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Recently, there has been a significant increase in academic and industrial interest in self-healing polymers
(SHPs) due to their remarkable ability to regenerate scratched surfaces and materials of astronomical
significance. Scientists have been inspired by the magical repairing mechanism of the living world. They
transformed the fiction of self-healing into reality by designing engrossing polymeric materials that could
self-repair mechanical abrasions repeatedly. As a result, the durability of the materials is remarkably
improved. Thus, the idea of studying SHPs passively upholds economic and environmental sustainability.
However, the critical areas of self-healing (including healing efficiency, healing mechanism, and thermo-
mechanical property changes during healing) are under continuous scientific improvisation. This review
highlights recent notable advances of SHPs for application in regenerating scratched surfaces with

various distinctive underlying mechanisms. The primary focus of the work is aimed at discussing the
Received 1st October 2025 impact of SHP tch-healing technology. Beyond that, insights regardi tch testing, method
Accepted 8th November 2023 impact o s on scratch-healing technology. Beyond that, insights regarding scratch testing, methods
of investigating polymer surfaces, wound depths, the addition of healing fillers, and the environmental

DOI: 10.1039/d3ra06676b conditions maintained during the healing process are reviewed thoroughly. Finally, broader future

rsc.li/rsc-advances perspectives on the challenges and prospects of SHPs in healing surface scratches are discussed.
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1. Introduction

Self-healing is a ubiquitous surviving prowess of the living
world to repair physical damage routinely. The intrinsic
repairing ability in nature has inspired scientists to develop self-
healing polymers (SHPs) with recent application in vital areas,
including electronic gadgets,' sensors,” e-skin,® adhesives,*
supercapacitors,® wearable devices,® automobiles, and steel
coatings.”® The self-repairing properties in synthetic materials
have improved the final design's lifetime, strength, and safety.
This can substantially decrease per capita purchases, industrial
waste, and environmental pollution.® Thus, SHPs can exqui-
sitely reverse climate change."
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In the 1970s, as interfacial macromolecular interpenetration
began to be studied as one of the repair mechanisms for
damage occurring in thermoplastic resins, the concept of self-
healing emerged as a research topic for polymeric materials.**
However, it is not an exaggeration to say that the systematic
research on full-scale self-healing began with the study of the
microcapsule polymer complex by White's group in 2001.** This
is the first extrinsic self-healing polymer composite, and this
concept was expanded to microvascular network in 2007 by the
same group.'® In 2002, Chen et al. presented a polymer with
a cross-linked structure that can be re-mendable by heat using
the Diels-Alder/retro-Diels-Alder (DA/rDA) reaction, and which
is the first intrinsic self-healing polymer based on reversible
covalent bonding.'* In the same year, research on shape
memory effects and self-healing began.* In 2008, a self-healing
polymeric material based on a supramolecular assembly relying
on hydrogen bonds was presented by Leibler et al., pioneering
as the first self-healing rubber using non-covalent bonds.'® In
2011, the Leibler group first reported the concept of ‘vitrimer’,
which can maintain a constant crosslinking density of polymers
that can be reformed by heating based on transesterification
reaction of epoxy self-healing polymers."” Since 2011, studies on
endogenous self-healing mechanisms for various dynamic
covalent and non-covalent bonds have increased intensively
and extensively.

It has been well-known that polymers with self-healing
mechanisms are broadly classified into two types: extrinsic
and intrinsic.”® Depending on the specific mechanism, self-
healing polymers can be differentiated into several different
types. However, most self-healing polymers involve two impor-
tant steps in the wound-healing process.” As illustrated in
Fig. 1, when polymers are damaged by external impact (e.g.,
scratches, cracks, cuts, etc.), the wound should be sutured
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Fig.1 Schematic illustration of the self-healing repairing mechanisms and types of SHPs when the scratch is induced on the surface of a film or

coating.

through physical flow or diffusion of the polymer or by the
elastic shape memory effect towards the injured area." In the
case of intrinsic self-healing, one of these mechanisms is
required, whereas in the case of extrinsic self-healing, the
release of substances such as monomers that can be polymer-
ized autonomously included in microcapsules or microvascular
network structures.” In the next step, substantial self-healing
occurs through molecular-level recombination of the damaged
polymer owing to physical or chemical bonding. Intrinsic self-
healing includes both physical and chemical rebonding. Phys-
ical bonds include hydrogen bonding, ionic bonding, metal-
ligand complexes, etc. Chemical bonds include Diels-Alder,*
disulfides,® imines,> hindered urea,> thiourethane,> etc.
Extrinsic self-healing, on the other hand, is exemplified by
polymer formation through methods such as ROMP that
complete the self-healing process.”® Recently, research on
hybrid self-healing materials has been actively conducted,
which can operate through various mechanisms triggered by
external stimuli such as light, pH, specific chemicals, and
magnetic fields, as well as simple external stimuli such as
temperature.*

In reference to the surface scratches on display panels and
automobiles, the SHPs are critically important to recover
physical abrasions quickly.”” Additionally, since damage or
large cracks that can affect the lifespan of all products always
start from scratches or small cracks, the problem of formation
and recovery of scratches on polymer surfaces is an important
issue. Therefore, this review focuses on the formation of scratch
wounds and their self-healing and deals with the most recent
developments of SHPs with application in self-repairing surface
scratches by describing various underlying mechanisms.
Moreover, the advancements made in designing such polymers
to perform under hostile environmental changes such as
extreme temperature, radiation, electric field, corrosion, and
acidic and alkaline conditions have been analysed. The review
will give a detailed account of the factors influencing polymer
scratch and recovery. Besides, scratch testing (such as sharp/

35052 | RSC Adv, 2023, 13, 35050-35064

blunt tip scratching or abrasive scratching), methods of
investing polymer surfaces, wound depths, the addition of
healing fillers, and conditions maintained during the healing
process are reviewed thoroughly. Further, various progressive
surface examinations (including sliding friction, micro to nano-
scratch, nanoindentation, and evaluation of penetration depth,
residual depth, residual scratch width, contact scratch width,
and elastic recovery rates) are also included. Finally, a broader
future perspective on the challenges and prospects of SHPs in
healing surface scratches is presented.

