PCLYPUBLIE i

UNIVERSITE S
Polytechnique Montréal D'INGENIERIE &5

Titre: Self-Healing, Stretchable and Recyclable Conductors Based on
Title: PEDOT:PSS and Polyurethane Blends for Bioelectronics Applications

Auteur: /. . .
Author: Jinsil Kim

Date: 2026
Type: Mémoire ou thése / Dissertation or Thesis

L, Kim, J. (2026). Self-Healing, Stretchable and Recyclable Conductors Based on
Référence: PEDOT:PSS and Polyurethane Blends for Bioelectronics Applications [Thése de
Citation: doctorat, Polytechnique Montréal]. PolyPublie.
https://publications.polymtl.ca/76195/

Document en libre acces dans PolyPublie
Open Access document in PolyPublie

URL de PolyPublie: ) o
PolyPublie URL: https://publications.polymtl.ca/76195/

Directeurs de
recherche: Fabio Cicoira
Advisors:

Programme:

' |Génie chimique
Program:

Ce fichier a été téléchargé a partir de PolyPublie, le dépot institutionnel de Polytechnique Montréal
This file has been downloaded from PolyPublie, the institutional repository of Polytechnique Montréal


https://publications.polymtl.ca/
https://publications.polymtl.ca/76195/
https://publications.polymtl.ca/76195/

POLYTECHNIQUE MONTREAL

affiliée a I’Université de Montréal

Self-Healing, Stretchable and Recyclable Conductors Based on PEDOT:PSS

and Polyurethane Blends for Bioelectronics Applications

JINSIL KIM

Département de génie chimique

These présentée en vue de I’obtention du diplome de Philosophice Doctor

Génie chimique

Mars 2026

© Jinsil Kim, 2026.



POLYTECHNIQUE MONTREAL

affiliée a I’Université de Montréal

Cette thése intitulée :

Self-Healing, Stretchable and Recyclable Conductors Based on PEDOT:PSS

and Polyurethane Blends for Bioelectronics Applications

présentée par Jinsil KIM

en vue de I’obtention du dipléme de Philosophice Doctor
a été¢ diment acceptée par le jury d’examen constitué de :

Jean-Marie RAQUEZ, président

Fabio CICOIRA, membre et directeur de recherche
David MELANCON, membre

Guglielmo LANZANI, membre externe



il

ACKNOWLEDGEMENTS

I would like to express my deepest gratitude to my research supervisor, Prof. Fabio Cicoira, for his
continuous guidance, encouragement, and support throughout my doctoral studies. His scientific
insight, constructive feedback, and patience were essential to the completion of this work. I am
particularly grateful for the intellectual freedom he provided, which allowed me to develop this

research with independence and confidence.

I sincerely thank the members of my thesis committee, Prof. Jean-Marie Raquez, Prof. David
Melancgon, and Prof. Guglielmo Lanzani, for accepting to evaluate this thesis and for their valuable
time, insightful comments, and constructive suggestions. Their expertise and perspectives greatly

contributed to improving the quality and clarity of this dissertation.

I would also like to acknowledge my colleagues and collaborators for the stimulating discussions,
technical assistance, and collaborative spirit that made this research both productive and enjoyable.
The supportive environment of the research group played an important role in overcoming

challenges encountered during this doctoral journey.

I gratefully acknowledge the institutional and technical support provided by Polytechnique

Montréal and its research facilities, which enabled the successful completion of this work.

Finally, I would like to express my heartfelt gratitude to my family for their unwavering support,
understanding, and encouragement throughout my doctoral studies. Their patience and trust were
a constant source of motivation during both the rewarding and challenging moments of this

journey.



iv
RESUME

Les dispositifs électroniques souples et portables exigent des matériaux capables de conserver leurs
performances ¢lectriques malgré des déformations mécaniques répétées, des dommages
accidentels et une utilisation prolongée. Toutefois, les polymeéres conducteurs conventionnels,
notamment le poly(3,4-¢éthylénedioxythiophene):polystyrene sulfonate (PEDOT:PSS), demeurent
limités par une faible robustesse mécanique, une capacité d’auto-cicatrisation incompléte et un
manque de durabilité environnementale. Cette thése vise a relever ces défis par la conception
rationnelle de systémes conducteurs a base de PEDOT:PSS, a la fois auto-cicatrisants, extensibles
et recyclables, destinés aux applications électroniques souples. Deux générations de composites
PEDOT:PSS/polyuréthane (PU) ont été développées afin d’améliorer progressivement la durabilité
mécanique, 1’auto-cicatrisation autonome et la circularité des matériaux. La premicre étude
(Chapitre 4) repose sur le mélange de PEDOT:PSS avec une matrice de polyuréthane basée sur des
interactions de liaisons hydrogene et des additifs plastifiants. Cette approche permet d’augmenter
significativement I’extensibilité, la ténacité et 1’auto-cicatrisation mécanique tout en conservant
une conductivité ¢électrique fonctionnelle. Ce travail met en évidence que I’auto-cicatrisation des
dispositifs souples doit inclure non seulement la récupération €lectrique, mais aussi la restauration
de I’intégrité mécanique afin d’assurer une fiabilité a long terme. La possibilité de reconfiguration
mécanique démontre également le potentiel de réutilisation du matériau. La seconde étude
(Chapitre 5) introduit un composite de nouvelle génération intégrant des liaisons disulfure
dynamiques en complément des liaisons hydrogéne, permettant une auto-cicatrisation autonome a
température ambiante, sans stimulus externe. Ce systéme présente une récupération rapide des
propriétés électriques et mécaniques apres des rayures et des coupures, et démontre de maniere
notable la cicatrisation de perforations dans un polymeére conducteur entiérement solide. L’auto-
cicatrisation ¢€lectrique est obtenue pour des films continus d’une épaisseur aussi faible que ~1,4
um, tandis que I’imprimabilité, 1’auto-adhésion et la stabilité électromécanique permettent des
applications concretes telles que des ¢électrodes réutilisables et des tatouages électroniques. Une
analyse prospective (Chapitre 6) situe ces résultats dans le contexte plus large de 1’¢électronique
souple, en identifiant les compromis persistants entre conductivité, conformité mécanique, capacité
d’auto-cicatrisation et durabilité. Dans I’ensemble, cette thése démontre que I’utilisation de réseaux
polymériques a faible température de transition vitreuse et de liaisons dynamiques permet de

transformer les conducteurs a base de PEDOT:PSS en plateformes robustes, multifonctionnelles et
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durables. Les connaissances acquises fournissent des lignes directrices concrétes pour le

développement futur de dispositifs bioélectroniques, portables et robotiques souples.
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ABSTRACT

Soft and wearable electronic devices require materials that can maintain electrical functionality
under repeated mechanical deformation, accidental damage, and long-term use. However,
conventional conducting polymers, including poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS), remain limited by mechanical fragility, incomplete self-healing, and poor
sustainability. This thesis addresses these challenges through the rational design of self-healing,
stretchable, and recyclable PEDOT:PSS-based conducting polymer systems for soft electronic
applications. Two generations of PEDOT:PSS/polyurethane (PU) composites were developed to
progressively improve mechanical durability, autonomous self-healing, and circularity. A roadmap
analysis (Chapter 4) contextualized these findings within the broader field of soft electronics,
identifying persistent trade-offs between conductivity, mechanical compliance, healing capability,
and sustainability. In the first study (Chapter 5), PEDOT:PSS was blended with a hydrogen-bonded
polyurethane matrix and plasticizing additives to enhance stretchability, toughness, and mechanical
self-healing while preserving electrical conductivity. This work established that reliable self-
healing in soft electronics must involve not only electrical recovery but also restoration of
mechanical integrity to prevent cumulative damage under cyclic deformation. Mechanical
remolding demonstrated the feasibility of reuse, introducing sustainability as a core design
consideration. Building on these results, the second study (Chapter 6) introduced a next-generation
composite incorporating dynamic disulfide bonds alongside hydrogen bonding, enabling
autonomous self-healing at room temperature without external stimuli. This system exhibited rapid
electrical and mechanical recovery after scratches and cuts, and notably demonstrated solid-state
puncture healing—one of the most severe and rarely addressed damage modes in conducting
polymers. Electrical self-healing was achieved in continuous films as thin as ~1.4 pm, while
printability, strong self-adhesion, and stable electromechanical performance enabled practical
implementations such as reusable freestanding electrodes and electronic tattoos. Overall, this thesis
demonstrates that dynamic bonding and low glass-transition polymer networks can transform
PEDOT:PSS-based conductors into robust, multifunctional, and sustainable platforms. The
insights provided here offer practical design guidelines for future bioelectronic, wearable, and soft

robotic systems.
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CHAPTER 1 INTRODUCTION

1.1 Recyclable Self-healing Conductive Polymers

The concept of self-healing materials was first proposed in the early 2000s, inspired by biological
recovery mechanisms [5]. In natural systems, plants and animals possess inherent mechanisms that
allow them to respond to external damage by repairing tissues, preserving essential functions, and
limiting further deterioration. For example, in plants, damage to stems or leaves is rapidly sealed
to prevent water loss and pathogen invasion, followed by tissue regeneration that restores
mechanical strength and structural continuity. This biomimetic healing principle presented a new
design paradigm for material systems that can maintain functionality after damage, and it has

driven growing interest in self-healing polymers within material science [6].

Early self-healing polymer systems relied on extrinsic approaches, in which healing agents were
embedded within microcapsules or microchannels [7]. Although these systems can autonomously
release healing agents to repair cracks, their healing capability is inherently limited, leading to
rapid performance degradation under repeated damage conditions [8]. In addition, the presence of
capsule or channel architectures can compromise the mechanical stability of the polymer matrix,
leading to limitations in structural reliability, particularly for practical device applications and
long-term use. As a result, intrinsic self-healing systems, in which the healing mechanism is
incorporated directly into the polymer molecular structure, have recently emerged as the dominant

research direction [9].

Intrinsic self-healing systems are designed based on reversible molecular interactions such as
hydrogen bonding, disulfide exchange, metal-ligand coordination, and ionic interactions. These
dynamic bonds can be dissociated and reform in response to external stimuli (e.g., heat, moisture,
or light), enabling the rearrangement of polymer chains and the recovery of functional properties
after damage. Notably, this intrinsic approach allows repeated healing behavior, offering an

advantage over extrinsic approaches under conditions involving recurrent damage [8, 9].

The development of next-generation electronic devices, such as wearable electronic devices,
stretchable sensors, soft robotics, and flexible electronics, is closely associated with the growing
interest in self-healing polymers [10, 11]. Conventional inorganic-based electronic materials

provide high electrical performance, but they are vulnerable to repetitive mechanical deformation



and external impact, leading to inevitable performance degradation upon cracking or fracture [12].
In contrast, polymer-based electronic materials offer tunable mechanical flexibility, elongation,
and compliance through molecular structure design, while also being well suited for low-cost,
large-area fabrication techniques such as solution processing and printing [13]. Owing to these
characteristics, self-healing conductive polymer materials have attracted increasing attention as
key components for extending device lifetime and improving operational reliability [14].
Meanwhile, as the use of polymer-based electronic devices continues to expand, the demand for
sustainability has also become increasingly prominent [15]. Many electronic devices incorporate
plastic-based components that are difficult or even impossible to recycle at the end of their service
life, thereby contributing significantly to the growing issue of electronic waste (E-waste). In
particular, conductive polymers or composite materials pose additional challenges for recycling,
as the complex integration of dissimilar materials hinders efficient separation and reuse [16]. To
address these environmental concerns, increasing research efforts have focused on polymer
electronic materials that combine self-healing functionality with recyclability or reprocessability
[4]. However, the simultaneous implementation of self-healing and recyclability within a single
material system remains a significant challenge [17]. Self-healing functionality relies on polymer
chain mobility and the formation of reversible bonds, which can often compromise mechanical
strength or thermal stability [14, 17]. As one promising approach, strategies that integrate
conductive polymers with self-healing polymer matrices have attracted considerable attention. In
particular, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) has been
widely used in wearable and soft electronic applications due to its solution processability, high
electrical conductivity, and biocompatibility. Polyurethanes (PUs) have been employed as soft
polymer matrix owing to its excellent stretchability, toughness, self-healing, and recyclability [8].
Combining conductive polymers with self-healing and recyclable polymer matrices has therefore
been proposed as a promising strategy to achieve sustainable material platforms while maintaining

mechanical reliability and electrical performance.

This work aims to address these challenges through the development of a PU-based conductive
polymer composite that integrates self-healing capability, recyclability, and mechanical
stretchability and durability. These properties are systematically validated through mechanical,

electrical, and functional characterization.



1.2 Motivations

Despite significant advances in self-healing conductive polymers, several critical challenges
remain. In particular, the simultaneous integration of self-healing capability, recyclability, and
mechanical durability within a single material system is still limited. Many existing systems
exhibit inherent trade-offs, whereby improvements in one property often compromise others,

ultimately hindering practical implementation in electronic devices.

Furthermore, maintaining stable electrical performance under repeated mechanical deformation,
healing, and reprocessing cycles remains a major challenge. These limitations underscore the need
for material design strategies that enable the balanced integration of multiple functional properties

without mutual interference.

To address these challenges, this thesis focuses on the development of a PU-based conductive
polymer composite, incorporating PEDOT:PSS as the conductive component within a dynamically
crosslinked PU matrix. By introducing dynamic interactions such as disulfide exchange and
hydrogen bonding, the system is designed to simultaneously achieve self-healing, recyclability,

and mechanical robustness.

In addition, the incorporation of additives, such as glycerol and polyethylene glycol (PEG) is used
to enhance electrical performance, mechanical flexibility, and healing behavior, while maintaining

compatibility with scalable fabrication techniques, such as printing.

Ultimately, this work establishes a conductive polymer platform that enables the balanced
integration of self-healing, recyclability, stretchability, and mechanical durability without
compromising electrical performance, thereby providing a viable pathway toward sustainable and

practical electronic materials.
Specifically, this thesis delivers:

e PEDOT:PSS/PU/PEG composite systems that integrate self-healing capability,
recyclability, and mechanical durability.

e PEDOT:PSS/PU systems designed with simultaneous consideration of printing, room-
temperature self-healing, and recyclability.

e A design framework for PEDOT:PSS-based conductive polymer systems that emphasizes

both functional integration and compatibility with scalable manufacturing processes.



These strategies collectively provide a new direction for polymer electronic materials enabling the

simultaneous realization of practicality, sustainability, and high performance.
1.3 Objectives

The primary objective of this research is to develop a conductive polymer composite system that
enables the simultaneous integration of self-healing, recyclability, electrical conductivity, and

mechanical stretchability.

To achieve this, this thesis adopts PEDOT:PSS as the conductive component and a dynamically
crosslinked polyurethane (PU) matrix as the structural framework. The material system is designed
by incorporating dynamic interactions, including disulfide bonding and hydrogen bonding, to

enable autonomous healing and reprocessability while maintaining mechanical integrity.

In addition, the incorporation of polyethylene glycol (PEG) and glycerol is employed to enhance
electrical performance, increase chain mobility, and improve process compatibility. Through these
design strategies, this work aims to overcome the conventional trade-offs between healing

capability, recyclability, and mechanical durability in conductive polymer systems.

The first research objective is to develop a PEDOT:PSS/PU composite system that integrates self-
healing functionality with thermally induced remolding capability. In this system, the high
stretchability and physical interaction characteristics of PU matrix are leveraged to enable network
reconstruction in response to external stimuli, such as heat, thereby allowing structural recovery
under repeated mechanical deformation. Through this design, self-healing behavior and physical

reprocessability are simultaneously incorporated within a single composite platform.

The second research objective focuses on constructing a more refined polymer network by
tailoring the molecular structure of PU system, including the incorporation of disulfide bonds and
modulation of diol composition. This molecular design strategy enables the realization of a
composite system that exhibits autonomous self-healing at room temperature while maintaining
mechanical stability and recyclability. The proposed system is capable of reprocessing and reuse
through both solvent treatment (e.g., ethanol) and thermal processing, without the need for external
healing stimuli. Furthermore, optimization of the polymer composition ensures long-term
reliability and physical durability. Based on these material characteristics, practical electronic

tattoo (e-tattoo) devices are fabricated, and their performance is systematically evaluated.



Building upon the material design insights obtained from the first and second research objectives,
the third objective of this thesis is to propose a design guideline for PEDOT:PSS-based conductive
polymer systems. This guideline identifies key factors influencing self-healing behavior,
recyclability, and mechanical performance, and highlights their interdependence. Rather than
establishing a universal framework, this work provides practical design insights to support the

development of multifunctional conductive polymer materials for electronic applications.

Through the organic integration of self-healing capability, recyclability, mechanical stability, and
processability within conductive polymer systems, this research aims to propose a material design
strategy that extends beyond incremental property enhancement toward the realization of
sustainable next-generation electronic devices. Moreover, by quantitatively evaluating the
performance of materials developed through distinct design approaches, this thesis seeks to
identify molecular structures and interaction strategies that are most suitable for real-world
applications, ultimately providing guidance for the future design of versatile polymer-based

electrode systems.

1.4 Organization of the Work

This thesis is organized as follows. Chapter 2 provides a comprehensive review of self-healable
and recyclable conductive polymer composites for soft electronic applications, with a particular
focus on PEDOT:PSS-based systems. Chapter 3 describes the experimental methods and materials

used throughout this work.

Chapter 4 introduces a roadmap of PEDOT:PSS-based self-healing conductive materials (under
revision for Flexible and Printed Electronics), outlining the current state of the field, key

challenges, and future research directions.

Chapter 5 presents a research article (published in Materials Horizons), which reports the
development of a stretchable, self-healing, and recyclable PEDOT:PSS/PU-based conductive
polymer system. The material exhibits high elongation at break (~350%), high toughness (~24.6
MJ m), and moderate electrical conductivity (~10 S ecm™), along with efficient mechanical and
electrical self-healing. In addition, it demonstrates excellent recyclability, maintaining its
mechanical and electrical properties over multiple cycles. The material is further applied to ECG

electrodes and pressure sensors, serving as proof of concept for sustainable electronic devices.



Chapter 6 presents a research article (under revision for Materials Horizons), which advances this
material platform by enabling autonomous room-temperature self-healing, including recovery
from severe mechanical damage such as scratches, cuts, and punctures. The composite exhibits
enhanced mechanical performance (stretchability >650%) and strong self-adhesion, while
maintaining stable electromechanical behavior. Furthermore, the material offers expanded solution
processability using green solvents and can be fabricated via spin coating and printing into films,
as well as transferable freestanding and electronic tattoo electrodes. It also supports both
mechanical reuse and chemical recycling over multiple cycles while maintaining high performance.
Device-level demonstrations, including printed electronic tattoos and freestanding electrodes,
exhibit low impedance and high-quality ECG signal acquisition, highlighting the practical
applicability of the system.

Finally, Chapter 7 summarizes the main findings of this thesis and presents the overall conclusions.



CHAPTER 2 LITERATURE REVIEW

This chapter first outlines the general characteristics of conductive polymers and the performance
requirements associated with soft electronic applications, followed by a summary of intrinsic and
extrinsic healing mechanisms in self-healing polymer systems. Subsequently, composite design
strategies involving polyurethane-based self-healing elastomers and conductive polymers are
discussed, along with material design approaches that consider recyclability and reprocessability.
In addition, previous studies on PEDOT:PSS-based systems are reviewed with an emphasis on
additive utilization and compatibility with printing-based fabrication processes, highlighting their
limitations in achieving the integration of self-healing, recyclability, and mechanical durability.
Through this literature review, the current limitations of self-healing conductive polymer systems

are identified, and the research gaps addressed in this thesis are clarified.
2.1 Conductive Polymers

Conductive polymers are polymeric materials that exhibit electrical conductivity and play
important roles in a wide range of applications, including wearable electronic devices, smart
textiles, and bioelectronic systems. As organic polymer materials, they combine intrinsic electrical
conductivity with mechanical flexibility and chemical durability, distinguishing them from
conventional inorganic conductors. At the molecular level, conductive polymers possess
conjugated backbones composed of sp*-hybridized carbon atoms, which form delocalized -

electron systems that enable charge transport along the polymer chains (Figure 1) [18].
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Figure 1. Schematic depiction of their sp>-hybridized conjugated orbitals and PEDOT and PSS

molecular structures [18].

The electrical conductivity of conductive polymers is typically activated through doping processes
involving oxidation—reduction (redox) reactions, which introduce mobile charge carriers into the
conjugated backbone and facilitate electron transport. In most systems, including PEDOT-based
materials, conductivity arises from oxidative (p-type) doping that removes electrons from the
polymer chains, generating positively charged species such as polarons and bipolarons.
Representative conductive polymers include poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS), polyaniline, and polypyrrole. These materials enable the simultaneous
tuning of electrical conductivity and mechanical properties through compositional and structural
control, such as adjusting the doping level, incorporating plasticizers or secondary additives, and
modifying the polymer network. This versatility makes them particularly well suited for flexible

electronic devices and smart display applications [19].

Beyond electrical performance, the mechanical properties of conductive polymers are critical for
their practical use in deformable electronic systems. Mechanical flexibility and durability are
essential characteristics for wearable and smart electronic devices, where materials are subjected
to repeated mechanical deformation. These properties are typically quantified through tensile
testing (e.g., elongation at break, Young’s modulus), cyclic mechanical loading, and monitoring

of electrical stability under repeated deformation [20]. For example, PEDOT:PSS offers a



favorable combination of electrical conductivity and mechanical flexibility, enabling its use in
flexible displays and wearable devices. Similarly, polyaniline and polypyrrole enable precise
control of electrical properties through electrochemical doping or conductivity modulation and
have therefore been widely explored in applications such as smart sensors and bioelectronic
devices [21]. In addition, conductive polymers exhibit chemical resistance and thermal stability,
which has led to their use in various industrial applications, including electrodes, batteries, and

capacitors.

Conductive polymers can further enhance device durability when integrated with self-healing
polymer systems. Although certain conductive polymers, such as PEDOT:PSS, exhibit healing
behavior under specific conditions (e.g., water-enabled recovery), their ability to restore severe
mechanical damage remains constrained, as evidenced by limited recovery in mechanical
properties (e.g., toughness or elongation at break) and incomplete restoration of electrical
conductivity after damage. In such hybrid materials, conductive polymers provide electrical
functionality, while self-healing polymers enable autonomous repair of mechanically damaged
regions, thereby restoring both electrical and mechanical integrity after damage [21]. This
synergistic integration can extend device lifetime, reduce maintenance and replacement costs, and
improve overall operational efficiency. Moreover, self-healing conductive polymer systems
contribute to enhanced long-term reliability and reduced material waste, offering advantages from

an environmental sustainability perspective [7].

Their conductivity can be tuned through chemical doping, electrochemical reactions, or
photochemical processes, enabling adaptation to diverse functional requirements. Continued
advances in conductive polymer design and integration strategies are therefore expected to provide

a critical materials foundation for next-generation smart and biointegrated electronic devices.
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2.1.1 Poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a representative m-conjugated conductive polymer
that exhibits electrical conductivity typically ranging from 1 to 1000 S-cm™ depending on doping
conditions. It also shows high chemical and environmental stability, a relatively low oxidation
potential, and a narrow HOMO-LUMO bandgap (~1.5-2.0 eV), which represents the energy
difference between the highest occupied and lowest unoccupied molecular orbitals and governs
charge excitation and transport. In addition, PEDOT-based systems have been widely explored in
bioelectronic applications due to their reported biocompatibility.

PEDOT complexed with negatively charged polystyrene sulfonate (PSS), commonly referred to
as PEDOT:PSS, is widely used owing to its water dispersibility, high stability, and ease of
processing on various substrates. However, despite these advantages, PEDOT:PSS systems often
exhibit limited mechanical robustness and recyclability, which restrict their applicability in
deformable and sustainable electronic applications. These limitations highlight the need for
material design strategies that enable the simultaneous integration of electrical conductivity with

mechanical durability, self-healing capability, and recyclability [22].

Structurally, PEDOT:PSS is a polymer electrolyte complex formed through electrostatic
interactions between positively charged PEDOT chains and negatively charged PSS chains (Figure
2a). While PEDOT is inherently insoluble in water in its oxidized state, PSS acts as a hydrophilic
polyanion that stabilizes PEDOT in aqueous dispersions, thereby enabling solution processability.
The complex typically adopts a micellar nanostructure, in which conductive PEDOT-rich domains

form the core, surrounded by excess insulating PSS chains that constitute a shell (Figure 2b) [23].
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Figure 2. (a) Chemical structure of PEDOT:PSS and (b) Schematic core—shell morphology of the
PEDOT:PSS complex in aqueous dispersion [23].

The electrical properties of PEDOT:PSS are intrinsically influenced by this structural
configuration. In particular, excess PSS, which is electrically insulating, limits charge transport,
making the incorporation of secondary dopants essential for enhancing conductivity [24].
Numerous studies have demonstrated that the addition of polar solvents such as dimethyl sulfoxide
(DMSO0), ethylene glycol (EG), D-sorbitol, and methanol to aqueous PEDOT:PSS dispersions can
effectively increase electrical conductivity. These dopants strengthen interactions between
PEDOT chains, induce phase rearrangement, or improve the planarity and alignment of PEDOT
segments, thereby enhancing charge transport pathways. In addition, post-treatment processes
applied to PEDOT:PSS films can remove excess PSS and reduce interparticle resistance, leading
to conductivity enhancements of up to several orders of magnitude [24, 25]. Consequently, the
electrical performance of PEDOT:PSS can be widely tuned through control of intermolecular
interactions, microstructure, doping strategies, and post-treatment conditions, which is typically
quantified by electrical conductivity (S-cm™'), sheet resistance (€2/sq), and changes in resistance

(AR/Ro) under mechanical deformation.

Beyond its electrical properties, PEDOT:PSS exhibits high flexibility, mechanical stability, optical
transparency, and biocompatibility, which have led to its widespread use in applications such as
wearable devices, biosensors, electrochemical transistors, supercapacitors, and electronic skin (e-

skin). As a water-processable polymer system, PEDOT:PSS is compatible with various fabrication
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techniques, including inkjet printing, spray coating, and dry coating, making it particularly
attractive for low-cost and flexible electronic devices, such as skin-attachable electronics and
paper-based electrodes [26]. For these reasons, PEDOT:PSS remains one of the most actively
investigated conductive polymers and serves as a key component in a wide range of functional

composite material platforms.
2.2 Self-healing and Recyclable Polymers

Self-healing polymers are polymeric materials capable of autonomously repairing defects
generated by external physical or chemical damage. These materials possess the ability to restore
damaged regions through self-repair or re-bonding processes, thereby improving long-term
durability and structural stability. Through their intrinsic healing mechanisms, self-healing
polymers can recover mechanical, electrical, and chemical properties, contributing to extended
service lifetimes and reduced maintenance costs in applications where durability is critical,

including soft electronics, wearable devices, and flexible electronic systems [27].

