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Abstract

Self-healing polymer nanocomposites are increasingly investigated as damage-tolerant
materials for structural and functional applications; however, their engineering transla-
tion remains limited by the difficulty of achieving high mechanical reinforcement while
retaining sufficient polymer mobility for effective repair. Previous reviews have largely
summarized healing chemistries or nanofiller classes but have rarely established quantita-
tive structure–property–healing relationships or resolved contradictory trends reported
across studies. In this review, we develop an integrated framework that links polymer
network architecture, nanofiller geometry/percolation behavior, and interfacial dynamics
to healing kinetics, and we compile quantitative design windows for nanofiller loading, per-
colation thresholds, activation conditions, and durability metrics. The synthesis reveals that
healing performance is maximized within intermediate filler contents near the percolation
regime, whereas excessive nanofiller loading commonly suppresses healing by nanoscale
confinement and interphase immobilization despite improving modulus and conductiv-
ity. Finally, we propose application-oriented design rules and benchmarking priorities,
emphasizing standardized fracture/fatigue-based evaluation, multi-cycle healing reten-
tion, and scalable interphase engineering as the key pathways for translating self-healing
nanocomposites from laboratory demonstrations to validated engineering systems.

Keywords: self-healing polymers; polymer nanocomposites; nanofillers; stimuli-responsive
materials; structure–property relationships

1. Introduction

Polymeric materials are integral to modern technologies due to their tunable physical
and chemical properties, low density, processability, and cost effectiveness. Consequently,
they are widely employed in biomedical devices, flexible electronics, coatings, structural
components, and energy-related systems. However, polymers are inherently prone to
mechanical degradation mechanisms such as microcracking, abrasion, fatigue damage, and
environmental aging, which progressively reduce performance and service life [1–3]. Even
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microscale defects can act as stress concentrators, accelerating failure under cyclic loading
or aggressive operating conditions and thereby limiting the reliability of polymer-based
systems [4,5]. Conventional damage-mitigation strategies, including material overdesign,
external repair, and scheduled replacement, are increasingly viewed as inefficient and un-
sustainable, as they increase material consumption and maintenance costs while conflicting
with current demands for durability and resource efficiency [6].

Self-healing polymers, inspired by biological systems capable of autonomous repair,
have emerged as a promising approach to address these limitations by enabling materials to
recover structural integrity and functionality after damage with minimal external interven-
tion [7]. Since early demonstrations of autonomic healing based on encapsulated healing
agents, research in this field has expanded to encompass diverse healing chemistries, poly-
mer architectures, and activation mechanisms [8]. Self-healing polymers are generally
classified into extrinsic systems, which rely on embedded healing agents released upon
damage, and intrinsic systems, where healing arises from reversible interactions within
the polymer network [9]. While extrinsic systems can provide effective one-time repair,
their applicability is often constrained by limited healing capacity and long-term reliability
concerns. In contrast, intrinsic systems enable repeated healing cycles and greater design
flexibility, making them attractive for advanced polymer applications [10].

Despite notable progress, pristine self-healing polymers often exhibit persistent trade-
offs between mechanical strength, healing efficiency, and functional performance. However,
intrinsic self-healing is often limited by the well-known mobility–strength trade-off [11].
To address these competing requirements, increasing attention has been directed toward
incorporating nanoscale fillers into self-healing polymer matrices, leading to the emergence
of self-healing polymer nanocomposites. Nanofillers can improve stiffness, fracture resis-
tance, thermal stability, barrier performance, and multifunctionality (electrical conductivity,
photothermal conversion, and sensing) while also altering crack evolution and healing
pathways through interfacial effects and energy dissipation [12].

During the past decade, several reviews have summarized intrinsic/extrinsic heal-
ing mechanisms and dynamic polymer chemistry, while others have discussed polymer
nanocomposites in the context of reinforcement, transport properties, and functional inte-
gration [13–15]. However, a key nanocomposite-specific challenge remains insufficiently
treated in a critical manner: nanofillers can simultaneously enhance healing (via crack
bridging, improved heat/electron transport, and stress redistribution) yet suppress heal-
ing by reducing polymer chain mobility through nanoscale confinement, interphase im-
mobilization, and network percolation [16]. This creates a fundamental contradiction,
i.e., the percolation–mobility conflict where reinforcement and multifunctionality may be
achieved at the expense of healability, especially under repeated damage–healing cycles
and fatigue loading.

Accordingly, the novelty of the present review lies in providing an explicitly critical and
analytical synthesis of self-healing polymer nanocomposites through a unified structure–
property–healing framework. This work connects (i) nanofiller geometry, dispersion, and
surface chemistry; (ii) interphase dynamics and confinement; (iii) electrical/thermal perco-
lation and stimulus transduction; and (iv) healing kinetics, efficiency, and durability. In
contrast to prior descriptive reviews, the present work consolidates quantitative design
ranges and boundaries (typical filler loading windows, percolation thresholds, healing
efficiency ranges, and repeatability metrics), clarifies mechanistic reasons behind conflicting
literature outcomes (dispersion quality, interfacial chemistry, Tg proximity, and testing
protocols), and proposes engineering translation metrics including fatigue-informed re-
covery, multi-cycle retention, and environmental durability. To clarify this positioning,
Table 1 summarizes recent representative reviews and highlights the unique contribution
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of this work in enabling rational design of nanocomposites that balance reinforcement,
multifunctionality, and reliable self-healing.

Table 1. Provides a comparative overview of the review landscape and explicitly shows the additional
insight delivered by the present work.

Researcher Main Scope of Review
Covers

Nanofillers

Covers
Interphase/Percolation

Analysis
Quantitative Synthesis

Engineering
Translation (Fatigue/

Multicycle/
Environment)

Key Limitation
Present Review

Advantage

Hornat et al. [17]
Intrinsic self-healing
polymers (dynamic

covalent)
Partial Limited No Limited

Chemistry-focused;
nanofiller role weak

Adds nanofiller–healing coupling
+ design rules

Kanu et al. [18]
Extrinsic systems

(capsules/vascular)
No No No Partial

Not
nanocomposite-centric

Dedicated nanocomposite
interphase/percolation

Orellana et al. [19]
Joule-healing

conductive composites
Yes Partial Limited Limited

Mostly application
summary

Adds percolation–mobility conflict
+ quant ranges

Zhou et al. [20]
Supramolecular

self-healing systems
Partial No Limited No Overly descriptive

Adds quantitative synthesis +
contradictions

Schenk et al. [21] Vitrimer composites Yes Partial Limited Partial Narrow to vitrimers
Full landscape + cross-mechanism

comparison

Van et al. [22]
Multifunctional

self-healing composites
Yes Limited No Partial No protocol discussion Adds standardization roadmap

