free (SO3") and ionically coordinated (-SO3™---H3N'-) sulfate groups were
observed on surface. The S 2p peaks at 163.8 and 165.6 eV accountable to C-S and C-S™ supported
the presence of PEDOT segment in the composition (Figure 3.3F, ). Similarly, the C 1s spectra
displayed peaks at 286.0 and 288.5 eV for the C-O and C=0 supporting the presence of PAHT and
PEDOT segments in the sample (Figure 3.3G). The swellability of a typical PDTPS-PAHT-1.0
film in water (74%) was maximum followed by ethanol (45%), whereas the swellability of the film
in other organic solvents (~1-20%) were negligible (Figure 3.3H). The films were stretched up to
~5 times of it’s original length and the initial shape was retrieved after release of the force (Figure
3.311). The film also underwent twisting, rolling, pressing and other deformations without

undergoing any visible damage supporting mechanical resilience (Figure 3.312-14).
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Figure 3.3: (A) The FTIR data of precursors and PDTPS-PAHT-1.0 films, (B) the Raman data of
PEDOT:PSS and PDTPS-PAHT-1.0, (C) the XRD data of various PDTPS-PAHT-n compositions,
(D) O 1s, (E) N 1s, (F) S 2p and (G) C 1s XPS traces of PDTPS-PAHT-1.0, (H) the solvent uptake
ability of PDTPS-PAHT-1.0, demonstration of (I1) stretchability, (I2) twisting ability, (I3) rolling

and (I4) foldability of the film and the folded film is pressed to show the mechanical resilience.

Table 3.1: Composition and mechanical property data of the PDTPS-PAHT-n compositions

Code PSS PAHT PEDOT UTSY € E UCS*
(mol/)*  (mol/D)* (mol/)* (MPa) (%) (MPa) (MPa)
PDTPS-PAHT-2.4 0.7 1.7 1.4 0.14 343 0.42 0.83
PDTPS-PAHT-1.4 0.9 1.4 1.6 0.14 354 0.19 0.60
PDTPS-PAHT-1.0 1.0 1.0 1.9 0.10 1120  0.06 0.37
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PDTPS-PAHT-0.5 1.2 0.7 2.2 0.12 507 0.12 0.73

*The molar ratios are with respect to the repeating unit, YUTS: Ultimate tensile strength, *UCS:

Ultimate compressive strength, € denotes the elongation at break, £ stands for Young’s modulus.

The SAXS analysis of the PDTPS-PAHT-n thin films were carried out under tensile mode. The
Guinier domain spacing (D) values were calculated using the following equation. '
D =2n/q

The D value, which depicts the average distance between the aggregates, suggested that
the amount of PAHT controlled the size and distribution of segregates in the film. The D value for
PDTPS-PAHT-2.4 (CONHNH;":SO;™ = 2.4, mol:mol) was calculated to be 317.6 nm (Figure
3.4A). On gradually decreasing the CONHNH;":SO;" ratio, the D value exhibited an increasing
trend. At CONHNH;3":SO3™ = 0.5, the D value increased to 379.3 nm supporting the above. The
broad peak in the Fourier-Porod region (q = 0.005 to 0.05 A™') also exhibited a gradual shift
towards the lower q value suggesting a possible change in the shape of the segregates (Figure
3.4A). The AFM data reflected a similar trend in the morphology of PDTPS-PAHT-n. The AFM
micrograph of PDTPS-PAHT-1.0 ([PAHT]/[PSS] = 1.0) displayed the spherical soft domains
possibly assigned to PAHT are well separated by the PEDOT:PSS hard domain (Figure 3.4C-C1).
In PDTPS-PAHT-1.4 ([PAHT]/[PSS] = 1.6), the population of soft segment increased and the
spheres appeared to join together to form continuous layers (Figure 3.4D-D1). With further
increase in PAHT content ([PAHT]/[PSS] = 2.4), both the domain became continuous and formed
a gyroid type segregation pattern in PDTPS-PAHT-2.4 (Figure 3.4E-E1). However, the surface
appeared to be mostly covered by the hard segment domain at low PAHT content in PDTPS-PAHT-

0.5 ([PAHT]/[PSS] = 0.6) and no specific pattern was visible (Figure 3.5).
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Figure 3.4: (A) The SAXS profile of PDTPS-PAHT-n films recorded under tensile mode, (B) the
effect of stretching on the SAXS profile of PDTPS-PAHT-1.0, the AFM micrographs of (C & C1)
PDTPS-PAHT-1.0, (D and D1) PDTPS-PAHT-1.4 and (E & E1) PDTPS-PAHT-2.4 at different
magnification, the FESEM images of (F) PDTPS-PAHT-1.0, (G) PDTPS-PAHT-1.4 and (H)

PDTPS-PAHT-2.4 films.
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216.6nm

261.8nm

Figure 3.5: A, B) AFM and C) FE-SEM images of PDTPS-PAHT-0.5.

The SAXS data of the PDTPS-PAHT-1.0 was further collected at different stretching extent. The
100% stretched sample exhibited minor increase in D value (341.4 nm) suggesting no significant
change in the distribution of segregates (Figure 3.4B). Interestingly, the value increase to 359.3
nm at 400% stretching suggesting a possible increase in the spacing between the segregates.
Possibly, under stretching the uncoiling of soft segment domain contributed to the above increase
in D value (Figure 3.4B). The SAXS 2D data also displayed a notable change in scattering profile
to somewhat anisotropic nature supporting the above (Figure 3.4B). The FESEM data supported
the segregation pattern observed from AFM data (Figure 3.4F, G & H). PDTPS-PAHT-1.0
displayed spherical domain on the surface of the film and flake like pattern with width between
100-200 nm was observed on the surface of PDTPS-PAHT-1.4 film (Figure 3.4F-G). Interestingly,
the PDTPS-PAHT-2.4 film displayed fibrillar morphology supporting the SAXS and AFM
observation (Figure 3.4H).

The as-synthesized PDTPS-PAHT-n films possessing water content value of 26-28% were

utilized for mechanical property analysis (Figure 3.6).
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Figure 3.6: The water content in PDTPS-PAHT-n films repeated three times.

The tensile data of the PDTPS-PAHT-n uniform thin films were recorded under ambient
conditions. The UTS and ¢ values were observed between 0.10 to 0.14 MPa and 343 to 1120%
respectively (Figure 3.7A, Table 3.1). The PDTPS-PAHT-1.0 possessing equimolar ratio of PAHT
and PSS segments displayed optimum ¢ value (1120%) possibly owing to the presence of the
maximum number of CONHNH;"---SO3” ionic crosslinks in the system (Table 3.1, Figure 3.7A).
Ionic linkage-based physical crosslinks are known to aid the extensibility of the hydrogel
systems.!'’! However, as the molar ratio between PAHT and PSS deviated from 1.0, the & value
notably decreased to 343-507% (Table 3.1). The stretchability of these samples are superior among
the PEDOT: PSS systems reported in literature for strain sensing applications to the best of our

knowledge (Figure 3.7B, Table 3.2).
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Table 3.2: Table for the comparison of the Strain and Gauge factor values of the current material

with the recent literature.

SI. No. Material Code € (%)* GF References

1 PEDOT:PSS@PVA 520 5.4 192

2 PEDOT:PSS/PVA 600 3.9 193

3 PEDOT:PSS/CNT 430 1.4 194

4 PVA-Mxene-PEDOT:PSS 890 2.5 195

5 Starch/NaCMC 180 2.71 196

6 PVA/PEDOT:PSS 180 0.41 197

7 VM-PS 990 3.46 198

8 M20S12PPH 890 4.21 199

9 PDTPS-PAHT-1.0 1120 4.4 This Work
*Maximum strain of the samples

The samples also exhibited adequate compressibility up to 90% of the original height. The UCS
values were observed in the range of 0.4 to 0.8 MPa (Figures 3.7D , Table 3.1). The PAHT:PSS
ratio controlled the tensile behavior and the £ value decreased with the decrease in PAHT content
in the samples (Figure 3.7C, Table 3.1). However, the change in UTS values was marginal
throughout the compositions (Figure 3.7A & 3.7C). The hysteresis studies were performed under
both tensile and compression mode to understand the mechanical resilience of the PDTPS-PAHT-
n films. The PDTPS-PAHT-1.0 displayed residual strain value of ~20% after the first cycle during
tensile hysteresis studies. Importantly, the residual strain notably decreased below ~5% from
second cycle onwards suggesting adequate recovery of the sample after release of stress. (Figure
3.7E). The relatively large residual strain at the end of the first cycle may be attributed to the
memory associated with the film preparation procedure and is a known phenomenon with

crosslinked samples.??
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Figure 3.7: (A) The tensile and (D) compressive traces of the PDTPS-PAHT-n films recorded

under ambient conditions, (B) the comparative chart showing the &€ and Gauze factor values of

reported PEDOT:PSS based composites and PDTPS-PAHT-1.0, Ref S1 to S10 are available in SI,

(C) the effect of PAHT:PSSNa molar ratio on the tensile properties of the PDTPS-PAHT-n. (E)

tensile and (F) compressive hysteresis cycles of PDTPS-PAHT-1.0 film, (G) the TGA thermograms

of the PDTPS-PAHT-n samples, (H) the frequency sweep data of the PDTPS-PAHT-n films, i, ii,

i1, iv represents PDTPS-PAHT- 0.5, 2.4, 1.4, & 1.0 respectively (I) the viscosity versus shear rate

data of the PDTPS-PAHT-n samples.
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The compressive cycles displayed effective recovery of the sample after each cycle, and the
forward and reverse cycles were mostly superimposable, suggesting the samples have a superior
resilience under compressive stress (Figure 3.7F).

The TGA analysis of the PDTPS-PAHT-n samples was carried out under N, atmosphere to
understand the thermal stability of the samples (Figure 3.7G). The 10% weight loss of the samples
occurred around 200 °C, and the weight loss at 220 °C increased with an increase in PAHT content,
possibly owing to the degradation of the hydrazide linkage.?! The frequency scans supported the
crosslinked nature of the sample via the CONHNH3"---SO3”™ ionic linkages as the E' value was
higher compared to that of the £" value over the measured frequency range for all the compositions
(Figure 3.7H). Lastly, to assess the printability of the ink, the effect of shear rate on viscosity was
measured. The samples exhibited shear thinning behaviour and the viscosity gradually decreased
with an increase in shear rate (Figure 3.7I). Importantly, the shear thinning behaviour was
prominent with composition possessing an equimolar amount of PAHT and PSS (PDTPS-PAHT-
1.0). This is important from the perspective of uniformly passing the ink through orifice and
utilizing the ink compositions for printing various shapes targeting the desired application.

The viscosity of the inks was tailorable by varying the water content of the system. The ink
was suitable for flow printing, painting and drop-casting to generate uniform shapes. To
demonstrate this, a curved rectangular mesh and honeycomb-type shapes were printed by releasing
ink through a plastic nozzle under manual pressure (Figure 3.8A-C). The shapes were readily
flexible and were bent by ~180° without experiencing any physical damage in the shapes. One of
the sides of the honeycomb shape was able to lift 20 g weight supporting the adequate tensile
strength of the films (Figure 3.8D). The FESEM image of the printed sample was mostly smooth

in nature supporting the homogeneity of the ink (Figure 3.8E). Owing to presence of various ionic
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linkages in the samples, the films were anticipated to exhibit self-healing behavior. To assess the
self-healing ability of the films, a thin cut made on the PDTPS-PAHT-1.0 film was gently pressed
to allow the connectivity between two edges. The sample was then left undisturbed to allow the
self-healing process. The cut section gradually healed and became unrecognizable after 12 h
(Figure 3.8F0-F3). The UTS and ¢ values of the healed sample recovered up to 39% and 71%
respectively of the original value supporting the healing process (Figure 3.8G). Possibly, the
CONHNH;3™---SOs™ ionic linkage reformed at the damaged site to promote the chain rearrangement

of PAHT and PSS segments and healing process (Figure 3.8H).
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Figure 3.8: The (A) curved mesh and (C) honeycomb shape printed from the PDTPS-PAHT-1.0
conductive ink using a plastic nozzle, (B) the PDTPS-PAHT-1.0 mesh is folded manually, (D) 20
g weight is hanging from a folded honeycomb shape, (E) the FESEM image of the surface of 3D
printed object, (FO) a thin rectangular film of PDTPS-PAHT-1.0, (F1) the film with a cut made

using a blade, (F2) the partially healed F1, (F3) the healed F1 after 12 h, (G) the tensile traces of
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original and self-healed film, (H) the proposed mechanism of self-healing via reformation of the

CONHNH;"---SOs5™ ionic linkage.

Table 3.3:Comparative Analysis of Previously Reported Self-Healing Hydrogels with PDTPS-

PAHT-1.0
S.No. Hydrogel System Self-Healing Self-Healing Efficiency | Reference
Mechanism
1. Peptide Nanofibrillar | Dynamic Rapid self-healing within | 2°2
Hydrogel noncovalent minutes at room
interactions temperature
2. Nanoconfined ~ PAAm | Polymer chain | Up to 100% self-healing | 2%
Hydrogel entanglement efficiency with modulus
~ 50 MPa
3. HA-Fe-EDTA Hydrogel | Dynamic Rapid self-healing with | 2%¢
coordination maintained strength after
bonding repeated healing
4. O-CMC-g-poly(NVP-co- | Dynamic Complete healing within | 2%
AAm) hydrogel Hydrogen 15 s for optimised
Bonding formulation
5. Boc-Phe-Aib-OH peptide | Supramolecular | Excellent thixotropic | 20
hydrogels noncovalent recovery and self-healing
interactions cycles were rheologically
confirmed
6. This Work PDTPS-PAHT- | Dynamic ionic | -------
1.0  Hydrogel | interactions between
Film CONHNHs"--SOs~ and
SO5;™---CS* groups

within 12hrs

The 1onic conductivity of the PDTPS-PAHT-n films were measured from the EIS spectra

in 0.1 M NaCl solution. The values were obtained in the range of 13 to 16 S/m and seemed to

minorly slightly increase with the amount of PEDOT component in the system (Figure 3.9A ,

3.9A(1)). The values were similar to that of the ionic conductivity of PEDOT: PSS-based gels

reported from EIS data in recent literature.?’’
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Figure 3.9A (1): EIS plots for the PDTPS-PAHT-n in 0.1 M NaCl electrolyte.