Approaches to achieving self-healing polymers are generally classified into two categories (Figure
3): intrinsic and extrinsic self-healing, depending on the mechanisms employed to enable healing
functionality. Intrinsic self-healing materials are activated through molecular diffusion, reversible
or dynamic bonding, or supramolecular interactions that can be triggered by damage or external
stimuli. Because these interactions and reactions are reversible, intrinsic self-healing materials are
capable of repeated healing cycles [28]. In contrast, extrinsic self-healing materials typically rely
on healing agents stored separately within microcapsules or vascular networks. When damage
occurs and these reservoirs rupture, the released healing agents initiate repair reactions at the
damaged site. Although extrinsic self-healing systems can provide rapid and effective healing,
their healing capability is generally limited to a single event due to depletion of the stored healing

agents [29].
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Figure 3. Two self-healing mechanisms in polymer systems: (a) bond reformation via reversible
dynamic covalent interactions and (b) damage repair driven by the depletion of encapsulated

healing agents [30].

2.2.1 Intrinsic Approaches

In intrinsic self-healing systems, polymers are designed to contain chemical bonds that can
undergo fully reversible bond dissociation and reformation during the healing process (Figure 4).
Key parameters governing the self-healing performance include bond dissociation and association
kinetics, as well as polymer chain mobility. Reversible covalent bonds are particularly attractive

for the design of self-healing polymers with enhanced mechanical properties due to their relatively

high bond strength [31].
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Figure 4. Schematic representation of self-healing materials categorized according to dynamic

covalent bonding and non-covalent interaction mechanisms [31].

Among reversible covalent chemistries, the Diels—Alder reaction has been extensively investigated
as a reliable self-healing mechanism in a variety of polymer systems [32]. This reaction enables
the reconstruction of crosslinked polymer networks formed between diene and dienophile moieties.
Under sufficient mechanical stress or elevated temperatures, the diene—dienophile adducts
dissociate, whereas bond reformation occurs at lower temperatures, allowing damage to repair.
Diels—Alder chemistry has been successfully applied to polymers such as polyimides, polyesters,
and epoxies. However, because these systems typically exhibit high glass transition temperatures

(Ty), efficient self-healing at room temperature is difficult to achieve.
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To overcome the requirement for elevated temperatures, dynamic bond exchange reactions
between reversible covalent bonds have also been explored as an alternative intrinsic self-healing
strategy. These exchange reactions generally exhibit lower activation temperatures and can enable
self-healing at or near room temperature. A representative example of such dynamic covalent
chemistry is disulfide bonding [33]. Disulfide exchange reactions can be triggered by thermal
stimuli, ultraviolet irradiation, light exposure, or redox conditions. During bond dissociation, free
radicals are generated and subsequently participate in the repair of damaged regions. When
sufficient chain mobility is present, fractured polymer chains can diffuse, react through radical-
mediated processes, and reform covalent bonds, thereby realizing self-healing. Consequently,
polymer chain mobility is a critical factor, and polymers with relatively low Ty are advantageous

for efficient healing.

In addition to reversible covalent bonds, supramolecular interactions constitute an important class
of intrinsic self-healing mechanisms. Supramolecular chemistry involves reversible noncovalent
interactions, including hydrogen bonding, metal-ligand coordination, m—m interactions, ionic
interactions, and host—guest interactions. Although these interactions are generally weaker than
covalent bonds, they are highly dynamic and can form robust yet reversible polymer networks,
making them particularly useful for self-healing material design [34]. Polymer networks connected
through supramolecular interactions can reversibly reorganize into mechanically robust and elastic
structures, and extensive research has been devoted to such systems. Upon mechanical
deformation, weaker supramolecular bonds preferentially dissociate, dissipating energy, and

subsequently reform through dynamic interactions, enabling self-healing.

Supramolecular polymers typically exhibit relatively low 7y values, resulting in enhanced chain
mobility and ductility, which are advantageous for self-healing material development. Among
noncovalent interactions, hydrogen bonding represents one of the strongest and most widely
utilized mechanisms for tuning mechanical properties through dynamic bond formation and
dissociation. For example, in polysiloxane elastomers, combinations of strong and weak hydrogen
bonds have been employed to tailor stretchability, durability, and self-healing performance.
Cooperative quadruple hydrogen bonding can be formed between phenyl urea units, whereas

isophorone bisurea units form only double hydrogen bonds due to steric hindrance [8].
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Metal-ligand coordination provides another versatile supramolecular approach for connecting
polymer chains through coordination complexes. By introducing different metal ions and ligands,
the strength of coordination bonds can be tuned to modulate mechanical properties. Under applied
mechanical stress, coordination bonds dissociate, and upon removal of stress, they can be reformed,
often triggered by temperature changes or electromagnetic radiation, resulting in self-healing

behavior [35].

T—7 interactions arise between m-electron donors and m-electron acceptors and can form thermally
reversible polymer networks. In such systems, donor and acceptor polymer chains interact at
defined distances to establish m—r stacking interactions. Self-healing can be achieved by tuning the
glass transition temperature through control of intermolecular spacing or molecular configuration.
n—7 interactions are often incorporated alongside other supramolecular interactions, such as

hydrogen bonding or metal coordination, to enhance overall healing performance [34].

Ionic interactions commonly appear in the form of ionomers, where polymer chains are
interconnected through electrostatic interactions within the polymer network. Upon mechanical
damage or impact, friction-generated heat can be transferred to the surrounding polymer matrix,
inducing localized melting. The softened polymer surfaces can then diffuse across the damaged
interface, enabling healing. Subsequent reformation of ionic interactions and long-term relaxation
processes restore the mechanical properties of the polymer. The self-healing efficiency of ionically
interacting systems can be tuned by environmental factors or additives. For instance, the
introduction of water, highly polar salts, or solvents can adjust ionic bond strength, enhance chain

mobility, and thereby improve healing efficiency [36].

Host—guest interactions provide spatially organized and size-selective binding between
complementary polymer segments and are particularly attractive for hydrogel-based self-healing
systems [37]. Common cyclic host molecules include cyclodextrins, cucurbiturils, crown ethers,
calixarenes, and pillararenes. Host molecular structures can be designed to selectively interact with
specific guest molecules, enabling flexible material design. By tailoring host and guest molecular
structures, healing efficiency can be adjusted. For example, the incorporation of B-cyclodextrin
and adamantane into the side chains of various water-soluble polymer backbones enables
multivalent host—guest interactions, imparting hydrogels with high flexibility, durability, and self-

healing capability. The mechanical properties of such systems can be tuned by varying the
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concentration and ratio of host and guest components. Another representative host molecule is
cucurbituril [8]. When in situ polymerization is carried out in the presence of cucurbituril,
polymerizable guest molecules (1-benzyl-3-vinylimidazolium), and acrylamide, self-healing
polymers can be formed. In this system, cucurbituril functions as a dynamic crosslinker and
sacrificial bond, dissipating energy upon deformation and subsequently reforming to trigger self-

healing.
2.2.2 Extrinsic Approaches

In extrinsic self-healing systems, liquid healing agents are typically pre-embedded within the
polymer matrix using carriers such as microcapsules or microvascular networks. When mechanical
damage occurs, these carriers rupture, allowing the healing agent to flow into the damaged region.
Upon contact with catalysts that are pre-incorporated within the polymer matrix, polymerization

reactions are initiated, leading to the repair of the damaged area [38].

Microcapsule-based self-healing systems have been successfully implemented in polymer
matrices, such as epoxy resins. In these systems, the healing agent is encapsulated within
microcapsules, and the distribution of catalysts is generally achieved through three representative
strategies (Figure 5). In the first approach, the catalyst is directly dispersed within the polymer
matrix. For example, when monomers released from ruptured microcapsules come into contact
with catalysts dispersed in an epoxy matrix, ring-opening metathesis polymerization is triggered,
enabling the recovery of mechanical damage [39]. In the second approach, both the healing agent
and the catalyst are encapsulated separately. When both types of microcapsules rupture upon
damage, the released healing agent and catalyst react with each other to initiate the healing process.
This configuration is commonly referred to as a dual-capsule system. In the third strategy, residual
reactive functional groups within the polymer matrix or external stimuli act as catalysts to trigger
the healing reaction. A typical example involves the use of residual amine groups in epoxy matrices

to initiate polymerization of the released healing agent.

Microvascular-based self-healing materials store healing agents within hollow channels or
capillaries that can be interconnected to form three-dimensional microvascular networks. This
architecture enhances healing efficiency and enables the repair of relatively large damage volumes.
Unlike microcapsule-based systems, healing agents stored in microvascular networks can be

introduced after the network has been integrated into the polymer matrix and can be replenished



18

after depletion, allowing multiple healing cycles. This capability represents a significant advantage

over microcapsule-based systems, which are typically limited to a single healing event [40].
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Figure 5. Schematic depiction of extrinsic self-healing approaches: (a) microcapsule-based healing

and (b) vascular network-assisted repair systems [31].

2.2.3 Polyurethane-Based Elastomers in Self-Healing Systems

PU chemistry was first developed in 1937 by Otto Bayer via the polyaddition reaction between
diisocyanates and polyols, leading to the formation of urethane linkages. This discovery laid the
foundation foa a wide range of PU-based materials including foams, elastomers, adhesives, plastics,
and fibers [41]. Approximately 15% of the global polyurethane market is utilized in elastomeric
forms, which are widely employed across industrial sectors due to their excellent abrasion
resistance, mechanical performance, and processability. As polymeric materials that combine high
stretchability with elastic recovery, polyurethane elastomers have attracted considerable attention
to applications in wearable electronics and flexible devices [42]. More recently, increasing

research efforts have focused on exploiting these mechanical characteristics to develop
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polyurethane-based functional polymers capable of autonomously restoring surface damage

through self-healing behavior.

Polyurethanes (PUs) are synthesized through an addition polymerization reaction between alcohol-
based compounds containing hydroxyl groups (—OH) and compounds containing isocyanate
groups (-NCO), a process that is accompanied by heat release (Figure 6a). Isocyanates containing
one or more NCO groups and alcohols containing one or more OH groups are classified as
polyfunctional reactants, and their reaction leads to the formation of urethane linkages with a
repeating -[NHCOO],— structure. The polymer chains formed through repeated urethane bond
formation constitute polyurethane (Figure 6b) [41].

PU elastomers are commonly synthesized using two representative approaches [43]. In the one-
pot method, all reactive components are mixed simultaneously, enabling a simple and rapid
synthesis; however, this approach often results in limited control over polymer chain length
uniformity. In contrast, the two-stage, or prepolymer, method involves the initial reaction of a
macrodiol (e.g., polyester- or polyether-based diols) with a diisocyanate to form a prepolymer,
followed by chain extension using short-chain diols or diamines. This method provides superior
structural uniformity and is therefore more suitable for the development of high-performance

polyurethane materials.
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Figure 6. (a) Synthetic route of the polyurethane. (b) Schematic illustration of dynamic interactions

between soft and hard segments [43].
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The physical properties of PU elastomers are strongly governed by the composition and
arrangement of soft and hard segments within the polymer structure (Figure 6b). Soft segments
are typically composed of polyols, polyethers, polyesters, or polyethylene-based polymers and
possess low glass transition temperatures (7%), resulting in high chain mobility and flexibility [43].
In contrast, isocyanate-derived hard segments exhibit rigid structures and play a dominant role in
determining the overall stiffness and elastic recovery of the material. By controlling parameters
such as the molecular weight of the macrodiol, the compositional ratio of diols and diisocyanates,
and block sequence arrangement, the mechanical strength, stretchability, and abrasion resistance
of polyurethane elastomers can be precisely tuned, enabling the design of materials with diverse

mechanical properties [44].

The design of polyurethane systems with self-healing functionality has primarily focused on the
incorporation of reversible bonding motifs into the polymer network. Among these, disulfide
bonds have been widely employed due to their relatively low activation energy for bond
dissociation and reformation, enabling repeated self-healing under thermal or photochemical
stimuli. For example, Li et al.[45] developed a polyurethane elastomer using a polyether diol as
the soft segment and a disulfide-containing diisocyanate as the crosslinking unit, achieving more
than 90% recovery of mechanical strength within several hours at room temperature. Notably, this

system maintained stable elastic properties and tensile strength even after repeated healing cycles.

Another effective strategy involves constructing hydrogen-bonding networks within the
polyurethane matrix. The incorporation of hydrogen-bonding motifs such as ureidopyrimidinone
(UPy), barbituric acid, or catechol into functional urethane monomers enables the design of
polyurethane films capable of autonomous self-healing without external stimuli. Xu et al.[46]
reported polyurethane systems containing dual or quadruple hydrogen-bonding networks that
recovered more than 80% of their original mechanical toughness within 24 hours. These materials
exhibited relatively low 7 values and high chain mobility, facilitating effective molecular

rearrangement and resulting in efficient self-healing behavior.

In addition, reversible covalent networks based on Diels—Alder (DA) reactions have been widely
applied to thermally reversible self-healing polyurethane systems. In these materials, bond
dissociation and reformation can be induced by thermal or ultraviolet stimuli, allowing damage

repair at elevated temperatures. Polyurethane networks constructed using DA chemistry typically
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exhibit healing behavior in the temperature range of 80—120 °C and maintain their mechanical

properties after repeated thermal healing cycles [47].

Beyond these approaches, various self-healing polyurethane systems based on reversible physical
or chemical interactions have been reported, including pH-responsive ionic interactions, metal—
ligand coordination, and dynamic urea or urethane exchange reactions. These systems are designed
according to specific performance metrics such as stimulus responsiveness, repeatability of healing,
film stability, and curing kinetics. Owing to its structural versatility and compatibility with a wide
range of functional bonding motifs, polyurethane represents an important and adaptable platform

for the development of self-healing polymer materials.
2.2.4 Recyclable PUs System

PUs are a versatile polymeric material that can exhibit both thermoplastic and thermosetting
characteristics, depending on its molecular architecture. Traditionally, PUs have been regarded as
difficult to recycle due to its highly crosslinked network structures and irreversible curing behavior.
Recently, however, recyclable PU systems have been increasingly reported through the
introduction of reversible covalent bonds or dynamic physical interactions, enabling repeated
reprocessing and reshaping [48]. These systems respond to external stimuli, such as heat or
solvents, by temporarily reorganizing their network structures or increasing chain mobility,

thereby allowing remolding while maintaining functional performance.

One representative chemical approach involves the incorporation of dynamic polysulfide bonds
into the PU network (Figure 7a) [49]. Polysulfide (—S—S-) linkages were introduced into polymer
chains to enable reversible sulfur—sulfur exchange reactions at relatively low temperatures
(~140 °C). Owing to the low bond dissociation energy and high reactivity of polysulfide bonds,
the polymer network could undergo dynamic rearrangement during thermal processing. As a result,
the material retained a high level of mechanical performance, including tensile strength and
elongation at break, even after multiple hot-press reprocessing cycles. This study demonstrated
that chemically dynamic networks can simultaneously achieve recyclability and mechanical

stability in PU systems.

Another chemically driven strategy was reported in polyurethane networks. In this work, reversible
transcarbamoylation reactions within urethane linkages were utilized to allow dynamic bond

exchange at elevated temperatures [50]. Through this mechanism, partial network dissociation and
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reformation occurred during thermal treatment, enabling reprocessability and shape recovery
behavior. Notably, the resulting PU networks maintained tensile strengths exceeding 35 MPa after
reprocessing, highlighting the effectiveness of dynamic urethane chemistry in achieving both high

elasticity and structural resilience (Figure 7b).
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Figure 7. Recyclable polyurethane strategies: (a) polysulfide bond exchange [71], (b)
transcarbamoylation-enabled dynamic urethane networks [72], and (c) physically crosslinked

thermoplastic PU based on crystalline hard segments [73].

In addition to chemically dynamic approaches, recyclability in PU systems has also been realized
through physical network design without relying on covalent bond exchange [51]. A thermoplastic
PU system incorporating highly crystalline self-reinforcing domains was developed (Figure 7c).
Strong phase separation and enhanced crystallinity of hard segments created physical crosslinking
points, while the soft segments retained thermally induced mobility. This design enabled repeated
reprocessing through conventional thermoplastic techniques such as extrusion and hot pressing,
while preserving mechanical strength and thermal resistance after multiple cycles. Physical-
network-based strategies are particularly attractive for industrial applications, as they avoid

complex chemical modifications while offering long-term durability and processing flexibility.
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Overall, recent recyclable PU systems can be broadly categorized into two main strategies. The
first involves the use of dynamic covalent bonds to chemically reorganize polymer networks,
enabling repeated reprocessing and, in some cases, self-healing behavior. The second relies on
controlled phase separation and crystallinity to achieve reversible physical crosslinking while
maintaining thermoplastic processability and mechanical integrity. These developments
demonstrate that PUs are no longer limited to single-use or permanently crosslinked materials but
is evolving into a sustainable functional polymer platform. Such advances are directly aligned with
the design philosophy of this study, which aims to integrate self-healing capability and

recyclability within conductive polymer composite systems.
2.3 Conductive Self-Healing Polymers

Conductive polymers are widely utilized as essential functional materials in diverse application
fields, including flexible electronic devices, biointerfaces, and energy storage systems [52-54]. In
Particularly in these applications, ensuring long-term electrical stability under repeated mechanical
deformation or damage has emerged as a critical challenge [52, 55]. In response, recent research
has increasingly focused on integrating self-healing functionality into conductive polymer systems,
enabling the simultaneous recovery of electrical conductivity and mechanical integrity after
damage [52, 55, 56]. Such self-healing capability can significantly enhance material reliability and
device lifetime and is therefore of particular importance for applications subjected to prolonged
use and repetitive mechanical stress, including wearable devices, electronic skin, and skin-

mounted sensors [57, 58].

Conductive polymer systems incorporating self-healing functionality are generally classified into

two main design strategies [55, 59, 60].

The first strategy involves introducing reversible covalent bonds or supramolecular interactions
directly into the molecular structure of the conductive polymer itself, thereby enabling both
electrical conductivity and self-healing behavior within a single polymer framework.
Representative examples include conductive polymers such as polyaniline (PANI) and polypyrrole
(PPy), which have been modified with disulfide bonds, Diels—Alder moieties, or multiple
hydrogen-bonding motifs to allow molecular reconnection and functional recovery after damage

[59, 60].
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The second strategy, as widely reported in the literature, relies on compositing conductive
polymers or conductive materials (e.g., PEDOT:PSS, carbon nanotubes, graphene) with soft
polymer matrices that inherently possess self-healing capability, such as polyurethane,
poly(dimethylsiloxane), or poly(vinyl alcohol) [61, 62]. In these systems, the self-healing polymer
matrix provides mechanical recovery through its dynamic network, while the conductive
component establishes electrical pathways. This dual-function design offers flexibility in material
selection and processing and allows compatibility with a wide range of conductive fillers [55].
However, acommon limitation of this approach is that disruption of the conductive network during

damage and healing can lead to incomplete recovery of electrical performance [62].

In such composite systems, trade-offs among electrical conductivity, stretchability, self-healing
efficiency, and mechanical stability are often application-dependent as different applications
prioritize specific performance metrics, and therefore represent critical design considerations [4,
55, 63]. For instance, increasing the content of PEDOT:PSS can enhance electrical conductivity
but may deteriorate the flexibility and healing capability of the polyurethane matrix [64].
Conversely, excessive incorporation of the self-healing polymer can compromise the continuity of
the conductive network, resulting in a sharp decrease in electrical conductivity. Therefore, precise
control over composition, phase-separated morphology, and dopant selection is essential to

achieve a balanced integration of self-healing functionality and electrical performance [65].

To date, a variety of self-healing conductive polymer systems based on PANI, PPy, and
PEDOT:PSS have been reported, with each material exhibiting distinct characteristics in terms of
processability, mechanical properties, and healing mechanisms [66]. PANI-based systems
demonstrate high redox activity and electrical conductivity but often suffer from limited
processability and mechanical flexibility (Figure 8a); thus, they are frequently combined with
hydrogel matrices or polyurethane-based polymers to improve healing efficiency and mechanical
compliance [67]. PPy-based self-healing conductors are most commonly realized by integrating
PPy into dynamic polymer matrices (e.g., elastomers or hydrogels) (Figure 8b), where reversible
noncovalent interactions and/or coordination interactions enable healing, while the elastomeric
matrix provides stretchability [68, 69]. Among these materials, PEDOT:PSS-based composites
exhibit particularly favorable properties, including water processability, mechanical flexibility,
and biocompatibility. Consequently, extensive efforts have been devoted to combining

PEDOT:PSS with various dopants and polymer matrices to simultaneously enhance self-healing
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behavior, electrical conductivity, and mechanical durability. Based on this background, the
following section focuses on recent research trends in PEDOT:PSS-based self-healing platforms
(Figure 8c), with particular emphasis on structural design, interaction mechanisms, healing

efficiency, and electrical performance. [20, 70].
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mechanical performance.
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2.3.1 PEDOT:PSS-Based Self-Healing Elastomer Blends

PEDOT:PSS is one of the most widely employed conductive materials in self-healing conductive
polymer systems due to its facile processability, biocompatibility, high electrical conductivity, and
compatibility with a broad range of polymer matrices. In addition, PEDOT:PSS possesses intrinsic
structural features that allow the formation of hydrogen bonding and electrostatic interactions,
enabling the simultaneous incorporation of electrical functionality and self-healing behavior when
combined with elastomeric matrices. Over the past several years, the development of PEDOT:PSS-
based self-healing composites has been actively explored through diverse material design
strategies, with increasing sophistication in both structural control and targeted applications [53,

56].

One representative example (Figure 9a), in which PEDOT:PSS was combined with a
polyurethane-based polymer matrix to fabricate an electrochromic film capable of self-healing at
relatively low temperatures (~60 °C) [73]. The healing mechanism relied on a hydrogen-bonded
polymer network, exhibiting adhesive behavior at room temperature and recovering cohesive
strength upon heating. The restoration of both visual color contrast and electrochemical
performance after damage demonstrated the retention of functional properties following healing.
This system highlights the potential of PEDOT:PSS-based self-healing composites for applications
such as flexible displays and electrochromic windows in environments where moderate thermal

stimuli are acceptable.

In another study, PEDOT:PSS was blended with a poly(ionic liquid) (PIL) elastomer to
simultaneously enhance electrical conductivity and self-healing capability (Figure 9b) [64]. The
PIL matrix provided ionic interactions, high flexibility, and intrinsic adhesiveness, while its
interaction with PEDOT:PSS facilitated charge transport and molecular rearrangement. The
resulting composite maintained electrical conductivity under strains exceeding 150% and
exhibited self-healing within one hour after damage. Importantly, sensor sensitivity was preserved
after repeated damage—healing cycles, demonstrating suitability for wearable strain sensors and

touch-sensing applications.

A third example is, which reported a PEDOT:PSS/polyurethane diol composite for dry, skin-
attachable electrodes (Figure 9c) [74]. The material maintained adhesive and self-healing

properties even under low-humidity conditions and recovered mechanical damage within 30
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minutes at room temperature. After healing, the electrodes could be repeatedly reattached to skin
with minimal change in electrical resistance, indicating strong potential for reusable wearable
bioelectrodes. The compatibility of this system with printing and coating processes further
supports its applicability to scalable fabrication of electrophysiological sensors, such as ECG and

EMG electrodes.

Another notable study, which demonstrated a PEDOT:PSS-based composite integrated with a
highly tough, water-responsive elastomer capable of autonomous self-healing in underwater
environments (Figure 9d) [75]. In this system, water acted as a trigger for healing, enabling
spontaneous recovery of cut samples within several hours under submerged conditions. The
composite achieved both high mechanical toughness and extreme stretchability (>1000%),
highlighting its applicability to underwater sensors and wearable electronics operating in harsh

environments.

Collectively, these studies demonstrate that PEDOT:PSS serves not only as a conductive
component but also as an effective platform for integrating self-healing functionality through
interactions with diverse polymer matrices, including polyurethane, ionic elastomers, and water-
responsive networks. The reported self-healing mechanisms encompass hydrogen bonding, ionic
interactions, adhesive recovery, and moisture-assisted processes. Across these systems, key
performance metrics commonly evaluated include healing time, recovery efficiency, electrical

stability, and compatibility with fabrication techniques such as printing and coating.

Despite these advances, most PEDOT:PSS-based self-healing systems remain at the proof-of-
concept stage, with limited consideration given to recyclability, long-term durability, and
structural stability under repeated mechanical cycling. In contrast, this thesis extends beyond
proof-of-concepts studies by demonstrating reproducible material performance, compatibility with
solution processable, and stable operation under repeated mechanical stress. Furthermore,
quantitative understanding of how interactions between PEDOT:PSS and polymer matrices
influence the overall material properties remains limited. To address these limitations, increasing
attention has been directed toward polyurethane-based composite systems that integrate self-
healing capability, mechanical resilience, electrical conductivity, and reprocessability in a unified
design framework. The following section therefore focuses on the design strategies and

representative implementations of self-healing systems based on PEDOT:PSS and PU systems.
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Figure 9. Representative PEDOT:PSS-based self-healing composite systems for flexible and

wearable electronics. (a) Polyurethane/PEDOT:PSS electrochromic film exhibiting low-
temperature healing enabled by hydrogen-bonded polymer networks [67]. (b) PEDOT:PSS
blended with a poly(ionic liquid) elastomer providing enhanced conductivity, stretchability, and
rapid self-repair for strain sensing [58]. (¢) PEDOT:PSS/polyurethane diol composite used as
reusable, skin-attachable dry electrodes with room-temperature healing and stable electrical
performance [68]. (d) Water-responsive PEDOT:PSS elastomer composite demonstrating

autonomous healing and extreme stretchability in underwater environments [69].
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2.3.2 Recyclability of PEDOT:PSS and its Composites

Structurally, PEDOT:PSS consists of a micellar architecture composed of a conductive PEDOT-
rich core surrounded by an insulating PSS-rich shell, while chemically the system is stabilized by
electrostatic (Coulombic) interactions between the positively charged PEDOT chains and
negatively charged PSS chains. Owing to this interaction-based assembly, PEDOT:PSS can be
redispersed, redeposited, or reprocessed in response to solvent or water treatment, suggesting

intrinsic potential for reuse and recycling.

A representative example is reported in conductive Cellulose/PEDOT:PSS films. In this study,
PEDOT:PSS was integrated with a cellulose-based stretchable film and employed as a wearable
sensor (Figure 10a). After device use, the conductive layer could be removed and reprocessed
through a water-based washing and redeposition process, enabling recovery of electrical
functionality (Figure 10b) [76]. The porous structure and water-permeable nature of the cellulose
substrate facilitated repeated adsorption and desorption of PEDOT:PSS, demonstrating a solvent-
assisted reprocessing strategy. Even after multiple recycling cycles, the electrical conductivity and
sensing performance were largely preserved, and low hysteresis behavior was maintained after
more than three reuse cycles (Figure 10c). This work provides experimental evidence that

PEDOT:PSS can be recovered and reutilized as a water-processable electrode material.