Irzhak et al. [23]
Self-healing

nanocomposites general
Yes Limited Limited Limited

Categorization; lacks
design boundaries

Adds design boundaries +
engineering thresholds

Parihar et al. [24]
Nanofiller reinforcement

effects
Yes Yes Limited No

Reinforcement focus;
healing secondary

Full structure–property–healing
integration

Present review
Self-healing polymer

nanocomposites: critical
synthesis

Yes
Yes (interphase +

percolation)
Yes (design ranges &

trends)
Yes (fatigue &

multicycle durability)
—

Mechanism-driven contradictions
+ actionable design principles

2. Fundamental Mechanisms of Self-Healing in Polymers

The capacity of a polymer to autonomously repair damage is governed by molecular-
scale processes that enable crack closure, interfacial reconnection, and partial or complete
recovery of mechanical and/or functional properties. These processes are strongly in-
fluenced by polymer chemistry, network architecture, chain mobility, and the nature of
reversible interactions available within the material [25]. From a mechanistic perspective,
self-healing polymers are commonly categorized as extrinsic or intrinsic systems depending
on whether healing originates from externally stored agents or from reversible interactions
inherently embedded within the polymer network [26]. This classification offers an im-
portant framework to understand healing behaviour, identify inherent limitations, and
evaluate compatibility with nanocomposite design strategies.

Extrinsic self-healing polymers rely on healing agents that remain physically isolated
from the polymer matrix until damage occurs. In such systems, crack propagation trig-
gers the rupture of microcapsules or vascular networks, releasing a healing substance
that infiltrates the damaged region and undergoes polymerization or curing to restore
continuity [27]. Microcapsule-based approaches, where liquid monomers or reactive agents
are dispersed throughout the matrix, have been widely investigated because they enable
autonomic healing without external intervention [25–27]. Upon rupture, the released
healing agent reacts—often with a catalyst incorporated within the matrix to form a re-
pair phase that bridges opposing crack surfaces. These systems have been successfully
demonstrated in thermosetting matrices such as epoxies and polyurethanes, where the
concept of intervention-free repair is particularly attractive. However, despite their initial
effectiveness, extrinsic systems suffer from intrinsic limitations: healing is often limited
to one event per location due to finite agent availability, and capsule/vascular incorpo-
ration can introduce stress concentrations, reduce mechanical integrity, and complicate
processing routes [2]. Consequently, extrinsic self-healing is generally more suitable for
coatings, low-cycle damage environments, and short-life repair scenarios rather than for
fatigue-dominated structural applications requiring long-term repeatability.

In contrast, intrinsic self-healing polymers derive their healing capability from re-
versible interactions within the network itself rather than consumable healing agents.
Damage recovery occurs through reversible bond reformation, molecular rearrangement,
or physical association of polymer chains across damaged interfaces [28]. Because the
healing function is embedded into the polymer structure, intrinsic systems can provide
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multi-cycle healing, improved durability, and greater design flexibility, which is why they
represent the primary focus of contemporary self-healing polymer research. A major intrin-
sic route is based on reversible covalent bonding, where dynamic covalent bonds reversibly
break and reform under external triggers such as heat, light, or changes in chemical environ-
ment. Representative chemistries include Diels–Alder reactions, disulfide exchange, imine
formation, and boronic ester dynamics [29]. These networks offer stronger interactions than
purely physical systems, allowing for improved load-bearing capacity while maintaining
healing capability. However, bond exchange often requires elevated activation conditions,
limiting effectiveness under ambient service environments. Another important intrinsic
class relies on supramolecular interactions such as hydrogen bonding, metal–ligand coor-
dination, π–π stacking, and host–guest interactions [30]. These interactions are typically
weaker than covalent bonds but exhibit rapid reversibility and frequently enable healing
at room temperature or under mild conditions. Supramolecular systems therefore show
fast healing kinetics for microdamage, although their mechanical robustness may be lower
than that of covalently crosslinked networks [31]. Hybrid strategies combining multiple
interaction types are increasingly adopted to achieve simultaneous strength and healability.

A further intrinsic pathway is observed in thermoplastic self-healing polymers, where
healing proceeds through chain interdiffusion and entanglement across damaged interfaces
when sufficient segmental mobility is activated [32]. Heating above the glass transition
or melting temperature allows polymer chains to diffuse across crack planes, enabling
gradual restoration of mechanical properties [30–32]. While conceptually straightforward,
diffusion-driven healing typically requires significant thermal input and is frequently
limited by slow kinetics and incomplete recovery under realistic service conditions. The
strength–healing trade-off and its nanocomposite-specific origins are critically analyzed
in Section 4.2. Importantly, in polymer nanocomposites, the dominant intrinsic healing
response becomes strongly coupled with the type, geometry, dispersion quality, and surface
chemistry of nanofillers, since these factors regulate interfacial interactions, local mobility,
stress transfer efficiency, and activation pathways at damaged regions [33].

Analytical Comparison of Extrinsic and Intrinsic Self-Healing Strategies

While extrinsic and intrinsic mechanisms are often presented descriptively, a prac-
tical engineering selection requires an analytical comparison based on repeatability, ac-
tivation requirements, healing kinetics, scalability, and failure modes. Extrinsic systems
typically exhibit fast initial healing due to agent release and polymerization, but their
healing capacity is finite and decreases as capsules rupture or reservoirs deplete [32].
Their dominant failure modes are therefore associated with healing agent depletion, in-
complete crack filling, reduced bonding quality of the healed interface, and mechanical
weakening due to capsule-induced defects. In contrast, intrinsic systems enable repeat-
able healing cycles because network reversibility persists throughout the material; how-
ever, their limitation is typically healing kinetics, which depend on segmental mobility,
activation barriers, and service-compatible triggering conditions [28]. Thus, for long-
life structural performance and fatigue tolerance, intrinsic systems are often more suit-
able, whereas extrinsic systems remain attractive where rapid one-time repair is sufficient
and manufacturing constraints permit agent encapsulation [34]. From a nanocomposite
perspective, intrinsic systems offer additional advantages because reversible chemistry
can be engineered at polymer–nanofiller interfaces, enabling nanofillers to contribute
actively to healing (via crack bridging, localized energy dissipation, or trigger deliv-
ery) [16]. Conversely, high filler confinement may hinder diffusion-based healing if mo-
bility is excessively restricted [35]. Therefore, intrinsic/extrinsic selection in nanocom-
posites must be guided by failure-mode compatibility under repeated cyclic loading
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rather than by healing efficiency reported from a single cut-and-heal event. A compar-
ative analytical overview of both strategies and their dominant constraints is provided
in Table 2.

Table 2. Analytical comparison of intrinsic and extrinsic self-healing mechanisms in polymer systems,
highlighting triggers, repeatability, and kinetics.