The data further suggested that addition of PAHT to the system is not compromising the
conductivity of the system to a significant extent. Possibly, with addition of PAHT, the ionic
content of the film in the form of CONHNH;" and CF3SO;™ increased in the matrix, which aided
the ionic conductivity of the film. To support the above, the conductivity value of PDTPS-PAHT-
1.0 at different triflic acid concentration was recorded. Presumably, the value increased from 16 to
22 S/m on increasing the triflic acid content from 5 to 20 mol% with respect to PAHz repeating

unit supporting the above (Figure 3.9B, 3.9B(1).
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Figure 3.9B (1): EIS plots for the PDTPS-PAHT-1.0 with varying triflic acid (%) in 0.1 M NaCl

+ 6% Methanol electrolyte.

However, the films in presence of >20% triflic acid became less extensible. Therefore, the

sample with 15% triflic acid was utilised for the strain sensing purposes. On addition of 6%

methanol to the electrolyte, the conductivity value displayed minor improvement (Figure 3.9A,

3.9A (2)).
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Figure 3.9A (2): EIS plots for the PDTPS-PAHT-n in 0.1 M NaCl + 6% Methanol electrolyte.
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The presence of alcohols in solution is known to promote the conductivity value of PEDOT: PSS-
based systems in the literature.?® The effect of temperature on conductivity was then assessed by

measuring the ionic conductivity values between 25 to 65 °C (Figure 3.9C, 3.9C(1)).

100 4 o—fv\mro—[:::g:l—( — 25 °C
—45 °C
— 55 °C
75 4
S
50 -
254

0 20 40 60 80 100 120 140 160
Z'(Q)

Figure 3.9C(1): EIS plots for the PDTPS-PAHT-1.0 in 0.1 M NaCl electrolyte with varying
temperature.

Presumably, the value gradually increased from 16 to 29 S/m with increase in temperature till 65

°C possibly owing to a faster transport of ions at higher temperature.

94



—_ 0.1 M NaCl + 6% MeOH — 01M NaCl +6% MeOH
E 18 7 0.1 MNaCl E 2 ) ° £ 5o O1M Nact
- — - - -
@ A — @ s lc
> > B g
>
2 2 S
© © 5
3 6 3 S
° o S
c [ 5 c 10
) ) °
O ool | o o |
0.5 1.0 1.4 2.4 5 10 15 20 25 45 65
PAHT:PSS (M:M) Triflic acid (%) Temperature (°C)
30 121 i 20, 050
600% —= Loading - F
D ——Unloading
o © 8- o15
m 20 m m - 0.25
& e |E
px 400% < 41 E 10 0.00 + } . ] . |
10 200% < ’ 1050 1150 1250
100% 0.5 e
0
0
0 60 120 180 240 300 100 300 500 00 A A A
Ti Strain (%) 0 1000 3000 5000
ime (sec) ° Time (sec)
0.351
| | — Elbow
o
2
oZ 015
<
-0.05 . y ! y ! | . v ' ¥ 1
0 20 40 60 80 0 20 40 60 80 100 0 20 40 60 80 100
Time (sec) Time (sec) Time (sec)

Figure 3.9: (A ) The conductivity data of the PDTPS-PAHT-n films measured in 0.1 M NaCl and
0.1 M NaCl + 6% methanol solutions, (B) the effect of triflic acid on the conductivity of PDTPS-
PAHT-1.0 film, (C) the effect of varying temperature on the conductivity of PDTPS-PAHT-1.0
film, in presence of 0.1M NaCl, (D) the AR/R¢ data of PDTPS-PAHT-1.0 film measured for five
continuous cycles at a particular extension, (E) the AR/Ro values obtained at each extension for
forward and reverse extension cycle, (F) the AR/Rg values measured for 200 continuous extension
(70 %) and release cycles, (G) denotes the change in AR/Rg values associated with the film of
PDTPS-PAHT-1.0 for the bending of finger, AR/Ro values of five consecutive bending and

relaxation cycles of a PDTPS-PAHT-1.0 film attached to (H) wrist and (I) elbow.
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The strain-sensing ability of the PDTPS-PAHT-1.0 film was measured by recording the AR/Ro
value at different stretching conditions. The AR/R value gradually increased with the stretching
extent. At 600% elongation, the value reached ~26.2, suggesting the film may be a suitable
candidate for various strain-sensing applications (Figure 3.9D). Continuous five cycles at each
elongation step produced identical AR/Rqvalues supporting the reproducibility of the measurement
and viability of the system for strain sensing applications (Figure 3.9D). The AR/R¢ values for
extension and relaxation cycles were also measured to further understand the accuracy of the
measurement. The AR/Rq values observed during the relaxation cycle matched those of the
extension step, supporting the above (Figure 3.9E). Subsequently, 200 continuous stretching and
relaxation cycles of a PDTPS-PAHT-1.0 film were recorded to understand the performance for a
long period. The cycles produced similar AR/Ry values (0.41 at 70%) at each stretching cycle up
to the 200 cycles studied without experiencing notable deviation suggesting the reproducibility of
the data (Figure 3.9F). Overall, the study supported that these PDTPS-PAHT-n films offer a viable
platform to utilize these for strain sensing applications. A uniform film of PDTPS-PAHT-1.0 was
installed on various body parts and the bodily motions were monitored. The film installed on an
index finger displayed gradual increase in AR/Rg values from 0.14 to 0.32 for various bending
motion of the finger suggesting the film may be utilized to monitor partial and full bending motion
of the finger (Figure 3.9G). Similarly, the film attached to the elbow (AR/Ro =~ 0.22) and wrist
(AR/Ro=0.46) also effectively measured the bending motion of the part by displaying a specific
and repetitive AR/R¢ value supporting the viability of the system for possible skin electronics

applications (Figure 3.9H-1, Figure 3.9J).
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Figure 3.9J: AR/R, values associated with the film of PDTPS-PAHT-1.0 for the neck and
forehead movement.

Similarly, the sample with 0.40 mm (AR/Ro = 5.9 at 400%) and 0.15 mm thickness (AR/Ro = 2.4
at 400%) displayed lower AR/R values compared to that of the 0.75 mm thickness (11.6 at 400%)

film (Figure 3.9D, 3.9D(1)).
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Figure 3.9D(1): The AR/R¢ data of PDTPS-PAHT-1.0 films possessing different thickness.

The performance of the PDTPS-PAHT-1.0 as thin films was evaluated to understand the effect of
thickness on tensile and strain sensing properties. On decreasing thickness till 0.15 mm, the UTS
value gradually increased till 0.56 MPa and the € value decreased till 650% (Figure 3.10A). This
may possibly be attributed to the decrease in water content ability with decrease in thickness of

the films (Figure 3.10B).
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Figure 3.10: The (A) tensile traces and (B) water content of the PDTPS-PAHT-1.0 films

possessing different thickness recorded under ambient conditions.
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Possibly, the low water content of the thin films compromised the ion transport necessary for

effective strain sensing behavior.
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Figure 3.11: (A) The schematics showing the experimental set up utilized to monitor under-water
strain sensing data, (B) the PDTPS-PAHT-1.0 film swellability under water, (C) the five repetitive
cycles recorded at each elongation extent till 400%, (D) the AR/Ro values obtained at each
extension for forward and reverse extension cycle, in under-water conditions, (E) the AR/RO value

associated with the varying temperature (F) the AR/R¢ value associated with changing pressure
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(G) finger, (H) wrist and (I) elbow motion under water, the change in AR/R value with temperature

and pressure for under-water conditions.

Monitoring of devices installed beneath water body, divers and personals working in under-water
conditions offers an important area for which strain sensors for monitoring of temperature,
pressure, vibration and stretching is desirable.?®2!® To understand the mechanical integrity of
PDTPS-PAHT-1.0 under water, a typical film was immersed in water for 15 min under ambient
temperature conditions and the tensile data was recorded. The UTS value (0.16 MPa) of the
resulting soaked sample was comparable to that of the original film. However, the € value

decreased from 1120 to 600%, which may be attributed to the increase in water content of the film

(68%) (Figure 3.12).

Figure 3.12: The demonstration of stretchability of PDTPS-PAHT-1.0 film recorded at 10 °C.

Subsequently, the effectiveness of the system for such application in under-water conditions were
assessed. A typical PDTPS-PAHT-1.0 connected to multimeter via insulated wires was dipped in
water and the AR/Ry value with stretching was monitored (Figure 3.11A). The PDTPS-PAHT-1.0
film swelled till 80% at equilibrium in water (Figure 3.11B). The swelled film was then stretched

till 400% inside water and the AR/Ro value was measured. The value gradually increased with
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stretching and reached 0.8 at 400% elongation suggesting the system may be useful for under-
water strain monitoring applications (Figure 3.11C). Five consecutive cycles at different
stretching extent also produced similar AR/Rgvalues suggesting the viability of the system (Figure

3.11C).

The AR/Rg values for an extension and release cycle was monitored under water (Figure 3.11D).
The values obtained during the extension phase was comparable to that of the values measured
during release cycle for a particular € suggesting the values are reliable and the system may be
suitable for under water strain sensing operation. Subsequently, the change in AR/R¢ with
temperature and pressure was monitored anticipating the conditions of various water bodies at
higher depth. The AR/R¢ value gradually increased till 6.3 with decrease in temperature from 35
to 10 °C suggesting the PDTPS-PHT-1.0 may be utilized to measure the change in temperature
under water (Figure 3.11E). Similarly, the AR/R¢ value decreased till -0.99 in air under 1000 g
load and -0.62 inside water under 500 g load supporting the pressure sensing ability of the system
(Figure 3.11F). Subsequently, motion of finger (AR/Ro = 0.56), wrist (AR/Ro~= 0.51) and elbow
(AR/Ro~= 0.36) under water was monitored using PDTPS-PAHT-1.0 film, which produced specific
AR/Ry outputs for each different bodily deformation (Figure 3.11G-I). The study suggested that
the PDTPS-PAHT-n films may be a suitable candidate for monitoring of various under water

phenomena.

3.5. Conclusion

PAHT can be used as an interactive additive in PEDOT:PSS based system to produce uniform
conductive ink for printing solid electrolytes suitable for flexible electronics applications. The

resulting printed materials exhibit effective stretchability and flexibility along with self-healing
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behavior owing to the presence of dynamic CONHNH;3"---SOs™ ionic linkages. The films exhibit
adequate conductivity up to 18 S/m. The PDTPS-PAHT-n films possessing limited swellability in
water may be utilized for under-water strain sensing applications. The study suggests that the film
exhibit effective gauge factor value of 4.4 under environmental conditions and is able to detect
specific motions of various body parts by displaying a specific AR/Ro value. The PDTPS-PAHT-
1.0 film also exhibits adequate gauge factor value of 0.20 under-water and promises to be a
potential candidate for sensing various under-water phenomena such as strain, temperature and
pressure. The application of the samples may also be extended to other flexible electronics in

future.
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4.1 Summary

Facile and scalable procedures to enhance the toughness of hydrogels and tailor their material
behaviors simultaneously are notably limited in the literature. Especially, one-pot gelation of
dual/multi monomer systems suffers from the issue of macrophase separation, which compromises
the mechanical behavior of the resulting hydrogels. In this article, a facile media polarity control
(MPC) strategy is reported to enhance the stretchability and adhesive strength of dual monomer
single network hydrogel by promoting phase mixing in a one-pot procedure. As a proof of concept,
acrylamidomethyl-propanesulfonic acid (AMPS) and acrylamide (AAm) based dual monomer
single network hydrogel is synthesised and evaluated. The resulting hydrogel (PAMPSAAm-
IP0.1) exhibit superior extensibility (e, 1050%), tensile strength (UTS, 110 kPa) and adhesive
strength (0.25 MPa) compared to that of the control synthesised in H>O (& =230%, UTS = 70 kPa
and adhesive strength = 0.03 MPa), supporting the viability of the strategy. Importantly, these
compositions having isopropyl alcohol (IPA) in the matrix retain their functional behaviour at low
temperature conditions, suggesting their viability under said conditions. Subsequently, a number
of hydrogel compositions are derived using various solvent mixtures, and a machine learning
approach is utilised to predict the tensile behaviour of the hydrogels based on the compositional

ratios and crosslinking conditions.

4.2 Introduction

Hydrogels possessing adequate strength, stretchability and toughness promise to address key

3 215,216

issues in healthcare,?!'*'? flexible electronics,”!® energy storage,”'* adhesive, coating,?!”

photonic?!® and commodity domains.?!??° Several successful strategies ranging from double

t,222 t,223

networking,??! network alignmen salting ou incorporation of energy dissipating physical
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224 5

& ionic crosslinks,?** incorporation of stress reinforcing domain??* and introduction of slide
rings*?® have well attempted in the literature to enhance the toughness of the hydrogels in literature.
Double network hydrogels possessing two independent networks of different crosslink densities
entangled with each other offer a unique means to enhance the compressive strength of the
hydrogels, where the fluidity of the loosely crosslinked second network dissipates energy and
improves strength.??” Similarly, directional freezing followed by the salting out strategy offered an
effective means to improve the tensile strength and toughness of the polyvinyl alcohol based
hydrogel system via formation and arrangement of anisotropic microstructures.??® Use of slide-
ring-based movable crosslinks composed of hydroxypropyl-a-cyclodextrin, enabled reversible
crystallization and melting of PEG chains, leading to ultra-high toughness and fast recovery from
stress.??’