Another notable example is presented, where a closed-loop recycling process was proposed for
flexible organic electronic devices containing PEDOT:PSS (Figure 10d) [77]. In this approach,
PEDOT:PSS layers were selectively separated from device substrates and redissolved using polar
solvents such as dimethyl sulfoxide (DMSO) and ethylene glycol. The recovered PEDOT:PSS
could then be purified, reformulated into ink form, and redeposited as conductive films, restoring
electrical performance. This study extended the concept of recyclability beyond simple
delamination and redeposition, demonstrating the feasibility of material recovery, re-inking, and
film reformation within a circular processing framework. As a result, PEDOT:PSS was highlighted
as a conductive polymer with potential applicability in closed-loop recycling systems rather than

a single-use electrode material.
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Figure 10. Recyclable PEDOT:PSS-based electronic systems. (a—c) Cellulose/PEDOT:PSS
wearable sensors enabling water-assisted removal and redeposition of the conductive layer with
preserved electrical performance [74]. (d) Closed-loop recycling of PEDOT:PSS films via solvent

dissolution, purification, and re-inking for re-fabrication of flexible devices [75].
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Collectively, these studies indicate that PEDOT:PSS exhibits solvent-assisted reprocessability
through physical redispersion and redeposition mechanisms. However, because the phase-
separated microstructure and electrical properties of PEDOT:PSS are highly sensitive to solvent
conditions, the retention of performance after recycling strongly depends on interactions with the

supporting substrate or polymer matrix, as well as on doping state and post-treatment conditions.

Despite these advances, most reported studies have focused on PEDOT:PSS as a single-component
material or in relatively simple film architectures. Recyclable composite systems that
simultaneously address mechanical robustness, electrical stability, and repeated reprocessing
remain limited. In particular, recyclability in conductive polymer systems that also incorporate
self-healing functionality has been scarcely explored. This gap provides a clear motivation for the
present PhD thesis, which aims to develop PEDOT:PSS/PU-based composite systems capable of
integrating self-healing behavior, electrical conductivity, and recyclability within a unified

material platform.
2.4 PEDOT:PSS with Additives for Printable Self-Healing Electrodes

PEDOT:PSS is a widely used conductive polymer that simultaneously offers aqueous
processability, electrical conductivity, mechanical flexibility, and biocompatibility, making it
highly attractive for wearable and bioelectronic applications [78]. However, PEDOT:PSS as a
single-component material is mechanically vulnerable under repeated deformation, exhibits rapid
degradation of electrical performance upon damage, and lacks intrinsic self-healing capability [79].
To overcome these limitations, extensive efforts have been devoted to modifying PEDOT:PSS
through blending or compositing with various polymeric or low-molecular-weight additives, with
the aim of introducing damage tolerance and healing behavior while preserving electrical

functionality and printability (Figure 11a) [80].

A representative approach involves the incorporation of polyethylene glycol (PEG) into
PEDOT:PSS to induce hydrogen-bonding networks and impart physical self-healing behavior
(Figure 11b) [3]. In this study, it was demonstrated that the molecular weight and concentration of
PEG significantly influence interactions between PEDOT and PSS chains. These interactions
enabled partial structural rearrangement after film damage, resulting in recovery of electrical
conductivity. Notably, self-healing occurred under ambient conditions without external stimuli,

and a certain level of electrical performance was retained even after repeated mechanical damage.
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In a related approach, adhesive polymeric components were introduced into PEDOT:PSS to
enhance adhesion to skin and flexible substrates while simultaneously enabling electro-mechanical
self-healing (Figure 11c) [78]. The resulting composites exhibited recovery of conductive
pathways under repeated stretching and damage, achieving a balance between mechanical
resilience and functional stability. This strategy is particularly relevant for bioelectronic

applications, where intimate and durable contact with soft biological tissues is required.

Other studies have explored the incorporation of citric acid and polyvinyl alcohol (PVA) were
incorporated into PEDOT:PSS to simultaneously enhance electrical, mechanical, and self-healing
performance (Figure 11d) [81]. Citric acid promoted improved alignment of PEDOT domains,
leading to increased electrical conductivity, while PVA introduced hydrogel-like characteristics
that enabled physical network recovery and moisture-assisted healing. The resulting composites
exhibited self-adhesion and conductivity recovery under humid conditions, demonstrating

suitability for wearable thermoelectric and electronic applications.

Overall, additive-based PEDOT:PSS composite systems represent an effective strategy for
imparting self-healing behavior while simultaneously improving electrical and mechanical
stability. Depending on the additive type, healing mechanisms may arise from physical interactions,
domain structure reorganization, or hydrogel-assisted network recovery, leading to enhanced
stretchability, adhesion, and durability. Nevertheless, most reported studies remain focused on
film-level demonstrations of self-healing behavior. Comprehensive evaluations of electrode
durability under repeated use, long-term stability, and compatibility with scalable fabrication
processes are still limited. These limitations highlight the need for more structurally integrated
material systems that can support practical, repeatable, and reliable self-healing electrode

applications.
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Figure 11. Strategies to enhance the self-healing performance of PEDOT:PSS through polymer
blending and additive engineering. (a) Concept of composite modification to improve mechanical
durability and damage tolerance [78]. (b) PEG incorporation enabling hydrogen-bond-mediated
physical self-healing [79]. (¢c) Adhesive polymer blends providing electro-mechanical recovery for
wearable bioelectronics [76]. (d) Citric acid/PVA additives improving conductivity and moisture-

assisted healing behavior [80].

2.5 Applications of Self-Healing Conductive Polymers

Self-healing conductive polymers have emerged as key materials for next-generation electronic
devices due to their ability to restore degraded electrical performance and reorganize damaged
mechanical structures [60]. Conventional electronic devices are highly susceptible to physical
damage such as fracture, cracking, and interlayer delamination. This vulnerability is particularly
critical in applications involving repeated mechanical deformation, including wearable devices,
flexible sensors, and e-skin, where long-term operational stability is difficult to maintain [82].

Consequently, self-healing conductive polymer systems that can autonomously repair damaged
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regions or recover structure and functionality in response to external stimuli, such as heat or

moisture, have been actively explored across a wide range of applications (Figure 12).
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Figure 12. Schematic overview of representative applications of self-healing conductive polymers.
By combining intrinsic conductivity with autonomous damage recovery, these materials support
durable operation in electronic skin and sensors, implantable electronics, energy devices, and

wearable systems [21].

Wearable sensors represent one of the most prominent application areas [83]. These devices enable
real-time monitoring of physical and physiological signals, including human motion, biopotentials,
pressure, and temperature, and are widely used in medical, sports, and healthcare applications.
Wearable sensors are typically worn in direct contact with the skin for extended periods and are
repeatedly exposed to stretching, bending, friction, and perspiration [84]. Under such conditions,
maintaining both mechanical compliance and electrical stability is essential. Self-healing
conductive polymers are well suited to meet these requirements, as they can preserve or recover

conductive networks even after micro-scale damage. Indeed, numerous studies have reported
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composite systems combining conductive materials such as PEDOT:PSS, polyaniline (PANI), or
carbon nanotubes (CNTs) with self-healing elastomers including PU, poly(dimethylsiloxane)
(PDMS), or poly(acrylic acid) (PAA), achieving elongation exceeding 50% and electrical

conductivity recovery rates above 90% after repeated deformation [85].

Flexible and foldable displays, which are rapidly advancing toward commercialization, rely on
thin and compliant structures that undergo repeated bending, folding, or rolling [20] to enable new
forms of user interaction. However, functional layers such as electrodes, interconnects, and touch
sensors are continuously subjected to mechanical strain, making them prone to microcrack
formation and electrical failure [86]. Self-healing conductive polymers can be incorporated into
transparent electrodes, sensing layers, or strain-buffer layers within display architectures, allowing
microcracks or conductor disconnections to be repaired at the material level [7]. In particular,
PEDOT:PSS-based materials have attracted attention as alternatives to indium tin oxide (ITO),
offering high optical transparency, mechanical flexibility, solution processability, and

compatibility with composite designs suitable for display manufacturing [87].

Self-healing conductive polymers also play an important role in bioelectronic applications that
require biocompatibility and long-term functional stability, such as implantable electrodes, skin-
mounted biosensors, and electrical stimulation devices [88, 89]. In both in vivo and on-skin
environments, devices are exposed to combined effects of humidity, temperature fluctuations,
body fluids, and subtle mechanical motion, which can lead to signal instability, device malfunction,
or skin irritation [90]. Electrodes with self-healing capability can recover functionality without
external power input, ensuring long-term reliability and improving user safety and comfort [91].
Healing mechanisms triggered by moisture or body temperature are particularly well matched to
physiological conditions, making these materials attractive for wearable medical devices and

disposable electrophysiological monitoring patches [91].

In the field of soft robotics, conductive polymers are used in flexible actuators and sensor
components that enable complex and adaptive motion [92]. Repeated actuation often leads to
material fatigue and damage, posing a major challenge to long-term reliability. Self-healing
conductive polymers can autonomously repair damaged conductive networks, allowing circuits to

remain operational and ensuring continuous sensing and control [17]. This capability directly
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contributes to accurate position sensing, load distribution monitoring, and environmental

interaction in soft robotic systems.

Beyond performance enhancement, self-healing conductive polymers also offer significant
advantages for sustainable electronics by extending material lifetime and reducing E-waste [93].
Traditional electronic devices are often discarded due to localized damage, even when most
components remain functional. By preventing irreversible performance loss from minor damage,
self-healing materials increase reusability and reduce resource consumption. This contributes to
energy and cost savings and supports environmentally responsible device design, while also
enabling future concepts such as recyclable electrodes and recoverable organic electronic

components.

Overall, self-healing conductive polymers provide a versatile strategy for overcoming the intrinsic
limitations of conventional electrode materials across wearable sensors, flexible displays,
bioelectronics, soft robotics, and sustainable electronic systems. By enabling enhanced
functionality, reliability, and durability, these materials represent a critical platform for next-
generation electronic devices. Future research will require more refined material designs that
consider healing speed, repeatability, simplicity of healing conditions, and system-level

integration to accelerate the practical implementation of self-healing electronic technologies.
2.5.1 Identified Gaps in the Literature

Despite the significant progress in self-healing conductive polymers and recyclable polymer
systems, the simultaneous integration of self-healing capability and recyclability within
PEDOT:PSS/PU composite systems has not yet been systematically demonstrated. As discussed
in the previous sections, PEDOT:PSS-based composites have been extensively explored for self-
healing electronic applications, primarily through hydrogen bonding, ionic interactions, or
adhesive recovery mechanisms. Separately, recyclable PU systems have been actively developed

using dynamic covalent chemistry or physically reversible network designs.

However, in most reported studies, these functionalities have been addressed independently.
PEDOT:PSS-based self-healing systems typically focus on restoring electrical and mechanical
performance after damage, without consideration of material recovery or reprocessing. Conversely,
recyclable PU systems are often designed to maintain mechanical integrity and reprocessability,

while electrical functionality and conductive network recovery are not considered. As a result,
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composite systems that simultaneously satisfy self-healing behavior, electrical conductivity
retention, mechanical robustness, and recyclability within a single PEDOT:PSS/PU platform

remain largely unexplored.

In particular, the incorporation of dynamic healing mechanisms and recyclable network structures
into PEDOT:PSS/PU composites introduces inherent material trade-offs, including the balance
between polymer chain mobility, conductive pathway continuity, and structural stability during
repeated healing and reprocessing cycles. Addressing these competing requirements within a

unified material design framework remains a key challenge in the field.

This gap in the existing literature provides a clear motivation for the present study. By designing
PEDOT:PSS/PU composite systems that integrate self-healing capability and recyclability without
compromising electrical performance or mechanical durability, this work aims to establish a new

material platform for sustainable and reliable soft electronic applications.
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CHAPTER 3 METHODOLOGY

A comprehensive characterization was implemented to investigate the structural, thermal,
mechanical, and electrical aspects of the developed polymer system. By combining multiple
analytical techniques, both molecular-level features and macroscopic performance were
systematically examined. This approach enables a coherent understanding of how material

architecture governs overall functionality.
3.1 Fourier-transform Infrared (FTIR) Analysis

Fourier-transform infrared (FTIR) spectroscopy was employed to elucidate intermolecular
interactions governing network formation in both liquid precursors and solid films. In
supramolecular conductive polymer systems, macroscopic mechanical properties and functional
recovery originate from reversible, non-covalent interactions rather than permanent covalent
crosslinks. Therefore, spectroscopic identification of hydrogen bonding and dynamic bond

rearrangement is essential to establish the molecular origin of network formation.

In the liquid state, FTIR analysis provides insight into interaction tendencies among individual
components prior to film formation. Because supramolecular organization in the solid state evolves
from molecular associations already present in solution, systematic evaluation of binary and
ternary component combinations enables understanding of cooperative interaction effects and
network development pathways. Monitoring vibrational modes associated with hydroxyl (—OH),
carbonyl (C=0), sulfonate (—SOs"), and urethane groups allows detection of peak shifts and band
broadening resulting from hydrogen-bond formation. Such spectral variations reflect changes in
local bonding environments and reduced vibrational force constants, serving as molecular-level

indicators of intermolecular interaction strength.

In the solid state, ATR-FTIR spectroscopy was used to examine dynamic bonding behavior under
mechanical perturbation. Since self-healing behavior relies on reversible bond dissociation and
reformation, tracking characteristic vibrational modes before damage, after disruption, and
following recovery provides evidence of bond rearrangement processes. Variations in N-H, C=0,
and related vibrational features indicate bond cleavage, reassociation, and structural reorganization

within the polymer network.
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By integrating liquid- and solid-state FTIR analyses, this approach establishes a direct connection
between reversible intermolecular interactions and the macroscopic mechanical integrity and

functional stability of the composite system.
3.2 Gel Permeation Chromatograph (GPC) Analysis

Gel permeation chromatography (GPC) was employed to evaluate the molecular weight
distribution of the synthesized polyurethane (PU), as molecular weight fundamentally governs the
mechanical behavior and network stability of elastomeric polymers. In segmented polyurethane
systems, chain length and dispersity directly influence entanglement density, segmental mobility,
and stress-transfer efficiency within the polymer matrix. Therefore, accurate determination of
molecular weight parameters is essential to ensure that the observed mechanical and healing
behaviors originate from controlled polymer architecture rather than unintended variations in chain
growth. GPC separates polymer chains according to their hydrodynamic volume in solution,
enabling estimation of number-average molecular weight (Mn), weight-average molecular weight
(Mw), and dispersity (D). These parameters collectively describe chain length distribution, which
determines the balance between elasticity and flow behavior. Higher molecular weight generally
enhances entanglement-mediated elasticity, while broader dispersity can affect mechanical
reproducibility and network uniformity. Because the polyurethane matrix serves as the
mechanically supportive and dynamically interactive component in the composite system,
establishing its molecular weight characteristics provides a necessary foundation for interpreting
subsequent mechanical performance and supramolecular interaction behavior. Thus, GPC analysis
ensures that network formation and functional properties are evaluated within a structurally

defined polymer framework.
3.3 'H nuclear Magnetic Resonance (NMR) Analysis

'H nuclear magnetic resonance (NMR) spectroscopy was employed to verify the chemical
structure of the synthesized polyurethane (PU), as the macroscopic mechanical performance and
network-forming capability of segmented polyurethanes are intrinsically determined by their
molecular architecture. In these systems, the balance between soft segments and hard segments
governs chain flexibility, phase separation behavior, and intermolecular interaction density.
Therefore, confirmation of successful urethane bond formation and proper incorporation of

segmental components is essential prior to evaluating composite performance. 'H NMR provides
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molecular-level structural information by probing the chemical environment of hydrogen atoms
along the polymer backbone. The resonance positions and splitting patterns of characteristic
protons allow identification of functional groups and verification of chain connectivity. In
segmented PUs, signals associated with methylene units in the soft segment, urethane N—H protons,
and aliphatic protons derived from diisocyanate and chain extender components collectively
confirm successful polymerization and structural integration. Establishing the chemical integrity
of the synthesized PU ensures that subsequent mechanical, electrical, and healing behaviors can
be interpreted within a well-defined molecular framework. Thus, "H NMR analysis provides

structural validation of the polymer matrix that underpins the composite system.
3.4 Thermal Analysis

Thermogravimetric analysis provides insight into the decomposition profile of the material by
monitoring mass variation as a function of temperature. The absence of significant mass loss within
the operational temperature window confirms that healing and recycling processes are governed
by reversible intermolecular interactions rather than thermally induced chemical degradation.
Additionally, negligible low-temperature mass variation indicates effective solvent removal during
film fabrication, ensuring that observed mechanical and electrical behaviors arise from the polymer

network itself rather than residual processing artifacts.

Differential scanning calorimetry (DSC) was employed to characterize thermomechanical
transitions, particularly the glass transition temperature (7¢), which reflects segmental mobility
within the polymer matrix. In elastomeric conductive composites, 7g is a critical parameter
governing chain flexibility and the activation of dynamic bonding processes. Healing and
reprocessing require sufficient molecular mobility to enable interfacial diffusion and bond
rearrangement; therefore, 7 provides a fundamental reference point for interpreting temperature-

dependent behavior.
3.5 Electrical Conductivity Test

Electrical transport characterization was conducted to evaluate the intrinsic conductivity of the
PEDOT:PSS/PU composite films, as electrical performance directly reflects the continuity and
stability of conductive pathways within the polymer matrix. In stretchable conductive composites,

charge transport is governed by percolated networks formed by PEDOT-rich domains dispersed
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within an insulating elastomeric framework. Therefore, accurate assessment of intrinsic resistivity
is essential to determine how compositional variation and network architecture influence electrical
functionality. To obtain reliable conductivity values, it is necessary to decouple bulk transport
properties from extrinsic measurement artifacts such as electrode contact resistance. The four-
point probe methodology provides this advantage by independently controlling current injection
and voltage measurement, enabling precise determination of sheet resistance. Conversion of sheet
resistance to bulk resistivity, and subsequently to conductivity, allows direct comparison between
films of different thicknesses and compositions. Quantitative evaluation of electrical conductivity
establishes whether mechanical reinforcement or dynamic interaction within the composite
compromises percolation continuity. Thus, electrical transport analysis serves as a critical link
between molecular design, network morphology, and functional performance in the conductive

polymer system.
3.6 Mechanical and Electromechanical Characterization

Uniaxial tensile analysis was employed to investigate the deformation mechanics of the composite
films, as the macroscopic mechanical response of stretchable conductive systems is governed by
their underlying polymer network architecture. In elastomeric matrices containing conductive
domains, stretchability, stiffness, and fracture resistance are determined by chain entanglement
density, segmental mobility, and reversible intermolecular interactions. Quantitative stress—strain
evaluation therefore provides direct insight into how compositional design influences load transfer

and strain accommodation within the network.

The initial elastic region of the stress—strain curve reflects the effective network stiffness under
small deformations, where polymer chains respond primarily through reversible stretching. At
higher strains, nonlinear behavior captures chain alignment, interaction rearrangement, and
progressive energy dissipation. The overall elongation at break indicates the network’s ability to
sustain large deformation without catastrophic failure. Toughness, defined as the total mechanical
energy absorbed prior to fracture, serves as an integrated metric of elasticity and energy dissipation

capacity within the network.

Fracture-related analysis based on pre-existing crack geometry enables evaluation of crack
propagation resistance. In polymer networks, fracture behavior is governed by the competition

between elastic energy release and energy dissipation mechanisms such as chain pull-out and
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reversible bond rearrangement. Assessing fracture tolerance provides insight into the material’s

ability to redistribute stress and maintain structural integrity in the presence of defects.

Cyclic loading—unloading analysis further probes mechanical reversibility and hysteresis. The
hysteresis area represents dissipated mechanical energy associated with internal friction and

dynamic bond rearrangement.

Electromechanical characterization complements mechanical analysis by evaluating the stability
of conductive percolation pathways under deformation. In conductive composites, electrical
transport depends on nanoscale connectivity between PEDOT-rich domains embedded in a
deformable matrix. Mechanical strain can alter inter-domain spacing and disrupt conductive
continuity. Monitoring normalized resistance during deformation enables assessment of

percolation robustness and the coupling between mechanical strain and electrical functionality.

Together, mechanical and electromechanical analyses establish the relationship between polymer
network architecture, energy dissipation mechanisms, and strain-dependent electrical stability in

the composite system.

3.7 Evaluating Self-healing Capability
3.7.1 Electrical Self-Healing Behavior

Electrical self-healing evaluation was conducted to assess the ability of the conductive network to
restore charge transport continuity following mechanical damage. In stretchable conductive
polymer composites. Mechanical disruption locally breaks these conductive pathways, resulting
in abrupt changes in electrical resistance. Therefore, monitoring conductivity recovery provides a
sensitive probe for evaluating dynamic structural reorganization within the composite. Unlike
purely mechanical healing, electrical recovery requires re-establishment connectivity across
damaged regions. This process involves interfacial polymer chain rearrangement, domain
recontact, and restoration of percolation continuity. Because electrical transport is highly sensitive
to small variations in inter-domain spacing, resistance recovery reflects not only macroscopic
contact but also microscopic network reconstruction. By comparing the electrical response before
damage and after recovery, the extent to which conductive pathways are reformed can be

quantitatively assessed. Electrical self-healing analysis therefore serves as a functional validation
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of dynamic network behavior, directly linking supramolecular interaction reversibility to

restoration of electronic transport performance.
3.7.2 Mechanical Self-Healing Behavior

Mechanical self-healing behavior was examined to assess the ability of the polymer network to
restore structural integrity after surface-level and through-thickness damage. In supramolecular
elastomeric systems, healing arises from chain mobility, interfacial diffusion, and the reformation
of reversible intermolecular interactions. Therefore, evaluating healing performance requires

probing damage scenarios that impose different mechanical constraints and interfacial geometries.

Scratch-based healing provides insight into surface defect recovery, where deformation is
primarily localized, and partial network continuity remains intact. In this regime, healing reflects
short-range chain rearrangement and re-establishment of reversible bonding across shallow
damage zones. Quantifying changes in defect depth before and after recovery allows assessment

of surface-level structural restoration and the efficiency of local network reorganization.

Cut-stick experiments probe bulk healing across fully separated interfaces. Unlike surface
scratches, complete fracture requires macromolecular interdiffusion and re-entanglement across
the damaged interface to re-establish load transfer. The recovery of mechanical toughness
following rejoining directly reflects the extent of network reconstruction and energy dissipation
capability after healing. This method therefore evaluates whether the supramolecular network can

restore mechanical functionality beyond simple surface closure.

Puncture healing introduces a more severe, through-thickness defect that combines localized
fracture and out-of-plane deformation. In this case, healing requires cooperative chain mobility
and interfacial reconstruction across a confined geometry. Autonomous closure of puncture
damage demonstrates the material’s capacity to redistribute stress and reorganize its network
structure without external intervention. Because puncture represents a realistic mechanical failure

mode for flexible membranes, its recovery provides practical validation of network resilience.

By integrating scratch, cut—stick, and puncture assessments, mechanical self-healing is evaluated
across multiple damage scales, from superficial defects to complete structural separation. This

multiscale framework establishes a direct relationship between reversible molecular interactions,
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macromolecular mobility, and macroscopic restoration of mechanical performance in the

composite system.
3.8 Recycling Evaluation

Recycling behavior was investigated to assess whether composite could undergo structural
reconfiguration without significant loss of functionality. In dynamically interacting polymer
networks, recyclability is governed by reversible intermolecular interactions and sufficient chain
mobility that enable topological rearrangement under thermal activation. Therefore, evaluating
recycling performance provides direct evidence of whether the network architecture is

permanently capable of reprocessing.

Mechanical reprocessing was examined to determine whether fragmented materials could be
reconsolidated into a continuous specimen through thermally activated interfacial reconnection. In
this process, macromolecular interdiffusion and reformation of reversible bonding across fragment
interfaces are required to restore load transfer pathways. Successful recovery of mechanical
toughness and electrical conductivity after repeated reprocessing indicates that the supramolecular
network can reorganize without irreversible degradation of its conductive percolation structure.
Repeated cycling further probes structural stability and cumulative damage tolerance of the

dynamic network.

In parallel, chemical recycling was evaluated to assess the feasibility of selectively separating and
regenerating individual polymer components. This approach examines whether the composite can
be deconstructed into its constituent phases and subsequently reassembled while retaining
functional performance. Chemical recovery of the elastomeric matrix followed by re-blending with
the conductive component tests the reversibility of phase organization and compatibility between

regenerated components.

By integrating mechanical reprocessing and chemical recycling strategies, the recyclability
assessment distinguishes between topology-preserving reshaping and component-level
regeneration. This dual evaluation framework establishes whether the conductive composite
platform supports circular material design through both physical reconfiguration and selective
material recovery, thereby linking dynamic intermolecular interactions to sustainable functional

reusc.
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3.9 Bioelectronic Interface Validation

Pressure-sensing performance was evaluated to examine the piezoresistive response of the
composite films under external mechanical stimuli. In conductive polymer composites, electrical
resistance is highly sensitive to changes in microstructural connectivity within the percolated
network. Applied pressure reduces inter-domain spacing and modifies contact resistance between
conductive regions, resulting in measurable resistance variation. Therefore, monitoring normalized
resistance changes under controlled loading provides quantitative insight into the coupling

between mechanical deformation and electrical transport.

Sensitivity analysis establishes the relationship between applied stress and electrical response,
reflecting how efficiently the conductive network translates mechanical perturbation into
electronic signal modulation. This evaluation is essential for determining the feasibility of the
material as a flexible pressure sensor, where stable baseline resistance and reproducible signal

variation are critical.

To further assess processability and application versatility, the composite was reformulated into a
printable conductive ink. In dynamically interacting polymer systems, solubility indicate that
network formation is governed by reversible interactions rather than irreversible crosslinking.
Successful ink formulation and patterning demonstrate that the material can be reconfigured into
defined electrode geometries without loss of conductivity. This capability confirms compatibility

with additive manufacturing approaches and scalable device fabrication.

Epidermal electrode configurations were investigated to evaluate skin conformity and
bioelectronic interface stability. For wearable bioelectronics, intimate contact between electrode
and skin is required to minimize impedance and motion artifacts. The ability to print, transfer, and
mechanically reinforce ultrathin conductive films demonstrates structural adaptability and user

comfort, both of which are critical for long-term epidermal applications.

Electrocardiogram (ECG) measurements were performed to validate functional bioelectronic
performance. Because ECG signal acquisition requires stable low-impedance skin—electrode
interfaces and consistent electrical conductivity under subtle body motion, successful signal
detection confirms both mechanical compliance and electrical robustness of the composite.
Comparative analysis with commercial electrodes further establishes the practical viability of the

dynamic conductive polymer platform for wearable health monitoring.
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Collectively, pressure sensing, printability, and bioelectronic evaluation extend the material
validation beyond structural characterization, demonstrating that molecularly engineered dynamic

networks can translate into functional, skin-compatible electronic systems.
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CHAPTER 4 ARTICLE 1: PEDOT:PSS BASED SELF-HEALING
MATERIALS
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4.1 Status

In recent years, wearable and flexible electronics have attracted considerable attention owing to
the increasing demand for technologies related to human health monitoring, wearable displays,
soft sensors, and emerging energy harvesting and storage systems [19]. Unlike conventional rigid
electronic devices, soft electronic systems—including wearable, implantable, stretchable devices,
and soft robotics—can conform to complex geometries and integrate seamlessly with the human
body. This mechanical compliance significantly expands their potential applications in healthcare
monitoring, electronic skins, and human—machine interfaces. However, the intrinsic softness of
these systems also renders them vulnerable to mechanical damage caused by external stress,
repeated deformation, or long-term use. Addressing this vulnerability has motivated growing
interest in self-healing materials, inspired by biological systems, as a strategy to restore

functionality and improve device durability [94].