2. Various generations of SHPs

Initially, the goal of self-healing research was focused on
developing materials that could repair surface wounds such as
cracks or scratches. However, further investigation revealed that
the healing process often resulted in compromising the
mechanical or chemical properties of the polymer during the
healing process. To address this challenge, researchers began
exploring different categories of SHPs that could embed the
polymer's intrinsic properties with self-healing capabilities,
thereby making them more useful for practical applications.
Notably, some examples of these categories include intrinsic
self-healing materials, which rely on reversible chemical bonds
to facilitate healing; extrinsic self-healing materials, which use
external stimuli (such as heat or light) to trigger the healing
process, and hybrid self-healing materials, which combine
multiple self-healing mechanisms to achieve enhanced healing
properties. Overall, the development of various categories of
SHPs has allowed researchers to craft materials that are both
mechanically robust and capable of self-repair, making them
promising candidates for a wide range of applications in the
industry including aerospace, automobiles, and biomedical
engineering.

The SHPs within the first type category operate under the
extrinsic repairing mechanism of delivering self-repairing
microcapsules to the wounded spot to prolong the shelf-life of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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host materials.”® The development of similar types of capsules
led to the concept of expanding their application by forming
vascular-shaped SHPs. For instance, the incorporation of resin-
filled embedded hollow glass fibers (HGF) within a carbon fiber-
reinforced epoxy (CFRP) laminate proved to reduce the damage
to aerospace materials.”® However, the limitation of the one-
time repairing capacity of self-healing capsules led to the
development of a second type of SHPs with multiple healing
abilities by adjusting covalent bonds such as disulfide* or
hindered urea bond (HUB)* within acrylate polymer. A few
prominent examples include the work of Zechel and his team®
producing a 25 MPa rigid polymer based on a dynamic urea
bond. Besides healing performance, the polymer offered
remarkable mechanical strength. Zhang with his team?®?
synthesized a waterborne polyurethane polymer (WPUR) con-
sisting of aromatic disulfide groups. The polymer demonstrates
excellent mechanical properties, heals at room temperature,
and proves to be recyclable. Incorporating HUB into hetero-
nanostructured block copolymer micelles is a strategy intro-
duced by Cheong et al.,** which aims to add phase-separated
polymers with both soft and hard domains while maintaining
mechanical properties. The resulting material exhibits
mechanical robustness, high transparency, and room-
temperature self-recovery features. A continuation of this
brought the third type of SHPs which consisted of non-covalent
interactions involving hydrogen bond® or ionic interactions.?
Park's team demonstrated the significance of non-covalent
hydrogen bonds formed in a hydrogel which resulted in the
repair of wounds when triggered by NIR.> An example of ionic
interactions was shown by Ko's group by fabricating an ionic
biogel which could heal by the electrostatic interactions
between the polymer chain and the ionic liquid.*® The main
focus of both systems constituted healing from numerous
scratches via bonding/debonding features of reversible bonds.

To include more versatile properties in the healing polymers,
an advanced class of the family of SHPs was developed, which
included combining several healing strategies into one hybrid
polymer.*® These fascinating polymers include ion clusters
made from imide acrylates doped with ionic liquid offering
ultra-fast wound recovery (for instance, one-minute recovery at
laboratory temperature). This work demonstrates the new
deformable electronics platforms, such as area-adjustable iono-
skin sensors and user-reconfigurable AC electroluminescent
displays (ACEDs)." Another study intrigues the innovation
ahead by using HUB-based polymer as an automobile clearcoat
that healed under sunlight within 30 s.”

3. Underlying mechanisms

3.1. SHPs with extrinsic mechanism

Extrinsic self-healing materials are designed to regain their
thermo-mechanical properties after sustaining mechanical
damage by using a separate healing agent that is stored in the
material.*”*® The healing agent undergoes a chemical reaction
triggered by the damage to restore the material's properties.
One effective chemical reaction system in extrinsic self-healing
materials is using UF or MF polymer as a shell material to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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encapsulate dicyclopentadiene (DCPD) healing agents by the
process of in situ polymerization in an O/W emulsion. The
polymer shell, on rupture, releases DCPD which undergoes
ROMP catalysed by Grubb's catalyst and fills the wounded area.
This type of self-healing mechanism operates automatically,
without the need for human intervention, making the process
more efficient and less prone to error. Additionally, the mech-
anism can treat large areas of damage, making it a suitable
solution for large-scale repair applications, such as coatings and
adhesives.”** However, a few drawbacks such as one-time
wound healing and light scattering (or opacity) issues of the
self-healing agents, can limit these types of polymers to a very
narrow range of applications. Recently, while facing the chal-
lenge of one-time self-healing Chung's group developed vege-
table oil-loaded self-healing microcapsules that can heal twice
on repeat after inflicting a wound.*’