In most of the design criteria reported in literature, the orientation of the chains, number of
crosslinks and presence of energy dissipating reversible linkages offer key advantages to enhance
the toughness and strength of the resulting hydrogel systems. Typically, in single network
hydrogels, the number of covalent crosslinks aided the strength and compromised the elongation
and toughness of the system, whereas the entanglement and segregation of the chains possibly
acted as physical crosslinks and supported the elongation and toughness of the hydrogels via
dissipation of energy under stress.?*° In double network hydrogel systems several approaches are
effectively reported to enhance the entanglement of the system and thereby improving the
mechanical behavior of the hydrogel systems. For example, additional entanglement inducing
polymeric agent such as hydroxypropyl cellulose was utilized to improve the tensile behavior of

poly(N-iso-propylacrylamide) hydrogels.?*! Similarly, the chemical crosslinks of second network

was strongly suppressed to synthesize a double network hydrogel system with strengthened
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physical entanglement, which exhibited improved tensile strength and elongation.”**> Two
networks with independent crosslink functionalities were entangled with each other to aid the
physical entanglement, which exhibited improved mechanical properties and bi-axial folding
behaviour.?**> Though several strategies to improve the entanglement are successful in multi-
network systems, the approaches to realise the same in single network systems are desirable since
single network hydrogels possibly ensure segment uniformity, functionality of the particular
segment, repeated swelling and deswelling life cycle and ease of synthesis.?** However, the
number of approaches to enhance the tensile strength in single network hydrogel systems are fairly
limited in the literature to the best of our knowledge. For example, a recent effective strategy
showed that the presence of ionic liquid in the gel matrix promotes the formation of a homogeneous
network with abundant non-covalent crosslinks between the polymer chains and notably improves
the fracture strength, toughness and modulus of the system.?*>

Among several factors, the entanglement of polymeric chains in a gel system is subject to
polarity of the medium. One-pot gelation of dual/multi monomer systems in water is likely to
suffer from phase segregation during the gelation process, which possibly compromises the tensile
behavior of resulting gel systems.?**?3” To overcome this, we have utilized a simple media polarity
control (MPC) strategy to promote the phase mixing and chain entanglement in single network
dual monomer hydrogel system by controlling the polarity of the medium through use of mixed
solvents. Presence of mixed solvents (water and organic solvent) in hydrogel matrix is known to
promote phase segregation leading to useful material behavior.>*® For example, equilibrating an
as-synthesized polyacrylamide (PAAm) based hydrogel in water/ethanol mixture induced
anisotropy and phase separation leading to modulation of tensile & adhesive behavior,?3*24

Similarly, replacing the DMSO-H>0 media with H>O in a physically crosslinked hydrogel system
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induced formation of hydrophobic domains that modulated the tensile behavior.?*! However, the
number of reports are fairly limited and mostly utilizes post-gelation solvent exchange.
Furthermore, developing a mechanistic understanding of the segment behavior in covalently
crosslinked dual-monomer single network systems synthesized in polarity controlled media may
not be available in literature to the best of our knowledge. This chapter aims to develop an in-depth
understanding of the segmental arrangement by carrying out gelation of multiple monomers in
mixed solvent media and assessing its effect on the resulting mechanical behavior. The resulting
tensile properties and adhesive behavior is compared to that of the control to validate the efficacy
of the strategy. Furthermore, to formulate hydrogel compositions with predictive tensile properties
a machine learning approach is explored. In recent years, different machine learning approaches
are introduced to study such complex dataset for protein hydrogels®*?, bio-analytics**, bio-3D

printing®**, organic synthesis designs?#°-246

, prediction of hydrogel topology and polymer
designs.247-248:249230 For example, a machine learning (ML) model was developed recently to
predict the hydrogel forming capacity of nucleosides.?®!' Similarly, a real-time material recognition
system was developed to predict the potential of conductive hydrogels for wearable and
bioelectronics applications.?>> However, ML models to correlate between precursor compositions
and media polarity to that of the material behavior of conventional dual-monomer single network
hydrogel systems may not be available in literature. Therefore, inspired by recent rises of artificial
intelligence (Al) and ML, the authors intended to develop a predictive machine learning model,
which result in formulations to synthesize hydrogels with adequate accuracy. A key parameter in
the design of tough hydrogels is the relative ratio of chemical and physical crosslinks present in

the system. Therefore, polarity of gelation media and compositional ratio of precursors are utilized

as one of the key parameter for development of the model.
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4.3 Synthesis Procedure of PAMSAAmM-1P0.n Hydrogel:

The complete synthesis was included in Chapter 2, Section 2.1.3

4.4 Results & Discussion

To evaluate the MPC strategy, H>O and H>O-isopropyl alcohol (IPA) mixture were chosen as the
gelation media in the first phase. 2-Acrylamido-2-methylpropane sulfonic acid (AMPS) and
acrylamide (AAm) was utilized as the dual monomer system and poly(ethyleneglycol) diacrylate
(PEGDA) was used as the covalent crosslinker for the one-pot hydrogel synthesis. The rationale
for the monomer selection was based on their complementary physicochemical behavior and
ability towards a mechanically stable and adhesive hydrogel system. AMPS being highly
hydrophilic and ionic monomer, contains sulfonic acid (—SOsH) that has a strong affinity for water,
providing surface adhesiveness and ionic interaction to the hydrogel matrix. While the acrylamide
unit contributes towards the hydrogen bonding via —CONH: groups, enhanced the mechanical
toughness, flexibility and dissipating energy to the hydrogel. This combination of monomers forms
a hydrogel that is highly stretchable and has strong adhesion. IPA, on the other hand regulate the
solvent polarity and supports a uniform distribution of monomers inside the matrix. Compared
with only water, the water-IPA mixture improves the phase mixing and generates interactive
microdomains, which leads to better tensile strength, stretchability and adhesive property. Because
of its optimised polarity and amphiphilic behavior, IPA was a superior choice over other alcohols.
IPA can balance the mixing of both the hydrophilic and somewhat hydrophobic polymer segments.
Other alcohols otherwise show either excessive polarity or poor miscibility of the monomers,
which result in weak mechanical properties. ~ Other conditions such as photo initiator amount

and gelation time were kept constant for both the systems and the tensile behavior of both the

109



systems were assessed. The Fourier transform infrared (FTIR) spectra of both the hydrogels
displayed characteristic peaks for -CONH and -SO3H suggesting the presence of both PAMPS and

PAAm segments in the hydrogels (Figure 1).
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Figure 4.1: FTIR Spectra of PAMSAAmM and PAMSAAmM-IP0.1 samples
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Scheme 4.1: A) Schematics of one-pot synthesis of the PAMSAAm-IP0.1 and PAMSAAm from
the pre-gel solution containing monomers, crosslinker, photo initiator and solvent. Models
demonstrating the unique morphology of PAMSAAm-IP0.1 and control along with enhanced
physicochemical properties, such as adhesiveness and stretchability, B) Schematic illustration of
machine learning tool to predict pre-gel formulation for a desired hydrogel with specific
mechanical properties. The pre-gel formulations and hydrogel properties data are utilized in a
machine learning model: random forest model (MTRFR) as test and training data to develop a

predictive model for hydrogel formulations.
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The hydrogel (PAMSAAm-IP0.1) synthesized in H2O:IPA (90:10, v:v) displayed superior ultimate
elongation (g, 1050%) compared to that of the synthesized in pure H;O (PAMSAAm, ¢ = 230%).
The ultimate tensile stress (UTS) value (110 kPa) of the PAMSAAmM-IP0.1 was notably higher
compared to that of the PAMSAAm (70 kPa) (Figure 4.2A). The samples synthesized in higher
amount of TPA (H,O:IPA = 80:20, 70:30 & 60:40, v:v) also displayed superior € value (650 — 940%)

compared to that of the control (Figure 4.2B & Figure 4.2B”).
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Figure 4.2B: Tensile traces of as-synthesized PAMSAAm-IP-n samples while varying IPA

amounts in the pre-gel formulation.

The composition optimization exercise revealed that 10 vol% of IPA in H>O and 2 mol% of
PEGDA with respect to the monomers resulted in hydrogels with superior tensile behavior (Figure
4.2C). The solvent combination was then altered by using THF, DMF, ethanol and butanol in place
of IPA in aqueous media. However, the hydrogels produced using the above solvent combinations
failed to mimic the tensile behavior of PAMSAAmM-IP0.1 (Figure 4.2D). Hydrogels are known to
exhibit varying phase behaviors based on the characteristics of the solvent, such as dielectric

properties and wettability. This variation is attributed to the differences in hydrophilicity among
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the monomers and their distribution within the copolymer network, which ultimately influences
the properties of the hydrogel.?*?°?% The optimized PAMSAAm-IP0.1 hydrogel showed
adequate mechanical performance when subjected to different mechanical deformations. The
resulting hydrogel demonstrated high mechanical durability when twisted and stretched (Figure
4.2 E1- E2) or knotting followed by stretching (Figure 4.2 F1- F2) and showed low hysteresis and
recoverability during five consecutive cyclic loading-unloading cycles when stretched up to 800%

to its initial length (Figure 4.2 G).
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Figure 4.2 G: Hysteresis plot of PAMSAAm-IP0.1 recorded under fixed strain (800%) mode for

five consecutive loading- unloading cycles.

The PAMSAAm-IPO.1 film also effectively withstood extensive and compressive forces (Figure

4.2 H).
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Figure 4.2 H: Demonstration of mechanical performance of a PAMSAAm-IP0.1 hydrogel film.
Digital image of A) Tensile test of PAMSAAm-IPO.1 hydrogel on UTM machine stretched up to
1000%. B) The sample withstands mechanical deformation when a 100 g weight was hung on it.

C) A cylindrical PAMSAAm-IP0.1 hydrogel resisting compressive failure when pressed by thumb.

To further assess the versatility of the approach, hydrogel compositions (PAMSAA-IPn &
PAAAAmM-IPn) based on other monomer combinations such as AMPS-acrylic acid (AA) and AA-
AAm were synthesized in H,O-IPA mixtures. The tensile data revealed that the extensibility of
samples synthesized in H>O-IPA mixture is readily controlled by the amount of IPA in water and
an optimized amount of IPA in water is necessary to synthesize hydrogels with superior tensile

behavior (Figure 4.2 I).
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Figure 4.2: A) Tensile traces of PAMSAAm-IP0.1 (IPA:H,O = 10:90, v:v), and PAMSAAmM

(IPA:H>O = 00:100, v:v). B) Comparison of mechanical properties of PAMSAAm-IPn hydrogels
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with varying IPA amount in the pre-gel solution. C) Effect of PEGDA amount on the mechanical
properties of a PAMSAAmM-IP0.1 hydrogel. D) Plot depicting variation in stretchability of the
resulting hydrogels when different solvents are used in the pre-gel formulations in 10 vol% along
with the water. Demonstration of mechanical properties of the optimized PAMSAAm-IPO.1
hydrogel. E1-E2) Digital images of a hydrogel being twisted and stretched and F1-F2) knotting
followed by stretching. Silicone oil coating is used to avoid stickiness while samples are being
deformed. The scale bar is 1 cm for digital images.

To understand the origin of superior tensile behavior of PAMSAAm-IP0.1 compared to
that of the control, the structural distribution of the segments was investigated using various
spectroscopic techniques. The S 2p and N 1s X-ray photoelectron spectroscopic (XPS) surface
elemental mapping of the freeze-dried hydrogel samples revealed that the hydrogel synthesized in
H>O (PAMSAAm) displayed higher amount of S compared to that of the PAMSAAmM-IPO.1
(Figure 4.3A1-A2). The amount of O was also somewhat higher in PAMSAAm compared to that

of the PAMSAAmM-IPO.1 suggesting the prevalence of PAMS segment on the surface of former

(Figure 4.3J).
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Figure 4.3J: XPS elemental mapping for the freeze-dried hydrogel samples A) PAMSAAm and

B) PAMSAAmM-IPO.1 depicting Ols Snap Map.

The notably higher amount of N on surface of PAMSAAm-IPO0.1 suggested that in mixed solvent

system, the resulting hydrogel possessed both PAMS and PAAm segments on the surface (Figure

4.3B1-B2 and 4.3K).
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Figure 4.3K: XPS survey spectra of PAMSAAmM and PAMSAAmM-IP0.1 samples.
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Figure 4.3: XPS mapping of hydrogel surface- (A1) S 2p mapping of PAMSAAm, (A2) S 2p
mapping of PAMSAAm-IPO.1, B1) N 1s mapping of PAMSAAm, B2) N 1s mapping of
PAMSAAm-IPO0.1, S 2p XPS depth profile data of C1) PAMSAAmM & C2) PAMSAAm-IPO.1, C
Is XPS depth profile data of D1) PAMSAAmM & D2) PAMSAAm-IPO.1, E) Schematics depicting
in situ SAXS while the hydrogel is being stretched uniaxially, F) In situ SAXS scattering profile
data of original and uniaxially stretched (200%) PAMSAAm film, G1-G2) corresponding 2D
scattering maps of original and stretched PAMSAAm, H) scattering profiles of original and
stretched (200%) PAMSAAmM-IP0.1 film and I11-12) corresponding 2D scattering maps when
PAMSAAmM-IPO.1 sample stretched up to 0 and 200%, respectively.