Self-healing materials have therefore emerged as a promising approach to extend the operational
lifetime  of soft electronic  devices. Among various candidates, poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) has been widely recognized as a
benchmark conducting polymer due to its combined ionic—electronic conductivity, mechanical
flexibility, biocompatibility, intrinsic self-healing capability, and compatibility with solution-
based processing techniques [95]. In general, self-healing mechanisms can be classified into two
categories: autonomic healing, which occurs spontaneously at room temperature without external

stimuli, and non-autonomic healing, which requires external triggers such as heat, light, or
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moisture. PEDOT:PSS is known to exhibit a rapid non-autonomic healing response in the presence
of water (Figure 13a), where swelling of the PSS domains facilitates gap filling at damaged sites

and enables near-complete recovery of mechanical and electrical properties [1].

Numerous strategies have been explored to exploit and enhance the self-healing behavior of
PEDOT:PSS-based materials. While many studies have primarily focused on restoring electrical
conductivity or improving charge transport performance, fewer approaches have addressed the
recovery of mechanical integrity after damage [19]. This limitation becomes particularly critical
as soft electronic devices increasingly transition from merely flexible to fully stretchable systems
that must tolerate large strains during operation. Conventional flexible conductors often exhibit
limited resistance to mechanical damage and show poor recovery after deformation, underscoring

the need for materials that combine stretchability with effective mechanical self-healing.

In this context, there is a growing demand for PEDOT:PSS-based materials that not only recover
electrical functionality but also withstand and heal from mechanical damage under realistic
operating conditions. Current research efforts are therefore directed toward developing strategies
that enhance stretchability, enable mechanical self-healability, and achieve autonomous healing
without reliance on external stimuli. By overcoming these challenges—namely limited
stretchability, insufficient mechanical self-healing, and dependence on non-autonomic healing
mechanisms—it becomes possible to design more resilient and versatile conducting materials.
Such advances are expected to play a critical role in enabling the next generation of organic and

soft electronic devices with improved reliability and long-term performance.
4.2 Current and Future Challenges

Despite the attractive flexibility and intrinsic self-healing characteristics of PEDOT:PSS, several
critical challenges remain that limit its reliability in soft and wearable electronic applications. In
particular, PEDOT:PSS-based systems often exhibit insufficient mechanical durability under
repeated deformation or severe mechanical damage, such as deep scratches, cuts, tears, or
punctures [96]. While PEDOT:PSS can recover electrical conductivity after minor damage
(typically up to ~20 um), it generally fails to restore both electrical and mechanical integrity
following more extensive damage. This limitation poses a significant obstacle for wearable,
implantable, and soft electronic devices that are expected to operate reliably under continuous

mechanical stress and prolonged real-world use.
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Another major challenge arises from the degradation of electrical conductivity under repeated
bending, stretching, or twisting. Continuous mechanical deformation can disrupt the conductive
pathways within PEDOT:PSS films, leading to progressive performance deterioration and unstable
electrical output. Such degradation is particularly problematic for applications that demand long-

term signal fidelity, including health monitoring and bioelectronic interfaces.

From a practical perspective, effective self-healing materials for soft electronics must also exhibit
room temperature healing, without reliance on external stimuli such as heat, light, or moisture.
Autonomous healing is essential to ensure rapid recovery from damage under realistic operating
conditions, where external intervention may not be feasible. However, PEDOT:PSS alone
typically lacks this capability, as its healing response is often non-autonomic and strongly
dependent on environmental humidity or water exposure. This dependence, combined with limited
resistance to repeated mechanical stress, significantly constrains the applicability of pristine

PEDOT:PSS in systems requiring long-term durability and reliability.

To overcome these limitations, various strategies have been explored based on blending
PEDOT:PSS with functional additives or secondary polymers, including polyethylene glycol
(PEG, Figure 13b), polyurethane diols (PUD), tannic acid (Figure 14a), and surfactants such as
Triton X-100 [3]. These additives can enhance stretchability and, in some cases, introduce
autonomous self-healing behavior. Nevertheless, while these approaches have demonstrated
promising electrical and healing properties, systematic investigations into their mechanical
durability remain limited. Achieving a balanced combination of high electrical conductivity, robust

mechanical durability, and efficient self-healing continues to be a major challenge [78].

Looking forward, the development of advanced PEDOT:PSS-based composite systems
incorporating novel polymers or multifunctional additives will be critical to addressing these
challenges. Future materials must simultaneously achieve autonomous room-temperature healing,
high stretchability, sustained electrical performance, and mechanical robustness under repeated
deformation. Addressing these requirements will be essential for translating self-healing
conducting polymers from laboratory demonstrations into reliable, long-lasting soft electronic

technologies.
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Figure 13. (a) SEM images of damaged and healed areas, schematic image of water-enabled healing
of PEDOT:PSS film and electrical healing on PEDOT:PSS film connected with a LED bulb [1]. (b)
Autonomous healing of PEDOT:PSS/PEG film and SEM images of the cut and healed region [3].

4.3 Advances in Science and Technology to Meet Current Challenges

Addressing the combined challenges of electrical conductivity, mechanical durability, and self-
healing capability in PEDOT:PSS-based systems requires advances in materials design that go
beyond simple formulation optimization. One of the most promising strategies reported to date

involves integrating PEDOT:PSS with self-healing polymer matrices (Figure 14b) [4]. This
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approach leverages the complementary properties of conducting polymers and mechanically

resilient, self-healable elastomers to create multifunctional composite systems.

A wide range of stretchable polymers—including polydimethylsiloxane (PDMS), polyurethane
(PU), polyacrylates (PA), and poly(vinyl alcohol) (PVA)—have been explored as self-healing
matrices [2]. These polymers can exhibit self-healing behavior through either dynamic covalent
interaction, such as disulfide exchange, imine formation, or Diels—Alder reactions, or through
reversible non-covalent interactions, including hydrogen bonding and ionic interactions. When
combined with PEDOT:PSS, such self-healing polymers can impart the ability to recover from
mechanical damage while improving mechanical robustness and resistance to repeated

deformation.

A critical factor governing the activation of self-healing interactions in these polymer systems is
the glass transition temperature (7g). Self-healing is typically enabled when polymer chain
mobility is sufficient to allow bond rearrangement, which can be achieved by tuning 7¢ through
molecular design. Strategies such as employing linear or flexible monomers, reducing crosslinking
density, designing soft polymer backbones, or blending with plasticizing components have been
shown to effectively lower Tg, thereby enabling autonomous healing at or near room temperature.
This design principle is particularly important for wearable and implantable devices, where

external heating or stimuli are impractical.

Despite these advantages, most self-healing polymers are intrinsically electrically insulating,
which leads to a reduction in the overall conductivity of PEDOT:PSS-based composites. To
compensate for this effect, various conductivity-enhancing additives—such as glycerol,
polyethylene glycol (PEG), and ethylene glycol (EG)—have been incorporated to improve charge
transport within PEDOT:PSS domains. These additives can promote PEDOT chain rearrangement,
phase separation, or improved percolation pathways, partially mitigating conductivity losses

introduced by the insulating polymer matrix.

Achieving an optimal balance among the self-healing polymer, conductivity-enhancing additives,
and PEDOT:PSS remains a central challenge and requires careful consideration of both chemical
and physical compatibility [97]. From a chemical perspective, functional groups present in the
self-healing polymer (e.g., hydroxyl, carboxyl, or amine groups) can interact with PEDOT:PSS

through dynamic bonding or supramolecular interactions, enabling efficient self-repair without
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severely disrupting electrical pathways. From a physical standpoint, the mechanical properties of
the polymer matrix and the conducting phase must be well matched to ensure structural integrity,

shape recovery, and long-term durability under repeated mechanical stress.

Overall, the integration of self-healing polymers and functional additives with PEDOT:PSS
represents a powerful strategy for addressing the intertwined challenges of conductivity,
mechanical durability, and self-healing in soft electronic systems. Continued progress in this area
is expected to enable the development of materials that are not only flexible and stretchable, but
also autonomously self-repairing and electrically reliable. Such advances are essential for next-
generation wearable, bioelectronic, implantable devices, and soft robotic systems that demand

long-term operational stability.
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Figure 14. (a) Electrical cut-stick healing of PEDOT:PSS/EG/TA film with an LED indicator:
original, cur and healed [2] (b) Schematic of self-healing and recyclable PEDOT:PSS/Polyurethane
blends [4].
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4.4 Concluding Remarks

PEDOT:PSS has emerged as one of the most promising conducting polymers for flexible,
stretchable, and self-healing electronic devices. Nevertheless, significant challenges remain in
maintaining mechanical durability and effective self-healing performance, particularly under
repeated mechanical stress or severe damage such as scratches, cuts, and punctures—failure modes
that are common in practical soft electronic applications. These limitations continue to hinder the
long-term stability and reliability of PEDOT:PSS-based systems in demanding operating

environments.

To address these challenges, substantial research efforts have focused on material design strategies
that incorporate dynamic bonding mechanisms, supramolecular interactions, and conductivity-
enhancing additives. Such approaches aim to simultaneously improve stretchability, enable
autonomous healing under ambient conditions, and preserve high electrical performance.
However, achieving an optimal balance among mechanical robustness, self-healing efficiency, and
electrical conductivity remains a central challenge, as improvements in one aspect often come at

the expense of another.

Looking forward, continued advances in polymer chemistry, composite design, and interfacial
engineering—supported by interdisciplinary collaboration across materials science, electronics,
and bioengineering—are expected to further expand the capabilities of PEDOT:PSS-based
systems. With rational materials design and improved understanding of structure—property
relationships, PEDOT:PSS holds strong potential to underpin the next generation of resilient,
efficient, and sustainable electronic technologies. These developments will be particularly
impactful for emerging applications such as wearable and implantable electronics, health

monitoring systems, bioelectronics, soft robotics, and energy harvesting platforms.
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5.1 Abstract

Future electronic devices increasingly require materials that combine mechanical robustness with
flexibility and stretchability. In addition, the incorporation of self-healing behavior and
recyclability has become essential to address the growing environmental concerns associated with
electronic waste. In this work, a stretchable, self-healing, and recyclable conductive material is
developed based on a composite of poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS), a custom-designed polyurethane (PU), and polyethylene glycol (PEG). The
resulting material exhibits large tensile deformability (~350% elongation at break), high toughness
(~25 MJ m™), moderate electrical conductivity (~10 S cm™), and efficient recovery of both
mechanical and electrical properties after damage. Furthermore, the composite demonstrates
excellent recyclability, retaining its mechanical and electrical performance over up to 20 recycling
cycles without noticeable degradation. To illustrate its applicability in sustainable electronic
systems, the material is employed in electrocardiogram (ECG) electrodes and a pressure sensor,
both of which maintain stable performance after repeated recycling. These results indicate that

conductive polymer systems integrating self-healing and recyclability offer a promising pathway
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toward sustainable electronic materials and provide a potential strategy for mitigating the e-waste

problem.
5.2 Introduction

Blending conductive polymers with insulating polymer matrices provides an effective strategy for
tailoring electrical and mechanical properties, enabling applications in bioelectronics, wearable
electronics, and energy-storage devices [74, 98-100]. For emerging electronic systems, materials
that simultaneously exhibit mechanical toughness, flexibility, stretchability, high electrical
conductivity, self-healing capability, and recyclability are increasingly required [101-106].
Although soft electronic materials currently represent only a minor fraction of electronic waste,
they hold significant potential for contributing to sustainable electronics by replacing critical
materials in targeted applications such as sensing, bioelectronics, wearable electronics, and soft
robotics. In this context, self-healing and recyclability represent complementary strategies, both
aiming to extend material lifetime and reduce environmental impact. While self-healing materials
can withstand repeated damage—healing cycles during operation, recycling remains essential for

the recovery and reuse of materials at the end of their service life.

Among conducting polymers, poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate
(PEDOT:PSS) is the most extensively investigated system, owing to its high electrical conductivity,
ease of processing in aqueous media, environmental stability, and biocompatibility [1, 106, 107].
In addition, PEDOT:PSS-based materials have demonstrated enhanced mechanical compliance
and self-healing behavior when combined with secondary polymers or functional additives. For
example, blending PEDOT:PSS with polyethylene glycol (PEG) [108], polyurethane diols [74],*
tannic acid [78], or Triton X-100 [96] has been shown to improve flexibility, stretchability, and
electrical self-healing performance. Improved mechanical self-healing has also been achieved by
incorporating dynamic polymer networks, such as poly(vinyl alcohol)-borax [2] and
poly(glutamic acid)—trimethoxysilane (GPTMS) systems [109]. Despite these advances, achieving
PEDOT:PSS-based materials that simultaneously exhibit high stretchability, toughness, and robust
self-healing capability remains challenging, motivating further investigation into rationally

designed polymer blends [110].

Polyurethanes (PUs), with their highly tunable molecular architectures and well-established

synthesis routes, are promising candidates for improving the mechanical robustness and self-
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healing behavior of PEDOT:PSS-based systems [111, 112]. PUs are typically synthesized via
addition polymerization of polyols, diisocyanates, and chain extenders [43]. In these materials,
soft segments derived from polyols (e.g., polyether, polyester, or polycarbonate diols) provide
elasticity and chain mobility, whereas hard segments formed by diisocyanates and chain extenders
impart mechanical strength [113, 114]. By controlling the chemical composition and degree of
crosslinking, PUs can be tailored to achieve a wide range of mechanical properties, from flexible
thermoplastic elastomers to rigid thermosetting polymers [115-118]. To further enable self-healing
and recyclability, dynamic covalent bonds, such as Diels—Alder adducts and disulfide bonds, as
well as reversible noncovalent interactions including hydrogen bonding, host—guest interactions,
and metal-ligand coordination, have been introduced into PU backbones [119, 120]. The
reversibility of these interactions allows network reconstruction after damage, rendering PUs

attractive platforms for recyclable and self-healing polymer systems [121-123].

In this study, we report a self-healing and recyclable conductive material with excellent
mechanical properties, obtained by combining a custom-designed PU with PEDOT:PSS and PEG.
The incorporation of PEG is expected to promote dynamic hydrogen-bonding interactions within
the composite, enabling simultaneous mechanical and electrical healing. The resulting material
exhibits high toughness, large stretchability, and efficient recovery of electrical and mechanical
properties after damage. Furthermore, the material can be recycled multiple times without
significant deterioration in performance. As a proof of principle for sustainable electronic devices,
electrocardiogram (ECG) electrodes and a pressure sensor fabricated from this material

demonstrate stable operation after repeated self-healing and recycling cycles.

5.3 Experimental Section

5.3.1 Materials

Poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS) was used in
the form of a screen-printing paste (Clevios™ SV3 STAB), which was supplied by Heraeus
Precious Metals (Germany). The commercial paste formulation contained diethylene glycol
(DEG) and propylene glycol (PG) as processing additives. Poly(caprolactone) diol with an average
molecular weight of 2000 g-mol™!, polyethylene glycol (PEG, average molecular weight of 400
g-mol™), glycerol, dimethylformamide (DMF), poly(4-styrenesulfonic acid) (PSS, Mw = 75,000

g-mol™', 18 wt% in water), and eutectic gallium—indium (EGaln) were purchased from Millipore
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Sigma (St. Louis, MO, USA). Isophorone diisocyanate (IPDI), 1,3-propanediol (PDO), dibutyltin
dilaurate (DBTDL), and ethyl N-carbamate were obtained from Tokyo Chemical Industry (USA).
Glass microscope slides were purchased from Corning (USA), and Teflon™ plates were obtained
from McMaster-Carr. Dog-bone-shaped molds were fabricated using a stereolithography-based
3D printer (Form 3, Formlabs) with a high-temperature resin (Formlabs). Silver conductive ink
(520 EI) was generously provided by Chimet S.p.A. Tegaderm™ adhesive films were purchased
from 3M. Thermoplastic polyurethane (TPU) films on removable silicon paper (Elecrom Stretch

White, thickness 80 um) were supplied by Policrom Screens (Italy).
5.3.2 Synthesis of Self-healing PU

The PU was synthesized via a two-step polymerization process (Figure 15a) carried out at 70 °C
in a three-neck round-bottom flask equipped with a rubber septum. In this system, isophorone
diisocyanate (IPDI) and 1,3-propanediol (PDO) served as the hard-segment components, while
poly(caprolactone) diol (PCL diol) constituted the soft segment. The molar ratio of IPDI to PCL
diol was fixed at 2:1, and the overall stoichiometric ratio of PCL diol/IPDI/PDO was maintained
at 1:2:1. In the first step, PCL diol (22.51 g, 10 mmol, 23.80 wt%) was dissolved in
dimethylformamide (DMF, 66.20 g, 70 wt%) by magnetic stirring at room temperature for 10 min.
The solution was subsequently heated to 70 °C in an oil bath and stirred for an additional 30 min
to ensure complete dissolution. IPDI (5.0 g, 20 mmol, 5.30 wt%) and dibutyltin dilaurate (DBTDL,
0.09 g) were then introduced dropwise into the reaction flask. The reaction mixture was maintained
at 70 °C for 4 h, allowing the hydroxyl groups of PCL diol to react with IPDI and form an
isocyanate-terminated prepolymer. In the second step, the chain extender PDO (0.86 g, 10 mmol,
0.90 wt%) was added to the prepolymer solution, and the reaction was continued for an additional
2 h to complete polymer chain growth. After completion, the reaction mixture was cooled to room
temperature, yielding a homogeneous PU solution with a solid content of approximately 30 wt%

in DMF.

The number-average molecular weight of the synthesized PU was approximately 10,000 g mol ™,
as determined by gel permeation chromatography (GPC) (Figure S13a). The chemical structure of
the PU was confirmed using Fourier-transform infrared spectroscopy (FTIR) and proton nuclear
magnetic resonance (‘"H NMR). The FTIR spectrum (Figure S13b) showed the disappearance of

the characteristic isocyanate (-NCO) absorption band at 2270 cm™, indicating completion of the
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polymerization reaction, while characteristic C=O and N—H stretching vibrations were observed
at approximately 1700 cm™ and 3200 cm™, respectively. The 'H NMR spectrum (Figure S13c)
exhibited proton signals corresponding to urethane N—H groups at approximately 7.0 ppm, further

confirming successful PU formation.

5.3.3 Fabrication of PEDOT:PSS/PU-based Films

The PEDOT:PSS paste (Clevios™ S V3) was first homogenized using a centrifugal mixer (ARM-
310, Thinky, USA) at 2000 rpm for 5 min. To improve compatibility with the polyurethane (PU)
solution, the paste was subsequently diluted with dimethylformamide (DMF) at a 1:1 weight ratio
and further mixed using a vortex mixer. Film-forming solutions with different compositions (Table
1) were prepared by blending the PEDOT:PSS dispersion with the PU solution at various ratios
under vortex mixing. For formulations containing additives, polyethylene glycol (PEG) and/or
glycerol were first incorporated into the PU solution, followed by the addition of PEDOT:PSS.
The resulting mixtures were deposited by drop-casting onto glass substrates (5.0 x 7.0 cm?) or
Teflon plates and subjected to a stepwise thermal treatment on a hot plate: 50 °C for 16 h, 80 °C
for 1 h, 120 °C for 1 h, 150 °C for 1 h, and finally 100 °C for 24 h (Figure 15b,c). This drying
protocol produced uniform, bubble-free films that could be readily detached from the substrates
after complete drying using a razor blade. This approach was employed to systematically
investigate the effects of composition on the electrical and mechanical properties of
PEDOT:PSS/PU films. Key factors, including PU content (8-30 wt%) and additive type and
concentration (PEG and glycerol), were varied to evaluate their influence on film performance.
Preliminary screening of different PEDOT:PSS/PU ratios was conducted by manually stretching
the films to qualitatively evaluate their mechanical behavior. Films containing 8 wt% PU exhibited
insufficient stretchability, whereas increasing the PU content to 25 wt% and 30 wt% resulted in a
marked reduction in electrical conductivity (~1 S-cm™) without a corresponding improvement in
mechanical performance compared to films containing 16 wt% PU. In addition, PEG 400 content
above 2 wt% led to phase separation, as indicated by oily residues on the film surface. Glycerol
was therefore selected as a conductivity-enhancing additive. PEG 400 was chosen for further
experiments, as no significant differences in mechanical properties were observed compared to
PEG 200, consistent with previous studies.[108]. Thermogravimetric analysis (TGA) was
performed using a TG Q500 instrument (TA Instruments, USA) to assess the thermal stability of
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the materials under conditions relevant to self-healing and recycling, as well as to evaluate residual
solvent content after processing. Approximately 15 mg of sample was placed in an open platinum
pan and heated from 40 to 600 °C at a rate of 10 °C-min™! under a nitrogen atmosphere (40
mL-min'). The weight loss profiles (Figure S4a) showed that all samples exhibited an onset
decomposition temperature of approximately 300 °C, which is significantly higher than the
temperatures employed for self-healing (50 °C) and recycling (100 °C), confirming the absence of
thermal degradation during these processes. Moreover, no appreciable mass loss was observed in
the temperature range corresponding to DMF evaporation, indicating negligible residual solvent
content in the processed films. Differential scanning calorimetry (DSC, Q2000, TA Instruments,
USA) was used to investigate the thermal transitions of the PEDOT:PSS/PU composite films and
the neat PU. Samples (~5 mg) were sealed in standard aluminum pans and analyzed under a
continuous nitrogen flow. To remove thermal history effects, the samples were first cooled to —30
°C and then heated to 250 °C at a rate of 10 °C-min', followed by a second heating cycle under
identical conditions. Data from the second heating cycle were used for analysis. No distinct glass
transition temperature (7g) or melting transition was observed for the PEDOT:PSS/PU composite
films (Figure S4b), while the absence of a melting peak confirmed the thermosetting nature of the
synthesized PU. To enhance sensitivity in 7g determination, modulated DSC (MDSC)
measurements were additionally conducted. Approximately 15 mg of sample was analyzed in a
sealed aluminum pan at a heating rate of 2 °C-min~' with a modulation period of 60 s. The Tg

values were determined using the analysis software provided by TA Instruments.



60

Table 1. Composition of the processing mixtures.

PEDOT:PSS PU PEG Glycerol
Samples ]
solution (wWt%) (Wt%) (Wt%) (Wt%)
PEDOT:PSS 100 - - -
PEDOT:PSS/PU 84 16 - -
PEDOT:PSS/PU/PEG 82 16 2 -
PEDOT:PSS/PU/Glycerol 82 16 - 2
PEDOT:PSS/PU/PEG/Glycerol 80 16 2 2

5.3.4 Fourier-transform infrared (FTIR) spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was employed to investigate intermolecular
interactions in the liquid samples listed in Table 2. Measurements were carried out in absorption
mode using a PerkinElmer Spectrum 65 spectrometer. Prior to data collection, a background
spectrum was acquired under identical conditions. All spectra were recorded at room temperature
over a wavenumber range of 4000-600 cm™ with a spectral resolution of 4 cm™, averaging 16
scans per measurement. To ensure reproducibility, each sample was measured three times using
the same acquisition parameters. Liquid samples for FTIR analysis were prepared from aqueous
poly(4-styrenesulfonic acid) (PSS) solutions (18 wt% in H20), polyethylene glycol (PEG 400,
>99%), and ethyl N-carbamate (urethane, U, >99%). A total of 14 distinct formulations were
designed to systematically examine hydrogen-bonding interactions among different component
combinations, including PSS/PEG, U/PEG, PSS/U, and ternary PSS/U/PEG systems. The detailed

compositions of all samples are summarized in Table 2.
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FTIR samples PSS PEG
(Wt%0) (2 (Wt%o) (2 (Wt%0) (2)
Aqueous PSS 100 1 - 0 - 0
PSS/10wt% PEG 90 1 10 0.1 - 0
PSS/30wt% PEG 70 1 30 0.43 - 0
PSS/50wt% PEG 50 1 50 1 - 0
U - 0 - 0 100 1
U/10wt% PEG - 0 10 0.1 90 1
U/30wt% PEG - 0 30 0.43 70 1
U/50wt% PEG - 0 50 1 50 1
PSS/10wt% U 90 1 - 0 10 0.1
PSS/30wt% U 70 1 - 0 30 0.43
PSS/50wt% U 50 1 - 0 50 1
PSS/10wt% U/10wt% PEG 80 1 10 0.1 10 0.1
PSS/30wt% U/10wt% PEG 60 1 10 0.1 30 0.43
PSS/50wt% U/10wt% PEG 40 1 10 0.1 50 1

5.3.5 'H-nuclear Magnetic Resonance (NMR) Spectroscopy

'"H NMR spectroscopy was employed to confirm the chemical structure of the synthesized

polyurethane (PU). The spectra were acquired using a Bruker AVANCE II 400 spectrometer

operating at a resonance frequency of 400 MHz. All measurements were conducted at room
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temperature, with PU dissolved at a concentration of 5 wt% in deuterated dimethyl sulfoxide

(DMSO-ds), which was used as the NMR solvent.
5.3.6 Gel Permeation Chromatography (GPC)

The molecular weight characteristics of the synthesized polyurethane (PU) were analyzed by gel
permeation chromatography (GPC). For analysis, the original PU solution (30 wt% in DMF) was
diluted with tetrahydrofuran (THF) to obtain a polymer concentration of 0.2 wt%. Prior to
measurement, the diluted solution was passed through a 0.2 pum PTFE syringe filter to remove any
particulate impurities. GPC analysis was performed using a 1260 Infinity system (Agilent
Technologies) equipped with a Styragel HR 5E column (WATO044228, Waters). THF was used as
the eluent at a constant flow rate of 1.0 mL min™', and the column temperature was maintained at
30 °C. Elution profiles were monitored using a refractive index detector. The system was calibrated
with polystyrene standards prepared in THF, and the molecular weight values were calculated

accordingly.
5.3.7 Electrical Measurements

The electrical properties of the PEDOT:PSS/PU composite films were evaluated by measuring
their sheet resistance (Rs) using a standard four-point probe setup (Jandel Engineering) coupled to
a source-measure unit (Agilent B2902A). Film thicknesses were independently determined with a
surface profilometer (DEKTAK 150, Veeco). For each composition, five individual films were
analyzed, and the average electrical resistivity (p) was calculated from the measured sheet
resistance and film thickness according to the relation p = Rs't, where t represents the film
thickness. The electrical conductivity (o) was subsequently obtained as the reciprocal of the

resistivity (¢ = 1/p).
5.3.8 Mechanical and Electromechanical Characterization

Uniaxial tensile measurements were carried out using a Mach-1 V500csst MA00O9 mechanical
testing system (Biomomentum Inc., Canada) at a constant crosshead speed corresponding to a
strain rate of 10 mm/min. From the resulting stress—strain profiles, key mechanical parameters
including elongation at break and Young’s modulus were determined. The elastic modulus was
obtained by linear fitting of the initial elastic region of the curve, defined here as strains up to 10%.