3.2. SHPs with intrinsic mechanism

The SHPs with intrinsic crosslinking networks can repair
themselves without the need for external intervention, making
them useful in a variety of applications. The intrinsic self-
healing mechanism operates by two routes after physical flow
or close contact around the scratch area: (a) chemical bonding
and (b) physical bonding. Chemical bonding involves the use of
molecules that can chemically react with each other when they
come in contact. Once the material is damaged, molecular inter-
diffusion or suture of the wound allows the exposed debonded
functional groups to start to react, forming new chemical
bonds. As a result, the damage is repaired via chemical
bonding, which results in substantial healing, as the chemical
bonds formed during the reaction are stronger than physical
interaction. The suture of a wound can be faster by the shape
memory effect than by physical flow that can be accelerated by
heat or other stimuli.***** However, we will not discuss shape
memory SHP in detail as it is beyond the scope of our current
review.

On the other hand, the physical bonding self-healing
mechanism relies on physical bonds, such as hydrogen
bonds, ionic interaction, van der Waals, elastic recovery, and so
on. In this process, the material can stretch and return to its
original shape when stress is applied due to the presence of
physical bonds. If the material is damaged, the physical bonds
are broken, but they can reform when the stress is removed,
allowing the material to recover its original shape. This process
is reversible and can be repeated multiple times, making it
useful for materials that experience repeated stress cycles.
However, these mechanisms will depend upon the conditions
under which specific functional groups within these networks
interact.**** All the latest two types of SHPs offering multiple
cycles of wound healing are based on intrinsic repair mecha-
nisms. These networks form reversible bond dissociation and
reassociation and can be further classified into two types, i.e.,
covalent adaptable networks (CANs) and supramolecular
networks (non-CANs).

3.2.1. Covalent adaptable networks (CANs). CAN is a type of
self-healing polymer that utilizes dynamic covalent interactions

RSC Adv, 2023, 13, 35050-35064 | 35053
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to repair breaks in the polymer chains or networks. Dynamic
covalent bonds in polymer networks can be referred to as CANs.
These interactions involve the formation and breakage of
covalent bonds in response to specific stimuli and can be
divided into two types: dissociative and associative covalent
adaptable networks. Dissociative CANs include bond exchange
with distinct separate steps of dissociation and re-association
under external stress. Several examples of this type of CAN are
HUB, which is formed when two molecules containing amine
and isocyanate groups react with each other,* urethane bonds
resulting from the reaction of two molecules containing isocy-
anate and alcohol groups,*® imine bonds which form when two

Extrinsic Self-healing

View Article Online
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molecules containing aldehyde or ketone and amine groups
react with each other,?* disulfide bonds which form when two
molecules containing thiol groups react with each other,>
Diels-Alder reactions between a conjugated diene and dien-
ophile resulting in a six-membered ring,** and a thiourethane
reaction, a chemical reaction in which a polyisocyanate reacts
with a polythiol, typically in the presence of a catalyst.**

The next type of CAN involves an associative type of bonding,
also known as exchangeable bonding, which is generated in
response to changes in the environment. One example of this
type of interaction occurs when a reactive alcohol participates in
a transesterification reaction with the ester component of a self-
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healing agent.*® Another example is when a reactive acid
participates in a transcarbonation reaction with the carbonate
component of a self-healing agent.”® In trans-ureafication, the
urea linkages in the polymer chains react with free amines to
form reversible urea adducts.** In the transamidation self-
healing mechanism, the reaction between amide linkages and
free amines forms reversible amide adducts.” These adducts
hence act as reversible crosslinks that can be broken and
reformed, allowing the material to heal itself.

Both dissociative and associative covalent adaptive networks
have unique advantages and disadvantages, making them
suitable for different applications. Dissociative networks are
well suited for materials that are subjected to high levels of
stress, as the ability to break and re-form bonds provides a high
level of flexibility and durability. On the other hand, associative
networks are well suited for materials that require stability and
consistency, as they maintain their original properties even
after repair. However, dissociative networks are generally more
advantageous than associative networks due to their ability to
undergo more significant changes in structure and properties in
response to external stimuli.

3.2.2. Supramolecular networks. Supramolecular networks
are a class of self-healing polymers that use non-covalent
interactions, such as metal coordination, host-guest interac-
tions, and hydrogen and ionic bondings, to form a network
structure that can heal itself when damaged. Metal coordina-
tion refers to the binding of a metal ion to a chemical group,
such as a carboxylate or amine group, on the polymer chain,
creating a strong bond that can be used to form a network
structure.*® Host-guest interactions refer to the binding of
a small molecule, known as a guest, to a larger molecule, known
as a host. In these networks, the host is the polymer chain, and
the guest is a small molecule that binds to a specific chemical
group on the polymer chain, creating a strong bond that can be
used to form a network structure.* Hydrogen bonds are a type
of chemical bond formed between a hydrogen atom and
a nitrogen, oxygen, or fluorine atom. In supramolecular
networks, hydrogen bonds can be used to form a network
structure between polymer chains.** Ionic bonds are chemical
bonds formed between two ions with opposite charges.*® The
ability of self-healing polymers to re-join or reform, when their
covalent bonds are broken, is due to the non-covalent interac-
tions. These interactions are weaker than covalent bonds but
are still strong enough to hold the polymer chains together and
allow for self-healing. Hence, in other words, the polymers
having covalent interactions also known as CANs are much
stronger compared to supramolecular networks having non-
covalent interactions which in return offer faster self-healing
properties due to rapid exchange.*® All these different mecha-
nisms are compared in Fig. 2.