The XPS depth profiling data revealed that PAMSAAm possessed notable amount of free SOsH

groups (168 eV) along with hydrogen bonded SO3H groups (164 eV) (Figure 4.3C). With depth,
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the amount of free SO3H groups decreased and the hydrogen bonded SOsH groups increased
suggesting that the concentration of PAAm segment possibly increased with depth. Interestingly,
the proportion between free and hydrogen bonded SO3;H moieties remained similar from surface
till 320 nm depth in PAMSAAmM-IP0.1 suggesting the PAAm segment is uniformly distributed
from surface to bulk, whereas in PAMSAAmMm, the surface concentration of PAAm segments is
notably limited.?*® Possibly, the presence of mixed solvent in PAMSAAm-IP0.1 promoted the
solvation of both the segments facilitating their distribution throughout the sample matrix, whereas
in only H>O, the more hydrophilic PAMPS segment preferentially occupied the surface to
minimize the surface energy enabling the PAAm to remain towards the core. The C 1s depth
profiling revealed a notably higher amount of C on the surface of PAMSAAm compared to that of
the PAMSAAm-IPO.1 further supporting the higher concentration of PAMS segment on surface of
the former (Figure 4.3D). Importantly, the amount of C gradually increased with depth for
PAMSAAmM-IP0.1, whereas the C amount was similar throughout the studied depth till 320 nm for
PAMSAAm suggesting the gradual increase in PAMS segment from surface towards the bulk in
case of the former. The observation supported the surface mapping data. The overall XPS analysis
revealed that in PAMSAAm, the PAMS segment mostly covered the surface, whereas in
PAMSAAmM-IP0.1 both PAMS and PAAm segments contributed to both surface and bulk
compositions. To further investigate the segmentations, insifu small angle X-ray scattering (SAXS)
experiment was performed while the samples are subjected to uniaxial strain (Figure 4.3E). The
SAXS data of the PAMSAAm revealed a spacing of ~165 nm between the segregates, which
decreased to 130 nm on stretching the film by 200% (Figure 4.3F). Interestingly, the domain
spacing remained unchanged after stretching the sample for 200% in PAMSAAm-IPO0.1. This

suggested that possibly, the domains in PAMSAAm are isolated, whereas the domains in
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PAMSAAmM-IPO.1 are interactive in nature (Figure 4.3H). The 2D scattering map of as-prepared
PAMSAAmMm broadened with stretching suggesting possible alternation in size & weak nature of
the segregates, whereas the scattering map for PAMSAAm-IPO0.1 remained largely unchanged till
stretching the film up to 200% (Figures 4.3G and I).>’ This observation also favored phase

mixing in the hydrogel promoted by the polarity control of the media.
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Figure 4.4: A1-B1) Confocal Raman mapping of the surfaces of PAMSAAm at 1042 and 1224
cm! respectively and A2-B2) Confocal Raman mapping of the surfaces of PAMSAAm-IPO.1 at
1042 and 1224 cm™ respectively. C1-C2) FESEM images of as synthesized followed by freeze
dried PAMSAAm and PAMSAAm-IPO.1 films respectively, D1-D2) EDS elemental line scan data
of C1 and C2, the overlaid plots showing intensity of elements along the line scan, E1-E2) AFM
height profile images of freeze dried PAMSAAm and PAMSAAm-IP0.1 showing distinctive
segregated microdomains for the latter and FESEM images of fully swelled in aqueous media
followed by freeze dried (F1) PAMSAAm and (F2) PAMSAAm-IPO.1.

The Raman confocal mapping of the films corresponding to SOsH peak at 1042 cm™ and
CONHj; peak at 1224 cm™! were recorded to understand the distribution of above functionalities on
surface. In PAMSAAm, moderate to high amount of SO3;H moieties were observed, whereas the

amount of CONH; was negligible (Figure 4.4A1, B1 and 4.4G).

A 300, B 400-

_ — PAMSAAmM _ PAMSAAM-IP0.1
3 200 s 300

> Py

? 100/ % 0

E LM‘ E 100

04 . - - - 0 . . . .
1800 1600 1400 1200 1000 1800 1600 1400 1200 1000
Wavenumber(cm-') Wavenumber (cm-1)

Figure 4.4G: Raman Spectra of A) PAMSAAm and B) PAMSAAm-IPO0.1 hydrogels

Interestingly, on PAMSA Am-IPO0.1 surface both SOsH and CONH> moieties were observed in low
to moderate amount (Figure 4.4A2, B2). The observation favored the presence of both the
segments on the surface further supporting the XPS and SAXS data. The scanning electron
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microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) data of as-synthesized
followed by freeze-dried PAMSAAm and PAMSAAm-IPO.1 films were recorded to assess the
surface morphology (Figure 4.4C1-D1). The data for PAMSAAm revealed ultra-high amount of
S and negligible amount of N uniformly distributed throughout the surface suggesting the
prevalence of -SO3H moieties on surface supporting the XPS data. Interestingly, the SEM-EDS
data of PAMSAAmM-IPO.1 revealed an un-even surface morphology with high amount of
hydrocarbon content on surface along with SOsH and CONH: functionalities suggesting the
presence of both PAMS and PAAM segments and alkyl chains on surface (Figure 3C2-D2).
Possibly, the presence of multiple segments promoted the formation of mixed microphase domains
on surface. The AFM image of PAMSAAm-IP0.1 revealed presence of micro domain (~1-2 pm),
whereas the size of segregate in PAMSAAmM film was relatively broad (~6 um) (Figure 4.4E1-
E2). Finally, as-synthesized films of PAMSAAmM-IP0.1 and PAMSAAm were fully swelled in
aqueous media and freeze-dried to observe the internal structure after equilibrating the samples
with water (Figure 4.4F1-F2). The PAMSAAm films were porous in nature with isolated pores
and thin walls. The PAMSAAm-IP0.1 were relatively less porous with thick walls suggesting the
crosslinking media notably contributes to the morphology of the hydrogels and in presence of
mixed solvent the phase mixing possibly compromises the porosity.>*8

The PAMSAAmM-IP0.1 possessing different polar and hydrophobic functionalities on the
surface and an uneven microphase separated morphology was anticipated to interact with various
surfaces and display effective adhesive characteristics.?%2%" To assess the above, the adhesiveness
of the PAMSAAmM-IP0.1 and PAMSAAm films were examined. The film swiftly glued to various
surfaces such as glass, skin, wood, biopolymers, plastic, iron and rubber supporting the adhesive

nature (Figure 4.5A). The PAMSAAm-IPO0.1 displayed adhesive strength of 0.25 MPa on glass
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surface, which is much superior to that of the PAMSAAm (0.03 MPa) (Figure 4.5B). The sample
synthesized using 10 vol% IPA in H>O displayed maximum adhesive strength and the value
gradually decreased with further increase in IPA content in the solvent (Figure 4.5C). This
suggested that an optimized ratio between IPA and H>O is desirable to maximize the adhesive
behavior. The cohesion of PAMSAAm-IPO0.1 and its adhesive ability with other hydrogels revealed
that the cohesive ability (0.08 MPa) of the sample is weaker compared to its adhesive behavior
(0.10 to 0.25 MPa) (Figure 4.5D). The adhesive strength of PAMSAAm with other hydrogel

compositions were limited to 0.12 MPa (Figure 4.5H).
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Figure 4.5H: Adhesive performance of different PAMSAAm-IP-n samples when adhered to
PAMSAAmM hydrogel in lap shear mode. PAMSAAm hydrogel was adhered to glass slide and

different PAMSA Am-IP-n samples were varied on the other glass substrate and sandwiched.

A comparative Ashby plot was constructed to understand the adhesive strength of the current

hydrogel system with that of the several recently reported systems (Figure 4.5E and Table
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4.1),%61:262,263.264.265,266,267.268,269.270.271.272 The data revealed that PAMSAAm-IP0.1 demonstrates

superior adhesive strength and stretchability simultaneously.

Table 4.1: Comparison table of adhesive strength (towards glass substrate) and elongation at break

in a tensile test of PAMSAAmM-IPO0.1 hydrogel with reported hydrogel systems in literature.

S.No. Material Adhesive strength Strain Reference
(MPa) (%)

1. P16V4-THMA/CS 0.02 292.4 Ref S1
2. MR/PAAc-PAM-PDA 0.5g 0.015 660 Ref S2
3. PGA-GeIMA 0.005 160 Ref S3
4. PAA/QCS 0.05 600 Ref S4
5. GNT-M 0.02 200 Ref S5
6. AIMA-e-AIBA 0.01 250 Ref S6
7. 30wt% GG 0.06 700 Ref S7
8. OHAdop/GC+GC/borax/PDA 0.03 650 Ref S8
9. PSA-DA/DES gel 0.093 1400 Ref S9
10.  BSA/Alg-Dopa-PAA 0.24 910 Ref S10
11. AA/HEAA/Chitosan/MMA 0.011 1350 Ref S11
12. CMC/CS/PAA 0.013 900 Ref S12
13. PAMSAAmM-IP0.1 0.25 1050 This Work
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Figure 4.5: Demonstrations of adhesive properties of the PAMSAAm-IPO.1. Digital
images of as-synthesized PAMSAAm-IPO.1 film adhered to different surfaces- A1) glass stopper,
A2) human skin, A3) wood, A4) paper cup, AS5) HDPE cap, A6) Stainless steel weight and A7)
rubber stopper. B) Performance of PAMSAAm and PAMSAAm-IPO.1 under lap-shear adhesive

test on glass surface. C) Self-adhesive performance of PAMSAAm film and other compositions
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under lap-shear test, when both glass substrates having similar hydrogel samples attached to it. D)
Performance of PAMSAAm-IP0.1 under lap-shear adhesive test on PAMSAAm and PAMSA Am-
IP-n hydrogel surfaces, when PAMSAAm-IPO.1 is attached to one glass substrate and the other
one is varied. E) Ashby plot of adhesive strength and elongation at break during tensile testing (in
%) of PAMSAAM-IPO.1 with other reported hydrogel systems. F) Schematic illustration of the
adhesion mechanism. G) Microscopic image of the interface between PAMSAAM-IP0.1 hydrogel
and a glass substrate while the hydrogel is being peeled off. The scale bar for digital images is 1
cm.

The adhesion mechanism is anticipated to involve physical interlocking and various
noncovalent interactions at the adhering interface between hydrogel and substrate surfaces. The
AFM and FESEM data revealed an uneven surface for PAMSAAm-IP0.1 with phase segregated
microdomains consisting of different polymeric segments distributed throughout the surface
(Figure 4.3). These surface roughness and micro-features are known to increase effective surface
area and enhance the adhesion ability with other surfaces through physical interlocking
mechanisms.?”*?’#Additionally, an abundance of ionic groups (from PAMPS segments) and polar
functional groups (from both the PAMPS and PAAm segments) on the hydrogel surface further
strengthen interaction with the adhering surface through various noncovalent interactions e.g.-
ionic/hydrogen bonding, and Van der Waals interactions to induce adhesion (Figure 4.5F).27>27
To further enhance the understanding of the adhesion mechanism, a microscopic image of the
interface between the hydrogel and the adhering substrate was captured during the peeling process
of the hydrogel from a glass substrate (Figure 4.5G). The appearance of stretched residual legs
and associated micro-domain residues on the glass surface serves as evidence for the adhesion

mechanism associated with microphase.
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Subsequently, the low temperature viability of the hydrogel was evaluated in the
temperature range of 0 to -15 °C (Figure 4.6). The samples retained adequate stretchability and
flexibility in the studied temperature range. However, the extent of stretchability gradually
decreased with a decrease in temperature (Figure 4.6A). A PAMSAAm-IPO0.1 film folded, twisted
and stretched without undergoing any visible damage supporting its ability to withstand different
deformations necessary for further applications (Figure 4.6B-D). The film also adhered to various
surfaces such as plastic, glass and polymers under low temperature conditions (Figure 4.6E-G).
A PAMSAAmM-IPO.1 thin film was installed to a knee joint anatomy model and the knee was folded
and relaxed repeatedly at -15 °C to observe the applicability of the sample for similar applications
(Figure 4.6H). The operation was swiftly conducted without affecting the sample integrity.
Overall, the above demonstrations supported that these hydrogel compositions may be effectively
utilized under low temperature conditions. Further to understand the solvent retention ability of
the hydrogel, a typical PAMSAAm-IP0.1 film with water content of ~50% was exposed to
environment (temperature: 25 °C, humidity: 40%) for several hours and the water content was
monitored. The data revealed that over a period of 12 h, the loss in solvent content was limited to

12% only suggesting adequate water retaining ability (Figure 4.61).
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Figure 4.61: Water content of PAMSAAm-IP0.1 hydrogel after 12 hr of air exposure,

measured three times with different samples of the same composition.

Possibly, the evaporating tendency of IPA was subdued owing to the presence of water, as

the boiling point of water-IPA mixture is known to be higher compared to that of the pure IPA.
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Figure 4.6: Performance of PAMSAAm-IP0.1 hydrogel under sub-zero temperatures, A)
digital images of PAMSAAm-IPO.1 film demonstrating stretchability at different subzero
temperatures, digital images of a PAMSAAm-IP0.1 film subjected to different mechanical
deformations such as B) folding, C) twisting and D) knotting at sub-zero temperature, adhesive
performance of PAMSAAm-IP0.1 sample at sub-zero temperature when adhered to E) plastic cap,
F) glass stopper and G) paper, (H1-H3) digital images of a PAMSAAm-IPO0.1 film attached to a
knee joint model kept at -15 °C and subjected to repeated bending and relaxing cycles, the
temperatures are visible in the sensor screens behind the scenes.