Comparison Criterion
Extrinsic Self-Healing

(Capsules/Vascular)
Intrinsic Self-Healing

(Dynamic/Supramolecular Networks)

Healing principle [36]
Stored healing agent released into

crack plane
Reversible bond reformation/bond exchange

within network

Repeatability [37]
Limited (one-time or few cycles);

depends on reservoir
High; multi-cycle feasible if network

remains active

Healing kinetics [38] Often fast (agent flow + polymerization)
Can be slower; governed by

diffusion + exchange reactions

Activation conditions [30]
Triggered automatically by crack

(capsule rupture)
Often requires stimulus

(thermal/light/electrical/solvent)

Healing efficiency trend [39]
High initial recovery;

decreases as agent depletes
Moderate–high; can remain stable over cycles

(if fatigue stable)

Dominant failure modes [40]
Agent depletion, incomplete filling, weak

healed interface, capsule fatigue

Mobility suppression (high crosslink
density/interphase confinement), bond

exhaustion, aging

Scalability/manufacturing [41]
Capsule synthesis + dispersion;

vascular complexity
Compatible with standard polymer

processing; chemistry-specific

Mechanical shortcoming [42]
Capsules can reduce strength (defects);

vascular voids
Network design can retain strength;

fillers can reinforce

Environmental durability [43]
Aging of healing agent; leakage;

compatibility issues
Bond exchange sensitivity to

humidity/UV/oxidation

Nanofiller role [44]
Improves mechanical integrity; may hinder

agent flow at high loading
Enables localized activation

(Joule/photothermal), crack bridging

Best-fit applications [45]
Coatings, adhesives, low-load systems

(single damage events)
Structural polymers, flexible electronics,

fatigue-loaded components

3. Role of Nanofillers in Enhancing Self-Healing Polymer Systems

Nanofillers influence the strength–healing balance through three dominant pathways:
(i) reinforcement and load transfer, (ii) percolation-enabled stimulus transduction, and
(iii) interphase confinement, which together define the design boundary discussed in Sec-
tion 4.2. In pristine self-healing polymers, increasing chain mobility to facilitate repair
typically reduces stiffness and strength [46]. Nanofillers mitigate this limitation by creating
efficient load-transfer pathways via interfacial stress transfer, while the surrounding poly-
mer network retains sufficient segmental mobility for bond exchange or chain diffusion.
This partial decoupling of mechanical performance from healing capability is therefore a
key advantage of self-healing polymer nanocomposites [47]. However, because the filler–
polymer interphase simultaneously controls reinforcement and local mobility, performance
gains depend on balancing mechanical constraint against dynamic healing activation rather
than simply increasing filler loading.

At the microscale, nanofillers strongly govern damage evolution by modifying crack
initiation and propagation. Rigid or high-aspect-ratio fillers deflect advancing cracks,
promote crack branching, and increase fracture energy, thereby reducing crack opening
displacement and maintaining closer contact between damaged interfaces. This proximity
is essential for intrinsic healing mechanisms driven by reversible bonding or diffusion-
controlled re-entanglement, since it reduces the distance required for interfacial reconnec-
tion [48]. Figure 1 provides a representative evidence-based example of nanofiller-assisted
healing [49]. Figure 1a illustrates NIR laser-induced localized repair in a PDA-rGO/PU
nanocomposite where crack closure is activated by photothermal heating coupled with thiol–
disulfide exchange. Figure 1b quantitatively confirms this activation pathway by showing
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a rapid and filler-dependent temperature rise under NIR irradiation, demonstrating how
conductive nanofillers serve as localized thermal generators rather than passive reinforce-
ments [49]. Figure 1c further links the mechanism to mechanical outcome, showing recovery
in tensile stress–strain response after healing, with high healing efficiency values, thus
supporting the argument that nanofillers can accelerate healing while retaining high stretch-
ability and mechanical integrity. Together, these results highlight that nanofillers can act as
healing activators by converting external stimulus energy into local thermal activation at
the crack region.

Figure 1. NIR photothermal self-healing in PDA-rGO/PU nanocomposites: (a) schematic of laser-
induced healing via localized heating and thiol–disulfide exchange; (b) temperature rise under NIR
irradiation (0.1 W cm−2) at different filler loadings; (c) tensile stress–strain response before/after
healing with healing efficiency (inset) [49].

In addition to crack geometry control, interfacial filler–polymer interactions strongly
govern healing efficiency [50]. Functionalized nanofillers can participate in reversible
covalent bonding, hydrogen bonding, ionic coordination, or supramolecular interactions
with the polymer matrix, forming dynamic interphases that can break and reform dur-
ing repeated damage–repair cycles. These dynamic interphases increase the density of
reversible interactions and improve restoration of mechanical properties; however, ex-

https://doi.org/10.3390/polym18020276

https://doi.org/10.3390/polym18020276


Polymers 2026, 18, 276 7 of 36

cessively strong interfacial anchoring may suppress diffusion-dominated healing by im-
mobilizing chains near the filler surface [51]. Accordingly, rational design of nanofiller
surface chemistry is a critical parameter in the development of effective self-healing
polymer nanocomposites.

Carbon-based nanofillers, particularly graphene derivatives and carbon nanotubes, are
widely used owing to their exceptional modulus, high aspect ratio, and multifunctionality.
Their strong load-transfer capability enables reinforcement at relatively low filler fractions,
thereby limiting disruption of polymer mobility [52]. Furthermore, π–π interactions and
surface functionalities can promote supramolecular interactions that support intrinsic heal-
ing pathways. Beyond reinforcement, conductive nanofillers impart electrical and thermal
conductivity, enabling externally triggered healing through Joule heating or photothermal
mechanisms [53]. Enhanced thermal transport is particularly beneficial, since many intrin-
sic mechanisms (dynamic covalent exchange, vitrimer rearrangement, and thermoplastic
diffusion) require localized heating to activate repair kinetics [54]. Nanofillers with high
thermal conductivity accelerate heat distribution at the damaged site, reducing healing time
and improving recovery efficiency. This shift from passive reinforcement to active stimulus
transduction is a defining contribution of conductive nanofillers in next-generation smart
self-healing materials [55].

Inorganic nanofillers such as nano-clays, silica nanoparticles, and metal oxides pro-
vide additional reinforcement and functional routes. Layered silicates improve stiffness
and barrier performance while offering high interfacial surface area for polymer–filler
interactions [56]. When appropriately functionalized, these fillers can engage in hydrogen
bonding or ionic interactions without severely restricting polymer mobility, supporting
intrinsic healing performance. Metal oxide nanoparticles further expand functional scope
through UV shielding, catalytic activity, or stimulus sensitivity (e.g., magnetic or photother-
mal activation) [57]. Notably, some metal oxides may also catalyze oxidative degradation
depending on chemistry, dispersion state, and service conditions, suggesting that long-term
stability considerations should accompany filler selection for engineering deployment [58].