4. SHPs designed for surface
applications

In today's industrial landscape, the integrity of polymer
surfaces is of paramount importance. Polymer materials find

© 2023 The Author(s). Published by the Royal Society of Chemistry
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extensive use in a wide range of industrial applications,
particularly when fabricated as thin films or coatings. However,
maintaining the pristine condition of these surfaces is often
challenging, given their exposure to various environmental
factors and mechanical stresses. Surface scratch healing is often
more efficient and quicker than bulk mechanical healing since
it addresses localized surface damage, the energy required for
repair is lower, and the process is highly focused. However,
since the surface material is usually adhered to a hard substrate
(e.g., plastic, steel, glass, etc.), the spontaneous inflow of mate-
rial into the wound area or the wound suture must occur
spontaneously for the scratch healing on the coating surfaces.
In case of damage to bulk polymers, on the other hand, wound
healing can generally be achieved by bonding and applying
pressure to the wound area. In response to these challenges,
self-healing technology has emerged as a crucial aspect of
preserving and enhancing the performance of polymer mate-
rials. This discussion aims to shed light on the pivotal role of
surface scratch healing from an industrial perspective and
showcase examples that demonstrate how polymer materials
can reap significant advantages through this remarkable capa-
bility. Polymer materials serve as versatile solutions in
numerous industrial applications. Thin polymer films and
coatings are employed in a wide spectrum of fields, including
optical devices, mirrors, semiconductor components, magnetic
media, food packaging, and more.>** However, the unique
requirements of these applications often necessitate surface
modifications to augment properties such as adhesion and
wettability. For instance, surface treatments are vital for
providing antistatic properties, corrosion resistance, wear
reduction, and promoting adhesion, thereby enhancing the
functionality and longevity of these materials.

Besides surface features, the industrial landscape places
a significant emphasis on biocompatibility, especially in
biomedical and environmental applications.*® To tailor poly-
mers with different surface features, researchers have applied
numerous modification steps. Among the exquisite examples of
combining surface properties and reprocessing include De Vos
et al.>® work of producing recyclable barrier material for flexible
food packaging materials utilizing polyethylenimine (PEI) and
poly(acrylic acid) (PAA) having excellent oxygen barrier proper-
ties. The self-healing nature of these coatings ensures pro-
longed food freshness and reduces packaging waste.
Additionally, Ude and his co-workers®® presented detailed
insights into the recent developments, which highlighted the
transition from conventional plastics to recyclable poly(lactic
acid)-based materials while addressing their impact on the
environment as food packaging materials.

In addition, a wunique application includes super-
hydrophobicity, chemical stability, and self-healing nature
through coatings of PDMS-grafted cotton fibers presented by
Zhang et al.® These coatings find applications in various
industries, including electronics and marine, where water-
resistance and surface protection are critical. Another remark-
able work by Hao and his team® includes underwater engi-
neering application of agarose/polyvinyl alcohol (PVA) double
network utilizing a dynamic borate bond with outstanding self-

RSC Adv, 2023, 13, 35050-35064 | 35055
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healing underwater performance. However, repairing spliced
films is quicker and much easier than coatings that completely
rely on the polymer's mobility or flow toward the scratched
areas. Spectacular advances were also made in biomedical
applications from polymeric surface tailoring. Jiang and his
team® prepared a self-healing elastomer composed of poly-
urethanes based on dynamic dimethylglyoxime-urethane
groups to treat certain clinical conditions, such as aneurysms,
peripheral nerve amputation, and bone immobilization, while
Chen et al.” prepared an osteogenic glue by inorganic-inorganic
integration between amine-modified mesoporous bioactive
glass nanoparticles (AMBGN) and bioadhesive gelatin-dextran
network (GelDex) for adhering bone fragments and healing
fractures. However, more such attempts are needed for surface
treatment and the integration of self-healing capabilities in
various industries which could result in innovative solutions to
real-world challenges. Nevertheless, these examples stand as
compelling evidence of the transformative capacity of surface
scratch healing in polymer materials, ranging from extending
product lifespan and reducing maintenance costs to advancing
eco-friendly practices and improving healthcare outcomes. The
figures of surface-treated SHPs included in Fig. 3 exemplify the

35056 | RSC Adv, 2023, 13, 35050-35064

versatile applications of self-healing polymers in different
industrial contexts.

5. Advances in surface scratch-
repairing technology

In the last few years, polymer surfaces have undergone notable
modifications to cater to particular self-healing applications.
These methods offer insights into the mechanisms governing
self-healing, with a focus on quantitative analysis. Such quan-
titative analysis involves tracking specific changes that occur
during the healing process, and various techniques have been
employed to achieve this. For example, healing may rely entirely
on changes in elasticity or other recovery properties, which can
be observed in detail by tracking bond changes using tech-
niques such as FTIR, NMR, Raman, XRD, and rheology.* In this
attempt, Urban's team performed a 2D-FTIR analysis for iden-
tifying molecular events during self-healing and shape memory
cycles. The study gave insightful information regarding the
relationship between shape memory and self-healing events in
synthetic polymers resulting from the polymer network’s ability
to store entropic energy during deformation, allowing for shape

© 2023 The Author(s). Published by the Royal Society of Chemistry
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recovery and damage closure.”” In a more comprehensive
analysis, using 2D-FTIR correlation analysis, the opposite
response of hydrogen bonding and non-hydrogen bonding gave
crucial information regarding the damage repair cycle in ther-
moplastic polyurethanes.®