Subsequently, machine learning approach was utilized to predict the hydrogel formulation
with a desired tensile behavior. A total of 75 formulations and consequent mechanical properties
were utilized for multi-target random forest regression (MTRFR) training and testing datasets

(Figure 4.7A-B, Scheme 4.1B, Table 4.2 and Figure 4.71).

Table 4.2: Table summarizing mechanical properties of different hydrogel formulations

Pre-gel formulation Mechanical properties
SL Solvent Solvent AMPS AAm PEGDA UTS Elong. at
No  (mixed solvent in v/v (mL) (g (g (uL) (kPa) break (%)
ratio)
1 HO 1.5 0.45 0.45 2 75 250
2 H,O: IPA 90:10 1.5 0.45 0.45 2 110 1050
3 H,O:1PA 90:10 1.5 0.45 0.45 4 30 440
4 H,O:1PA 90:10 1.5 0.45 0.45 8 50 265
5 H,O:1PA 90:10 1.5 0.45 0.45 1 15 380
6 H,O:1PA 80:20 1.5 0.45 0.45 4 35 450
7 H>O:THF 90:10 1.5 0.45 0.45 2 40 230
8 H>O:MeOH 90:10 1.5 0.45 0.45 2 70 185
9 H>O:DMF 90:10 1.5 0.45 0.45 2 60 280
10 H>O:EtOH 90:10 1.5 0.45 0.45 2 65 195
11 H>O:BuOH 90:10 1.5 0.45 0.45 2 50 180
12 H,O:IPA 95:5 1.5 0.45 0.45 2 55 430
13 H,O:1PA 80:20 1.5 0.45 0.45 2 40 880
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The strategy of machine learning training was to take a possible range of data points and split

them into two parts: 1.e. training set and test set. The training set was used to construct the model,

where the MTRFR analyzes the data to establish a mathematical representation. A larger training

set generally leads to a stronger and more reliable model, especially in regression tasks, where

capturing the full range of data distribution is crucial to minimizing extrapolation errors and

improving prediction accuracy.?”’
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Figure 4.71: Young’s modulus of hydrogel samples utilized in the testing and training dataset.
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Figure 4.7: Machine learning (ML) tool to predict pre—gel composition for a hydrogel
with desired physio-chemical properties. A-B) Plots illustrating UTS and elongation of the all
hydrogel samples utilized as test and training data. The plots depicting ML model accuracy for
different parameters C) Solvent amount, D) Crosslinker PEGDA concentration and E) Solvent
polarity index. RMSE, MAE, r values and distribution of test and training data along the 1:1 line
visualizes the accuracy of the ML model. F) Schematic illustration of a protocol to prepare a
hydrogel with desired mechanical properties utilizing the prediction from the trained MTRFR
model. G) Comparison of UTS and elongation values of the model input and the experimental data

recorded on the resulting hydrogel.
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Accuracies for predicting amount of PEGDA crosslinker (PEGDA), total solvent amount
(Solvent_amount), and polarity of the solvent mixture (Polarity Index) in both the training and
testing datasets are illustrated in Figure 4.7C-E on a 1:1 plot. For the solvent amount in the pre-
gel solution, the correlation was r = 0.84 (Train) and 0.99 (Test). Error estimates exhibited an
RMSE of 0.31 mL (Train) and 0.24 mL (Test), along with an MAE of 0.13 mL (Train) and 0.19 mL
(Test) (Figure 4.7C). However, it is important to note that at lower solvent amount (~1.5 mL)
ranges, there were overestimations observed in the training results. At higher solvent amounts,
underestimation of MTRFR is evident. Similarly, for the PEGDA crosslinker concentration in the
pre-gel solution, the correlation was r=0.71 (Train) and 0.73 (Test) (Figure 4.7D). Error estimates
exhibited an RMSE of 4.01 YL (Train) and 2.71 PL (Test), along with an MAE of 1.50 YL (Train)
and 1.46 PL (Test). The model also estimates one of the key parameters of the pre-gel formulation
1.e. solvent polarity index. Solvent polarity index was theoretically calculated for different solvent
mixtures including H>O:IPA, H,O:THF, HO:DMSO, H,O:Ethanol etc. in various proportions. For
this parameter, the correlation was r = 0.84 (Train) and 0.50 (Test) (Figure 4.7E). Whereas the
RMSE 0f 0.39 (Train) and 0.56 (Test), along with an MAE of 0.31 (Train) and 0.45 (Test), estimate
the error in model prediction. Although the distribution of the train and test data along the 1:1 line
depicts a sound estimation by the used MTRFR model.

Finally, to verify the model accuracy and practical applicability, the authors intended to synthesise

a hydrogel sample as per the model prediction and then compare the results (Table 4.3).
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Table 4.3: Summary of the validation samples

Validation | Model input: desired Model Training MTREFR predicted hydrogel
hydrogel properties formulation used for synthesis
sample data range
Samplel UTS: 80 kPa AMPS: 0.45 ¢
Elongation: 60% AAm: 045 g
PEGDA: 16 uL
Solvent: 62.5 wt%
H,O:1PA: 90:10 (v/v)
UTS: 5-110 kPa
Sample2 UTS: 10 kPa Elongation: 30- AMPS: 0.45 ¢
Elongation: 300% 1150 % AAm: 045 g
PEGDA: 2 pL.
Solvent:62.5 wt%
H,O:IPA: 75:25 (v/v)
Sample3 UTS: 5 kPa AMPS: 045 ¢
Elongation: 450% AAm: 045 ¢g
PEGDA: 8 uL

Solvent: 81.6 wt%
H,O:IPA: 90:10 (v/v)

For a typical test, the input data set (with parameters UTS =10 kPa and elongation = 300%)

was plugged into the above-trained MTRFR model, aiming for a stretchable hydrogel with such

mechanical properties. Then a hydrogel (Sample 2) was synthesised as per the output parameters,

having the predicted pre-gel formulation and the mechanical properties were analysed (Figure

4.7F and 4.7J).
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Figure 4.7J: Tensile traces of hydrogel samples prepared as per the machine learning predicted
pre-gel formulation.

Figure 4.7G depicts the comparison of the UTS and elongation values of the resulting hydrogel
(Sample 2) with the model input value. The result shows a comparable value even for the other
two different instances (Sample 1 and 3), proving that model predictions are true. The selection of
these validation samples (with specified range) was committed by ensuring comprehensive
coverage of the variability in the predictor space of hydrogel formulations, which minimises the
effects of covariate shift, improving the model's ability to generalise and produce reliable
predictions across diverse test scenarios.?’® Although the model can further be improved with a big
data set or by other predictive models like artificial neural networks to predict other physico-
chemical properties like adhesion, polymer morphology. Thus, the work paves the way to integrate

chemical and material science with today’s data science and machine learning approaches.
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4.5. Conclusion

Use of mixed solvents to tailor the polarity of the crosslinking medium offers a convenient
and facile strategy to synthesise stretchable hydrogels based on dual monomer systems with
adhesive and other functional behaviour. The solvent ratio may be controlled to vary the tensile
behaviour and adhesive ability. A detailed surface mapping analysis reveals that the polarity of the
medium governs the distribution of segments in the resulting hydrogel matrix and the morphology
of the samples. The strategy is simple and may be extended to the synthesis of other dual/multi
monomer single network hydrogel systems with tailored mechanical property behaviour. The
samples are promising for low-temperature applications, unlike the conventional hydrogels based
on pure H>O. Machine learning may be utilised to predict the tensile behaviour of compositions

based on their precursor ratio and other experimental parameters.
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5.1 Summary

A hydrogel matrix incorporated with carbon nanotube (CNTs) chains has modified microstructures
observed via microscopic techniques. These changes in the structure of the hydrogel matrix lead
to their tolerance ability in stress bearing and the strength of the hydrogels as compared to the
CNT-free hydrogel. Tested for mechanical characterisation, CNT-reinforced hydrogels have
prominent stretchability, toughness and tensile strength. With increasing the CNT amount, stress
tolerance and energy dissipation also improved, indicating their dependence on CNT content. The
formed hydrogel also shows excellent adhesive behaviour, conforming to some kind of interfacial
bonding between CNT and polymer chains. This behaviour shows their possibilities towards
flexible electronics applications. CNT in hydrogel make them conductive (~35S/m) with 2wt%
CNT varying with CNT amount. This conductive nature of hydrogel enables them to monitor any
change in resistance and sense the bodily movement, where any deformation induces a measurable
change in resistance. The sensor exhibits repeatable change in signal output and supports its ability
to be used as a strain sensor (AR/Ro (%) ~140). The combined effect of toughness, stretchability,
strength, and adhesion, along with conductivity, enables the strain transduction with maintained
integrity of structure on repeated loading-unloading cycles. From the above discussion, we
concluded the CNT-incorporated hydrogel will be a suitable candidate for next-generation
wearable sensors, flexible soft-robotics designs, and IoT interface applications as it represents a

class of material with mechanical robustness, strong adhesion and strain-responsive behaviors.

5.2 Introduction

Incorporation of CNT in the hydrogel matrix enhances its mechanical strength, flexibility and

conductivity all in one step and also provides some adhesive strength to the surface. Due to all
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such reasons, the CNT incorporated hydrogel is the material used for wearable strain-sensing
applications. CNT-reinforced conductive hydrogel is strain sensitive, can detect a large range of
values (up to 1000%), and has a very low detection limit. It is also firm, can heal itself, sticks to
things, and stays stable in a harsh environment. Using this technique to develop a wearable strain
sensor that can track body motion even in harsh conditions.?” One-pot synthesis approach made
it easy and fast to synthesise a CNT-loaded conductive graphene-based hydrogel applicable for
sensing, catalysis, energy, and environmental remediation, useful for soft actuation.?®® CNT
dispersion can be used to develop a dual-crosslinked network design using TOCNs as dispersants
for CNT and give mechanical support to the hydrogel system.?®! Porous CNT networks help ions
transport and help membranes cling together, useful for flexible electrochemical sensors. CNT
films can also be used as electrodes that can bend and stretch while still conducting electricity,

suitable for soft wearable gadgets and bioelectronics that go on the skin?®?

. When strain is applied
to percolated CNT networks, their resistance changes. The way the network changes shape affects
these changes. This is how CNTs are utilised in sensors for stretching and conducting?®®. There is
a strong interaction between biopolymers and CNTs. This is why chitosan/CNT hydrogels are so
robust and flexible, safe for living beings, and able to fight germs. This is why they are helpful for

health care and wearables that can sense human motion®%*

. A supercapacitor made from biomass
with cellulose hydrogel electrolytes and lignosulfonate/SWCNT hydrogel electrodes is incredibly
flexible, has high capacitance, and works well in repeated deformation, good for wearable
gadgets®®. Hyaluronic acid/single-walled carbon nanotube hybrid crosslinked microfibers are
exceedingly robust, stable, and durable. These microfibers are very promising for biomedical

devices that are implanted, artificial muscles, and bioactuators. CNTs provide it strength and the

ability to hold electricity, which might be incredibly helpful for health-monitoring devices,
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wearable electronics, and electronic skin®®. Use of organohydrogels and conductive hydrogels to
sense strain, gas, humidity, and temperature. Organohydrogels are more stable over time, dry and
freeze better, and are more sensitive than normal hydrogels®®’. CNT-based conductive hydrogels
and composites can be used in bioelectronics, soft robotics, and devices that can be worn or
implanted. Adding CNTs makes things far better at carrying electricity, lasting longer, not breaking
down, and being safe for the environment. These materials make it possible to have a dependable
sensing, actuation, and biological interface. Because of this, CNT-hydrogel devices that can be
bent and implanted within the body could be the next big thing in medical electronics®*®. Some
studies discussed about the safety, chirality control, and scaling issues of carbon nanotubes (CNTs)
as they become key materials for flexible electronics, wearable sensors, energy conversion, and
multifunctional composites of the next generation?®’. The CNC-mediated A-MWCNT-reinforced
double-network hydrogel has excellent stretchability, durability, and sensitivity since it has
dynamic bonds, utilised in flexible electronics and wearable strain sensors. Introduction of a
multifunctional PAAm/SA/CNT double-network hydrogel for remote actuation and low-
temperature strain sensing. Freeze-thawing method is used to synthesise a PVA/SA hydrogel
sensor with added bacterial cellulose. They can sense strain and pressure in two ways for a long
time. The hydrogel reacts to both mechanical and electrical signals at the same time.>*°,>°! The
chitosan-CNT-based hydrogel was freeze-lyophilised, has a high porosity (>94%) and higher
antibacterial activity that gets better as the CNT concentration goes up. For CNT-hydrogel strain
sensors, the CNTs need to spread out evenly and form strong mechanical networks. One good
choice is to use dual-crosslinked network designs that use nanomaterials like TEMPO-oxidised
cellulose nanofibers (TOCNs) as both CNT dispersants and mechanical reinforcements??. The

main electromechanical sensing mechanism that makes CNT-based stretchable conductors operate
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is based on variations in resistance that rely on strain and are regulated by changes in the network.
Changes in resistance in percolated CNT networks are largely induced by strain. This is the basic
arrangement for electromechanical sensing systems that let you keep track of strain in sensors and
stretchable conductors®®® with great accuracy. Advanced conductive network topologies improve
sensing even further. A dual-network hydrogel consisting of PAAM and SA, carbon nanotubes
(CNTs) and polypyrrole (PPy) makes the material particularly sensitive to stress?*. An
exceptionally stretchable, conductive and strong material is synthesised by introducing sulphur-
containing CNT useful in epidermal electrode ECG monitoring, EMG monitoring. Similarly, a
laponite nanoclay and poly(N-isopropylacrylamide) (PNIPAM) based system has exceedingly
robust behaviour, heals quickly, conducts electricity slowly, and is sensitive to changes in
temperature and strain. The double-network hydrogel strain sensor works well at any temperature

and uses SiO2 nanoparticles*”

. Nanocellulose and chitosan have made the PVA/MXene/graphene
(PMG) conductive hydrogel stronger. These hydrogel has potential for flexible strain sensors and
smart sports apps>*°. Conductive hydrogels and composites created with CNTs have come a long
way in bioelectronics, soft robotics, and wearable or implantable gadgets**’. Biopolymers and
CNTs perform well together, which makes it possible to develop sensors that are safe for living
things. Chitosan/CNT hydrogels are particularly strong and elastic as they have a strong interaction
between biopolymers and CNTs. The electrodeposited CNT-chitosan hydrogel anode has greater
electrochemical activity, as it has more power and current density?*®. This demand for wearable
and flexible electronic devices required soft material with high stretchability, mechanical strength,
electrical conductivity, and durability under various conditions. Their three-dimensional network

structure contains a large amount of water, has a tissue-like softness, biocompatibility and attaches

to human skin easily. To increase the strength of the hydrogel, CNT-incorporated hydrogels have
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attracted attention as CNTs provide better electrical conductivity, high aspect ratio, and mechanical
strength. A key challenge is their strong interfacial interaction between CNTs and the polymer
matrix and weak adhesive nature leads to CNT aggregation, mechanical failure and disturbance in

signal output under repeated stretching.