Hybrid and multifunctional nanofillers represent an emerging strategy to simultane-
ously enhance mechanical performance, healing efficiency, and stimulus responsiveness.
Combining conductive and reinforcing components can enable triggerable healing while
preserving structural integrity, which is relevant for smart coatings, sensors, and flexible
electronics [59]. Despite these advantages, nanofiller incorporation introduces challenges
in dispersion, agglomeration, and processing. Poor dispersion can produce stress concen-
trators and reduce healing efficiency, whereas excessive filler loading may confine polymer
chains and counteract intrinsic healing mechanisms [60]. Therefore, optimization of filler
content and dispersion strategy is essential. From a design standpoint, the effectiveness
of nanofillers depends not only on filler type but also on their spatial distribution near
crack-prone regions and compatibility with the dominant healing mechanism [57–60]. Ad-
vanced processing routes, including in situ polymerization, solution blending, and surface
grafting are increasingly used to achieve controlled nanostructures tailored for improved
healing behavior [59,60]. A comparative summary of nanofiller influence on reinforce-
ment, healing response, and multifunctionality is provided in Table 3. Overall, nanofiller
effectiveness is maximized when filler selection, surface functionalization, and dispersion
methods are co-designed in alignment with the underlying healing chemistry and intended
activation strategy.
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Table 3. Influence of nanofiller type on reinforcement and healing behavior in self-healing polymer
nanocomposites.

Nanofiller Type Polymer Matrix
Primary

Reinforcement Role
Effect on Healing Functionality

Graphene/rGO [61] Epoxy, PU, elastomers
High modulus, crack

deflection

Improves healing
efficiency, enables

photothermal healing

Electrical & thermal
conductivity

Carbon nanotubes [62] Elastomers, hydrogels
Load transfer,

percolation network
Enables electrical

healing
Sensing, EMI shielding

Nano-clays [63] Epoxy, coatings
Barrier and stiffness

enhancement

Supports
hydrogen-bond-based

healing

Improved barrier
properties

Silica nanoparticles [64] Thermosets, coatings
Toughening, wear

resistance
Stabilizes healing

interfaces
Transparency, abrasion

resistance
Metal oxides (Fe3O4,

TiO2) [65]
Smart polymers

Thermal/magnetic
response

Enables magnetic or
photothermal healing

UV protection, catalytic
effects

4. Structure–Property–Healing Relationships in Self-Healing
Polymer Nanocomposites

Establishing robust structure–property–healing relationships is essential for the ratio-
nal engineering of self-healing polymer nanocomposites that must simultaneously deliver
mechanical reliability and effective damage recovery. In these systems, healing perfor-
mance cannot be interpreted in isolation because polymer chemistry, network architecture,
nanofiller geometry, dispersion state, and interfacial interactions collectively govern dam-
age evolution and post-healing recovery [66]. Accordingly, optimizing a single parameter
(e.g., filler content or crosslink density) rarely yields universal improvement; instead, per-
formance is governed by coupled and often competing mechanisms. At the molecular
scale, polymer network architecture provides the baseline healing capacity by controlling
segmental mobility and bond exchange kinetics [67]. The interplay among crosslink density,
interphase mobility, and healing kinetics therefore defines the achievable recovery envelope,
as critically synthesized in Section 4.2.

Nanofiller geometry (size and aspect ratio) strongly affects stress transfer, crack be-
havior, and the development of conductive/thermal networks. High-aspect-ratio fillers,
including graphene and carbon nanotubes, can form percolated networks at relatively
low loadings, enabling effective reinforcement while maintaining polymer continuity [68].
These networks redistribute stress near crack tips, reduce crack opening displacement, and
promote crack deflection—conditions that favor intrinsic healing mechanisms requiring
intimate interfacial contact. In contrast, spherical nanoparticles generally require higher
loading fractions to achieve comparable modulus enhancement, which increases the prob-
ability of agglomeration and interphase-driven mobility restriction [69]. Therefore, filler
geometry influences not only stiffness but also healing kinetics by determining whether
the composite shifts toward reinforcement-dominant or mobility-dominant behavior. Dis-
persion quality represents another decisive structural factor controlling both mechanical
robustness and healing reproducibility. Uniform dispersion maximizes interfacial areas,
distributes stress more homogeneously, and supports consistent energy dissipation across
the damaged region, thereby improving the probability of restoring interfacial interactions
during healing [70]. Conversely, agglomeration introduces local stress concentrators that
accelerate crack initiation and cause nonuniform strain localization, which can both reduce
apparent healing efficiency and increase scatter between samples. Thus, dispersion is
not merely a processing concern but a controlling variable in structure–property–healing
correlations [71].
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Interfacial bonding between polymer chains and nanofillers ultimately dictates
whether reinforcement and healing can be balanced or become antagonistic. Weak in-
terfaces can result in filler pull-out and inefficient load transfer, whereas excessively strong
or irreversible bonding can immobilize polymer chains in the interphase, suppress diffusion
or bond exchange, and lower healing efficiency [72]. Dynamic or reversible interfacial
interactions—including hydrogen bonding, metal–ligand coordination, and dynamic cova-
lent exchange—are therefore particularly advantageous because they enable stress trans-
fer during loading while still allowing for interfacial rearrangement during healing [73].
Figure 2 provides quantitative evidence of this interphase-controlled trade-off: Figure 2a
shows that increasing GPN (Graphene Oxide (GO)–Polyaniline (PANI) loading enhances
the pristine stress–strain response, confirming reinforcement. Figure 2b shows the healed
stress–strain response, indicating that recovery becomes constrained at higher filler con-
tents. Figure 2c demonstrates that Young’s modulus increases strongly with increasing
filler fraction in the pristine state but does not recover proportionally after healing and
Figure 2d shows a similar trend in tensile strength, highlighting incomplete restoration
after healing due to interphase confinement and limited network rearrangement [74]. These
trends support the conclusion that interphase engineering must preserve chain mobility
and reversible bonding capacity rather than maximizing filler loading. Tailoring nanofiller
surface chemistry (functionalization and compatibility) is therefore a key design strategy
for tuning interphase dynamics and optimizing structure–property–healing performance.

 

Figure 2. Mechanical performance of self-healing epoxy vitrimer composites with different GO-PANI
(GPN) loadings: (a) stress–strain curves of pristine samples; (b) stress–strain curves after healing;
(c) Young’s modulus before and after healing; and (d) tensile strength before and after healing,
highlighting the reinforcement–healing trade-off with increasing nanofiller content [74].