In particular, 'H- and *C-NMR are employed to study the
degree of hydrogen bonding within different segments of poly-
mer materials. Xia's group investigated the self-healing behavior
utilizing NMR studies to understand the dissociation and asso-
ciation of rDA bond. The chemical shifts for furan and melamine
groups with lowering of peak intensity when the elastomer was
subjected to 80 °C temperature for 6 h and finally the retro DA
reaction could be observed when dipped in DMF solution at 140 °©
C.® Studying other than the domain differences within the SHPs,
in other cases, intrinsic dynamic equilibrium and the behavior of
reformable hydrogen bonds was studied in detail by Picchioni
and his team using rheology. In this system, the dynamicity of
reformable hydrogen bonds and reversible electrostatic repul-
sion between the aldehyde and the amine reactants marked the
self-healing behavior in these Schiff base hydrogels and this was
closely monitored through a series of rheological loop tests by
shifts in storage (G') and loss moduli (G").**

Conversely, it must be rationalized that the discussed studies
have used instruments which cannot be efficiently employed for
the extensive time-lapse self-healing detailed studies. Hence,
quantitative analysis methods are essential, simpler, and faster
techniques for tracking surface changes have gained promi-
nence. These methods include OM, SEM, micro-CT, AFM, and
integrated instruments combining multiple techniques. Recent
studies have showcased the use of optical microscopy to observe
the retardation of biofouling of poly(ethyl acrylate) type
(PMEDSAH) microsphere coating by the reformation of ionic
bonds between the protonated ammonium group and sulfonic

Molecular properties

'H-NMR analysis

Surface properties
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group in aqueous salt solutions.®” In another study, similarly
using an OM, the self-healing efficiency of a transparent ther-
moplastic polyurethane (TPU) was evaluated at room tempera-
ture. With the current analysis, the elastomer was deduced to
possess remarkable self-healing capabilities with adequate
toughness and rapid repair.®® More detailed examinations were
made using SEM to monitor surface recoveries at a higher
spanning from 200 pm down to 10 pm.**®* Another group
prepared healable oil-repellent antifogging films and with AFM
highly detailed surface transformations were captured. The
fabrication included layer-by-layer assembly of hyaluronic acid
(HA) and branched poly(ethylenimine) (bPEI), followed by
immersion in the aqueous solutions of perfluorooctanesulfonic
acid potassium salt (PFOS). AFM revealed the surface of the
scratched F-(HA/bPEI) x 50 film which was initially covered
with shallow grooves but was eliminated on healing due to
autonomous restoration with scratch-free transparency and oil
repellency when exposed to moisture. Furthermore, AFM
provided the RMS roughness details of the healed film which
decreased from 20.7 to 1.4 nm.* For instance, Hager and his
team employed 3D profiling to assess the self-healing behavior
of zwitterionic polymers. In a more comprehensive investiga-
tion, the same research group extended their analysis by
applying laser scanning microscopy (LSM) to accurately quan-
tify the incremental healing process of the polymer under
examination.”®”*

Yet to mend the gaps and enhance the detailing of the
recovery process, hybridization of two techniques resulted with
brilliant quantification as in one example optical pictures of the
crack-healing of sandwich and porous CNT-based methacrylic
acid composite (CNT/EMAA) served to give details regarding
delamination-healing cycles with their corresponding infrared
temperature fields after healing 30 and 45 min by electrical
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heating.” Real-time monitoring of damage repair was observed
in polyurethane/carbon nanotube composites using a basic tool
like an optical microscope, which is indispensable for con-
ducting experiments, such as corrosion protection, with direct
observations of surface changes. The low current densities post-
healing indicates the efficacy of the process.®* Among the real-
time monitoring examples, Martin-Martinez fabricated an
innovative device for in situ quantification of self-healing ability
of different polyurethanes. The idea included observation of the
amount of gas flowing out of the polymer material when poked
and after healing.” Nevertheless, only a limited number of
attempts have been made at hybridization, indicating that there
is still much unexplored territory in this field. Fig. 4 shows the
timeline-based advancements made in scratch testing of poly-
meric surfaces.

6. Exceptional SHPs

The advancements made in instrumental aspects were quickly
followed by developments in SHPs, leading to exceptional SHPs.
Since external stimuli-responsive dissociation or association
plays an essential role in the self-repairing mechanism of
polymers with both covalent and non-covalent interactions,
however, an inappropriate stimulus can degrade or completely
alter the fundamental properties of polymers. Thus, while
designing such SHPs, the uniqueness lies in their resilience and
capacity to perform under conditions that conventional
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materials often fail to endure. The extraordinary conditions
include extreme temperature ranges (—40 to 125 °C), pressure
variations (vacuum or 200 bar), intense radiation, shock or
vibration, high electric, or magnetic fields, high alkalinity or
acidity (pH =<2 or >11), corrosive environments, and repeated
wound inflictions.” Adapting to such harsh conditions would
not only mean that these polymers can be readily used, thereby
significantly reducing operational costs and saving energy.
Henceforth, a few exceptional SHPs will be discussed in this
section with some of them presented in the pictorial format in
Fig. 5. For instance, Lau et al.”” designed aramid, basalt, and
carbon fiber reinforced composite bonded concrete that could
operate under exceptionally high temperatures (300 °C) and
making it invaluable in fire-risk environments, an achievement
that conventional fiber reinforced polymers (FRPs) cannot
surpass. It is worthy to point out that this study does not focus
on the discussion of the chemical morphology that maintains
the structural integrity at such elevated temperature. Address-
ing the challenging temperature conditions through a compre-
hensive follow-up on the chemical structure, Zhang and his co-
workers” synthesized a polyurethane enlisting a comprehen-
sive clarification of the exceptional molecular chain mobility
enabling it to recover from damages at extremely low temper-
ature (—80 °C). Another example of a remarkable SHP includes
the recyclable crosslinked polyurethane polymer consisting of
disulfide in the main chain prepared by Zhang's group.”” The
polymer on the infliction of the wound could recover within
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Exceptional SHPs. (a) Schematic of the healing mechanism and optical microscopy images of zinc-based polyurethane coatings at very