In this work, we design a CNT-incorporated hydrogel system based on loosely bound polymer
networks of PAMPS and PAAm segments. CNT chains are dispersed well in their matrix. By the
interfacial engineering method, these hydrogels have enhanced toughness, adhesion to different
surfaces ( including glass, skin, metal, plastic and rubber), and excellent stretching and maintained
electrical conductivity. CNT incorporation not only enhances the polymer network but also
supports an effective pathway for strain-dependent resistance changes. This ability makes the
system capable of reliable strain sensing over a wide deformation range. Mechanical testing and
adhesive study reveal that hydrogel can survive at harsh conditions without getting deformed and
without leaving any residue on the substrate surface, indicating their reusability and long shelf-
life. Also, these hydrogels have practical applications in strain sensing and wearable electronics
device fabrication. By combining both the mechanical and electrical properties, these hydrogels
can be used to design soft, conductive, and adhesive hydrogel systems, highlighting their use for

next-generation wearable sensors, artificial skin, and bioelectronic interfaces.
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Schematic 5.1: The schematics showing the synthetic procedure of AAmMCNH-0 and AAmCNH-

n hydrogel film and possible morphological differences on CNT incorporation

5.3 Synthetic Procedure of AAmMCNHO-n hydrogel film:

The complete synthetic procedure was explained in Chapter 2, Section 2.1.4.

5.4 Results & Discussion

To confirm the presence of CNT inside the hydrogel matrix and its proper mixing with other
polymer components, several spectroscopic techniques were used. Raman spectroscopic data of
AAmMCNH-n appeared around D-band (~1350cm-1) and G-band (~1580cm-1), confirming the in-

299 which is

plane stretching of sp* carbon atoms and graphitic structure and crystallinity of CNTs
not present in the sample without CNT (AAmCNH-0) (Figure 5.1A). Also, a change in the

intensity ratio indicates the proper CNT dispersion and interaction to the hydrogel matrix. The
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XRD pattern of the hydrogel showed a broad spectrum, indicating a predominantly amorphous
network. On CNT introduction certain change in the diffraction pattern appeared, displaying its
partial alignment in the hydrogel matrix. Also, absence of any sharp peak confirmed proper
distribution of CNT inside the hydrogel matrix rather than aggregation. This phenomenon
supported a homogenous network and compact morphology. A peak at 26=20.23°, corresponding
to the (002) plane was obtained . In case of the CNT-incorporated AAMCNH-2 film, the Bragg
diffraction peak of PAMPS-PAAM-MWCNTSs at 20=25.72° was retained’® (Figure 5.1 B). To
further verify XRD results, HR-TEM images of CNT dispersion were drop-cast on the grid of the
instrument and dried overnight. Analysis showed the rod-like structure with rough surface and
hollow centres of carbon nanotubes dispersed in precursor media. The scattering pattern displayed
the appearance of a crystalline-like pattern, and the distance between them was calculated to be at
3.46A°, corresponding to the (002) plane®! (Figure 5.1 C1-C12). There is a possibility of some
additional interactions, like hydrogen bonding, ionic interactions and CNT-induced physical
entanglement responsible for a denser and more interconnected network (Schematic 1). FE-SEM
image of completely swelled followed by freeze-dried AAmMCNH-n hydrogel samples, shows
morphological differences in the structures. The hydrogel sample with 2wt% CNT (AAmCNH-2)
shows some uniform thread-like arrangement in the matrix, confirming the structural support of
CNT in the mechanical strength, as it enhanced the interaction between polymer segments>®?
(Figure 5.1 F1). The hydrogel sample with a lower concentration of CNT in the matrix shows

slightly thick folding in the matrix, possibly due lesser amount of CNT (Figure 5.1 E1).
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Figure 5. 1: (A) Raman data of AAmMCNH-n and AAmCNH-0 hydrogel film, (B) XRD spectra of
CNT dispersion and AAmCNH-2 film, (C) HR-TEM images of CNT dispersion to check the
structure of CNT particles, FE-SEM image of freeze-dried (D) AAmCNH-O0 film, (E) AAmCNH-

0.5 film, (F) AAmCNH-2 film, based on the concentration of CNT in hydrogel matrix

On the other hand, hydrogels with only polymer segments do not have any such folding in the
hydrogel matrix, concluding the effect of CNT in improving the physical property of the hydrogel
(Figure 5.1 D1).The mechanical performance of as-synthesised AAMCNH-n hydrogel was
studied. Hydrogel film with 2 wt% CNT (AAmCNH-2) displayed ultimate tensile strength (UTS)
value of 0.76 MPa with stretchability (€) up to ~388 % (Figure 5.2A). Similarly, films with a
lower concentration of CNT in the matrix show lower values of mechanical strength and elongation
%. Particularly, film with 1 wt% and, 0.5wt% CNT displayed UTS values of 0.88MPa at elongation

% up to ~467 % and 0.47MPa at elongation up to ~387%, respectively. Also, the control sample

146



without any CNT incorporation showed a maximum strength (UTS) value of 0.62MPa at
elongation % up to 156%. Suggesting the effect of CNT introduction on the mechanical strength
and elongation % of hydrogel films. (Figure 5.2A). Hysterisis data was taken from a rectangular
hydrogel film. The narrow nature of the hysteresis plot indicated the elastic behaviour of the film
up to a maximum elongation % of 250% and the obtained UTS value was 0.30MPa. (Figure 5.2B)
The rectangular hydrogel film was taken and stretched up to a certain limit (Figure 5.2 C1 & C2).
A knot was put on the hydrogel film and stretched, showing the fatigue behaviour of the hydrogel
(Figures 5.2 D1 & D2). Also, the film was twisted and stretched up to a certain extent (Figures

5.2 E1 & E2).

These deformations of the hydrogel film confirmed the toughness of the hydrogel film and opened

a window for its capabilities to be used as wearable and flexible sensors.
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Figure 5.2: A) Tensile traces of AAmMCNH-n hydrogel films . B) The cyclic tensile hysterisis plot

of as-synthesised AAMCNH-2 hydrogel film Cl1) Digital images of unstretched AAMCNH-2
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hydrogel film, C2) Digital images of stretched AAMCNH-2 hydrogel film, D1) Digital images of
AAmMCNH-2 hydrogel film having knott. D2) Digital image of knotted & stretched AAMCNH-2
hydrogel film. E1) Digital image of twisted AAmMCNH-2 hydrogel film E2) Digital image of
twisted-stretched AAMCNH-2 hydrogel film. F) Hysterisis plot of AAmCNH-2 hydrogel film at

different limiting strains. G) Percentage water content plot of AAmMCNH-n hydrogel films.

The film also tested for other deformations as pinching against the tip of the pen, and came out
without any rupture in the hydrogel film (Figure 5.3A). The film showed transparency as it
reflected the written letters (Figure 5.3B). The hydrogel film can also survive the load, as
demonstrated when a load of 30g was hung on the hydrogel film (Figure 5.3C). Comparative data
was plotted about the mechanical behaviour of the hydrogel film with 2wt% CNT (AAmMCNH-2).
The obtained UTS, elongation % and Young’s modulus were 0.8MPa, ~500% and 0.99 MPa,
respectively. The hydrogel film also showed the conductivity of around 100S/m (Figure 5.3D).
The mechanical properties of AAmMCNH-2 hydrogel were compared with previously reported
work, and it was superior to others (Figure 5.3E). The comparison of UTS, stretchability and
Young’s modulus was entirely an indication of its better achievement as a suitable material for

strain sensing application (Table 5.1).
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Figure 5.3:A) Digital image of AAmCNH-2 hydrogel film pinched against the tip of the pen to
check the toughness, B) Digital image of AAmCNH-2 hydrogel film to check the transparency of
film, C) Digital image of AAmMCNH-2 hydrogel film showing its load bearing ability, D) Radar
plot showing the mechanical strain, stress, young’s modulus and conductivity of AAmCNH-2 film,
E) Ashby plot comparing the mechanical performance of AAmCNH-2 hydrogel with previously

reported literature, F) DSC plot to check the thermal stability of AAmCNH-n films.

DSC analysis is one of the most common methods for the determination of the network
arrangement of polymer materials. The DSC profile of the AAmCNH-n samples showed a large
melting peak at around 160°C for PAMPS/PAAm hydrogels and at around 155°C for CNT,
indicating the significant influence of CNTs for the crystallisation of polymers (Figure 5.3F). The

reason for this increased crystallinity of the nanocomposite hydrogels as CNT acts as a nucleation
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site for the polymer-carbon nanotube interactions. The results show that the incorporation of CNT

was successfully achieved.’*?

Table 5.1: Comparison table of UTS, Stretchability and Young’s Modulus of AAmMCNH-2 and

previously reported hydrogel systems

S.No. | Sample Code % € | Stress E Adhesive | Reference
(MPa) | (MPa) | Strength
(MPa)
1. PMI-3 438 | 0.6 0.2 No R
2. PAM/CS/PPy@PDA/TA-0 444 0.25 0.01 Yes R303
3. Gel-Alg-20-2.0-Ca’**"EDC 250 0.3 0.64 Yes R3%
4. MBBA-hydrogel 140 0.16 0.29 No R3%7
5. Rehydrated CNFs 12 0.4 0.10 No R308
6. PAAm 318 1.4 0.02 Yes R3%
7. PA-T1.5 350 0.23 0.06 No R310
8. PEDOT: PSS hydrogel 20 0.35 0.1 No R3!
9. Sensor hydrogel 250 0.20 0.11 No R31?
10. C/P-0.4/N 450 0.25 0.05 Yes R313
11. AAmCNH 482 0.88 0.99 Yes This work
The AAmCNH-2 has different conformal contact with irregular surf*'*aces, confronting high-

aspect ratio of CNT networks that possibly created mechanical interlocking, load transfer, and
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crack resistance across interfaces. Schematics showed the stretching of two hydrogel sticks
together and separated while stretched in different directions (Figure 5.4A). The AAmCNH-2
displayed adhesive strength of 0.37 MPa on the glass surface, superior to that of the AAmCNH-0
(MPa). The remaining hydrogel films displayed the adhesive strength in the range of 0.06 to 0.31
MPa (Figure 5.4B). The sample synthesised using 2wt% of CNT displayed a maximum adhesive
force of 0.56 N up to an elongation % of ~ 293.6%. The rest of the hydrogel film showed the
adhesive force in the range of 0.087 to 0.46 N up to elongation % in the range of ~20 to 176 %
(Figure 5.4C). The hydrogel film was tested for adhesion to the human skin. It leaves no residue
after peeling off from the skin (Figure 5.4 D1-D4). The digital photographs of adhesion of
hydrogel were taken for different surfaces, including metal, skin, glass, plastic, wood, and

cardboard (Figure 5.4 E1- E6).
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Figure 5.4: A) Schematic showing hydrogel tearing sandwiched between two glass slides & digital
image of adhesion on human skin, B) Adhesion plot of the AAmMCNH-n hydrogel film, C)

Adhesion plot of the AAmMCNH-n hydrogel film displaying the change of adhesive force with
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strain change, The macroscopic peeling test for AAMCNH-n hydrogels on human skin, D1)
Adhesion on the human skin, D2) Partial peeling on human skin, D3) complete peeling of human
skin, D4) Human skin leaving no residue, Digital images of as-synthesized AAMCNH-2 film
adhered to different surfaces- E1) metal, E2) human skin, E3) glass, E4) plastic cup, E5) wood,

and E6) cardboard.

The mechanical stability of hydrogel film AAmCNH-n and adhesive behaviour were
complemented by the conductivity, making it better suited for flexible strain sensing applications.
The film was attached to a copper wire through copper tape and then connected to a multimeter
(Figure 5.5 A). These arrangements were made for the measurement of the change of resistance

at different deformations and to sense different bodily movements.
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Figure 5.5: A) The schematics showing the experimental set-up utilised to monitor strain sensing
data, B) The conductivity data of AAmMCNH-n films measured at EIS study, C) the AR/Ro (%)

values obtained at each extension, D) the response and recovery time of AAmMCNH-2 film at each
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extension and relaxation cycle, at a machine speed of 10mm/min, E) the AR/Ro (%) values
obtained at each extension for forward and reverse extension cycle, F) plot of GF variation with
change of extension.