Beyond chemistry and dispersion, spatial distribution of fillers also influences damage
evolution and healing outcome. Fillers localized near crack-prone regions, interfaces, or
stress concentrators can disproportionately alter crack growth pathways and promote
repair by maintaining interfacial proximity [75]. In gradient or layered architectures,
filler-rich regions can act as mechanically reinforced domains, while filler-lean regions
retain higher mobility to enable fast healing. Such hierarchical spatial designs provide
a rational route to reconcile strength–healing trade-offs by intentionally separating rein-
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forcement and healing functions rather than forcing both into a single uniformly filled
phase [76]. Thermal and electrical properties introduced by nanofillers further modulate
healing behavior, particularly in stimuli-responsive systems. Higher thermal conductivity
enables more uniform temperature distribution during thermally activated healing, reduc-
ing activation time and preventing thermal gradients that can generate residual stress [77].
Similarly, conductive filler networks enable localized Joule heating, allowing for selective
activation at damaged regions without global heating of the component. These transport-
driven structure–property linkages highlight the multifunctional role of nanofillers beyond
mechanical reinforcement [78]. However, the emergence of transport networks often
introduces a percolation–mobility conflict: as filler loading approaches percolation, acti-
vation efficiency increases but polymer mobility can be increasingly restricted [79]. This
non-linear behavior is discussed analytically in Section 4.2 and implies that optimal filler
concentration is system-specific and constrained within a narrow design window defined
by polymer chemistry, filler type, dispersion quality, and the dominant healing mecha-
nism. Finally, engineering relevance requires that structure–property–healing relationships
be evaluated under repeated damage and long-term durability constraints. Structural
features that provide high initial recovery may not sustain healing over multiple cycles
if filler networks rearrange irreversibly, interfaces degrade, or network fatigue accumu-
lates [80]. Consequently, recent studies increasingly emphasize assessing recovery under
cyclic loading, fatigue crack growth conditions, and environmental exposure (humidity,
temperature cycling, oxidation) to predict real-world reliability rather than relying on
single-cycle tensile recovery [77–80]. Overall, healing performance in self-healing polymer
nanocomposites is governed by an interdependent balance between polymer network
dynamics and nanofiller-induced reinforcement. A correlation between key structural
parameters and healing response is summarized in Table 4, emphasizing that successful
design requires co-optimization of polymer chemistry, nanofiller geometry, dispersion state,
dynamic interfacial interactions, and filler loading level. These considerations establish the
foundation for stimuli-responsive self-healing nanocomposites, which are discussed in the
following section.

Table 4. Structure–property–healing design parameters controlling reinforcement–healability balance
in self-healing polymer nanocomposites.

Parameter Design Variable
Effect on Mechanical

Properties
Effect on Healing

Efficiency
Limitation

Crosslinking density [7] Low to moderate
Moderate stiffness and

strength

High healing efficiency
(faster

interdiffusion/bond
exchange)

Reduced modulus at
low crosslink density;
poor load-bearing at
elevated temperature

Nanofiller aspect ratio
[81]

High aspect ratio fillers
(CNTs, graphene)

High reinforcement
and toughening at low

filler loading

Improved crack closure
and stimulus

transduction (e.g.,
Joule/photothermal)

Agglomeration and
dispersion difficulty;

interphase
immobilization at high

loading

Filler loading [82]
Near percolation

threshold
Increased modulus and

multifunctionality

Maximum healing rate
when stimulus delivery

is optimized

Above percolation:
mobility restriction and
reduced repeatability
due to confinement

Interfacial bonding [37]
Dynamic/reversible

interface

Efficient stress transfer
with reduced interfacial

failure

Enhanced multi-cycle
healing and durability

Requires tailored
surface chemistry;

synthesis complexity

Filler dispersion [83]
Uniform and stable

dispersion

Homogeneous stress
distribution; delayed

crack propagation

Consistent healing
performance across

specimen

Processing challenges;
viscosity increase and

poor scalability at high
filler fraction
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4.1. Quantitative Design Ranges: Filler Loading, Aspect Ratio, and Percolation Thresholds

A central advantage of self-healing polymer nanocomposites is that healability can
be coupled with multifunctionality and reinforcement by tuning quantitative nanofiller
variables such as filler loading fraction (ϕ), aspect ratio (AR), and the onset of electri-
cal/thermal percolation. Unlike conventional composites, where filler addition primarily
aims to maximize stiffness or strength, self-healing nanocomposite design must operate
within a constrained window where fillers provide crack-bridging and stimulus trans-
duction without excessively suppressing polymer segmental mobility [84]. Therefore,
extracting quantitative ranges from reported studies is essential to provide actionable
design guidance and to rationalize conflicting results across literature.

At low filler concentrations, nanofillers mainly act as mechanical crack modifiers
through crack deflection, crack pinning, and energy dissipation [16]. In this regime, stiff-
ness and strength generally increase with minimal influence on intrinsic healing, partic-
ularly when filler–matrix interactions are weak-to-moderate and dispersion is uniform.
However, as filler loading increases, a growing fraction of polymer chains becomes im-
mobilized within the filler interphase, leading to restricted relaxation and reduced chain
interdiffusion across crack planes [82]. This effect is most pronounced for high surface
area nanofillers and strongly functionalized fillers, which can create a thick immobilized
interphase. Consequently, healing efficiency often exhibits a non-monotonic dependence on
filler loading: modest additions may enhance healing by improving crack closure and stress
redistribution, whereas excessive loading reduces healing due to mobility suppression [85].
This is particularly important for intrinsic systems that rely on diffusion-driven healing or
supramolecular rearrangement.

For conductive nanocomposites, percolation introduces a second, highly influential
transition. Electrical percolation typically occurs at much lower loadings for high-aspect-
ratio fillers (e.g., CNTs, graphene platelets, metallic nanowires) than for low-aspect-ratio
fillers, enabling functional transport networks without high filler fractions [86]. Typical
percolation thresholds for CNT-filled polymers are often in the range of ~0.1–1 wt.%
depending on dispersion quality and AR, whereas graphene derivatives frequently require
~0.5–3 wt.% due to platelet restacking and aggregation tendencies. Once percolation occurs,
conductivity can increase by several orders of magnitude, enabling Joule heating and
rapid localized temperature rise under applied voltage [87]. This has direct implications
for healing because localized heating accelerates dynamic bond exchange (e.g., vitrimer
transesterification, Diels–Alder reversibility, disulfide exchange) and can restore mechanical
performance in minutes rather than hours. Photothermal activation follows similar logic
in systems containing graphene derivatives, MXenes, or plasmonic fillers, where light
absorption enables localized heating [88]. Thus, percolation does not simply enhance
multifunctionality; it provides an activation pathway that directly improves healing kinetics.
However, high filler content beyond percolation can be detrimental. Above the percolation
threshold, network densification increases confinement and reduces crack-plane mobility,
lowering multi-cycle healing retention even if initial activation is fast [89]. Therefore,
optimum designs typically target filler contents near the functional threshold: sufficiently
high to enable transport-assisted activation but low enough to avoid network-induced
immobilization. Aspect ratio plays a dual role as high AR reduces percolation thresholds
but also intensifies confinement if dense entanglement networks form [90]. Accordingly,
design should focus on achieving percolation via dispersion and AR optimization rather
than by simply increasing filler loading.