Fracture-related tensile tests were additionally conducted according to the Rivlin—Thomas
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methodology using notched specimens. The notches were introduced by manually cutting the films
with a razor blade to a depth of 0.5 mm, corresponding to half of the film width. Cyclic mechanical
loading—unloading experiments were performed by repeatedly stretching the films to a maximum
strain of 200% at a rate of 10 mm/min, employing a 70 N load cell. The mechanical toughness of
the films was quantified by integrating the area under the stress—strain curves using the built-in
analysis functions of OriginLab software. For each film composition, measurements were
conducted on three independent samples, and the data are reported as mean values with
corresponding standard deviations. Electromechanical characterization was carried out on
PEDOT:PSS/PU/PEG composite films under uniaxial tensile deformation up to 200% strain while
simultaneously monitoring the electrical resistance. Resistance measurements were performed
using an Agilent B2902A source-measure unit in combination with a custom-designed four-point
probe configuration. To facilitate comparison between samples and deformation states, the
resistance values were normalized to the initial resistance (Ro) measured at zero strain, and are

reported as R/Ro.

5.3.9 Self-healing
Electrical self-healing behavior was evaluated using PEDOT:PSS/PU-based free-standing films with

dimensions of 1.0 x 5.0 cm? and a thickness of approximately 25 pm. Electrical contacts were formed by
placing two tungsten probes (miBot, Imina Technologies, Switzerland) into eutectic gallium—indium
(EGaln) droplets positioned on opposite sides of the film. A constant bias voltage of 0.2 V was applied, and
the resulting current was continuously monitored using a source-measure unit (Agilent B2902A). To assess
electrical healing performance, the films were deliberately damaged by manually introducing multiple cuts
at different locations using a stainless-steel razor blade (Feather Hi Stainless Double Edge, Japan). The
variation in current before damage, after cutting, and following healing was recorded. Electrical healing

efficiency was quantified according to Equation (1):

n (%) = 100 x -edled (1)

I pristine
where n is the healing efficiency, I prsine corresponds the current measured prior to damage and I heated
denotes the current after healing process.
Mechanical self-healing properties were investigated using free-standing PEDOT:PSS/PU-based films of
identical dimensions through both scratching and cut-stick experiments (Figure S14). For scratch-based
healing tests, controlled surface damage was introduced using a scratch pencil (Erichsen SmartPen, ISO
1518 test tip, 1.0 mm diameter) under applied loads of either 3 N or 5 N which were selected based in

preliminary tests showing that 3N induces partial surface damage while 5N results in more pronounced or
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deeper damage. Single-line scratches, grid patterns, and irregularly shaped defects were generated on the
film surface. Additional grid-type scratches were manually created on PEDOT:PSS/PU/PEG films using a
razor blade, while irregular damage patterns were produced using the scratch pencil. Following damage,
the samples were placed on a hot plate and heated at 50 °C for 10 min to activate the healing process. The
selected temperature and time were determined based on DSC results, where 50 °C was found to be
sufficient to enhance polymer chain mobility and activate dynamic interactions without causing thermal
degradation or structural damage. A healing duration of 10 min was chosen as it allowed reproducible
recovery of electrical and mechanical properties within a practical timescale. These conditions represent a
moderate thermal stimulus, making them relevant for potential applications where low-temperature and
time-efficient healing are required. The depth of the scratched regions (single-line scratches produced with
the pencil) was measured before and after healing using a profilometer (DEKTAK 150, Veeco). Surface
morphology and healing behavior were further examined using an inverted optical microscope (Primovert,
Carl Zeiss, Germany) and a digital microscope (Dino-Lite Edge 3.0 AM73915MTS, USA). The mechanical

healing efficiency for scratch tests was calculated using Equation (2):

N (%) = 100 x —Shealed N

d_damaged

where d_damaged 1s the scratch depth immediately after damage and d_healed is the depth measured
after healing. For comparison, the self-healing behavior of the synthesized pure PU was examined

under similar conditions, except that the samples were heated at 60 °C for 50 min.

Cut-stick healing tests were conducted by cutting pristine films (1.0 x 5.0 cm?, ~25 pum thick) into
two separate pieces using a stainless-steel razor blade. The fractured ends were then brought into
contact and placed on a hot plate at 50 °C for 10 min. A small manual pressure was applied to the
joint region, as indicated in Figure S14b, to ensure intimate contact between the cut surfaces.
Tensile tests were subsequently performed on both pristine and healed samples using a mechanical
tester equipped with a 70 N load cell at a constant extension rate of 10 mm/min. The mechanical
healing efficiency for cut-stick samples was determined based on the toughness values using

Equation (3):

N (%) = 100 x —thealed N

Ut,pristine

where U_g pristine Tepresents the toughness of the original, undamaged film and U_yealed

corresponds to the toughness after healing. The toughness was determined from the area under the

stress—strain curve obtained during tensile testing. All measurements were performed until sample
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failure at the center, and the healed samples were tested after a single cut—stick cycle by rejoining
the damaged interface. Fracture typically occurred at or near the healed region, reflecting the

effectiveness of interfacial reconnection.
5.3.10 Recycling Procedure

The PEDOT:PSS/PU/PEG blend was first cast into a standard dog-bone mold (ASTM D638
geometry, Figure S15) and subjected to a stepwise thermal treatment to obtain fully dried
specimens. The temperature was sequentially increased following the program: 50 °C for 24 h, 80
°C for 3 h, 100 °C for 2 h, 120 °C for 2 h, and finally 150 °C for 2 h. This controlled heating
protocol enabled complete solvent removal while preventing bubble formation within the samples.
After cooling to room temperature, the specimens were demolded and used for tensile testing.
Subsequently, the tested samples were cut into small fragments using scissors. These fragments
were manually redistributed into a dog-bone mold and subjected to a remolding process using a
hot press (Combo heat press machine). The mold was heated to 100 °C, and a pressure of
approximately 3 GPa was applied for 20 min to consolidate the fragments into a single, continuous
specimen. This temperature was selected to activate the material flow and interfacial reconnection
required for effective recycling. After hot pressing, the mold was allowed to cool at ambient
conditions for 2 h, after which the recycled samples were removed. This recycling protocol was
repeated up to 20 cycles. Following each cycle, the mechanical and electrical properties of the
remolded specimens were systematically characterized to evaluate the stability of material

performance upon repeated recycling.

5.3.11 Fabrication of Electrodes and ECG Measurements

PEDOT:PSS/PU/PEG electrodes were prepared following the procedure illustrated in Figure S10a
and b. First, PEDOT:PSS/PU/PEG films with dimensions of 5.0 x 7.0 cm? were patterned into
circular disks with a diameter of 18 mm using a digital cutting system (Brother ScanNCut, model
SDX225). The resulting disks were subsequently laminated onto thermoplastic polyurethane
(TPU) substrates with a diameter of 20 mm. Electrical connections to the PEDOT:PSS/PU/PEG
electrodes were established using silver (Ag) traces, which were connected to a commercial snap
button (Ambu®). To ensure stable attachment to the skin during measurements, a transparent
medical adhesive film (Tegaderm™, 3M) was applied to secure the electrodes in place. Skin—

electrode impedance measurements and electrocardiogram (ECG) recordings were conducted



66

according to previously reported protocols [2, 74]. ECG signals were acquired using three different
types of electrodes: commercial Ag/AgCl gel electrodes, pristine PEDOT:PSS/PU/PEG film
electrodes, and PEDOT:PSS/PU/PEG electrodes prepared from healed and recycled films. Prior
to measurement, the PEDOT:PSS/PU/PEG films underwent cut-stick self-healing and recycling
treatments using the same procedures described earlier. All ECG data were collected from a single
volunteer on the same day to minimize variability arising from physiological differences (Figure

S10c and d).
5.3.12 PEDOT:PSS/PU/PEG film-based Pressure Sensor

PEDOT:PSS/PU/PEG films with dimensions of 1 X 2 cm? and an average thickness of
approximately 25 um were positioned onto interdigitated silver electrode patterns that were
directly printed onto Tegaderm substrates using a direct-ink-writing printed circuit board system
(Voltera V-One). To ensure reliable electrical contact, adhesive Tegaderm tape was applied to
firmly fix the PEDOT:PSS/PU/PEG films onto the printed silver electrodes. Electrical connections
to the measurement system were established using two alligator clips connected to a source-
measure unit (Agilent B2902A). During the pressure-sensing experiments, a constant bias voltage
of 0.2 V was applied, and the corresponding resistance changes of the films were continuously
monitored under externally applied pressure. A series of discrete loads (1, 5, 10, 50, 100, and 500
g), as well as finger touch, were sequentially applied to the film surface to evaluate the pressure
response. The pressure sensitivity was assessed by calculating the relative resistance change
induced by each applied load. Sensitivity (S) was determined from the slope of the plot of
normalized resistance change as a function of applied pressure and was calculated using the

following equation:

__ A(AR/Ry)
" APressure

“4)

where Ro denotes the initial resistance of the film in the absence of applied pressure, and AR

corresponds to the resistance variation induced by the applied pressure.
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5.4 Results and Discussion

5.4.1 Synthesis of PU and Preparation of PEDOT:PSS/PU-based Films

The PU employed in this work (Figure 15a) was synthesized using poly(e-caprolactone) diol (PCL
diol), isophorone diisocyanate (IPDI), and 1,3-propanediol (PDO) as the chain extender. The linear
PCL diol functions as a soft segment, providing enhanced chain flexibility and mobility. This
structural feature facilitates dynamic intermolecular interactions within the polymer network,
which is essential for enabling efficient self-healing behavior and recyclability [104, 124-126]. In
contrast, [PDI and PDO form the hard segments of the PU, imparting mechanical robustness and
structural stability to the material. For the fabrication of conductive, stretchable, and self-healable
films (Figure 15c), the synthesized PU was blended with PEDOT:PSS, polyethylene glycol (PEG),
and glycerol, as illustrated by their chemical structures in Figure 15b. Based on preliminary
electrical and mechanical characterizations, a PU content of 16 wt% was selected as the most
suitable composition, representing a balance between conductivity and self-healing performance
rather than a results of formal optimization. PEG with an average molecular weight of 400 was
incorporated to promote autonomous self-healing of PEDOT:PSS, consistent with previous
reports. Glycerol was introduced as a conductivity-enhancing additive, as it is known to improve
electrical transport in PEDOT:PSS by inducing a more ordered arrangement of PEDOT chains
[127, 128]. At the molecular level, the hydroxyl and ether functionalities present in PEG are
expected to form hydrogen bonds with both PU and PEDOT:PSS. These interactions reduce
interchain packing density and increase free volume within the composite, thereby enhancing
polymer chain mobility [129]. Such increased molecular mobility contributes to improved
toughness by allowing the material to undergo greater plastic deformation and dissipate

mechanical energy prior to fracture [104, 130-132]
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Figure 15. (a) Schematic of the synthesis of polyurethane (PU) used in this thesis. (b) Chemical
structures of PEDOT:PSS, PEG, and glycerol. (c) Film preparation process.

5.4.2 Mechanical and Electrical Properties

The electrical conductivity of the PEDOT:PSS/PU-based composite films was found to lie in the
range of approximately 5—15 S-cm™, depending on composition (Table 3). Although these values
are lower than that of pristine PEDOT:PSS screen-printing formulations (~60 S-cm™), they fall
within the typical conductivity range required for soft and wearable electronic devices

(approximately 1-20 S-cm™). This range is generally sufficient to ensure stable electrical
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performance in applications such as strain sensors, electronic skin, and epidermal electrodes,

where mechanical compliance and durability are often prioritized over maximum conductivity
[133].

Materials intended for soft bioelectronics, particularly wearable systems designed to interface with
biological tissues, must satisfy competing mechanical requirements. Such materials should exhibit
high stretchability and toughness to accommodate repetitive and complex deformations, while
maintaining a sufficiently high Young’s modulus to preserve structural integrity. Stress—strain
measurements performed on films with different compositions (Figure 16a) revealed a linear
elastic response up to approximately 30% strain. Beyond this regime, samples containing PEG

exhibited pronounced plastic deformation.
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Figure 16. Mechanical properties of PEDOT:PSS/PU-based films. (a) Tensile stress-strain curves.
(b) Young’s moduli (0-10% strain), elongation at break, and toughness. Value (n = 3) are
presented as mean =+ standard deviation. (c¢) Cyclic stress-strain hysteresis curves of
PEDOT:PSS/PU/PEG at different strain ranges (30, 50, 100, and 200%). (d) Normalized resistance
change (AR/Ro) as a function of strain for PEDOT:PSS/PU/PEG films (n = 3) as mean + standard
deviation. (e) Representative loading-unloading curves at selected cycles within a 0—30% strain
range. (f) Normalized resistance change (AR/Ro) vs. time during 200 cyclic strains between 0 and

30%. The Inset shows a magnified view of the signal response.
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Among the investigated formulations, the PEDOT:PSS/PU/PEG films demonstrated the most

favorable mechanical performance (Table 3, Figure 16b, and Figure S1a).

These films showed an exceptionally high elongation at break of approximately 350%, combined
with a high toughness of ~24.6 MJ-m™ and a relatively high Young’s modulus of ~50 MPa.
Notably, the incorporation of 2 wt% PEG resulted in a tenfold increase in elongation at break and
a 65-fold enhancement in toughness compared to PEG-free samples. While the addition of glycerol
slightly improved electrical conductivity, it led to a deterioration of the mechanical properties.
This behavior is likely associated with the disruption of hydrogen-bonding interactions between
polymer chains, which reduces effective load transfer and mechanical strength. When toughness
was calculated using the Rivlin—Thomas method (Figure S1b) [133], a reduction of approximately
30% was observed (16.54 = 1.24 MJ-m3, Figure Slc,d), consistent with the method-dependent
sensitivity of fracture-based toughness evaluation. Owing to its superior mechanical performance,
the PEDOT:PSS/PU/PEG composition was selected for subsequent durability and

electromechanical studies.

Table 3. Summary of thickness, Young’s modulus (0-10% strain range), elongation at break,

toughness, and electrical conductivity of the films. Values (n = 3) are given as mean =+ standard

deviation.
Young’s  Elongation
Thickness Toughness Conductivity
Samples modulus at break
(um) (MJ/m?) (S'em™)
(MPa) (%)
PEDOT:PSS/PU 24+2 358+3.5 30+5 0.37+0.03 52+03
PEDOT:PSS/PU/PEG 25+3 50.5+2.5 350+ 30 24.60 + 0.23 9.4+0.5
PEDOT:PSS/PU/Glycerol 22+2 21.5+1.5 20+ 4 0.26 £ 0.05 154+12
PEDOT:PSS/PU/PEG/Glycerol 25+1 28.3+2.6 112+ 13 2.35+0.14 11.5+0.7
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The mechanical stability of the PEDOT:PSS/PU/PEG films was further evaluated using tensile
loading—unloading experiments at different maximum strains (Figure 16c). The films exhibited
nearly ideal elastic behavior up to 30% strain, with negligible energy dissipation as indicated by
the small hysteresis loop area. At higher applied strains, energy dissipation increased
substantially—from 0.24 MJ-m™ at 30% strain to 6.32 MJ-m™ at 200% strain—accompanied by

irreversible plastic deformation.

The electromechanical response of the films was investigated by monitoring resistance changes
under uniaxial stretching up to 200% strain (Figure 16d). Minimal resistance variation (~4%) was
observed within the elastic regime (<30% strain). In contrast, a pronounced increase in resistance
occurred between 30% and 200% strain, with the resistance nearly doubling at 200% strain. This
behavior is attributed to strain-induced rearrangement and partial disruption of the conductive

polymer network at high deformation levels.

Cyclic loading—unloading tests conducted within the elastic region (0-30% strain, Figure 16e)
demonstrated excellent mechanical durability. After 200 cycles, only a minor increase in dissipated
energy was observed, from 0.21 £0.02 MJ-m™2 in the first cycle to 0.27 + 0.04 MJ-m™ in the 200th
cycle. Electrical stability during cyclic deformation was evaluated by recording resistance changes
during repeated stretching cycles (0-30% strain, Figure 16f). A small resistance increase of
approximately 6% was observed during the initial 40 cycles, after which the resistance stabilized
at around 3%, as shown in the inset of Figure 16f. This stabilization suggests that the polymer
stacking network reaches a mechanically stable configuration, resisting further conformational
rearrangements, microstructural damage, or network breakdown during repeated deformation

[134].

Overall, the PEDOT:PSS/PU/PEG films exhibited outstanding mechanical and electrical stability
under repeated elastic deformation up to 30% strain. These results highlight the effectiveness of
PEG incorporation in enhancing the mechanical robustness of PEDOT:PSS/PU-based systems,

thereby enabling their use in durable, wearable, and flexible electronic applications [135-137].

Hydrogen bonding plays a key role in governing the intermolecular interactions among PEG,
PEDOT:PSS, and PU, ultimately determining the mechanical properties of the composite films.
To clarify the specific hydrogen-bonding interactions involved, Fourier transform infrared (FTIR)

spectroscopy was performed on a simplified model system designed to mimic the relevant
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functional groups present in the composite. This model system consisted of liquid mixtures of
poly(4-styrenesulfonic acid) (PSS), ethyl N-carbamate (urethane, U), and PEG, with compositions
summarized in Table 2. A schematic illustration of the possible intermolecular interactions is

shown in Figure 17a.

Based on the chemical functionalities of these components, five distinct hydrogen-bonding
interactions are possible (Figure 17b, i—v), each expected to induce characteristic red-shifts in the
FTIR absorption peaks. Systematic shifts were observed for the characteristic S=O and SO;—H
peaks of PSS (Figure 17c and Figure S2a), as well as for the C=0 and C—O—C vibrations associated
with the urethane groups (Figure 17d and Figure S2b), with increasing PEG content (Table S1).
These shifts can be attributed to hydrogen bonding between the hydroxyl and ether groups of PEG

and both PSS and urethane moieties.

In contrast, the N—H stretching vibration of urethane and the O—H stretching of PEG overlap
significantly, making it difficult to directly resolve hydrogen bonding involving these groups.
Importantly, no appreciable peak shifts were observed when varying the ratio of PSS to urethane
in the absence of PEG (Figure S2c,d), indicating negligible hydrogen-bonding interactions
between PSS and urethane. Upon the addition of PEG to the PSS—U mixtures, the peak shifts of
both PSS (Figure S2¢) and urethane (Figure S2f) followed trends similar to those observed in the
corresponding binary mixtures with PEG. These results confirm that PEG selectively introduces

additional hydrogen-bonding interactions without promoting direct PSS—urethane bonding.

Taken together, the formation of PEG-mediated hydrogen-bonding networks provides a
mechanistic explanation for the observed simultaneous enhancement in Young’s modulus,

stretchability, and toughness of the PEDOT:PSS/PU/PEG films.
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Figure 17. (a) Scheme illustration of hydrogen bonding interactions among PEG, PSS, and U. (b)
Representative hydrogen bonding configurations within PEG, PSS, and U: (i) O-H (PEG), and
O=S (PSS), (i1) SO3-H and O-H (ii1) O-H and O=C (urethane), (iv) -O- (urethane) and O-H and
(v) N-H (urethane) and ether -O- groups. (c) FTIR spectra of pristine PSS and PSS/PEG mixture
with varying compositions (10%, 30%, 50%). (d) FTIR spectra of pristine urethane (U) and U/PEG
mixtures with varying compositions (10%, 30%, 50%).



75

5.4.3 Electrical and Mechanical Self-healing

All PEDOT:PSS/PU-based composite films exhibited autonomous electrical self-healing upon
repeated cutting with a razor blade, producing an average gap width of approximately 20 um. In
contrast, pristine PEDOT:PSS films showed no electrical recovery under identical conditions
(Figure S3a). Among the composites, PEDOT:PSS/PU/PEG and PEDOT:PSS/PU displayed an
exceptionally rapid electrical self-healing response, restoring their electrical conductivity within

approximately 0.1 s after damage (Figure 18a and Figure S3b).

Optical microscopy observations of the PEDOT:PSS/PU/PEG films during the cut-healing
process revealed that the gap generated by the blade (~20 um) was fully closed after healing
(Figure 18b,c). Although a visible scar remained at the healed site, electrical continuity was
completely restored. In comparison, films containing glycerol exhibited noticeably slower
recovery kinetics. The PEDOT:PSS/PU/glycerol films required approximately 5 s to recover,
while PEDOT:PSS/PU/PEG/glycerol films showed an intermediate recovery time of around 0.5 s
(Figure S3c,d).
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Figure 18. (a) Current-time response during repeated cut/healing cycles under an applied bias of
0.2 V; abrupt current drops correspond to sequential cuts. (b,c) Optical images of the film after
cutting and after healing (~40 s), respectively. (d,e) Optical images after pencil-induced surface
scratching (single-line and grid patterns) and subsequent healing. (f) Optical images after blade-
induced surface scratching and healing. (g) Digital images showing the healing process after
irregular damage induced by a pencil. (h,i) Depth profiles of the film after surface scratching and
after healing, respectively. (j) Tensile stress—strain curves of the as-prepared film (solid line) and

after cut—stick self-healing at 50 °C (dashed line).
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Mechanical self-healing behavior was investigated by introducing controlled surface damage
through scratching and cutting (Figure 18d—j). Since no significant healing was observed at room
temperature even after three days, thermal activation was employed. Healing experiments were
conducted at 50 °C, a temperature close to the glass transition temperature (7g) of PU (Figure S4c).
Near Ty, the PU matrix undergoes a transition from a glassy to a rubbery state, leading to increased
polymer chain mobility. This enhanced mobility facilitates the reorganization and reformation of
dynamic intermolecular interactions, particularly hydrogen bonds, which are critical for the self-

healing process [138].

Optical microscopy images demonstrated complete healing of single surface scratches on
PEDOT:PSS/PU/PEG and PEDOT:PSS/PU films after heating at 50 °C for 10 min (Figure 18d,e
and Figure S5b). In contrast, no appreciable recovery was observed for pure PEDOT:PSS films
under the same conditions (Figure S5a). To further assess the robustness of the healing capability,
two distinct scratch patterns were applied, including single lines and grid structures. Both
PEDOT:PSS/PU/PEG and PEDOT:PSS/PU films fully recovered from pencil-induced single-line
and grid-shaped scratches following thermal treatment (Figure 18e and Figure S5f).

More severe surface damage was also examined. PEDOT:PSS/PU/PEG films subjected to grid-
pattern cuts created using a blade exhibited complete healing after heating (Figure 18f). For
irregular surface damage generated with a pencil, partial healing was observed after 2 min of
heating, while full recovery was achieved after 10 min (Figure 18g). Quantitative analysis
indicated healing efficiencies of 100% for both PEDOT:PSS/PU/PEG and PEDOT:PSS/PU films,
as calculated using Equation (2) (Figure 18h,i and Figure S6a), whereas pristine PEDOT:PSS films
showed negligible healing (Figure Séc).

The intrinsic self-healing capability of the PU component was also evaluated independently. Pure
PU films demonstrated effective healing of surface scratches (Figure S7); however, the process
required a longer healing time (~50 min) and a slightly higher temperature (60 °C). In contrast,
films containing glycerol exhibited reduced healing efficiency (Figure S5c—e, Figure S5g,h, and
Figure S6b, S8), suggesting that glycerol interferes with the dynamic intermolecular interactions

responsible for healing.

In addition to surface healing, free-standing PEDOT:PSS/PU-based films exhibited cut-and-stick

mechanical self-healing behavior, as demonstrated in Movie S1. Tensile stress—strain
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measurements performed on intact and healed PEDOT:PSS/PU/PEG samples revealed a
mechanical healing efficiency of approximately 90%, as calculated using Equation (3) (Figure
18j), indicating that the healed films retained most of their original toughness after cut—stick

healing process.

The recovery of electrical functionality after cut—stick healing was further verified using a simple
electrical circuit connected to a light-emitting diode (LED) (Figure S9). Upon cutting the film, the
LED immediately turned off, indicating electrical failure. After rejoining the cut pieces and heating
at 50 °C, the LED switched back on instantly, confirming effective restoration of electrical

conductivity.

Overall, the combined electrical and mechanical self-healing behaviors of the
PEDOT:PSS/PU/PEG films can be attributed to a healing mechanism governed by dynamic non-
covalent interactions. These interactions, primarily hydrogen bonding, enable rapid reconnection
of conductive pathways and efficient mechanical recovery, consistent with the FTIR analysis

discussed earlier.
5.4.4 Recyclability of PEDOT:PSS/PU/PEG

The recyclability and reusability of electronic materials without degradation of electrical and
mechanical performance are essential requirements for reducing electronic waste. Accordingly,
this study aims to develop conductive polymer systems capable of undergoing repeated recycling
processes while retaining their functional properties. Among the investigated compositions,
PEDOT:PSS/PU/PEG was selected for recyclability evaluation owing to its outstanding

mechanical performance and self-healing capability.

For recycling tests, PEDOT:PSS/PU/PEG films were cut into small fragments and subsequently
remolded at 100 °C (Figure 19a). This temperature was chosen to enhance material fluidity and
enable rapid reshaping. As demonstrated in Movie S3, the fragmented films could be readily
remolded by simple hand pressing immediately after removal from the hot plate, indicating

excellent thermoplastic-like processability.

Mechanical properties of pristine and recycled dogbone-shaped samples were assessed using
tensile stress—strain measurements. After the first recycling cycle, the material retained

approximately 85% of its original toughness, and this value remained nearly constant over
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subsequent recycling cycles (Figure 19b). The initial decrease is attributed to incomplete
reconstruction of the polymer network during reprocessing, including partial disruption of
intermolecular interactions and microstructural rearrangement, which can lead to slight loss of
mechanical integrity. In parallel, electrical characterization revealed no significant degradation in
conductivity even after 20 remolding cycles (Figure 19c), highlighting the exceptional electrical

stability of the recycled material.

The preservation of both mechanical and electrical performance upon repeated reprocessing can
be attributed to enhanced polymer chain mobility when the material is heated above the glass
transition temperature (7g) of PU. At elevated temperatures, increased chain mobility facilitates
the reversible dissociation and reformation of hydrogen bonds among PEG, PEDOT:PSS, and PU.
These dynamic non-covalent interactions enable efficient structural rearrangement during

reprocessing, ensuring consistent performance across multiple recycling cycles.

Overall, the ability of PEDOT:PSS/PU/PEG to maintain stable electrical conductivity and
mechanical robustness after extensive reprocessing underscores its strong potential for use in
sustainable and recyclable electronic devices. As summarized in Table S2, the
PEDOT:PSS/PU/PEG films combine multiple advantageous properties, including high
stretchability, exceptional toughness, autonomous electrical and mechanical self-healing, and
excellent recyclability. While prior studies have individually reported higher -electrical
conductivity, enhanced stretchability, or self-healing behavior, the present work provides a
comprehensive demonstration of a multifunctional material platform that simultaneously achieves
recyclability, high toughness, and concurrent recovery of both electrical and mechanical properties

[1,2, 74, 106, 108].
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Figure 19. Recycling of PEDOT:PSS/PU/PEG via hot pressing at 100 °C. (a) Photographs of the
original sample, after cutting into small fragments, and after reprocessing by hot pressing. (b)
Comparison of tensile stress—strain curves for the original film and after the 1st, 10th, and 20th
recycling cycles. (c) Current—time responses of the original film and after the 1st, 10th, and 20th
recycling cycles under an applied bias of 0.2 V.