The hydrogel samples were also tested for ionic conductivity from the EIS spectra by sandwiching
the hydrogel between two copper plates. Based on the amount of CNT in the hydrogel matrix, the
maximum conductivity obtained was 35 S/m with 2wt% CNT. The remaining hydrogel samples
varied in the range of 17 S/m to 10 S/m with a changing amount of CNT from 1wt% to 0.5wt%.
The sample with no CNT has the lowest conductivity of 7.5 S/m (Figure 5.5 B). The strain-sensing
ability of the AAmCNH-2 film was measured by recording the AR/Ro (%) values at different
stretching conditions. The value of AR/Ro (%) increased with stretching extent. At 500%
elongation, the value reached ~ 350, supporting their possibility to be used as a suitable material
for strain-sensing applications (Figure 5.5C). Response time and recovery time®** were
approximately ~264 ms, and ~240 ms, respectively, and showed correspondence with other
systems previously reported in literature (Figure 5.5D). The loading-unloading of the hydrogel
film was carried out, and the change in resistance was observed. The AR/Ry (%) value changes till
350 at ~500% elongation and is almost recoverable when the load is removed (Figure 5.5E). The
change of gauge factor was also recorded with a change in elongation. The GF value was around
0.24 at around 100% elongation, and the maximum GF value was recorded around 0.85 at ~350%
elongation®'’(Figure 5.5F).

The AAmCNH-2 hydrogel can detect conductive signals under different strains (50-250%),
demonstrating excellent stability, which suggests the hydrogel sensor has reproducibility and
sensitivity over a wide strain range. The AR/Ro (%) value observed was 15 at 50% elongation and

ended up to 140 at an elongation % of 350% (Figure 5.6A). Repeated cycles of hydrogel film were
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carried out at different elongation % to check the recyclability of the hydrogel film, which ensured
the suitability of the hydrogel as a strain sensor. The maximum AR/R¢ (%) value observed was 70
at elongation up to 200% (Figure 5.6B). Additionally, the stability and durability of strain sensors
are critical parameters for long-term applications.
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Figure 5.6: A) The AR/R¢ (%) data of AAMCNH-2 film at different extensions, B) the AR/Ro (%)
data of AAMCNH-2 film measured for three continuous cycles at a particular extension, C) the
change in AR/Ro (%) values associated with the film of AAmMCNH-2 measured for three
continuous cycles at different bending angles of the index finger, D) the change in AR/Ro (%) at
extension and relaxation of AAmCNH-2 at different bending angles of index finger, the change in
AR/Ro (%) values associated with the film of AAmMCNH-2 of five consecutive bending and

relaxation cycles of (E) wrist and (F) smile.

Overall, the study supported the utility of hydrogel film for strain-sensing applications. A uniform

AAmMCNH-2 film was installed on various body parts, and the bodily motions were monitored.
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The film attached to the index finger displayed a gradual increase in AR/Rq (%) from 20 to 80 for
various bending angles of 30° to 90° of the finger, suggesting the utility of films to observe partial
and full bending motion of the finger (Figure 5.6D). Subsequently, cycles of bending and relaxing
of the index finger were performed at different bending angles, and the change in resistance AR/Ro
(%) values was recorded from 25 to 80 (Figure 5.6C). Similarly, the film attached to the elbow
showed AR/Rg (%) =55 and smile AR/R¢ (%) =32 also effectively measured the bending motion
of the part by displaying specific and repetitive AR/Ro (%) values supporting the viability of the
systems for possible skin sensing applications (Figure 6E-F). The study supported that the

AAmMCNH-n films may be a possible candidate for sensing different body movements.

5.5 Conclusion

The work focused on the role of carbon nanotube (CNT) on the mechanical performance of the
incorporated semi-network (SN) hydrogel designed for flexible strain sensing applications. The
dual-monomer hydrogel systems were synthesised based on two key polymer segments: PAMPS
(poly-2-acrylamide-2-methylpropane sulfonic acid) and PAAm (polyacrylamide). The PAMPs
segment is responsible for the rigid and ionically charged network contributing to strength and
toughness, whereas the PAAm is a soft and stretchable matrix that provides elasticity and flexibility
to the hydrogel matrix. The semi-penetrating arrangement of the network showed effective stress
transfer ability and mechanical reinforcement. Hydrogel incorporated with CNT have a crucial
role in imparting electrical conductivity and strain sensing performance. The CNT formed a
conductive network within the hydrogel matrix. Mechanical deformation of these hydrogels leads
towards variations in electrical resistance, which allows their function as a reliable strain sensor.

CNT-based hydrogel films exhibit a combined toughness, stretchability and adhesiveness along
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with electronic conductivity, which are critical properties for wearable and soft electronic
applications. The adhesive behaviour of the hydrogel made the conformal contact to substrates like
skin, glass without any kind of binders. Overall, the synergistic combination of PAMPS-PAAm
segments and CNT resulted in a multifunctional hydrogel with prominent mechanical toughness
and stable electromechanical performance. Such CNT-introduced SN hydrogel showed potential
for usefulness in wearable strain sensor device fabrication, motion monitoring devices, soft
robotics and flexible electronics devices as they simultaneously required durability, sensitivity and

comfort for device fabrication.
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6.1 Summary and conclusion of the present work

Hydrogels have attracted considerable attention owing to their multifunctionality and outstanding
mechanical properties, making them promising candidates for energy storage and conversion
applications, including supercapacitors, batteries, and ion thermoelectric systems. Their unique
characteristics, such as high toughness, controlled swelling behavior, and ionic or electronic
conductivity, have positioned hydrogels as versatile materials for next-generation energy devices.
Recent research has focused on optimizing these properties through various material design
strategies, including the incorporation of nanomaterials, conductive polymers, and advanced

network architectures.

Tough hydrogels are typically developed using double-network or topological designs, which
effectively dissipate energy and enhance mechanical durability. Anti-swelling performance is
achieved by increasing cross-linking density or introducing hydrophobic chains and inorganic
nanoparticles to restrict excessive water uptake. Meanwhile, conductive hydrogels employ
materials such as MXenes, carbon-based nanostructures, and conductive polymers to provide high
flexibility, efficient ion transport, and suitability as solid-state electrolytes. These advancements
enable hydrogels to function reliably in flexible and wearable energy devices while maintaining

long-term operational stability.

Despite these advances, several key challenges remain. The electrochemical stability window of
hydrogel-based systems, particularly in aqueous environments, is often limited, which constrains
overall device performance. Achieving an optimal balance between ionic conductivity, mechanical
robustness, and self-healing capability continues to be a significant challenge. Furthermore, the

development of effective cross-linking strategies, the homogeneous integration of nanocomposite
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components, and the maintenance of performance under extreme temperatures or mechanical

deformation require further investigation. The significant results and conclusions of the thesis are

summarized in the present chapter.

7
L X4

The first major contribution of this thesis is to demonstrate a PEDOT: PSS-based, metal-
free conducting system with significantly improved stretchability, mechanical robustness,
and aqueous stability through polyelectrolyte complexation between poly(acryloyl
hydrazide) triflate (PAHT) and PSS. The resulting printable conducting ink exhibits
tunable viscosity and high PEDOT loading, enabling the fabrication of stretchable, self-
healable solid electrolytes. Strong ionic interactions ensure film integrity in organic and
aqueous media, delivering high stretchability (~1120%), adequate tensile strength (0.14
MPa), and high ionic conductivity (18 Sm™). The films show excellent electromechanical
sensitivity (AR/Ro = 26.2 at 600% strain) and reliable strain-sensing performance under
both ambient and submersible conditions, highlighting their suitability for wearable and
flexible electronic applications.

The second major contribution of the work is to the acrylamidomethyl-propanesulfonic
acid (AMPS) and acrylamide (AAm) based dual monomer single network hydrogel.t he
resulting hydrogel (PAMPSAAm-IP0.1) exhibit superior extensibility (g, 1050%), tensile
strength (UTS, 110 kPa) and adhesive strength (0.25 MPa) compared to that of the control
synthesized in H2O (¢ = 230%, UTS = 70 kPa and adhesive strength = 0.03 MPa)
supporting the viability of the strategy. Importantly, these compositions having isopropyl
alcohol (IPA) in the matrix retain their functional behaviour at low temperature application

unlike the conventional hydrogels based on pure H>O. Machine learning may be utilised to
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predict the tensile behavior of compositions based on their precursor ratio and other

experimental parameters.

¢ A final contribution of the thesis is to the utilisation of CNT-incorporated hydrogel for

Ultra-stretchable and Adhesive for Fabrication of Highly Conductive Electrolytes in

Sensors. CNT bundles embedded within the hydrogel, with no large agglomerates,

indicating good mixing and physical compatibility, resulting hydrogel is ultra-stretchable,

tough, adhesive, and highly conductive in nature.

The scope of work included Design and synthetic strategies of tough hydrogels, as well as the

development of a one-pot synthetic strategy to improve the mechanical performance of hydrogels,

which can further improve Functionalities like toughness, elasticity, self-healing, adhesive and

strain-sensing properties.

Table 6.1 Comparison Table of Thesis Works

Chapter/ | Hydrogel Conducti | Stretchability | Adhesio | Gauge Sensing Stability
Hydrogel | Compositio | vity n Factor Range
System n Strengt
h
Chapter 3: | PEDOT:PS | ~18 S/m | Maximum Not 4.4 (air) | AR/Ro = | Maintained
PDTPS- S + | ionic elongation~11 | specifica | and 0.20 | 26.2  at | reproducible
PAHT-1.0 | Polyacryloy | conductivi | 20% 1y (underwa | 600% response over
Conductiv | 1 hydrazide | ity quantify | ter) strain; 200
e Hydrogel | triflate underwate | stretching/rel
Film (PAHT) r sensing | ease cycles;
up to | retained UTS
400%
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elongatio | = 0.16 MPa
n; capable | underwater
of sensing
finger,
wrist,
elbow
motion,
temperatu
re, and
pressure
Chapter 4: | Dual Primarily | Maximum ~0.25 Not Designed | Retained
PAMPSA | monomer machanica | elongation~10 | MPa reported | for functional
Am-IP0.1 | SN 1y 50% mechanic | performance
Hydrogel Hydrogel optimized ally at low-
based  on | hydrogel; robust and | temperature
AMPS+ conductivi adhesive | conditions
AAm ty not soft- due to IPA
prepared specificall material incorporation
using Media | y reported applicatio
Polatity ns
Control
(MPC)
strategy
with  IPA-
assisted
phase
mixing
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Chapter 5: | PAMPS/PA | ~35S/m Maximum Strong ~1.7 GF | Reliable xhibited
AAmMCNH | Am conductivi | elongation ~ | adhesion | at 400% | strain reusable
-1 CNT hydrogel ty 500% towards | elongatio | sensing adhesion,
incorporate skin, n over wide | long  shelf-
d with metal, deformati | life,
CNTs, glass, on range; | mechanical
forming plastic, response | robustness,
conductive wood, time ~ | and stable
interconnect and 264 ms | conductivity
ed pathways cardboar and under
d recovery | repeated
time ~ | deformation
240 ms

6.2. Recommendations

Looking ahead, future research should focus on expanding the functional versatility of hydrogels
to support next-generation device architectures, such as portable, fibre-shaped, and interdigitated
energy systems. A deeper molecular-level understanding of ion—hydrogel interactions within the
polymer matrix is essential for rational material design. Additionally, enhancing the integration of
hydrogels with other advanced functional materials will be critical for enabling smart electronics

and accelerating the development of sustainable and green energy technologies.
The findings of this thesis work would certainly provide a foundation for the following activities.

e Design and synthetic strategies of tough hydrogels and applications: An interdisciplinary
approach
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e Develop a one-pot synthetic strategy to improve the mechanical performance of the
hydrogel. Also, Functionalities like toughness, elasticity, self-healability, adhesive and
strain sensing properties.

e Integration of hydrogels in flexible sensors and personalised health care monitoring devices

e Novel supplementary networking strategy for high water content hydrogels

e Designing innovative techniques for device integrations, experimental setups for soft

materials.

6.3. Future Perspectives

Future research will focus on addressing the existing challenges in the fabrication of flexible
sensors, printed circuits, touch panels, soft robotics, and wearable electronic devices by further
optimising the mechanical robustness, conductivity, and environmental stability of hydrogel-based
systems. The synthesised hydrogels will be systematically explored as functional components in
flexible energy storage devices, including batteries and supercapacitors, to evaluate their
electrochemical performance and long-term durability.

Further improvement of the synthesis protocol will be pursued to enhance self-healing efficiency
and anti-freezing properties, particularly for tough hydrogels with high water content, enabling
reliable operation under extreme environmental conditions. Advanced in situ characterisation
techniques such as in situ X-ray photoelectron spectroscopy (XPS), in situ Fourier-transform
infrared spectroscopy (FTIR), will be employed to gain molecular- and nanoscale insights into
hydrogel network evolution, morphology, and deformation mechanisms.

Also, some molecular dynamics simulations will be used to elucidate the fundamental structure-
property relationships and provide a mechanistic understanding of ion transport, cross-linking

dynamics, and self-healing behaviours. Beyond energy and sensing applications, tough hydrogels
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will be extended to biomedical devices, point-of-care (POC) diagnostic tools, microfluidic
platforms, electronic skin (e-skin), and related bio-integrated systems.

Overall, this work opens paths for interdisciplinary research spanning chemistry, materials science,
chemical engineering, bioengineering, and allied fields, fostering the development of next-

generation soft and intelligent functional materials.
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(C) the effect of PAHT:PSSNa molar ratio on the tensile properties of the PDTPS-PAHT-n. (E)
tensile and (F) compressive hysteresis cycles of PDTPS-PAHT-1.0 film, (G) the TGA thermograms
of the PDTPS-PAHT-n samples, (H) the frequency sweep data of the PDTPS-PAHT-n films, 1, ii,
i11, 1v represents PDTPS-PAHT- 0.5, 2.4, 1.4, & 1.0 respectively (I) the viscosity versus shear rate
data of the PDTPS-PAHT-n samples.