Finally, the selected filler class must be matched to the intrinsic healing mechanism.
Nonconductive fillers such as silica, alumina, nanoclay, and halloysite can improve modulus
and crack resistance but do not directly enable stimulus transduction, and their influence on
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healing largely depends on interphase chemistry and mobility retention [91]. Conductive
fillers provide powerful activation routes but require careful control of percolation and
interphase design. Overall, quantitative ranges for filler loading, AR, and percolation
threshold provide a practical framework to balance reinforcement, activation, and healing
durability. Based on reported studies, Table 5 summarizes typical ranges and the dominant
mechanical/healing outcomes across filler classes, serving as a design reference to guide
future self-healing nanocomposite development.

Table 5. Quantitative trends in self-healing polymer nanocomposites: typical nanofiller loading
windows, aspect ratio and percolation thresholds with performance outcomes.

Nanofiller Class
Typical Aspect

Ratio (AR)
Typical Loading

Window

Typical Percolation
Threshold
(Electrical)

Outcome on
Mechanical
Properties

Outcome on
Healing

Performance
Key Quantification

CNTs
(MWCNT/SWCNT)

[92]
102–104 ~0.1–3 wt.% ~0.1–1 wt.%

Significant modu-
lus/toughness gains

at low ϕ

Fast Joule-assisted
healing near ϕc;

healing decreases at
high ϕ

Use high AR CNTs
to reach ϕc at low

loading; avoid dense
networks

Graphene/rGO [93] 102–104 (lateral) ~0.1–5 wt.% ~0.5–3 wt.% Crack deflection;
stiffness increase

Photothermal/Joule-
assisted healing

improves at
moderate ϕ

Dispersion quality
controls ϕc; avoid

aggregation-
induced

confinement

MXene (2D) [94] 102–103 ~0.5–10 wt.% ~1–5 wt.% Strong stiffness +
barrier enhancement

Excellent
photothermal

activation; mobility
reduction at high ϕ

Maintain moderate
ϕ to prevent

over-densification of
filler networks

Metallic nanowires
(Ag/Cu) [95] 103–105 ~0.2–5 wt.% ~0.1–1 wt.%

Conductive
multifunctionality;

reinforcement
depends on interface

Very rapid
Joule-triggered

healing

Control hotspots;
optimize ϕ slightly

above ϕc

Silica/alumina
nanoparticles (0D)

[19]
~1–10 ~1–15 wt.% Not conductive

Increased modulus;
toughening depends

on adhesion

Healing may
decrease if

interphase becomes
rigid

Use dynamic surface
chemistry to

preserve interphase
mobility

Nanoclay/halloysite
[96] 102–103 ~1–10 wt.% Not conductive Modulus + barrier

improvement

Healing depends on
dispersion
uniformity

Avoid high ϕ;
confinement at high

loading slows
diffusion-driven

healing

Quantitative evidence further confirms that healing efficiency in graphene/TPU
nanocomposites follows an optimum loading window rather than a monotonic increase
with filler content. As shown in Figure 3a, the healing efficiency increases up to ~1–3 wt%
graphene (≈90–93%) due to enhanced photothermal heat generation but decreases at higher
loading (≈76–88% at 5 wt%), consistent with nanofiller-induced chain mobility restriction
and nanoscale confinement [97]. Multi-cycle recovery also degrades with repeated healing,
as reflected by reduced mechanical extensibility in Figure 3b and the progressive decline in
healing efficiency from ~97% (cycle 1) to ~62% (cycle 5) in Figure 3c. These results highlight
the need to optimize filler loading for both initial healing and multi-cycle durability.

To address the limited comparability of qualitative claims across studies, a cross-study
quantitative meta-synthesis was performed by extracting reported healing efficiency (η)
values and nanofiller loading levels [74,97–100]. The resulting compilation provides a
literature-grounded benchmark for identifying practical filler loading windows and under-
standing why conflicting healing trends are frequently reported. As shown in Figure 4a,
healing efficiency does not increase monotonically with nanofiller loading. Instead, most
systems exhibit an optimum healing window at intermediate filler contents, where stimulus
transduction or reinforcement is improved, while polymer mobility remains sufficiently
high for chain diffusion and/or dynamic bond exchange [98,99]. At higher filler con-
tents, η commonly decrease due to nanoscale confinement, interphase immobilization, and
crack-tip stress localization [100]. This supports the critical design rule that overloading
nanofillers can suppress healing even when modulus and conductivity increase, directly
explaining contradictions reported across the literature.
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Figure 3. (a) Healing efficiency as a function of graphene loading for different TPU compositions
(10, 20, and 30 wt%), (b) Stress–strain response of pristine and repeatedly healed samples (cycles 1–5),
and (c) Healing efficiency versus healing cycle number (n = 1–5), showing performance degradation
with repeated repair [97].

Mechanism-specific trends are further summarized in Figure 4b, which presents
the distribution of healing efficiencies grouped by healing strategy (photothermal, ther-
mal/intrinsic, supramolecular, dynamic covalent/vitrimer) [99]. Although high η val-
ues are reported for several mechanisms, the distributions highlight that performance is
strongly dependent on activation conditions and nanocomposite architecture. Importantly,
the spread in η reinforces that single-study or single-cycle results cannot be treated as
universal indicators, and that quantitative benchmarking requires standardized reporting
of damage geometry, healing conditions, and multi-cycle durability [98–100]. Collectively,
Figure 4a,b provide evidence-based guidance for selecting filler loading regimes and mech-
anism classes suitable for targeted applications.

Overall, these quantitative ranges indicate that optimal self-healing nanocompos-
ite performance is typically achieved within narrow filler loading windows, often near
functional thresholds such as percolation. However, exceeding these regimes can am-
plify interphase immobilization and network confinement, reducing chain mobility and
multi-cycle healing retention. This quantitative basis directly leads to the strength–healing
trade-off in nanocomposites, which is critically synthesized in Section 4.2.

https://doi.org/10.3390/polym18020276

https://doi.org/10.3390/polym18020276


Polymers 2026, 18, 276 14 of 36

Figure 4. (a,b) Meta-analysis of healing efficiency (η) versus nanofiller loading (wt%) for represen-
tative self-healing polymer nanocomposites, (b) Mechanism-wise distribution of reported healing
efficiencies (η) for self-healing polymer nanocomposites. Data extracted/compiled from [74,97–100].