5.4.5 Self-healable and Recyclable Skin-electrode Impedance, ECG Signal

Monitoring and Pressure Sensor

To demonstrate the practical applicability of the PEDOT:PSS/PU/PEG blend, we fabricated two
representative soft electronic devices: an epidermal electrode and a resistive pressure sensor. When
applied to human skin, the epidermal electrodes exhibited an impedance in the range of 10°-10°¢
Q, comparable to that of commercial gel-based electrodes (Figure 20a). Importantly, the electrode

impedance remained stable after both electrical self-healing and multiple recycling processes,



81

indicating the robustness of the material under repeated damage and reprocessing conditions

(Figure 20a).

The electrophysiological performance of the PEDOT:PSS/PU/PEG electrodes was evaluated
through ECG recordings. The obtained ECG signals closely matched those recorded using
commercial electrodes (Figure 20b and Figure S11), with clearly distinguishable P waves, QRS
complexes, and T waves (Figure 20c). These results confirm that the PEDOT:PSS/PU/PEG
electrodes provide reliable skin—electrode contact and stable signal acquisition, even after

undergoing self-healing and recycling treatments.

In addition to epidermal electrodes, a flexible resistive pressure sensor was fabricated by
integrating the PEDOT:PSS/PU/PEG film with printed interdigitated silver electrodes on a
compliant substrate (Figure S12a). Sensor performance was evaluated by applying controlled
weights to the active sensing region and monitoring the resulting resistance changes. For repeated
applications of the same load, the sensor exhibited consistent and reproducible resistance
decreases. Notably, this signal stability was preserved after both mechanical self-healing and

recycling of the PEDOT:PSS/PU/PEG layer (Figure S12b—g).

The sensor also demonstrated clear differentiation between applied pressures, showing distinct
resistance responses to different weights in the pristine state as well as after healing and recycling
(Figure S12b—g). From these measurements, the relative resistance change as a function of applied
pressure was calculated to determine the sensor sensitivity (S) (Figure S12h). The pristine sensor
exhibited two characteristic sensitivity regimes: a high-sensitivity region of approximately 1.25
kPa™ in the low-pressure range (0.002—0.2 kPa), followed by a lower sensitivity of approximately
0.06 kPa™" in the higher-pressure range (0.2—1.2 kPa). Crucially, these sensitivity profiles remained
nearly unchanged after mechanical self-healing and recycling, indicating minimal degradation of

sensing performance.

Taken together, these application demonstrations highlight the functional reliability of the
PEDOT:PSS/PU/PEG films in realistic device configurations. The preservation of electrical,
mechanical, and sensing performance after damage and reprocessing underscores the strong
potential of this material system for use in sustainable, self-healable, and recyclable soft electronic

devices.



—gﬁg'indal o Original
—— Heale >
10° —— Recycled = 350
~— Natus Ag/AgCl gel )
a o
..,105 E 0
o ] ©
Q
o >
©
T 104} -350 L 1
E. s Healed
E 2 350
3 =
10 1 Py
PEDOT:PSS/PU/PEG film g 0
=
102 " " . i (=]
10° 10 102 10° 10¢ 10° >
1 1 1 1
Frequency (Hz) -350 .
(C) pem S Recycled
a2 350
300 + [
&
L T = 0
= 200 g
2 100
; -350
g) 0
= < 350
S -00f 3
-200 - 2
E O
-300 - >
s >
-400 -350

2.6 2.8 3.0 3.2
Time (s)

3.4

(b)

82

Time (s)

Figure 20. Skin—electrode impedance and ECG signal performance of PEDOT:PSS/PU/PEG film
electrodes. (a) Skin—electrode impedance as a function of frequency for commercial Natus®
Ag/AgCl gel electrodes and PEDOT:PSS/PU/PEG film electrodes (original, healed, and recycled).
The inset shows a representative electrode. (b) ECG signals recorded using PEDOT:PSS/PU/PEG
film electrodes before healing (green), after self-healing (black), after recycling (red), and
commercial Natus® Ag/AgCl gel electrodes (blue). (c) Enlarged ECG waveform obtained from
the original PEDOT:PSS/PU/PEG electrode, highlighting the P wave (atrial depolarization), QRS

complex (ventricular depolarization), and T wave (ventricular repolarization).

5.5 Conclusions

In conclusion, the PEDOT:PSS/PU/PEG composite developed in this study demonstrated robust

mechanical and electrical self-healing behavior, along with excellent recyclability enabled by
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moderate thermal and mechanical treatment. The incorporation of PEG played a critical role in
enhancing the mechanical performance of the material through hydrogen-bonding interactions
with both PEDOT:PSS and PU. As a result, the composite exhibited a markedly improved
toughness of approximately 24.6 MJ-m and a high elongation at break of around 350%.

The material further showed outstanding mechanical durability, maintaining stable mechanical and
electrical performance under repeated elastic deformation of up to 30% strain for at least 200
loading—unloading cycles. These properties highlight the ability of the PEDOT:PSS/PU/PEG
system to withstand repetitive mechanical stresses commonly encountered in wearable and flexible
electronic applications. As a proof of concept, the PEDOT:PSS/PU/PEG films were successfully
implemented as epidermal ECG electrodes and as the active layer in a resistive pressure sensor. In
both device configurations, the electrical response and sensing sensitivity were preserved after
undergoing self-healing and recycling processes, demonstrating the functional reliability of the
material in realistic device environments. 700verall, this work establishes PEDOT:PSS/PU/PEG
as a multifunctional conductive polymer platform that combines stretchability, toughness, self-
healing, and recyclability within a single material system. By addressing both performance and
sustainability requirements, this study contributes to the development of next-generation wearable
electronics and provides a viable materials-based approach toward mitigating electronic waste

through durable and recyclable device design.
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6.1 Abstract

The realization of self-healing conductive materials that are simultaneously printable, recyclable,
and tolerant to severe mechanical damage remains a significant challenge in the field of soft and
bioelectronics. In this work, we present a multifunctional conductive composite based on poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) blended with a custom-engineered
polyurethane (PU) featuring dynamic disulfide linkages and hydrogen-bonding functionalities.
This molecular design enables autonomous self-healing at room temperature, allowing the material
to recover from scratches, cuts, and puncture damage without the need for external stimuli, while
maintaining both mechanical robustness and electrical continuity. The composite is processable
from environmentally benign solvents and is compatible with spin-coating and printing techniques,
yielding uniform, transparent, and highly stretchable thin films, as well as free-standing
membranes that can be transferred onto a variety of substrates. PEDOT:PSS/PU/glycerol
formulations exhibit moderate electrical conductivity (~15 S-cm™), exceptional stretchability
exceeding 650%, strong self-adhesion, and stable electromechanical performance under repeated
deformation. Beyond self-healing, the material demonstrates excellent sustainability, supporting
both mechanical reuse and chemical recycling for at least 15 cycles while retaining over 90% of
its mechanical strength and fully restoring electrical conductivity. Mechanistic studies indicate that

rapid network reorganization driven by reversible disulfide exchange and dynamic hydrogen-bond
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reformation underpins the efficient self-repair behavior. As a proof of concept, printed electronic
tattoos and free-standing electrodes fabricated from this composite were demonstrated as soft
bioelectronic interfaces, delivering low-impedance contact and high-fidelity electrocardiogram
(ECQG) signal acquisition. Collectively, these results establish a versatile and sustainable materials
platform that extends self-healing conductors beyond superficial damage, offering a practical

pathway toward durable, recyclable, and manufacturable soft bioelectronic devices.
6.2 Introduction

Self-healing electronic materials play a pivotal role in the advancement of soft, wearable, and
biointegrated devices, as they enable the autonomous recovery of electrical and mechanical
functionality after damage, thereby prolonging device lifetime and mitigating electronic waste
[139, 140]. In applications such as wearable health monitoring, soft robotics, energy storage, and
implantable bioelectronics, devices are routinely subjected to mechanical deformation, accidental
damage, and cyclic loading. Under these conditions, rapid and reliable self-repair is essential for
maintaining long-term functionality and user safety [141, 142]. Despite substantial progress in this
field, the realization of a single material platform that simultaneously offers high electrical
conductivity, mechanical compliance, autonomous room-temperature (RT) healing, and

recyclability remains a formidable challenge [116, 143, 144].

To date, most self-healing conductors have been developed as polymer composites or hydrogel-
based systems capable of restoring electrical pathways after scratches or cuts [145, 146]. However,
these materials are commonly fabricated via drop-casting, resulting in thick and poorly controlled
films that hinder integration into complex device architectures and limit compatibility with
scalable microfabrication processes [145]. In contrast, only a limited number of self-healing
conductors are compatible with spin-coating or printing, despite the fact that thin-film
processability is critical for achieving optical transparency, high pattern resolution, and
compatibility with established manufacturing workflows [147]. Moreover, free-standing and
transferable films—highly desirable for epidermal electrodes and soft electronic interfaces—are

rarely accessible within existing material systems [147, 148].

Another major limitation of current self-healing conductors is the frequent reliance on external
stimuli, such as heat, pressure, or chemical triggers, to activate repair mechanisms [149]. For

practical wearable and implantable applications, autonomous healing under ambient conditions is
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highly desirable, as it enables immediate functional recovery without external intervention,
minimizes energy consumption, and ensures compatibility with biological environments [150].
Furthermore, while healing from surface scratches and cuts has been widely reported, puncture
damage—one of the most severe and realistic mechanical failure modes encountered in soft
electronics—has received remarkably little attention [1]. Achieving puncture healing in a fully
solid-state conductive material would therefore represent a significant step forward in improving

the durability and reliability of soft electronic systems.

Poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS) is among the
most widely used conducting polymers due to its high electrical conductivity, intrinsic softness,
aqueous processability, and humidity-assisted self-repair capability [1, 107]. To enhance its
mechanical compliance and stretchability, PEDOT:PSS has frequently been blended with flexible
or functional additives, including poly(ethylene glycol) (PEG) [108], polyurethane diol (PUD)
[74], tannic acid (TA) [78], Triton X-100 [96], and poly(vinyl alcohol) (PVA) [2]. While these
strategies can improve stretchability and, in some cases, self-healing behavior, no PEDOT:PSS-
based system reported to date has simultaneously achieved thin-film printability or spin-coating
compatibility, autonomous RT self-healing—including puncture recovery—and recyclability

within a single material framework.

Recyclability remains a particularly underexplored aspect of soft electronic materials. Most self-
healing conductors are difficult to reprocess, and their disposal contributes to the rapidly growing
issue of electronic waste. Enabling either chemical or mechanical recycling without compromising
electrical or mechanical performance would substantially enhance the sustainability of soft
electronic technologies [151]. Polyurethanes (PUs) are especially attractive candidates in this
context due to their segmented architectures and the ability to incorporate dynamic covalent or
supramolecular interactions, which allow tunable mechanical properties, reversible bond
exchange, and reprocessability. The chemistry of PUs can be precisely tailored through the
selection of polyols, which govern elasticity, and diisocyanates and chain extenders, which
regulate strength and flexibility [4]. Incorporating long-chain polyols can further reduce the glass
transition temperature (7g), thereby enhancing chain mobility, healing efficiency, and solubility in
environmentally benign solvents—features that are advantageous for both recyclability and

solution-based processing such as spin-coating and printing [152, 153].
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In this work, we address these unmet challenges by designing a polyurethane incorporating
dynamic disulfide bonds and hydrogen-bonding soft segments, which is subsequently blended with
PEDOT:PSS to form a multifunctional, processable, and recyclable conductive composite. The
resulting material can be spin-coated or printed into uniform, transparent thin films as well as free-
standing membranes, enabling precise thickness control and facile patterning. The composites
combine moderate electrical conductivity (~15 S-cm™), exceptional stretchability exceeding
650%, strong self-adhesion, and rapid autonomous RT healing from scratches, cuts, and punctures.
In addition, the films support both chemical and mechanical recycling over multiple cycles with

minimal degradation in performance, advancing the concept of circular soft electronics.

Beyond demonstrating multifunctional performance, we provide molecular-level insight into the
autonomous healing mechanism through solid-state FTIR analysis, revealing that reversible
disulfide exchange and hydrogen-bond reformation govern efficient network reorganization and
damage recovery. As a proof of concept, printed electronic-tattoo electrodes fabricated from this
composite exhibit stable, low-impedance electrocardiogram (ECG) recordings and enable facile
water-assisted detachment and reuse. Rather than optimizing a single performance metric, this
study demonstrates how thin-film processability, autonomous RT self-healing—including solid-
state puncture recovery—and true recyclability can be integrated within a single PEDOT:PSS-
based conducting polymer platform. Collectively, these results establish a unified materials
strategy for the development of durable, sustainable, and manufacturable soft bioelectronic

systems.

6.3 Experimental Section

6.3.1 Materials

Clevios™ SV3 STAB, a commercially available screen-printing formulation of poly(3.,4-
ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS) containing diethylene
glycol and propylene glycol, was purchased from Heraeus Precious Metals (Germany). Poly(e-
caprolactone) diol (PCL diol, number-average molecular weight = 2000 g-mol™), polyethylene
glycol (PEG, average molecular weight = 2000 g-mol™), trimethylolpropane (TMP, >98%),
dimethylformamide (DMF, >99.5%), anisole (>99%), and acetonitrile (>99%) were obtained from
Millipore Sigma (St. Louis, MO, USA) and used without further purification. Isophorone
diisocyanate (IPDI, >99%), aminophenyl disulfide (APDS, >98%), and dibutyltin dilaurate
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(DBTDL, >95%) were purchased from Tokyo Chemical Industry (USA). Ethanol (EtOH, >95%)),
acetone (>95%), and isopropanol (IPA, >95%) were also obtained from Millipore Sigma and used
as received. Glass substrates were supplied by Corning (USA). Polytetrafluoroethylene (PTFE,
Teflon™) molds were purchased from McMaster-Carr. Polyethylene terephthalate (PET, XF-122,
thickness 25 pm) sheets were obtained from Polyonics. Temporary tattoo paper was purchased

from Sunnyscopa.
6.3.2 Synthesis of PU

The synthesis of PU, schematically shown in Figure 21a, was performed under ambient laboratory
conditions using a three-necked round-bottom flask. Prior to each reaction, the flask was purged
with nitrogen for 15 min to eliminate residual oxygen and moisture. Poly(g-caprolactone) diol
(PCL diol, 3 g, 1.5 mmol), polyethylene glycol (PEG, 8 g, 4 mmol), isophorone diisocyanate (IPDI,
2.45 g, 11 mmol), and aminophenyl disulfide (APDS, 1.18 g, 5.5 mmol) were used according to a
molar ratio of 1.5:4:11:5.5. In this formulation, IPDI and APDS constituted the hard segments,
while PCL diol and PEG served as the soft segments; trimethylolpropane (TMP) was employed as

a crosslinking agent.

PCL diol and PEG were first dissolved in dimethylformamide (DMF, 10 g) and heated to 80 °C
under continuous stirring. Subsequently, IPDI was added dropwise along with dibutyltin dilaurate
(DBTDL, 0.09 g) as the catalyst. The reaction mixture was maintained at this temperature for 2.5

h to generate an isocyanate-terminated prepolymer.

In a separate step, APDS and TMP (0.1 g, 0.5 mmol) were dissolved in DMF (10 g) and introduced
into the prepolymer solution. The resulting mixture was allowed to react at 55 °C for an additional
2 h to complete chain extension and crosslinking. Finally, the reaction product was cast into a

polytetrafluoroethylene (PTFE) mold and dried at 120 °C for 24 h, yielding a solid PU material.
6.3.3 Preparation of PEDOT:PSS/PU Composite Films

The PEDOT:PSS paste was first homogenized using a centrifugal mixer (ARM-310, Thinky,
USA) at 2000 rpm for 5 min, followed by dilution with dimethylformamide (DMF) at a weight
ratio of 50:50. Solid PU was separately redissolved in DMF at a concentration of 30 wt% and
stirred until a homogeneous solution was obtained using a vortex mixer (VWR). When required,

glycerol was incorporated into the PU solution as a plasticizer and conductivity-enhancing
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additive. Final PEDOT:PSS/PU-based formulations were prepared by blending the PEDOT:PSS
and PU solutions at the desired ratios (as listed in Table 4), followed by additional homogenization

using a vortex mixer.

Thin films were fabricated using multiple deposition techniques, including drop-casting onto glass
substrates (5.0 x 7.0 cm?) and PTFE molds, spin-coating onto glass slides (2.0 x 2.0 cm?) or
polyethylene terephthalate (PET) substrates, and printing onto glass slides and tattoo paper, as
detailed in Section 2.9. Drop-cast films were dried via sequential thermal treatment on a hot plate

at 50 °C for 16 h, followed by annealing at 100 °C for 1 h, 120 °C for 1 h, and 150 °C for 1 h.

Spin-coated films were deposited at rotational speeds of 500, 1000, and 1500 rpm for 10 s,
resulting in film thicknesses of approximately 2.5, 1.8, and 1.4 um, respectively. These films were
subsequently baked at 50 °C for 3 h and at 150 °C for 1 h. Both fabrication methods yielded

uniform and bubble-free films.

Optical transmittance of the resulting films was measured using UV—Vis spectroscopy (AS
SEC2022, Bio-Logic). In addition to DMF, the PEDOT:PSS/PU-based films were also found to

be soluble in environmentally benign solvents, including anisole and ethanol.
6.3.4 Thermal Analysis

Thermogravimetric analysis (TGA) was carried out using a Q500 instrument (TA Instruments)
under a nitrogen atmosphere with a flow rate of 40 mL-min~'. Measurements were conducted from
30 °C to 800 °C at a heating rate of 10 °C-min". Film samples with a mass of approximately 15
mg were placed in open platinum crucibles. All samples exhibited an onset of thermal
decomposition at temperatures close to 300 °C, which is significantly higher than the temperatures
used for self-healing (25 °C) and recycling (55 °C). In addition, no noticeable mass loss associated
with residual dimethylformamide (DMF) evaporation was detected, indicating effective solvent

removal during film processing.

Differential scanning calorimetry (DSC) measurements were performed using a Q2000
calorimeter (TA Instruments). Approximately 5 mg of each film sample was sealed in aluminum
pans and analyzed under a nitrogen atmosphere. To eliminate prior thermal history, samples were

first cooled to —25 °C and then heated to 150 °C at a rate of 10 °C-min* for two consecutive cycles.
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The glass transition temperature (7¢) was determined from the second heating cycle using the

analysis software provided by the instrument manufacturer.

6.3.5 Attenuated Total Reflectance Fourier-transform Infrared Spectroscopy

(ATR-FTIR)

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy was employed
to investigate dynamic bonding interactions in the solid state. Spectra were acquired using a
Spectrum 65 FTIR spectrometer (PerkinElmer) operated in ATR mode, with a spectral resolution

of 4 cm™ and 32 accumulated scans over the range of 4000-550 cm™.

Measurements were conducted on pristine samples as well as after scratching and subsequent
healing. Particular attention was paid to characteristic vibrational modes associated with N—H,
C=0, and S-S bonds in order to track bond dissociation and reformation processes during the self-

healing behavior of the materials.
6.3.6 Electrical Characterization

The sheet resistance (R;) of the films (1 X 1 cm?) was measured using a standard four-point probe
setup (Jandel Engineering) connected to a source-measure unit (B2902A, Keysight). Film
thickness (t) was determined using a three-dimensional optical profilometer (Photomap, Fogale

Nanotech).

The electrical resistivity (p) was calculated according to p = R x t, where R; is the measured sheet
resistance and t is the film thickness. Electrical conductivity (o) was subsequently obtained as ¢ =

1/p. All resistivity and conductivity values were averaged over five independent samples.
6.3.7 Mechanical and Electromechanical Tests

Uniaxial tensile and adhesion measurements were conducted using a Mach-1 V500csst MA009
mechanical tester (Biomomentum). Stress—strain behavior was evaluated on film specimens with
dimensions of 5 x 1 cm? at a constant crosshead speed of 500 mm-min~'. Adhesion strength was
assessed by laminating free-standing films (6 x 1 cm?, thickness = 25 um) either to themselves or
to glass substrates, followed by 90° peel tests performed over a peel length of 3 cm at a rate of 50

mm-min !, in accordance with ASTM D6862.



91

Cyclic tensile testing was carried out for 500 loading—unloading cycles at a maximum strain of
50% and a deformation rate of 10 mm-min~' to evaluate mechanical durability. Electromechanical
stability was investigated using a custom-built uniaxial translational manipulator integrated with a
source-measure unit (B2902A, Keysight). During cyclic deformation, the electrical resistance of
the films was continuously recorded under a constant bias voltage of 0.2 V. Additional
electromechanical tests were performed by stretching the films up to 400% strain at the same

deformation rate and applied voltage.

Resistance variations were expressed as normalized resistance (R/Ro), where R corresponds to the
instantaneous resistance and Ro represents the initial resistance prior to deformation. Unless
otherwise specified, all mechanical and electrical measurements were conducted on three
independently prepared samples (n = 3). For clarity, representative curves are presented in the
main text, while corresponding replicate datasets are provided in the Supporting Information to

confirm reproducibility.
6.3.8 Electrical and Mechanical Self-healing

Electrical self-healing behavior was evaluated under ambient conditions using drop-cast films (1.0
% 5.0 cm?, thickness ~ 2.5 um) and spin-coated films (thicknesses of 1.8 and 1.4 um). Electrical
measurements were conducted with a source-measure unit (B2902A, Keysight) connected to two
tungsten probes (miBots, Imina Technologies), positioned at both ends of the films. A constant
bias voltage of 0.2 V was applied, and the current was monitored in real time. Mechanical damage
was introduced by manually cutting the films at multiple locations using a stainless-steel razor
blade (Feather Hi-Stainless, Japan), producing cut widths of approximately 20 um. The resulting
current variations were recorded to assess the electrical self-healing response. Each cut—healing

experiment was repeated at least three times. The electrical healing efficiency () was defined as:

I— eale
M eletrical healing (%) = 100 x IhA (1)

—original

Where I_griginal 18 the initial current prior to cutting and I peareq is the recovered current after
healing. Mechanical self-healing was investigated using free-standing membranes (1.0 x 5.0 cm?,
thickness =~ 25 pm) under scratching, cut—stick, and puncture damage modes. For scratch healing
tests, surface damage was introduced by applying a normal load of 3 N using a scratch pen

(SmartPen, Erichsen) equipped with a test tip conforming to ISO 1518 (tip diameter = 1.0 mm).
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Following scratching, the films were placed on a hot plate at 25 °C for 1 h to allow autonomous
healing. Scratch depths before and after healing were quantified using a three-dimensional optical
profilometer (Photomap, Fogale Nanotech), and surface images were captured with the integrated
optical microscope. Each experiment was performed on three independent samples. The scratch

healing efficiency (1) was calculated as:

d_damaged_ d_healed (2)

ing (%) = 100 X
N scratch heaang( ) d_damaged

Where d_gamagea @nd d pealeq denote the scratch depth after damage and after healing,

respectively. For cut—stick self-healing tests, free-standing films (1.0 x 5.0 cm?, thickness = 25
um) were severed into two pieces using a stainless-steel double-edge razor blade. The fractured
edges were brought into contact and placed on a hot plate at 25 °C for 20 min, with gentle manual
pressure applied initially to ensure intimate contact. Tensile tests were conducted on pristine and
healed samples using a mechanical tester equipped with a 70 N load cell at a constant strain rate

of 10 mm-min~'. Three samples were tested. The cut—stick healing efficiency () was defined as:

E— eale
N cut—stick healing (%) = 100 X —healed (3)

pristine

Where E yealeq and E_pristine represent the elongation at break after healing and that of the pristine

film, respectively.

Puncture healing tests were carried out using a stainless-steel sewing needle with a diameter of 0.5
mm mounted on a mechanical tester (Biomomentum). Free-standing membranes (1.0 x 5.0 cm?,
thickness =~ 25 um) were fixed on a square rubber frame with an open center to allow full
penetration of the needle (Figure S36). The needle was driven downward and upward at a speed
of 10 mm-s™', generating a puncture force of approximately 3 N. After puncturing, the films were
placed on a hot plate at 25 °C for 1 h to enable autonomous healing. Optical images were acquired
using an inverted optical microscope (Primovert, Carl Zeiss). Each puncture experiment was
repeated three times. In this study, puncture healing is defined as the autonomous closure of
through-thickness damage accompanied by restoration of surface continuity, rather than complete

recovery of the original microstructure.
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6.3.9 Printed E-tattoos and Freestanding Electrodes for ECG Signal

Monitoring

A printable conductive ink was prepared by dissolving drop-cast PEDOT:PSS/PU-18/Gly-2.2
films in ethanol (EtOH). The resulting low-viscosity ink was used to print circular electrode
patterns with a diameter of approximately 17 mm onto tattoo paper and glass substrates using a
direct ink writing printer (Voltera Nova, Voltera). Printing was performed with a stainless-steel
dispensing nozzle (Nordson EFD, nozzle diameter = 150 pm) mounted on a 3 cc syringe. A

dispensing pressure of 500 and a printing speed of 2000 mm-min' were employed.

Ethanol was selected as a green solvent due to its ability to dissolve both the polyurethane and
PEDOT:PSS components more effectively than anisole, acetonitrile, or isopropanol (Figure S37).
Although a larger solvent volume was required compared to N,N-dimethylformamide (DMF),
ethanol was fully compatible with the printer nozzle membrane, whereas DMF was not. Electrode
layouts were designed using DipTrace software. Following printing, the samples were dried at 60

°C for 2 h to remove residual solvent.

For epidermal tattoo electrodes, disc-shaped electrodes were first printed directly onto tattoo paper.
A transparent adhesive film with a central circular opening (diameter = 10 mm) was subsequently
laminated over the printed layer to ensure direct electrical contact between the electrode and the
skin while providing mechanical reinforcement. The tattoo electrodes were transferred onto the
skin by wetting the backing paper with water for approximately 10 s and gently peeling it off,
leaving the printed electrode adhered to the skin. A commercial snap-button connector (Ambu)
was attached to the exposed electrode surface and secured using Tegaderm™ adhesive film to

ensure stable electrical contact.

Freestanding electrodes were fabricated by printing the conductive ink onto glass substrates. To
release the electrodes, a small amount of water was applied to the printed films for approximately
5 s, enabling facile detachment from the glass surface. The released electrodes were then
transferred directly onto the skin, and electrical connections were established using the same
procedure as for the tattoo-based electrodes. This strategy highlights the compatibility of the

material with multiple transfer approaches and improves user comfort during electrode removal.



94

ECG measurements were performed using both commercial Ag/AgCl gel electrodes and the
printed PEDOT:PSS/PU-18/Gly-2.2 electrodes. All measurements were collected from the same
volunteer on the same day following previously reported protocols. ECG signals were acquired
using a Cyton biosensing board (OpenBCI) at a sampling rate of 250 Hz, with a band-pass filter
of 0.5-40 Hz and a 60 Hz notch filter applied. All ECG experiments were conducted in accordance
with the approved protocol CER-2021-04-D.