low temperatures of —80 °C to 25 °C for 100 s. Reproduced with permission’® Copyright 2022, Elsevier. (b) Self-healing mechanism and film cut-
rejoin images of phenyldiboronic acid polymer at ambient humidity of RH75 for 3 days. Reproduced with permission”® Copyright 2018, RSC. (c)
Illustration of a self-healing system using photothermal polydopamine-coated graphene oxide polymer triggered by NIR laser irradiation at
a power density of 0.1 W cm™2.84 (d) Illustrations of fabrication (top left), stretching of the strain sensor (top right), and the electrical self-healing
process(bottom) of cellulose nanocrystal-based polymer within a mere 15 s. Reproduced with permission® Copyright 2017, John Wiley and
Sons.
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a mere five minutes of exposure to sunlight (>290 nm). Even so,
repeating the wound infliction in a crosswise manner, as
opposed to scratching the same surface repeatedly, raises
concerns about the reliability of studies involving repeated
scratches. Weder and his team” further enhanced this concept,
achieving a self-healing time even lower to twenty seconds while
showing recovery process via atomic force micrographs. As
a methodology optimization the group achieved this quick
recovery by increasing the radiation intensity to UV light and
incorporating telechelic poly(ethylene-co-butylene) functional-
ized with ureidopyrimidone (UPy) and cellulose nanocrystals
(CNCs) via hydrogen bonding.

Furthermore, Yoshie's group” prepared a polymeric network
consisting of tetrahedral boronate-ester bonds, which were
incredibly stable against hydrolysis leading to remarkable
moisture-induced self-healing capabilities. The study clearly
elucidates the reaction mechanisms involved when maintaining
moisture conditions that occur during the healing process.
Proceeding with similar motives, Tee, et al.® synthesized a self-
healing electronic skin-like polymer that mimics the attributes
of a jellyfish. This material includes fluorocarbon elastomer,
demonstrating electro-mechanical self-healing through inter-
action with ionic liquid via ion-dipole interactions. The re-
ported healing ability was versatile, extendable to diverse
environments such as dry, wet, acidic, and alkaline conditions
and applicable to wide range of sensing devices. In search for
narrowing the gap between naturally healing organisms and
SHPs, Sumerlin, et al® worked out to make vitrimers that
underwent the associative exchange of vinylogous urethanes
utilizing methacrylic monomers and a trifunctional amine
without the need for a catalyst. These vitrimers offered an
environmentally sustainable approach to self-healing materials
by being reprocessed up to five times without compromising
their properties, as shown via FTIR and various other
techniques.

Concentrating on super-toughness Liu** and co-workers
fabricated a spider silk inspired recyclable supramolecular
poly(urethane-urea) (Supra-PU) elastomer with high fracture
energy (215.2 k] m~?) and highest tensile strength (75.6 MPa)
while Wang's®* team developed a supramolecular elastomer
that incorporates aromatic amide and acylsemicarbazide
moieties, showcasing exceptional characteristics, including
remarkable crack tolerance (fracture energy 282.5 k] m ?),
ultrahigh true stress at the point of rupture (2.3 GPa), excellent
elasticity and self-healing capability. These types of polymers
are a great promise for advancing aerospace applications.
Zhang's group® extended the work from engineering to bio-
logical applications by fabricating an ultra-robust self-healing
material inspired by biological cartilage. The resultant nano-
composite material interweaving a noncovalent network
between dendritic tannic acid-modified tungsten disulfide
nanosheets and polyurethane matrix. It showed outstanding
tensile strength (52.3 MPa) with high stretchability (1020.8%)
and excellent room temperature self-healing. Adding further to
unique class of SHPs, Jung's team® took the concept of intro-
ducing new functionality to the next level by synthesizing
a combination of inorganic-in-organic polyurethane graphene

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanocomposites which offered rapid self-healing when using
the thermal energy generated by the NIR laser, introducing
a novel approach to self-healing materials. Nevertheless, the
study falls short in terms of cross verifying the self-healing
efficiency observed through multiple techniques.

Additionally, in the pursuit of preparing distinct SHPs, one
example is of a supramolecular multiple hydrogen bonding
elastomer developed by Yu and his co-workers®® to obtain a self-
healing sensor for human-machine interactions. The
researchers used bio-derived carboxyl cellulose nanocrystals (C-
CNC) to construct multiple hydrogen bonding interactions with
chitosan-decorated epoxy natural rubber latex. Along with high
healing ability and efficiency, the polymer offered high sensi-
tivity for tiny bio-motion detection. Thus, making it applicable
for promising applications in healthcare systems, particularly
for facial expression control in human-machine interaction
scenarios. These exceptional SHPs break new ground in mate-
rials science by pushing the boundaries of conventional self-
healing materials. Their unique capabilities and adaptability
to harsh environments underscore their exceptional nature,
setting them apart from conventional literature and expanding
their potential applications across various industrial and tech-
nological domains.