Figure 3.8: The (A) curved mesh and (C) honeycomb shape printed from the PDTPS-PAHT-1.0
conductive ink using a plastic nozzle, (B) the PDTPS-PAHT-1.0 mesh is folded manually, (D) 20
g weight is hanging from a folded honeycomb shape, (E) the FESEM image of the surface of 3D
printed object, (FO) a thin rectangular film of PDTPS-PAHT-1.0, (F1) the film with a cut made
using a blade, (F2) the partially healed F1, (F3) the healed F1 after 12 h, (G) the tensile traces of
original and self-healed film, (H) the proposed mechanism of self-healing via reformation of the
CONHNHj3"---SOs™ ionic linkage.

Figure 3.9A (1): EIS plots for the PDTPS-PAHT-n in 0.1 M NaCl electrolyte.

Figure 3.9B (1): EIS plots for the PDTPS-PAHT-1.0 with varying triflic acid (%) in 0.1 M NaCl

+ 6% Methanol electrolyte.

Figure 3.9A (2): EIS plots for the PDTPS-PAHT-n in 0.1 M NaCl + 6% Methanol electrolyte.

Figure 3.9C(1): EIS plots for the PDTPS-PAHT-1.0 in 0.1 M NaCl electrolyte with varying

temperature.

Figure 3.9: (A ) The conductivity data of the PDTPS-PAHT-n films measured in 0.1 M NaCl and

0.1 M NaCl + 6% methanol solutions, (B) the effect of triflic acid on the conductivity of PDTPS-
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PAHT-1.0 film, (C) the effect of varying temperature on the conductivity of PDTPS-PAHT-1.0
film, in presence of 0.1M NaCl, (D) the AR/R¢ data of PDTPS-PAHT-1.0 film measured for five
continuous cycles at a particular extension, (E) the AR/Rq values obtained at each extension for
forward and reverse extension cycle, (F) the AR/Rg values measured for 200 continuous extension
(70 %) and release cycles, (G) denotes the change in AR/Ry values associated with the film of
PDTPS-PAHT-1.0 for the bending of finger, AR/R¢o values of five consecutive bending and

relaxation cycles of a PDTPS-PAHT-1.0 film attached to (H) wrist and (I) elbow.

Figure 3.9J: AR/Ry values associated with the film of PDTPS-PAHT-1.0 for the neck and
forehead movement.

Figure 3.9D(1): The AR/Rodata of PDTPS-PAHT-1.0 films possessing different thickness.

Figure 3.10: The (A) tensile traces and (B) water content of the PDTPS-PAHT-1.0 films

possessing different thicknesses recorded under ambient conditions.

Figure 3.11: (A) The schematics showing the experimental set up utilized to monitor under-water
strain sensing data, (B) the PDTPS-PAHT-1.0 film swellability under water, (C) the five repetitive
cycles recorded at each elongation extent till 400%, (D) the AR/R¢ values obtained at each
extension for forward and reverse extension cycle, in under-water conditions, (E) the AR/R0 value
associated with the varying temperature (F) the AR/R¢ value associated with changing pressure
(G) finger, (H) wrist and (I) elbow motion under water, the change in AR/Ry value with temperature

and pressure for under-water conditions.

Figure 3.12: The demonstration of the stretchability of PDTPS-PAHT-1.0 film recorded at 10 °C.
Figure 4.1: FTIR Spectra of PAMSAAm and PAMSAAm-IPO0.1 samples

Figure 4.2B”: Tensile traces of as-synthesised PAMSAAm-IP-n samples while varying IPA

amounts in the pre-gel formulation.
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Figure 4.2G: Hysteresis plot of PAMSAAm-IP0.1 recorded under fixed strain (800%) mode for

five consecutive loading-unloading cycles.

Figure 4.21: Tensile trace of different PAAAAm, PAAAAm-IPn, PAMSAA, PAMSAA-IPn

compositions

Figure 4.2: A) Tensile traces of PAMSAAm-IP0.1 (IPA:H,O = 10:90, v:v), and PAMSAAmM
(IPA:H>0 = 00:100, v:v). B) Comparison of mechanical properties of PAMSAAm-IPn hydrogels
with varying IPA amount in the pre-gel solution. C) Effect of PEGDA amount on the mechanical
properties of a PAMSAAm-IP0.1 hydrogel. D) Plot depicting variation in stretchability of the
resulting hydrogels when different solvents are used in the pre-gel formulations in 10 vol% along
with the water. Demonstration of mechanical properties of the optimized PAMSAAm-IPO.1
hydrogel. E1-E2) Digital images of a hydrogel being twisted and stretched and F1-F2) knotting
followed by stretching. Silicone oil coating is used to avoid stickiness while samples are being
deformed. The scale bar is 1 cm for digital images.

Figure 4.3J: XPS elemental mapping for the freeze-dried hydrogel samples A) PAMSAAm and

B) PAMSAAm-IPO.1 depicting O1s SnapMap.

Figure 4.3K: XPS survey spectra of PAMSAAmM and PAMSAAmM-IP0.1 samples.

Figure 4.3: XPS mapping of hydrogel surface- (A1) S 2p mapping of PAMSAAm, (A2) S 2p
mapping of PAMSAAm-IP0.1, B1) N 1s mapping of PAMSAAm, B2) N 1s mapping of
PAMSAAm-IPO0.1, S 2p XPS depth profile data of C1) PAMSAAmM & C2) PAMSAAm-IPO.1, C
Is XPS depth profile data of D1) PAMSAAmM & D2) PAMSAAm-IP0.1, E) Schematics depicting
in situ SAXS while the hydrogel is being stretched uniaxially, F) In situ SAXS scattering profile

data of original and uniaxially stretched (200%) PAMSAAm film, G1-G2) corresponding 2D
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scattering maps of original and stretched PAMSAAm, H) scattering profiles of original and
stretched (200%) PAMSAAmM-IP0.1 film and I1-I12) corresponding 2D scattering maps when
PAMSAAmM-IPO.1 sample stretched up to 0 and 200%, respectively.

Figure 4.4: A1-B1) Confocal Raman mapping of the surfaces of PAMSAAm at 1042 and 1224
cm’! respectively and A2-B2) Confocal Raman mapping of the surfaces of PAMSAAm-IP0.1 at
1042 and 1224 cm™ respectively. C1-C2) FESEM images of as synthesized followed by freeze
dried PAMSAAmM and PAMSAAm-IPO.1 films respectively, D1-D2) EDS elemental line scan data
of C1 and C2, the overlaid plots showing intensity of elements along the line scan, E1-E2) AFM
height profile images of freeze dried PAMSAAmM and PAMSAAm-IP0.1 showing distinctive
segregated microdomains for the latter and FESEM images of fully swelled in aqueous media
followed by freeze dried (F1) PAMSAAm and (F2) PAMSAAm-IPO.1.

Figure 4.4G: Raman Spectra of A) PAMSAAm and B) PAMSAAm-IP0.1 hydrogels

Figure 4.5H: Adhesive performance of different PAMSAAm-IP-n samples when adhered to
PAMSAAm hydrogel in lap shear mode. PAMSAAm hydrogel was adhered to glass slide and

different PAMSAAm-IP-n samples were varied on the other glass substrate and sandwiched.

Figure 4.5: Demonstrations of adhesive properties of the PAMSA Am-IPO0.1. Digital images of as-
synthesized PAMSAAmM-IPO.1 film adhered to different surfaces- A1) glass stopper, A2) human
skin, A3) wood, A4) paper cup, A5) HDPE cap, A6) Stainless steel weight and A7) rubber stopper.
B) Performance of PAMSAAm and PAMSAAm-IP0.1 under lap-shear adhesive test on glass
surface. C) Self-adhesive performance of PAMSAAm film and other compositions under lap-shear
test, when both glass substrates having similar hydrogel samples attached to it. D) Performance of
PAMSAAmM-IPO.1 under lap-shear adhesive test on PAMSAAmM and PAMSAAm-IP-n hydrogel

surfaces, when PAMSAAm-IPO.1 is attached to one glass substrate and the other one is varied. E)
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Ashby plot of adhesive strength and elongation at break during tensile testing (in %) of
PAMSAAM-IPO.1 with other reported hydrogel systems. F) Schematic illustration of the adhesion
mechanism. G) Microscopic image of the interface between PAMSAAM-IP0.1 hydrogel and a
glass substrate while the hydrogel is being peeled off. The scale bar for digital images is 1 cm.
Figure 4.61: Water content of PAMSAAm-IPO0.1 hydrogel after 12 hr of air exposure

Figure 4.6: Performance of PAMSAAmM-IP0.1 hydrogel under sub-zero temperatures, A) digital
images of PAMSAAm-IPO.1 film demonstrating stretchability at different subzero temperatures,
digital images of a PAMSAAm-IPO0.1 film subjected to different mechanical deformations such as
B) folding, C) twisting and D) knotting at sub-zero temperature, adhesive performance of
PAMSAAmM-IP0.1 sample at sub-zero temperature when adhered to E) plastic cap, F) glass stopper
and Q) paper, (H1-H3) digital images of a PAMSAAm-IP0.1 film attached to a knee joint model
kept at -15 °C and subjected to repeated bending and relaxing cycles, the temperatures are visible
in the sensor screens behind the scenes.

Figure 4.71: Young’s modulus of hydrogel samples utilised in the testing and training dataset.

Figure 4.7: Machine learning (ML) tool to predict pre—gel composition for a hydrogel with
desired physicochemical properties. A-B) Plots illustrating UTS and elongation of all the hydrogel
samples utilized as test and training data. The plots depicting ML model accuracy for different
parameters: C) Solvent amount, D) Crosslinker PEGDA concentration and E) Solvent polarity
index. RMSE, MAE, r values and distribution of test and training data along the 1:1 line visualise
the accuracy of the ML model. F) Schematic illustration of a protocol to prepare a hydrogel with
desired mechanical properties utilising the prediction from the trained MTRFR model. G)
Comparison of UTS and elongation values of the model input and the experimental data recorded

on the resulting hydrogel.
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Figure 4.7J: Tensile traces of hydrogel samples prepared as per the machine learning predicted

pre-gel formulation.

Figure 5.1: (A) Raman data of AAmCNH-n and AAmCNH-0 hydrogel film, (B) XRD spectra of
CNT dispersion and AAmMCNH-2 film, (C) HR-TEM images of CNT dispersion to check the
structure of CNT particles, FE-SEM image of freeze-dried (D) AAmCNH-0 film, (E) AAmCNH-

0.5 film, (F) AAmCNH-2 film, based on the concentration of CNT in hydrogel matrix

Figure 5.2: A) Tensile traces of AAmCNH-n hydrogel films. B) The cyclic tensile hysterisis plot
of as-synthesised AAmCNH-2 hydrogel film. C1) Digital images of unstretched AAMCNH-2
hydrogel film, C2) Digital images of stretched AAmCNH-2 hydrogel film, D1) Digital images of
AAmMCNH-2 hydrogel film having a knot. D2) Digital image of knotted & stretched AAmMCNH-2
hydrogel film. E1) Digital image of twisted AAmMCNH-2 hydrogel film. E2) Digital image of
twisted-stretched AAmCNH-2 hydrogel film. F) Hysterisis plot of AAmCNH-2 hydrogel film at
different limiting strains. G) Percentage water content plot of AAmMCNH-n hydrogel films.
Figure 5.3:A) Digital image of AAmCNH-2 hydrogel film pinched against the tip of the pen to
check the toughness, B) Digital image of AAmCNH-2 hydrogel film to check the transparency of
film, C) Digital image of AAmMCNH-2 hydrogel film showing its load bearing ability, D) Radar
plot showing the mechanical strain, stress, young’s modulus and conductivity of AAmCNH-2 film,
E) Ashby plot comparing the mechanical performance of AAmCNH-2 hydrogel with previously
reported literature, F) DSC plot to check the thermal stability of AAmMCNH-n films.

Figure 5.4: A) Schematic showing hydrogel tearing sandwiched between two glass slides & digital
image of adhesion on human skin, B) Adhesion plot of the AAmMCNH-n hydrogel film, C)
Adhesion plot of the AAmCNH-n hydrogel film displaying the change of adhesive force with

strain change, The macroscopic peeling test for AAmCNH-n hydrogels on human skin, DI)
201



Adhesion on the human skin, D2) Partial peeling on human skin, D3) complete peeling of human
skin, D4) Human skin leaving no residue, Digital images of as-synthesized AAMCNH-2 film
adhered to different surfaces- E1) metal, E2) human skin, E3) glass, E4) plastic cup, ES) wood,
and E6) cardboard.

Figure 5.5: A) The schematics showing the experimental set-up utilised to monitor strain sensing
data, B) The conductivity data of AAmCNH-n films measured at EIS study, C) the AR/R¢ (%)
values obtained at each extension, D) the response and recovery time of AAmMCNH-2 film at each
extension and relaxation cycle, E) the AR/Ro (%) values obtained at each extension for forward
and reverse extension cycle, F) plot of GF variation with change of extension.

Figure 5.6: A) The AR/Ro (%) data of AAmCNH-2 film at different extensions, B) the AR/Ro (%)
data of AAmMCNH-2 film measured for three continuous cycles at a particular extension, C) the
change in AR/Ry values associated with the film of AAMCNH-2 measured for three continuous
cycles at different bending angles of the index finger, D) the change in AR/Ro (%) at extension and
relaxation of AAmMCNH-2 at different bending angles of index finger, the change in AR/Ro (%)
values associated with the film of AAmCNH-2 of five consecutive bending and relaxation cycles

of (E) wrist and (F) smile.
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