6.3.10. Reuse and Recycling Procedures

PEDOT:PSS/PU-18/Gly-2.2 films were subjected to both chemical recycling and mechanical

recycling to evaluate their suitability for circular reprocessing.

Chemical recycling was performed to selectively recover and reprocess the individual polymer
components of the composite. PEDOT:PSS/PU films were first immersed in ethanol (10 mL) for
10 min, during which the PU phase was preferentially dissolved. The resulting suspension was
centrifuged at 1500 rpm for 15 min, enabling separation of the PU-rich supernatant from the
PEDOT:PSS-rich precipitate. The recovered PU solution was drop-cast onto glass substrates and
dried at 50 °C for 1 h to remove the solvent, yielding solid PU. The isolated PU was then
redissolved in ethanol to prepare a 30 wt% solution. To regenerate the composite material, this PU
solution was blended with freshly prepared PEDOT:PSS diluted in ethanol at a 50:50 (w/w) ratio.
The resulting mixture was drop-cast onto glass substrates and dried sequentially at 50 °C for 1 h
followed by 80 °C for 1 h, allowing efficient solvent removal while minimizing bubble formation.
The electrical and mechanical properties of the chemically recycled films were subsequently

characterized to assess performance retention after recycling.

Mechanical reuse was achieved by reshaping the composite material without altering its chemical
composition. Drop-cast films were initially prepared in a circular PTFE mold following the
procedure described in Section 2.3. After cooling to room temperature, the films were cut into
small fragments and transferred into a rectangular mold. Gentle pressure was applied to ensure
intimate contact between adjacent pieces. The mold was then heated at 55 °C for 30 min to promote
healing and remolding of the fragments, followed by cooling to ambient temperature for 5 min
prior to demolding. The remolded samples were subsequently subjected to mechanical and
electrical characterization to evaluate the preservation of material performance after mechanical

reuse.



95

6.4 Results and Discussion

6.4.1 Synthesis of PU

A self-healing, stretchable, and recyclable PU was designed by combining poly(e-caprolactone)
diol (PCL diol) and PEG as soft segments with IPDI as the hard segment, APDS as a dynamic
chain extender, and TMP as a crosslinking agent (Figure 21a). In this molecular architecture, the
PCL diol and PEG segments enhance chain mobility and solubility, while IPDI provides
mechanical strength. The incorporation of APDS introduces dynamic disulfide bonds, and TMP
enables controlled crosslinking within the polymer network. In our previous work, we reported a
PU system composed of PCL diol, IPDI, and 1,3-propanediol (PDO), which exhibited self-healing
and mechanical reprocessability at moderate temperatures (~50 °C) when blended with PEG and
PEDOT [4]. In that system, the flexibility of the PCL soft segments played a key role in enabling
dynamic rearrangement of the polymer chains. Building on this concept, the present work aims to
achieve autonomous healing and reprocessing at room temperature while simultaneously
improving solution-based processability. To this end, PEG and dynamic disulfide bonds were
deliberately integrated into the PU backbone. PEG effectively lowers the glass transition
temperature (7¢) of the polymer network and increases chain mobility, whereas disulfide bonds—
widely employed to enhance durability and sustainability in polymeric materials [154, 155]—
enable reversible bond exchange above T, thereby promoting autonomous healing and
reprocessability. The PU was synthesized via a two-step polymerization process. In the first step,
hydroxyl-terminated PCL diol and PEG reacted with the isocyanate groups of IPDI to form an —
NCO-terminated prepolymer. In the second step, APDS and TMP were introduced to extend the
polymer chains while simultaneously incorporating disulfide bonds and crosslinking points.
Fourier-transform infrared (FTIR) spectroscopy provided clear evidence of successful PU
formation. The presence of a characteristic absorption band at 2270 cm™ in the prepolymer
spectrum (Figure S16) confirmed the existence of terminal isocyanate groups, while the
disappearance of this band in the final PU indicated complete consumption of the isocyanates. In
addition, the emergence of characteristic C=O stretching vibrations at approximately 1700 cm™
and N-H stretching bands near 3200 cm™ confirmed the formation of urethane linkages.
Mechanical characterization further demonstrated that the synthesized PU possessed high

stretchability and mechanical robustness. The material could withstand severe deformations,
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including twisting and knotting, without mechanical failure (Figure S17), confirming that the
designed molecular architecture successfully combines elasticity, toughness, and structural

integrity.
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Figure 21. Synthesis and fabrication of PEDOT:PSS/PU composites. (a) Schematic illustration of
the synthetic route for the self-healing, stretchable, and recyclable polyurethane (PU). (b)
Fabrication process of PEDOT:PSS/PU composites, including solution preparation, film
deposition (spin-coating, printing, and drop-casting), thermal curing, and water-assisted release to

obtain freestanding films.
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6.4.2 Formulation and Processing Versatility of Conductive Composites

Stretchable, self-healing, and recyclable conductive composites were prepared by blending the
synthesized polyurethane (PU) with PEDOT:PSS, followed by drop casting to form free-standing
films (Figure 21b). As anticipated, increasing the PU content led to a gradual reduction in electrical
conductivity relative to the pristine PEDOT:PSS printing formulation (~50 S-cm™). Specifically,
varying the PU concentration from 3.5 wt% to 18 wt% resulted in conductivities spanning from
approximately 20 S-cm™ down to ~0.1 S-cm™ (Table 4). The incorporation of glycerol, which is
known to promote PEDOT chain alignment and enhance charge transport [150], significantly
mitigated this conductivity loss, increasing the conductivity of composites with high PU content

to approximately 15 S-cm™.

A major advantage of the polyurethane developed in this work lies in its exceptional processing
versatility. The incorporation of PEG soft segments effectively lowers the glass transition
temperature of the polymer network and markedly improves solubility in polar, environmentally
benign solvents such as ethanol and anisole (Supplementary Table 1). As a result, uniform
conductive films can be fabricated using a range of solution-based techniques, including drop
casting, spin coating, and printing. This level of processability represents a clear improvement over
our previously reported polyurethane systems, as well as many other self-healing conductive
materials reported in the literature (Supplementary Table 2), and directly facilitates scalable

manufacturing and integration into soft electronic platforms.

Importantly, the solvent compatibility of the composite enables the formulation of printable,
ethanol-based inks, allowing high-resolution patterning of stretchable and self-healing conducting
features. When printed onto glass substrates, the patterned films can be readily released by simple
water-assisted detachment and transferred onto alternative substrates or directly onto skin. This
transferability provides a straightforward and low-cost route toward conformal wearable electronic

devices, highlighting the practical relevance of the materials design.
6.4.3 Mechanical and Electromechanical Properties

The mechanical and electromechanical performance of the drop-cast conductive composites was
systematically investigated to assess their stretchability, durability, and suitability for soft

electronic applications, including electronic tattoos and freestanding electrodes. Key mechanical
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parameters—elongation at break, Young’s modulus, and adhesion strength—are summarized in
Table 4 and reveal a clear dependence on PU and glycerol content, reflecting the tunability of

mechanical compliance through formulation.
6.4.4 Tensile Properties

Uniaxial stress—strain measurements (Figure 22a and Figure S18) showed that increasing the PU
fraction led to a pronounced reduction in Young’s modulus accompanied by a significant increase
in elongation at break (Table 4). Lower modulus values are desirable for minimizing mechanical
mismatch with human skin (=0.01-0.1 MPa), while high elongation at break enables the films to
accommodate large deformations without mechanical failure [78, 141]. Compared to our
previously reported system, the stress—strain curves displayed smooth, continuous profiles without
a distinct yield point. This behavior is consistent with the presence of dynamic disulfide bonds,
which facilitate chain rearrangement and energy dissipation through reversible bond exchange

[156, 157].

The addition of glycerol further enhanced mechanical compliance, resulting in a substantial
decrease in modulus and a marked increase in stretchability [135]. This improvement is attributed
to the plasticizing effect of glycerol, which increases chain mobility and reinforces interfacial
interactions between PEDOT:PSS and the PU matrix.*® Among all tested formulations,
PEDOT:PSS/PU-18/Gly-2.2 exhibited the most balanced mechanical performance, combining a
high elongation at break of approximately 630% with a low Young’s modulus of ~0.02 MPa. This
stretchability is comparable to that of state-of-the-art stretchable conductive polymers and
represents an approximately 1.5-fold improvement over our previously reported material

(Supplementary Table 2).
6.4.5 Cyclic Durability

To evaluate long-term mechanical stability under conditions relevant to skin deformation, cyclic
loading—unloading tests were conducted over 500 cycles at strains ranging from 0 to 50%.
Representative hysteresis curves (Figure S19a,b) show large energy input and dissipation during
the initial cycle, followed by progressively increased energy recovery with repeated cycling. The
energy recovery stabilized after approximately 100 cycles (Figure S20), indicating gradual

rearrangement of the dynamic polymer network into a mechanically stable configuration. Among
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all compositions, PEDOT:PSS/PU-18/Gly-2.2 exhibited the highest energy recovery, reaching
approximately 75%. The dissipated energy decreased from about 145 to 110 kJ-m™ and remained
stable over subsequent cycles. Importantly, the material retained its mechanical integrity after 500
cycles, demonstrating excellent fatigue resistance. This stabilization behavior is characteristic of
networks containing dynamic covalent bonds and reflects progressive chain rearrangement and

network reorganization under repeated mechanical stress.
6.4.6 Electromechanical Stability

Electromechanical performance was evaluated by monitoring the normalized resistance (R/Ro)
under a constant bias voltage of 0.2 V during uniaxial stretching from 50% up to 400% strain
(Figure S19¢). PEDOT:PSS/PU-18/Gly-2.2 consistently exhibited the smallest resistance variation
among all formulations (Figure 22b), confirming superior electromechanical stability. During
cyclic deformation at 50% strain, resistance fluctuations remained within approximately 10% over
500 cycles (Figure 22c¢), substantially lower than those observed for other compositions (Figure
S21). These results highlight the strong coupling between mechanical deformation and electrical

transport, as well as the excellent fatigue resistance of the optimized composite.
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Figure 22. Electromechanical performance of PEDOT:PSS/PU-based films. (a) Tensile stress—
strain curves. (b) Normalized resistance (R/Ro) under a constant bias of 0.2 V during uniaxial
stretching at different strain levels (50—400%). Values (n = 3) are presented as mean + standard
deviation. (c) Normalized resistance (R/Ro) during 500 cyclic strains between 0% and 50%. The

inset shows a magnified view highlighting resistance variation during cyclic loading.

6.4.7 Adhesion Performance

Adhesion measurements revealed strong self-adhesion, which is critical for maintaining conformal

contact with skin (Figure S22). PEDOT:PSS/PU-18/Gly-2.2 exhibited the highest adhesion
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strength, reaching 1.35 N-cm™ on glass substrates (Figure S19d) and 2.85 N-cm™ in self-adhesion
tests (Table 4 and Figure S19¢). The enhanced adhesion is attributed to the high PU content and
the presence of glycerol, which likely promote reversible disulfide-mediated bond exchange at the
interface. In contrast, adhesion to glass is governed primarily by weaker physical interactions,
resulting in comparatively lower values. Taken together, these results identify PEDOT:PSS/PU-
18/Gly-2.2 as a versatile and durable material platform that integrates high stretchability,
mechanical robustness, electromechanical stability, strong self-adhesion, and relatively high
electrical conductivity (13 £2 S-cm™). These attributes are essential for next-generation electronic
tattoos and wearable bioelectronic devices designed to operate reliably under continuous
mechanical deformation. Complementary experiments further indicated that a minimum PU
content of approximately 15 wt% is required to achieve autonomous room-temperature self-
healing; therefore, subsequent analyses focused on formulations meeting or exceeding this

threshold.

Table 4. Electrical conductivity, elongation at break, Young’s modulus (0—10% strain range), and
adhesion of PEDOT:PSS/PU-based drop-cast films with varying compositions. Values (n = 3) are

presented as mean + standard deviation.

Elongation Young’s Adhesion
PEDOT:PSS PU Glycerol Conductivity at break modulus
Samples solution solution (Wt%) (S om)
(Wt%) (Wt%) ° (%) (MPa) Glass Itself

PEDOT:PSS/PU-3.5 96.5 3.5 22+£2
PEDOT:PSS/PU-6 94.0 6.0 20+2
PEDOT:PSS/PU-10 90.0 10.0 24+0.1
PEDOT:PSS/PU-13 87.0 13.0 0.50 + 0.02 202+10 0.14+0.04 0.16+0.05 0.48+0.16
PEDOT:PSS/PU-15 85.0 15.0 0.10+0.03 432+12 0.13+0.02 0.31+0.10  1.02+0.37
PEDOT:PSS/PU-18 82.0 18.0 0.10£0.01 500+15 0.09+0.03 0.59+0.12 1.714£0.42
PEDOT:PSS/PU- 83.0 14.6 2.4 15+£2 545+12 0.040+0.01 0.97+0.14  2.25+0.50
15/Gly-2.4
PEDOT:PSS/PU- 80.3 17.5 2.2 13£2 630+19 0.020+0.002 1.35+0.33 2.85+0.71
18/Gly-2.2
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6.4.8 Electrical and Mechanical Self-healing

The dynamic disulfide chemistry that underpins the strong adhesion and cyclic durability of the
composites also plays a central role in their self-healing behavior. Reversible S—S bond exchange
within the PU network enables rapid reorganization of the polymer chains after mechanical
damage, allowing simultaneous recovery of mechanical integrity and electrical pathways. Building
on the outstanding mechanical and electromechanical performance of PEDOT:PSS/PU-18/Gly-
2.2, we investigated its ability to autonomously restore both electrical conductivity and mechanical
properties after damage, a key requirement for long-term operation of wearable and stretchable

electronic devices.
6.4.9 Electrical Self-healing

Electrical self-healing experiments were conducted at 25 °C, slightly above the glass transition
temperature of the composite (7g = 21 °C, Figure S23a). At this temperature, sufficient chain
mobility is available to promote reformation of reversible hydrogen bonds and dynamic disulfide
linkages. All drop-cast PEDOT:PSS/PU composites fully recovered their electrical conductivity
after repeated cutting with a razor blade (Figure S24). Among the tested formulations,
PEDOT:PSS/PU-18/Gly-2.2 exhibited particularly rapid recovery, restoring electrical
conductivity within approximately 0.1 s and achieving a healing efficiency of 99.7 + 0.3%.
Notably, this high healing efficiency was preserved in transparent spin-coated films with
thicknesses ranging from 1.4 to 2.5 pum (Figure 23a), a regime in which complete electrical
reconnection is often challenging. This behavior is attributed to the highly uniform microstructure
obtained by spin coating, in contrast to many previously reported self-healing conductors
(Supplementary Table 2), which are typically demonstrated using thicker, drop-cast films where
electrical reconnection is inherently less demanding. Across all investigated thicknesses, the films
recovered their conductivity within approximately 0.3 s and maintained healing efficiencies close
to 100% over multiple cut-heal cycles. The minimum film thickness required to achieve full
electrical recovery was determined to be 1.4 pm. Spin-coated films deposited on glass and
polyethylene terephthalate (PET) substrates also exhibited high optical transmittance (95.2 +0.7%,
Figure S25a,b), underscoring their suitability for self-healing electrochromic and optoelectronic
applications. In addition to optical transparency, spin coating provides precise control over film

thickness and uniformity, which is critical for optimizing device performance.
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6.4.10Mechanical Self-healing

Mechanical self-healing was evaluated using cut-stick, scratch, and puncture damage modes. In
cut-stick experiments, PEDOT:PSS/PU-18/Gly-2.2 exhibited near-complete recovery of
elongation at break (98 + 0.2%) after healing at room temperature (Figure S26), consistent with its
strong intrinsic self-adhesion. Scratch-healing experiments further demonstrated excellent
mechanical recovery. Surface scratches were completely eliminated within 1 h at 25 °C, as
confirmed by optical microscopy and three-dimensional profilometry (Figure 23b—d and Figure
S26-27), corresponding to a healing efficiency of 99.7 + 0.1%. Achieving full scratch healing
under ambient conditions represents a significant advance compared to most reported self-healing
conductors, which typically require elevated temperatures or external stimuli. Beyond scratches
and cuts, the composites displayed a rare and highly desirable ability to recover from puncture
damage. Puncture-induced defects, which introduce localized through-thickness damage,
represent one of the most severe and realistic failure modes in soft electronics and have been
scarcely explored in solid-state conductive polymers. Holes were introduced using a stainless-steel
needle, and the healing process was monitored by optical microscopy (Figure S29a). Free-standing
PEDOT:PSS/PU-18/Gly-2.2 membranes exhibited near-complete closure of the punctured region
within 1 h at room temperature, with only minimal residual traces (Figure S29b). These traces
primarily arise from slight differences in optical reflectivity rather than incomplete structural
recovery (Figure 23e). Because electrical current in continuous thin films can readily bypass
localized through-thickness defects, local conductivity measurements are not directly correlated
with puncture closure. Similarly, global tensile measurements before and after puncture are not
representative, as the small puncture size has a negligible influence on the overall stress—strain
response. Consequently, puncture healing is assessed qualitatively based on the autonomous
closure of the damaged region and restoration of surface continuity. In contrast to previously
reported puncture-healing systems based on liquid metal composites [11, 158], the present results
demonstrate that a fully solid-state conducting polymer can autonomously recover from severe
mechanical damage. This solid-state puncture-healing capability is particularly relevant for
ensuring the long-term durability and reliability of soft electronic systems, including electronic
tattoos and wearable health-monitoring devices, which are routinely exposed to accidental impact,
puncture, and mechanical deformation during daily use. Collectively, these findings highlight the

versatility of the PEDOT:PSS/PU-18/Gly-2.2 composite, which rapidly restores both electrical
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conductivity and mechanical integrity at room temperature after damage. Notably, the ability of a
fully solid-state conducting polymer to autonomously recover from puncture damage—a severe
and rarely addressed failure mode—underscores its strong potential for reliable, long-term

operation in soft and stretchable electronic devices.
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Figure 23. Electrical and mechanical self-healing behavior of PEDOT:PSS/PU-18/Gly-2.2 films.
(a) Current—time responses of spin-coated films with different thicknesses (2.5, 1.8, and 1.4 um)
during repeated cut—healing cycles under a constant 0.2 V bias. (b,c) Depth profiles and three-
dimensional optical profilometry maps of the films after surface scratching (3 N pencil) and after
healing at 25 °C, respectively. The color scale indicates surface height variation. (d) Optical
microscopy images of the film surface before and after healing of pencil-induced scratches. (e)
Optical images showing puncture damage and subsequent recovery of a free-standing membrane

after healing at room temperature. All experiments were performed in triplicate (n = 3).
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6.4.11 Proposed Mechanism For Self-healing

To elucidate the molecular origin of the self-healing behavior, solid-state FTIR spectroscopy was
employed to investigate the reversible interactions responsible for damage repair in the
PEDOT:PSS/PU system. The analysis focused on vibrational modes associated with S-S, C=0,
and N-H groups, which correspond to dynamic disulfide bonds and hydrogen-bonding motifs
intentionally incorporated into the polyurethane backbone to enable autonomous network
reorganization. Spectra were collected from pristine, scratched, and subsequently healed samples,
allowing direct tracking of chemical changes within the damaged region rather than relying solely
on comparisons between pristine and healed states. Across all examined samples, no discernible
peak shifts were detected for the S—S, C=0, or N—H vibrational bands, indicating that the overall
chemical structure of the constituent polymers remained unchanged during both damage and
recovery. This result confirms that the self-healing process does not involve irreversible chemical
reactions or bond scission, but instead proceeds through reversible interactions within the polymer
network. Notably, the characteristic S—S stretching band centered at approximately 600 cm™
exhibited a clear decrease in intensity following scratching, reflecting disruption of disulfide
linkages within the PU matrix (Figure 24a). Upon healing at room temperature, the intensity of
this band recovered nearly to its original level, consistent with reformation of disulfide bonds
through reversible exchange. A similar trend was observed for hydrogen-bond-related vibrations.
The C=O0 stretching band at approximately 1720 cm™ (Figure 24b) and the N—H stretching band
near 3350 cm™ (Figure 24¢) both weakened after mechanical damage and subsequently regained
intensity following healing. These reversible intensity changes indicate temporary disruption and
restoration of hydrogen-bonding interactions during the damage—healing cycle. The evolution of
these spectral features is quantitatively summarized in Figure 24d using normalized peak
intensities referenced to the pristine state, clearly illustrating the reversible nature of both disulfide
and hydrogen-bond interactions. Collectively, these observations support a self-healing
mechanism governed by dynamic disulfide exchange coupled with reversible hydrogen bonding
(Figure 24e). This combination enables enhanced chain mobility and efficient network
reorganization at damaged sites without permanent chemical modification of the material.
Importantly, comparable FTIR behavior was observed for other PEDOT:PSS/PU formulations
(Figure S30), indicating that this healing mechanism is intrinsic to the material platform rather

than specific to a single composition. Overall, the solid-state FTIR analysis provides direct
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molecular-level evidence for autonomous room-temperature self-healing in PEDOT:PSS/PU
composites. The synergistic interplay between dynamic covalent disulfide bonds and reversible
hydrogen-bonding interactions offers an efficient pathway for network repair, providing
mechanistic insight that can guide the rational design of next-generation solid-state self-healing

conductive polymers.



106

(a ) —— Original ( b) — Original
';‘ ——— Scratched ';‘ —— Scratched
E' Healed -'!- ——Healed
o @
: ¢
£ £
o i S
i | i
W
650 625 600 575 550 1800 1750 1700 1650 1600
Wavenumber (cm) Wavenumber (cm™)
(C} ——— Original (d)
o —#— §-8 stretching
5| — ':‘-'::;;hed ;E.,‘ 1.2 —a— C=0 stretching
= o —a— N-H stretching
] <10
c x
o o
re] -
5 208}
@ B
. g
go0s8}
T - T v - T s
3700 3600 3500 3400 3300 3200 3100 3000 =

Wavenumber (cm™) Oridinal Scrat‘ched Hea'led

(e) Original Scratched Healed

.

+ PEDOT:PSS/PU blends: _2% * Hydrogen bond: [} + Disulfide bond: (-€)

Figure 24. FTIR analysis and proposed self-healing mechanism of PEDOT:PSS/PU-18/Gly-2.2.
(a—c) FTIR spectra obtained in the pristine, scratched, and healed states, highlighting regions
corresponding to (a) S-S stretching, (b) C=0 stretching, and (c) N—H stretching vibrations. (d)
Normalized peak intensities referenced to the pristine state (n = 3). (¢) Schematic illustration of
reversible disulfide exchange and hydrogen-bonding interactions within the network under pristine,

damaged, and healed conditions.
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6.4.12Demonstration of Reliable ECG Monitoring with Printed
PEDOT:PSS/PU-based E-Tattoo Electrodes

Taking advantage of their high stretchability, strong self-adhesion, rapid self-healing capability,
electromechanical stability, and printability, PEDOT:PSS/PU-18/Gly-2.2 films were implemented
as skin-conformal electrodes (Figure 25a). Two device formats were explored: disposable tattoo
electrodes and reusable freestanding electrodes. Tattoo electrodes are designed for single-use
attachment via tattoo paper, whereas printed freestanding films can be released from the substrate,
transferred onto skin, and subsequently removed using water for repeated reuse or recycling, as
illustrated in Figure S31. This dual-format strategy highlights the versatility of the materials
platform for wearable bioelectronic applications. PEDOT-based tattoo electrodes have been
extensively studied for skin-conformal electrophysiological monitoring owing to their low skin—
electrode impedance and enhanced wearer comfort compared with conventional Ag/AgCl gel
electrodes [137, 159]. Printed PEDOT:PSS tattoo electrodes have previously been demonstrated
for electrocardiogram (ECG) acquisition, and stretchable, self-adhesive
PEDOT:PSS/polyurethane systems have been reported for biopotential monitoring. Together with
related PEDOT:PSS-based approaches, these studies have established a strong foundation for soft,
skin-compatible bioelectronic interfaces. Building on this prior work, the electrodes presented here
introduce intrinsic self-healing, robust adhesion, and combined reuse—recycling capability without
compromising electrical performance, representing an important advance toward more durable and
sustainable electronic tattoos for continuous health monitoring.*.** Both electrode configurations
enabled high-quality ECG recordings with stable and well-defined waveform features comparable
to those obtained using commercial Ag/AgCl gel electrodes (Figure 25b). In addition, the
PEDOT:PSS/PU-18/Gly-2.2 electrodes exhibited lower skin—electrode impedance over the
measured frequency range (Figure 25¢). In practical use, the electrodes conform closely to the skin
surface and maintain reliable contact under compression, stretching, and twisting (Figure 25d and
Figure S32). The films also showed excellent water stability, exhibiting negligible swelling after
24 h of immersion and only a minor reduction in elongation at break (Figure S33). Importantly,
freestanding electrodes preserved clear and stable ECG signals after multiple attachment-removal
cycles (Figure S34), underscoring their mechanical robustness and functional reliability. Together,
these results demonstrate that PEDOT:PSS/PU-18/Gly-2.2 electrodes provide a durable, reusable,

and skin-compatible interface suitable for long-term wearable bioelectronic applications.
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Figure 25. Printed bioelectronic electrodes and ECG performance. (a) Schematic illustration of the
fabrication process for electrodes printed on tattoo paper. (b) Representative electrocardiogram
(ECQG) recordings obtained using commercial Natus® Ag/AgCl gel electrodes, electronic tattoos
(e-tattoos), and freestanding electrodes (n = 3 for each type). (¢) Comparison of skin—electrode

3). (d)
Photograph of the ECG measurement setup, showing placement of the positive (PE) and ground

impedance for commercial electrodes, e-tattoos, and freestanding electrodes (n

(GE) electrodes on the left forearm and the negative (NE) electrode on the right forearm.

6.4.13Chemical and Mechanical Recycling

Growing concerns regarding electronic waste underscore the importance of recycling strategies
that preserve both the functionality and value of soft electronic materials. To evaluate the circular
potential of the PEDOT:PSS/PU composite, we investigated chemical recycling and mechanical
reuse as complementary pathways enabling either component-level recovery or low-energy
reprocessing. In contrast to many reported self-healing conductors that rely on permanently
crosslinked networks or sacrificial additives, the present system uniquely supports both chemical

recycling and mechanical remolding while maintaining functional performance.
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6.4.14 Chemical Recycling

Chemical recycling was achieved using ethanol (EtOH) as a green solvent compatible with both
PEDOT:PSS and PU (Figure 26a). This approach enabled reprocessing of the composite without
inducing polymer degradation and allowed repeated recycling cycles with minimal loss of
mechanical and electrical properties. After immersion in ethanol for 10 min, centrifugation
separated a PU-rich supernatant from the PEDOT:PSS phase. The recovered PU fraction was
readily redissolved, blended with fresh PEDOT:PSS and glycerol, and re-cast into new composite
films. Although the isolated PEDOT:PSS could not be fully redispersed, it nevertheless formed
conductive films upon drying (red arrow, Figure 26a). This process was reproducible over multiple

cycles, demonstrating an effective closed-loop recycling route for the composite.
6.4.15Mechanical Recycling

Mechanical reuse was assessed by cutting the composite films into small fragments and remolding
them under light pressure at 55 °C (Figure 26b). Under these mild conditions, the fragments rapidly
fused into continuous films, confirming that dynamic disulfide bonds and reversible hydrogen
bonding enable efficient reprocessability. After 15 mechanical reuse cycles, the films retained 95
+ 4% of their original elongation at break (Figure 24¢ and Figure S35a—c) and 98 £+ 1% of their
initial electrical conductivity (Figure 26d and Figure S35d—f), indicating negligible degradation in
performance. Importantly, thermal degradation of the composite occurs only above approximately
280 °C (Figure S25b); therefore, the low processing temperature of 55 °C avoids polymer
degradation and represents a significant reduction in energy input compared to the ~100 °C
required in our previously reported system. This reduction further enhances the sustainability of

the reprocessing strategy.
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Figure 26. Chemical and mechanical recycling of PEDOT:PSS/PU-18/Gly-2.2 composites. (a)

Schematic illustration of the chemical recycling process (i—vii). (b) Mechanical reuse process

involving fragmentation followed by thermally assisted remolding to form continuous films (i—iii).