7. Factors impacting the polymer
scratch, and recovery

7.1. Impact of polymer surface

Numerous prominent works proposed unique models, different
instruments, and the best techniques for investigating
scratched polymer surfaces. However, it is also worthwhile to
know the effect of various parameters (polymer structure,
composition, fabrication, and amount or type of fillers, etc.)
which can influence the impact damage on the polymer surface
and its recoverability. In this direction, Bijwe's group®® put
together a library for the scratch behavior of various polyamides
(PAs). The report presented condensation-type PAs that have
higher scratch hardness values than additional PAs. Addition-
ally, PA containing highly flexible polyether groups in the
backbone shows low scratch hardness values.

In a similar attempt, Mai et al.*” presented a detailed review
of the influence of nano-additives in polymer nanocomposites.
Further, the impact of fillers was also explored in a study that
demonstrated that hard fillers increased the scratch visibility
while soft reduced the same improving the recovery character-
istics of the polymer.®® Moreso, additives such as ionic liquid
and a graphene component were worked on by Bermudez and
his team.*® This work aimed to develop the thermal stability and
stiffness of epoxy resin causing improved wear resistance.
However, besides different types of additives, the quantity of
additives equally plays a significant role in the wear properties
of the polymers. For this, Kharrat and co-workers®” demon-
strated an increase in scratch resistance observed by an
increased content of graphene oxide filler on a polyester matrix.
While components such as fluorinated groups and their tran-
sient effect on the scratch and tribological properties of epoxy

RSC Adv, 2023, 13, 35050-35064 | 35059
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Impact of polymer surface on scratch recovery. (a) Surface topography shows different deformation patterns caused by scratching

differently modified polyamide surfaces. Reproduced with permission® Copyright 2005, Elsevier. (b) Profiles of the transverse sections of the
scratch tracks for a range of polymers from fully plastic to elastic surface. Reproduced with permission® Copyright 2012, Elsevier. (c) Pencil
scratching shows a decrease in scratch resistance of epoxy resin surface by increasing crosslinking networks ((i) — (iii)). Reproduced with

permission®® Copyright 2019, Elsevier.

polymers were explored by Brostow®" in his numerous years of
work. Through these studies, it can be stated that the samples
with high fluorine concentrations exhibit elevated elastic
modules and are highly ductile. As a result, compared to the
pure epoxy polymer, an enhanced recovery process is achieved.
Fig. 6 shows a few scratched polymeric surfaces when different
additives were added within the polymer matrix.

Another factor to consider is assembling the polymer coating
into layers which can greatly alter the polymer's anti-wear
capability. A multi-layered shish-kebab structure of polylactide
(PLA) material introduced by Shen, et al.®> showed to greatly
reduce the sacrificial cracking and deformation during the
scratch process. The same team® extended the work by making
a layer-by-layer system of thermoplastic polyurethane (TPU) and
co-continuous poly (butylene succinate) (PBS)/polycaprolactone
(PCL) consisting of 128 layers capable of shape fixing and
recovery. The interfacial shearing effect between the multilayer
system offered temporary shape fixation and triggered recovery
to the original state.

Other changes include the addition of certain nanoparticles
such as in the work of Li** designed for the application in
automobiles and home appliances. The epoxy group-based
silica nanoparticles were dispersed in polysiloxane coating
and the resultant coating due to nanoparticles improved the
scratch resistance and increased difficulty in surface penetra-
tion of the coatings as a result of the hardening effect.

35060 | RSC Adv, 2023, 13, 35050-35064

Besides nanoparticles, Sue's group®” introduced necklace-like
supramolecular structured polyrotaxane to poly(methyl methac-
rylate) (PMMA) which greatly reduced the scratch depth and
scratch coefficient of friction (SCOF) with longer range molecular
relaxation within the polymeric chains of the matrix. The same
group®® also gave insights into crosslinking density changes in
epoxy resins to investigate the scratch behavior. In this study, the
compressive yield stress was found to increase as the molecular
weight between the crosslinks (M.) decreased, which greatly
improved the scratch resistance of polymers by delaying the
onset of crack formation. Similar intermolecular interactions
were also studied®” by observing the structural effect of long
chain branching of polypropylene (PP) polymer. The branching
induced superior mechanical properties, however, there was
a minor improvement in the scratch resistance of PP. Though all
the cited investigations explore the impact of different parame-
ters on the polymer's recoverability, however, while optimizing
polymer properties, exploration of novel additives, that can
address sustainability arises great concerns for improving the
quality control measures in the industry.

7.2. Impact of environmental conditions

The recovery process during scratch healing is significantly
affected by environmental conditions, prompting researchers to
develop stimuli-responsive self-healing polymers. Initially,
researchers focused on thermally driven recovery-based studies,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Impact of environmental conditions on scratch recovery. (a) Optical microscopy images of the scratched titin-mimicking polymer film

before and after self-healing at 90 °C for 5 min. Scale bar: 100 um. Reproduced with permission®® Copyright 2018, John Wiley and Sons. (b)

Photograph of NIR-induced self-healing ability of pizza-like cut on

treatment. Reproduced with permission'® Copyright 2019, Elsevier.

zwitterionic-PNIPAAmM hydrogel in varying pH followed by 3 min NIR
(c) Schematic illustration of the real-time healing mechanism of the

zwitterionic hydrogel after breaking and after pH and 3 min NIR treatments. Reproduced with permission? Copyright 2021, Elsevier. (d)
Photographs and SEM images of cut and healed polydimethylsiloxane elastomer samples healed at room temperature after 5 min contact.