4.2. Strength–Healing Trade-Off in Self-Healing Polymer Nanocomposites: Critical Synthesis
and Design Boundaries

Self-healing polymer nanocomposites are governed by competing requirements be-
tween mechanical reinforcement and intrinsic healability. High stiffness, strength, and di-
mensional stability are generally obtained through dense crosslinking, rigid reinforcement
phases, and filler network formation, all of which restrict polymer segmental mobility [101].
In contrast, intrinsic self-healing typically requires sufficient chain mobility at the damaged
interface to promote crack-plane wetting, segmental interdiffusion, and/or reversible bond
exchange [102]. Consequently, many studies report a strength–healing trade-off, where
improvements in modulus and strength are accompanied by reduced healing kinetics, de-
creased healing efficiency, and weakened repeatability under multi-cycle damage–healing
conditions [101–103]. Importantly, this trade-off should not be interpreted as a universal
limitation; instead, it reflects a tunable design space governed by the interplay between
nanofiller geometry, dispersion quality, surface chemistry, polymer network architecture,
and healing activation pathway.
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At the molecular scale, intrinsic healing is enabled by mechanisms such as polymer
chain interpenetration across crack faces, relaxation-driven crack closure, and dynamic
reformation of reversible interactions (e.g., supramolecular bonding, Diels–Alder reac-
tions, disulfide exchange, or transesterification in vitrimers) [104]. All these processes rely
on polymer segments near the crack plane remaining sufficiently mobile over relevant
timescales. However, increased crosslink density reduces free volume and segmental relax-
ation while simultaneously increasing the activation barrier for network rearrangement.
As a result, healing becomes slower and more incomplete unless adequate stimulus en-
ergy is supplied (thermal, electrical, photothermal, or solvent-assisted), and the recovered
mechanical performance may decline in repeated cycles due to partial bond exhaustion
or irreversible structural rearrangement [105]. In nanocomposites, this mobility suppres-
sion is amplified by the formation of a filler–polymer interphase region. Near nanofiller
surfaces, polymer chains can become immobilized due to adsorption, hydrogen bonding,
π–π interactions, covalent grafting, or confinement-induced crystallization [106]. Because
the interphase volume fraction increases rapidly with nanofiller surface area and loading,
even modest filler contents can restrict mobility significantly, especially when fillers possess
high surface energy or strong chemical functionality. This explains why certain nanofiller
additions produce substantial mechanical reinforcement while simultaneously suppress-
ing intrinsic healing. However, the existence of an optimum nanofiller window and the
percolation-driven transition is clearly evidenced in conductive CNT-based nanocompos-
ites [107]. In such systems, a small increase in CNT loading near the percolation threshold
results in a disproportionate rise in electrical conductivity and Joule heating efficiency,
enabling rapid and localized temperature elevation that can trigger dynamic bond ex-
change and accelerate intrinsic healing [108]. However, once a dense percolated network is
established, further CNT addition progressively increases interphase immobilization and
confinement, which suppresses segmental mobility and reduces multi-cycle healing reten-
tion. This transition from transport-assisted healing enhancement to mobility-restricted
healing suppression is central to the reinforcement–healability contradiction in self-healing
nanocomposites [109,110]. This percolation-controlled functional transition is illustrated
in Figure 5a, which combines representative data on Joule heating response and electrical
percolation behavior as a function of CNT content. As shown in Figure 5a, ∆T increases
sharply with CNT loading under applied voltage, confirming percolation-controlled Joule
heating [109]. Figure 5b similarly shows an abrupt conductivity rise once the percolation
threshold is reached [110]. These trends highlight an optimum filler window—percolation
enhances stimulus-driven healing, whereas excessive loading restricts mobility and reduces
healing repeatability.

A defining contradiction in self-healing nanocomposites is that nanofillers may en-
hance healing kinetics through transport-related effects while simultaneously suppressing
healing through confinement and percolation-induced stiffening. Conductive fillers such as
carbon nanotubes, graphene derivatives, MXenes, and metallic nanowires are often intro-
duced to enable stimulus transduction, particularly Joule heating or photothermal heating,
which can accelerate dynamic bond exchange in intrinsic networks [111]. Percolated con-
ductive pathways provide rapid and localized thermal delivery, improving healing rate
and allowing healing to be activated without global heating [112]. However, once filler
loading exceeds the percolation threshold, filler networks frequently become mechani-
cally constrained. Polymer segments are confined within the network, the immobilized
interphase volume grows, and crack-plane diffusion becomes increasingly hindered [113].
Therefore, healing efficiency often exhibits a non-monotonic dependence on filler loading:
at low loadings, reinforcement is limited and healing is dominated by polymer chemistry;
at intermediate loadings near percolation, healing may improve due to crack bridging, en-
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hanced energy dissipation, and improved heat transport; while at higher loadings, healing
declines because mobility suppression becomes dominant. This percolation–mobility con-
flict provides a mechanistic basis for contradictory literature outcomes in which the same
filler is reported to either improve or reduce healing performance, since dispersion quality,
filler functionalization, polymer Tg relative to healing temperature, and testing protocols
significantly affect whether transport enhancement outweighs mobility restriction [114].

Figure 5. Percolation-controlled transport response in CNT nanocomposites: implications for the
strength−healing trade-off indicating (a) Joule heating response (∆T vs. CNT wt%) [109], and
(b) Electrical percolation behaviour (σ vs. CNT wt%) [110].

From a design standpoint, the strength–healing trade-off can be rationalized through
a set of quantitative control variables that collectively define the feasible design space.
Crosslink density influences stiffness and activation barriers for bond exchange. Filler
loading and filler aspect ratio control reinforcement, crack bridging, and the interphase
fraction. The percolation threshold governs whether conductive or thermal networks can be
formed at low loading; and, critically, interphase mobility determines whether the interface
behaves as a rigid immobilized region or a dynamic, healing-active layer [115]. When
interfacial bonding is permanent and highly restrictive, reinforcement is enhanced but heal-
ing deteriorates sharply. In contrast, when the filler surface is engineered with reversible
chemistry such as dynamic covalent linkages or supramolecular anchoring stress transfer
can be maintained while allowing for molecular rearrangement required for healing [116].
This highlights that the optimal design is not necessarily the maximum filler loading or
maximum crosslink density, but rather a balanced configuration where transport-assisted
activation and dynamic interphase interactions compensate for mobility constraints.