(c) Tensile stress—strain curves and (d) current—time responses of the original and recycled films,

demonstrating recovery of mechanical and electrical performance after repeated recycling cycles

(n = 3). Electrical and mechanical measurements were conducted over 15 recycling cycles to

evaluate performance stability and reproducibility.



111

6.4.16 Comparison with Reported Systems

Comparison with previously reported self-healing conductors (Table S2, Supporting Information)
highlights that the present composite integrates a combination of properties that is rarely achieved
simultaneously within a single conducting polymer platform. Specifically, the material exhibits
autonomous room-temperature electrical self-healing with rapid recovery after cutting (=0.1-0.3
s), effective healing of puncture damage on the hour timescale, high stretchability (~630%), and
near-unity healing efficiency across multiple damage modes, including cuts, scratches, and
punctures. Notably, autonomous electrical self-healing is demonstrated in continuous films as thin
as 1.4 um, whereas many prior reports focus on substantially thicker, drop-cast films in which
electrical reconnection is inherently less challenging. In addition, while recyclability is often
limited or entirely absent in many self-healing conductive systems, the PEDOT:PSS/PU composite
presented here supports both mechanical reuse and chemical recycling over multiple cycles with
minimal loss of electrical and mechanical performance. Collectively, these attributes position this
material among the highest-performing self-healing conducting polymer systems currently
reported, as many existing approaches emphasize only selected aspects such as stretchability,

conductivity, or single-mode healing [160-164].
6.5 Conclusions

In this study, we developed a multifunctional PEDOT:PSS/PU composite that unifies autonomous
room-temperature self-healing, recyclability, printability, and mechanical compliance within a
single materials platform. The rationally engineered polyurethane matrix, incorporating dynamic
disulfide linkages and hydrogen-bonding motifs, enables spontaneous recovery from scratches,
cuts, and puncture damage without the need for external stimuli, while maintaining high electrical
conductivity, strong interfacial adhesion, and exceptional stretchability. In addition, the use of
environmentally benign solvents allows the fabrication of uniform, transparent, and transferable
films through spin coating or printing, supporting seamless integration into soft and stretchable
electronic systems. Solid-state FTIR spectroscopy provides direct molecular-level evidence that
the self-healing behavior is governed by reversible intermolecular interactions—specifically
disulfide bond exchange and hydrogen-bond reformation—rather than irreversible chemical
transformations. These dynamic interactions facilitate efficient network reorganization, enabling

restoration of both mechanical integrity and electrical continuity after damage. Beyond self-
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healing, the composite demonstrates robust sustainability through its ability to undergo repeated
mechanical reuse and chemical recycling with minimal degradation in electrical or mechanical
performance. This dual reprocessing capability highlights the potential of the material as a circular
electronic platform. As a proof of concept, printed electronic-tattoo electrodes fabricated from the
composite deliver stable, low-impedance electrocardiogram (ECG) signals and allow
straightforward detachment and reuse, confirming their suitability for wearable bioelectronic
interfaces. Collectively, these results demonstrate that self-healing conductors can progress
beyond superficial damage recovery to tolerate severe mechanical deformation while preserving
functionality. By integrating printability, autonomous room-temperature self-healing, and
recyclability within a single PEDOT:PSS-based composite, this work offers a practical and
scalable materials strategy for enhancing the durability, sustainability, and manufacturability of

next-generation soft electronic and bioelectronic devices.
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CHAPTER 7 CONCLUSION AND RECOMMENDATIONS

7.1 Conclusion

This thesis set out to address fundamental limitations in PEDOT:PSS-based conducting polymers
that hinder their long-term use in soft and wearable electronic applications. In particular,
challenges related to mechanical fragility, limited self-healing capability, and lack of sustainability
have restricted the practical deployment of these materials under realistic operating conditions.
Through systematic material design and experimental validation, this work demonstrates that these
challenges can be addressed in an integrated manner by combining rational polymer engineering

with dynamic bonding strategies.

Across Chapters 4 and 5, two generations of PEDOT:PSS/polyurethane composites were
developed to progressively enhance mechanical durability, self-healing behavior, and recyclability.
Chapter 4 established a foundational strategy in which hydrogen-bonding interactions and polymer
plasticization significantly improved stretchability, toughness, and mechanical self-healing while
maintaining electrical functionality. Importantly, this chapter highlighted that electrical recovery
alone is insufficient for reliable soft electronics, and that restoration of mechanical integrity is

equally critical for preventing cumulative damage during repeated deformation.

Building on this foundation, Chapter 5 advanced the material design to achieve autonomous self-
healing at room temperature through the incorporation of dynamic disulfide bonds in conjunction
with hydrogen bonding. This next-generation system demonstrated rapid electrical and mechanical
recovery without external stimuli and, notably, exhibited the rare ability to self-heal after puncture
damage in a fully solid-state conducting polymer. The demonstration of electrical self-healing in
continuous films as thin as ~1.4 pm, together with printability, strong self-adhesion, and stable
electromechanical performance, underscores the relevance of this platform for practical wearable

and bioelectronic devices.

Beyond healing performance, this thesis emphasizes sustainability as a core design criterion. The
materials developed herein support both mechanical reuse and chemical recycling over multiple
cycles with minimal degradation of electrical or mechanical properties. These results demonstrate

that dynamic molecular interactions can simultaneously enable self-healing, durability, and
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circular reprocessing, challenging the conventional view that performance and sustainability are

inherently conflicting objectives in electronic materials.

Chapter 6 contextualized these experimental findings within the broader landscape of soft
electronics, identifying persistent trade-offs that have limited prior PEDOT:PSS-based systems.
By linking material behavior to molecular design principles—such as low glass-transition polymer
networks and reversible covalent and supramolecular interactions—this thesis provides a coherent
framework for understanding how autonomous healing, mechanical robustness, and processability

can be jointly achieved.

Overall, this work demonstrates that PEDOT:PSS-based conductors can evolve from humidity-
dependent, damage-sensitive materials into robust, multifunctional, and sustainable platforms
suitable for soft and wearable electronics. The insights gained here contribute not only to the
fundamental understanding of self-healing conductive polymers but also to the practical design of

next-generation bioelectronic, wearable, and soft robotic systems.
7.2 Recommendations

While this thesis establishes a robust platform for self-healing and recyclable PEDOT:PSS-based
conductors, several practical research directions can be pursued to further strengthen the reliability

and applicability of these materials.

First, future work should focus on evaluating the long-term stability of the self-healing behavior
under realistic operating conditions. Although autonomous healing was demonstrated at room
temperature, systematic studies under repeated mechanical fatigue (e.g., thousands of stretching
cycles) and prolonged environmental exposure, such as moderate humidity and body-temperature
conditions, would provide critical insight into performance retention over device lifetimes.
Second, the quantification of severe-damage healing, particularly puncture recovery, represents an
important next step. While puncture healing was qualitatively demonstrated in this work, practical
methods such as localized resistance mapping, optical image analysis, or thickness profiling could
be developed to quantitatively assess the extent and reproducibility of puncture closure. These
measurements would help establish standardized evaluation protocols for severe damage tolerance
in solid-state self-healing conductors. Third, further processing and formulation could improve
device reproducibility. Investigating the influence of film thickness, printing parameters, and

solvent composition on healing efficiency and electrical stability would be valuable for
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transitioning from laboratory-scale fabrication to more consistent device manufacturing. In
particular, improving uniformity in large-area printed films would enhance compatibility with
wearable electronics. In terms of device integration, future studies could extend the current proof-
of-concept demonstrations by incorporating these materials into simple multilayer structures, such
as encapsulated electrodes or sensor stacks. This would allow assessment of interfacial stability,
adhesion between layers, and healing behavior in more realistic device architectures. Finally,
continued efforts toward sustainable processing and safer polymer chemistries are recommended.
In addition to optimizing solvent recovery, minimizing processing temperatures, and evaluating
material reuse over extended recycling cycles, future studies may explore the development of non-
isocyanate polyurethane (NIPU) systems as alternative matrices. Since conventional PU synthesis
relies on isocyanate chemistry, which poses environmental and health concerns, the adoption of
NIPU approaches could further enhance the sustainability profile of self-healing conductive
composites while maintaining dynamic bonding functionality. Overall, these recommendations
aim to translate the material concepts demonstrated in this thesis into more reliable, reproducible,
and application-ready systems, bridging the gap between fundamental materials development and

practical soft electronic devices.
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Figure S1. Fracture behavior of PEDOT:PSS/PU/PEG films. (a) Photograph of a pristine film. (b)
Notched film under uniaxial strain. (c¢) Tensile stress—strain curves of unnotched and notched films.
(d) Toughness comparison between unnotched and notched films. Values (n = 3) are presented as

mean + standard deviation.
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Figure S2. FTIR spectra of precursor mixtures with varying compositions. (a) Pristine PSS and
PSS/PEG mixtures (10%, 30%, and 50%). (b) Pristine urethane (U) and U/PEG mixtures (10%,
30%, and 50%). (c,d) PSS/U mixtures with varying compositions (10%, 30%, and 50%). (e,f)
PSS/U/PEG mixtures with varying U contents (10%, 30%, and 50%) and a fixed PEG content of
10%.
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Table S1. FTIR peak assignments of SOs—H and S=0O bands in PSS and C-O—C and C=0 bands

in urethane (U).

SO;-H in PSS S=0 in PSS C-0-CinU C=0in U
Samples
(em™) (cm™) (em™) (em™)
PSS 3360.1 1172.8 - -
PSS/10wt% PEG 3369.4 1176.8 - -
PSS/30wt% PEG 3381.1 1180.4 - -
PSS/50wt% PEG 3394.6 1186.0 - -
U - - 1250.1 1690.0
U/10wt% PEG - - 1251.3 1692.1
U/30wt% PEG - - 1253.2 1695.0
U/50wt% PEG - - 1255.8 1697.6
PSS/10wt% U
PSS/30wt% U 3362.6 - - 1683.3
PSS/50wt% U
PSS/10wt% U/10wt% PEG 3366.6 - - 1678.3
PSS/30wt% U/10wt% PEG 3376.8 - - 1683.9

PSS/50wt% U/10wt% PEG 3381.4 - - 1688.0
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Figure S3. Current-time responses of (a) PEDOT:PSS, (b) PEDOT:PSS/PU, (c)

PEDOT:PSS/PU/Glycerol, and (d) PEDOT:PSS/PEG/Glycerol films during repeated cut—healing
cycles.
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Figure S4. Thermal analysis of PEDOT:PSS/PU-based films. (a) TGA thermograms and (b) DSC
thermograms of PEDOT:PSS/PU (blue), PEDOT:PSS/PU/PEG (green),
PEDOT:PSS/PU/Glycerol (orange), and PEDOT:PSS/PU/PEG/Glycerol (magenta) films. (c)

Modulated DSC thermogram of PU, indicating a glass transition temperature (7¢) of approximately
53 °C.
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We investigated the mechanical self-healing properties of PEDOT:PSS/PU/Glycerol and
PEDOT:PSS/PU/PEG/Glycerol. Notably, the PEDOT:PSS/PU/PEG/Glycerol film exhibited
partial scratch recovery (Figure S5d), while the PEDOT:PSS/PU/Glycerol film ruptured under a
SN applied force (Figure S5c) and showed no recovery under a 3N force scratch (Figure S5¢). A
healing efficiency of 55% was obtained for PEDOT:PSS/PU/PEG/Glycerol films (Figure S6b).
The branched molecular structure of glycerol is identified as a potential cause for the observed
decline in both the self-healing and mechanical properties, acting as a plasticizer and disrupting

hydrogen bonding in the linearly structured PEG, PU, and PEDOT:PSS in the polymeric blends.

For the cut-stick self-healing tests, tensile stress-strain curves obtained from intact and healed
PEDOT:PSS/PU/PEG/Glycerol demonstrated similar recovery in stretchability (Figure S8a) and
slightly reduced healing efficiency (Figure S8b).
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Healed

Figure S5. Optical microscopy images of PEDOT:PSS-based films after surface damage and
healing. (a=d)  PEDOT:PSS,  PEDOT:PSS/PU,  PEDOT:PSS/PU/Glycerol, and
PEDOT:PSS/PU/PEG/Glycerol films after single-line scratching (5 N) and subsequent healing at
50 °C for 10 min. (e) PEDOT:PSS/PU/PEG/Glycerol film after surface scratching (3 N) and
healing. (f-h) PEDOT:PSS/PU, PEDOT:PSS/PU/Glycerol, and PEDOT:PSS/PU/PEG/Glycerol

films after grid-pattern scratching and healing.
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Figure S6. Depth profiles of PEDOT:PSS-based films after surface scratching and healing. (a)
PEDOT:PSS/PU, (b) PEDOT:PSS/PU/PEG/Glycerol, and (¢) PEDOT:PSS films scratched under
a 5 N load and subsequently healed at 50 °C for 10 min.
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Figure S7. Optical microscopy images of self-healing PU after surface scratching (5 N) and

subsequent healing at 60 °C for 50 min. The average film thickness was approximately 21 pm.
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Figure S8. Mechanical healing performance of PEDOT:PSS/PU-based films. (a) Tensile stress—
strain curves of original and healed PEDOT:PSS/PU/PEG/Glycerol films. (b) Average healing
efficiencies of PEDOT:PSS/PU/PEG and PEDOT:PSS/PU/PEG/Glycerol films derived from

stress—strain analysis. Values (n = 3) are presented as mean + standard deviation.
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Figure S9. Demonstration of cut-induced damage and healing in a PEDOT:PSS/PU/PEG film
integrated into an LED circuit. (i) Original state, (ii) after cutting, and (iii) after thermal healing at

50 °C. The film was operated under a constant bias of 0.2 V.
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Maximum Mechanical Electrical
elongation Toughness healing Conductivity | healing Healing
Materials Recyclable | Healing behavior ffici ffici response | Ref.
at break MJ/md) efficiency (S/em) efficiency
time
(%) (%) (%)
= 50—
PEDOT:PSS/PEG No Autonomous 6.5 - - 201 =100 [108]
800ms
PEDOT:PSS/Triton X-100 No Autonomous 57 - - 78 ~70-100 ~1s [96]
PEDOT:PSS/Glycerol No Water-enabled 12 - - 500 ~ 100 ~150ms [1]
PEDOT:PSS-b-PPEGMEA No Water-enabled 128 34 - 0.05 ~ 50 ~1s [165]
Autonomous ~ 19ms
PEDOT:PSS/PAAMPAS/IL No 600 - =85 320 =100 [166]
Cut-stick ~24h
PANI/PAA No Cut-stick 470 - ~ 99 0.1 ~99 =~ 24h [105]
PEDOT:Tos No Water-enabled - - - 1600 ~95 0.3s [106]
Autonomous
PAAMPSA/PANI/PA No 2000 - =50 200 ~98.6 3h [167]

Cut-stick (Pressure)
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BCOE/PEGMMA @Li/LFP No Cut-stick 600 - - 1.9x10* ~ 100 1h [168]
Poly(PDES)-PA No Cut-stick 1300 - ~91.5 7.8x10* ~ 100 48h [169]

Autonomous ~0.1s
This

PEDOT:PSS/PU/PEG Yes Cut-stick 350 24.6 =90 15.4 ~ 100

. work

~ 5min

(heated at 50 °C)

Table S2. Summary of PEDOT:PSS-based films exhibiting recyclability and self-healing behavior, including maximum elongation at

break, toughness, mechanical healing efficiency, electrical conductivity, and electrical healing efficiency.
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(a) (b)

18mm

PEDOT:PSS/PU/PEG film

Figure S10. Electrode configuration and measurement setup.(a,b) Front and back views of the
electrodes. (c) Photograph of the skin—electrode impedance and ECG measurement configuration.
The PEDOT:PSS/PU/PEG film served as the working electrode (WE), while commercial Ag/AgCl
gel electrodes (Natus®) were used as the reference (RE) and counter (CE) electrodes.
Measurements were conducted on the same volunteer and at the same location. Skin—electrode
impedance data are presented as mean + standard deviation (n = 3). (d) ECG measurement
configuration on a volunteer, showing the positive (PE) and ground (GE) electrodes positioned on

the left forearm and the negative electrode (NE) on the right forearm.
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Figure S11. ECG signal recordings over 90 s using (a) PEDOT:PSS/PU/PEG film electrodes
before healing (green), (b) after self-healing (black), (c¢) after recycling (red), and (d) commercial
Natus® Ag/AgCl gel electrodes (blue).
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Figure S12. Resistive pressure sensing performance of PEDOT:PSS/PU/PEG films. (a) Schematic
illustration and photograph of the multilayer pressure sensor composed of a PEDOT:PSS/PU/PEG
film (top layer), a printed Ag contact pattern, and a Tegaderm substrate. (b—g) Real-time
normalized resistance change (AR/Ro) under repeated application of different loads (1, 5, 10, 50,
100, and 500 g) for the original (black), self-healed (red), and recycled (blue) films. The same film
was used for all measurements. (h) Extracted sensitivity curves of the original sensor before and

after self-healing and recycling.

The working principle of our pressure sensor is based on the change of contact resistance at the
Ag/PEDOT:PSS/PU/PEG interface upon applying pressure. We observed two pressure sensitivity

ranges. For an applied pressure up to 0.2 kPa, two mechanisms contribute to the steep contact
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resistance reduction: i) new electrical connections formed between Ag and PEDOT:PSS/PU/PEG,
and 11) the increased contact area for the existing electrical contacts. For the higher-pressure range,
the lower sensitivity suggests that the change of resistance predominantly depends on the increased

contact area.
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Figure S13. Characterization of the synthesized self-healing polyurethane. (a) GPC chromatogram,
(b) FTIR spectrum, and (c) '"H NMR spectrum.
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Original film Scratched Healed
| 50 °C T
Original Cut Healed
Free-standing (Stick)
film

Figure S14. Schematic illustration of the mechanical self-healing tests employed in this study: (a)

scratch test and (b) cut—stick test.
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Figure S15. Dog-bone mold conforming to ASTM D638 Type V geometry.
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Figure S16. FTIR spectra of the prepolymer and the synthesized polyurethane.

Twist Stretch Knotted

Figure S17. Photographs demonstrating the twisting, stretching, and knotting behavior of the
synthesized polyurethane (PU).
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Figure S18. Tensile stress—strain curves of PEDOT:PSS/PU-based films: (a) PEDOT:PSS/PU-13,
(b) PEDOT:PSS/PU-15, (c) PEDOT:PSS/PU-18, (d) PEDOT:PSS/PU-15/Gly-2.4, and (e)
PEDOT:PSS/PU-18/Gly-2.2. Two independent measurements are shown for each composition.
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Figure S19. Tensile loading—unloading curves of PEDOT:PSS/PU-based films recorded during (a)
the first cycle and (b) the 500th cycle within a 0—50% strain range.
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Figure S20. Tensile loading—unloading curves of PEDOT:PSS/PU-based films: (a)
PEDOT:PSS/PU-13, (b) PEDOT:PSS/PU-15, (¢) PEDOT:PSS/PU-18, (d) PEDOT:PSS/PU-
15/Gly-2.4, and (e) PEDOT:PSS/PU-18/Gly-2.2. Curves were recorded during the first, 100th,
300th, and 500th tensile cycles within a 0—-50% strain range.
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Figure S21. Normalized resistance (R/Ro) as a function of tensile strain under a constant 0.2 V bias.

The strain was incrementally increased from 50% to 400% in 50% steps.
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Figure S22. Normalized resistance (R/Ro) as a function of time during 500 cyclic tensile strains (0—
50%) for (a) PEDOT:PSS/PU-13, (b) PEDOT:PSS/PU-15, (¢) PEDOT:PSS/PU-18, and (d)
PEDOT:PSS/PU/Gly-2.4 films. Insets show magnified views of cycles 500-530, highlighting

resistance variations during cyclic deformation.
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Figure S23. Adhesion strength of PEDOT:PSS/PU-based films measured on (a) film-to-film self-

adhesion interfaces and (b) glass substrates.
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Figure S24. Thermal analysis of PEDOT:PSS/PU-based films: (a) DSC thermograms and (b) TGA

thermograms.
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Figure S25. Current—time responses of drop-cast PEDOT:PSS/PU-based films during repeated cut—
heal cycles under a constant 0.2 V bias: (a) PEDOT:PSS/PU-13, (b) PEDOT:PSS/PU-15, (c)
PEDOT:PSS/PU-18, (d) PEDOT:PSS/PU-15/Gly-2.4, and (¢) PEDOT:PSS/PU-18/Gly-2.2.
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Figure S26. Optical transparency of PEDOT:PSS/PU-18/Gly-2.2 films. (a) UV—Vis transmittance
spectrum of a spin-coated film on glass (400900 nm), with the corresponding photograph. (b)
Photograph of a spin-coated film on a PET substrate.
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Figure S27. (a) Photographs illustrating the cut—stick self-healing procedure. (b) Average healing
efficiencies derived from recovery of elongation at break and scratch depth. (c—g) Tensile stress—
strain curves of PEDOT:PSS/PU-13, PEDOT:PSS/PU-15, PEDOT:PSS/PU-18, PEDOT:PSS/PU-
15/Gly-2.4, and PEDOT:PSS/PU-18/Gly-2.2 films in their original (red) and healed (blue) states
after cut—stick healing at room temperature. (h) Representative images of PEDOT:PSS/PU-18/Gly-

2.2 films in the original, cut, and healed states.
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Figure S28. Optical microscopy images showing induced damage and subsequent healing of

PEDOT:PSS/PU composite films.
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Figure S29. Surface depth profiles and three-dimensional optical profilometry images of
PEDOT:PSS/PU-based films after pencil-induced surface scratching and subsequent healing at
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room temperature: (a) PEDOT:PSS/PU-13, (b) PEDOT:PSS/PU-15, (¢) PEDOT:PSS/PU-18, and
(d) PEDOT:PSS/PU-15/Gly-2.4.

(a) (b)

PEDOT:PSS/PU-13 PEDOT:PSS/PU-15 PEDOT:PSS/PU-18 PEDOT:PSS/PU/Gly-2.4

Punctured

Figure S30. Optical microscopy images of PEDOT:PSS/PU-based films after puncture and
subsequent healing at room temperature: (a) Representative images of the damaged and healed

states, and (b) magnified view of the healed region in a PEDOT:PSS/PU/Gly-2.2 film.
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Figure S31. Solid-state FTIR spectra of PEDOT:PSS/PU-based films recorded in the original,
scratched, and healed states. (ai-as) PEDOT:PSS/PU-13, (bi-bs) PEDOT:PSS/PU-15, (ci-cs)
PEDOT:PSS/PU-18, and (di-d;) PEDOT:PSS/PU-15/Gly-2.4. Highlighted regions correspond to
characteristic vibrational bands of S—S stretching, C=O0 stretching, and N—H stretching.
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Skin comfort

7 Water Easily peeled off
-4 droplets

Figure S32. Direct transfer of a freestanding electrode onto skin and its gentle removal using water

without causing skin or electrode damage.

X N
o~
=
E-tattoo electrode — Compressed

Freestanding electrode Compressed Stretched

Figure S33. Demonstration of the conformability of e-tattoo and freestanding electrodes on human

skin under various mechanical deformations, including compression, stretching, and twisting.
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Figure S34. Water stability of PEDOT:PSS/PU-15/Gly-2.2 films. (a) Relative weight increase after
immersion in water for 24 h. (b) Tensile stress—strain curves measured before and after water

Immersion.

100

Voltage (uV)
3

0o 2 4 &6 & 10 12
Time (s)

Figure S35. Representative ECG signal recorded using freestanding PEDOT:PSS/PU-18/Gly-2.2

electrodes after mechanical reuse.
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Figure S36. Electrical and mechanical performance over 15 recycling cycles. (a,d) Original

samples, (b,e) after chemical recycling, and (c,f) after mechanical recycling. Measurements were

conducted on independently prepared samples at each cycle to confirm reproducibility.

Figure S37. Schematic illustration of the puncture healing experimental setup.
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in acetonitrile

inIPA in EtOH

Figure S38. Photographs of PEDOT:PSS/PU-18/Gly-2.2 drop-cast films prepared using different

solvents.

Solvents Solubility of PU | Solubility of PEDOT:PSS (SV3)
Acetonitrile (o) A
IPA 0 A
EtOH 0 0
Anisole (o] X

Table S3. Solubility test of PU and PEDOT:PSS (SV3) in different solvents. The symbols represent

the dissolution behavior of the samples: O indicates complete dissolution, A indicates partial

dissolution, and X indicates no dissolution.
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Table S4. Comparison of the electromechanical properties, self-healing behavior, and recyclability

of the PEDOT:PSS/PU composite developed in this work with recently reported self-healing

conductive materials.

Y

Ref 4
. Ref 1 Ref2 Ref 3 Ref 5 Ref7
C This (Graphene/ | (pEDOT:PAAMPS | (CB/CNT/ (PAA/AL (Boroxine/ Ref 6
atego : oroxine .
go work AR o) PQ o) (WPU/PPy) | (PEDOT:PSS/
CNF) : hydrogel) PU/PEG)
Elongation
630% 1000% 1050% 245% 1400% 500% 597% 350%
at break
Mechanical
Healing 98% - 92% 87% 50% 94% 83% 90%
efficiency
Healing
. l1h 24h 2h 7 min 24h lh lh 10 min
time
Type of Cut,
Cut,
healed Scratch, Cut, Scratch Cut Cut Cut Cut Cut, Scratch
Scratch
damage Puncture
Healing
r.t r.t r.t 70 °C r.t r.t 60 °C 50°C
Temp.
Yes
.| (Chemica Yes Yes Yes v
Recyclabilit ) Yes i } Yes Les
1& (Mechanical No (Chemical) (Mechanic | (Mechanica (Mechanical)
y emica echanical ;
Mechanic ) al) ) (Mechanical)
al)
Drop-cast
_ Spin- ~——Spin- Drop-cast Hot
Processing . . . Drop-cast Drop-cast Drop-cast Drop-cast
coating coating Spin-coating pressing
Printing
Conductivit 0.006
14 S/cm 0.309 S/cm 0.309 S/ecm 8.20 S/cm S/ - - 10 S/cm
cm
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