Reproduced with permission*®* Copyright 2020, Elsevier.

such as those conducted by Yagci and Li's team.*®* The former
group anticipated healing through S-S bond cleavage-
reformation in a polybenzoxazine-based SHP while the temper-
ature required for the process was 185 °C for 30 min. Yet, the
healing conditions outlined in this study appear challenging to
uphold. Henceforth, the latter study reduced the healing time
and temperature to 90 °C and 5 min by incorporating a motif
containing hierarchical hydrogen bonds (urethane, urea, and
UPy) to achieve complete recovery in a super tough elastomer.
However, given that it is very hard to keep up with such high
temperatures in everyday applications, researchers have recently
utilized the advantages of NIR wavelengths, such as simplicity
and deep penetration, to develop self-healable elastomers that
respond to NIR light as featured in Fig. 7. One study demon-
strated the ability of the PNIPAAm chain to move and the
hydrogen bond from PDA to rearrange, enabling NIR-assisted
self-healing at both acidic and basic conditions. In just 3 min
the damaged site's temperature was increased to assist in this
process.'® Continuing with the NIR-based healing, the subse-
quent work includes the use of NIR in a carbonized
polydopamine-loaded conductive network containing zwitter-
ionic polymer dot (cPDA@ZPD) reinforced hydrogel as a self-
powered electronic skin sensor. Self-healing is achieved by the
dynamic formation of hydrogen bonds, which are triggered by
the NIR for 3 min and tuned further by regulating the pH.>
Inspired by skin-like materials, both discussed works focus on
using wireless technology to monitor the self-healing process
using a smart hydrogel. However, maintaining the appropriate
environmental conditions, including pH levels and NIR treat-
ment, is a significant concern. Thus, in the subsequent study,
Zhu's group elaborated on a healing process that relies on the

© 2023 The Author(s). Published by the Royal Society of Chemistry

contact between two cut parts, thereby eliminating the temper-
ature requirement. The transparent PDMS elastomer consisted
of imine bonds which required only 1 h at room temperature to
invoke the dynamic nature of the bond."** The healing process
discussed in the research mentioned is undoubtedly valuable,
especially under typical environmental conditions. However, it is
crucial to note that the reproducibility of scratch healing has not
been addressed, and this aspect is vital considering the daily
wear and tear experienced by various materials in our
surroundings. Hence, the development of stimuli-responsive
self-healing polymers has simplified the process of repairing
scratches and has also facilitated the use of scratch-monitoring
technology. Indeed, these advancements represent valuable
steps toward making self-healing materials more practical and
effective, addressing the real-world demands for resilient and
sustainable materials.

8. Summary and future outlook

The curiosity in and demand for advanced SHPs is growing
considerably. In particular, three sectors, automobiles, display
panels, and biomedical engineering, are shaping the current
market and scientific trends in SHPs. In this review, we have
focused on the impact of SHPs on scratch-repairing surfaces
and the potential industry. Self-healing is based on various
underlying mechanisms, and impressive advancements have
been made in designing such polymers to perform under
hostile environmental changes of temperature, radiation, elec-
tric field, corrosion, and acidic or alkaline conditions. The
demand for an environmentally and economically sustainable
future prompted researchers to upgrade the surface science
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applications of SHPs. Along with visualization of bond forma-
tion through FTIR, 'H-NMR, "C-NMR and rheology, various
advanced surface instruments, such as OM, AFM and SEM
analysis have been utilized to investigate the self-healing
mechanisms of scratched surfaces. Additionally, various
advanced surface examination techniques, including sliding
friction, micro to nano-scratch, nanoindentation, and evalua-
tion of penetration depth, residual depth, residual scratch
width, contact scratch width, and elastic recovery rates, have
been thoroughly examined to prepare SHPs that can be more
efficiently used in outdoor or indoor applications.

In addition, SHPs have the potential to revolutionize various
industries, including construction, automotive, and electronics.
However, to fully understand and utilize their potential, several
challenges should be taken into consideration. A key challenge
is to accurately characterize the surface properties of SHPs,
including surface energy, roughness, and topography to
understand the relationship between these properties and the
self-healing behavior. Another important improvement can be
the development of a standardized and reproducible scratch-
testing methodology to evaluate the self-healing properties of
these materials. A deeper understanding of the mechanisms of
self-healing at the surface and scratch level is required to opti-
mize the self-healing behavior of these materials. Moreover,
ensuring durability, and considering wear and tear resistance
alongside self-healing behavior could potentially give rise to
a wide range of real-world applications.

Furthermore, SHPs can be affected by various environmental
conditions, such as temperature, light, pH, and physical contact
can influence their self-healing behavior, highlighting the heal-
ing based on the stimuli-responsiveness of the polymer. Further
research is needed to understand the impact of environmental
conditions on the surface and scratch properties of SHPs. Over-
all, the challenges highlight the need for interdisciplinary
approaches and the collaboration of experts across fields like
materials science, chemistry, and engineering to tackle the
drawbacks in the application of SHPs in surface scratch tech-
nology. Designing new methods for testing scratch resistance
and self-healing properties of polymers in hostile environments
will help to improve the durability and functionality of SHPs,
which will be critical to suit different applications.
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