Achieving simultaneous reinforcement and healability requires deliberate strategies
that shift the balance away from permanent confinement and toward reversible interphase
dynamics. Interphase engineering, in which filler surfaces are functionalized to promote
reversible interactions, is among the most effective approaches to mitigate the trade-off, as
it reduces irreversible immobilization while improving crack bridging and stress redistri-
bution [117]. Similarly, hierarchical filler architectures and hybrid filler systems can deliver
reinforcement and stimulus functionality at reduced loading, limiting the immobilized
interphase fraction while retaining multifunctionality [66]. Stimulus localization represents
another key strategy: conductive networks can be designed to deliver localized heat to dam-
aged zones, accelerating bond exchange without globally softening the polymer, thereby
improving healing while maintaining structural stability [118]. Additionally, matching
polymer Tg and service temperature conditions can improve healability without sacrificing
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modulus excessively, particularly when healing is dominated by segmental diffusion or
supramolecular rearrangement.

Finally, the strength–healing trade-off must be evaluated using engineering-relevant
metrics rather than single-cycle recovery values alone. Many studies reports healing
efficiency as recovery in tensile strength or strain-to-failure after a single cut-and-heal occur-
rence; however, this approach can be misleading because the results are strongly affected
by viscoelastic effects, specimen geometry, strain rate, and crack sharpness [119–121]. For
practical relevance, self-healing nanocomposites should demonstrate stable multi-cycle re-
covery and improved resistance to progressive damage under fatigue. These inconsistencies
collectively indicate that reported synergistic improvements in self-healing nanocomposites
are highly condition-dependent rather than universally reproducible. In many systems,
the dominant mechanism shifts with filler dispersion quality, interfacial chemistry, and the
activation temperature relative to Tg, which controls whether healing is governed mainly
by chain diffusion, dynamic bond exchange, or interfacial rebonding [8,122]. Moreover,
variations in damage geometry, healing time, and cycle number can produce substantially
different recovery values even for comparable formulations. Therefore, fracture-based
metrics (recovery in fracture toughness, crack growth suppression), multi-cycle retention
(performance after repeated healing cycles), and durability under environmental aging
(humidity, UV, thermal exposure) remains critical. Overall, this critical synthesis shows
that the strength–healing trade-off in nanocomposites emerges from competition between
mobility restriction (crosslinking and interphase confinement) and activation enhancement
(percolation-enabled stimulus transduction) [32]. By engineering dynamic interfaces and
optimizing filler contents near functional thresholds without excessive confinement, self-
healing polymer nanocomposites can be designed to balance stiffness, multifunctionality,
and repeatable healing under realistic service conditions.

4.3. Engineering Performance Requirements for Structural Relevance

Although self-healing performance is commonly reported as a percentage recovery
in tensile strength or elongation after a single damage–heal event, such metrics alone are
insufficient to establish engineering relevance. In structural service conditions, polymeric
components rarely fail due to a single catastrophic cut; instead, damage accumulates
progressively through microcracking, delamination, fatigue loading, and environmental
aging [5]. Therefore, structurally meaningful self-healing should be evaluated based on
the ability to suppress crack growth and to retain mechanical integrity under repeated
loading/healing cycles rather than achieving maximum single-cycle recovery. In this con-
text, the minimum requirement for structural deployment is not merely high initial healing
efficiency, but stable multi-cycle retention, resistance to fatigue-driven crack propagation,
and tolerance to realistic environmental exposures (humidity, UV, thermal cycling, and
chemicals) [7]. Importantly, systems that show high one-time recovery may still fail un-
der cyclic conditions if filler networks, interfaces, or dynamic bonds undergo irreversible
rearrangement or progressive degradation [123].

A practical engineering translation can be expressed through performance thresholds:
(i) the healed structure should recover sufficient stiffness/strength to prevent rapid stiffness
drop or instability; (ii) healing should remain functional over multiple damage–healing
cycles (typically ≥3–10 cycles for meaningful reliability demonstration); and (iii) healing
should remain effective under fatigue loading, where microcracks continuously form and
propagate [34]. Consequently, fracture-based metrics such as recovery of interfacial fracture
toughness, reduction in fatigue crack growth rate, and restoration of load transfer across
damaged interfaces are more representative than single tensile recovery [124]. Environ-
mental durability is equally essential, since moisture uptake, oxidation, UV exposure, and
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thermal aging can alter interphase chemistry, disrupt supramolecular interactions, and
decrease the kinetics of dynamic bond exchange, leading to reduced healing repeatabil-
ity [125]. Therefore, the design objective should shift from maximizing single-event healing
efficiency to maximizing damage tolerance, fatigue life extension, and multi-cycle recovery
stability, which represent the critical constraints for structural applications.

The importance of fatigue-driven performance and repeatable healing is illustrated in
Figure 6a, where conductivity-enabled Joule heating is used to activate repair after cyclic
damage, delaying rapid failure and extending fatigue life under repeated loading [126]. This
evidence reinforces that structural relevance demands healing concepts that are compatible
with fatigue accumulation and that can be externally or autonomously triggered without
compromising load-bearing stability. In Figure 6b, the fatigue response is presented as
maximum stress versus cycles to failure, clearly demonstrating fatigue-life improvement in
microcapsule-modified epoxy compared with neat epoxy [126]. At comparable stress levels,
the self-healing formulations sustain a higher number of cycles before failure, confirming
that healing strategies can effectively delay crack propagation and extend durability under
cyclic loading.

 

Figure 6. Engineering-relevant durability and multi-cycle healing in self-healing polymer nanocom-
posites. (a) Schematic illustration of fatigue damage accumulation and stimulus-assisted healing
under cyclic loading in nanofiller-reinforced polymer networks. (b) Representative recovery trends
after repeated damage–healing cycles, showing retention of mechanical performance and fatigue life
extension under optimized nanofiller loading and activation conditions [126].
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Standardization of Healing Metrics and Test Protocols in Polymer Nanocomposites

A major barrier to translating self-healing polymer nanocomposites into engineering
practice is the lack of standardized testing protocols, which makes cross-study compar-
ison unreliable. Reported healing efficiency (η) varies widely not only due to intrinsic
material chemistry and nanofiller design, but also because of differences in damage ge-
ometry, specimen size, strain rate, healing conditions, and evaluation metric [100,127].
Consequently, high healing efficiency values often reflect favorable test conditions rather
than robust material performance [128]. Tensile-based healing metrics, although widely
used, can be misleading when treated as a universal indicator of healing. Many studies
report η as recovery of ultimate tensile strength or elongation after a single cut-and-heal
outcome [128–132]. However, tensile recovery is strongly influenced by viscoelastic effects,
plastic deformation, crack closure behavior, and stress redistribution by fillers, and does
not necessarily represent recovery of crack resistance [132]. In nanocomposites specifically,
reinforcement can artificially improve tensile response through crack-bridging and load
transfer even if true interfacial re-bonding and fracture resistance remain limited [133].
Therefore, tensile recovery alone can overestimate healing and fails to predict performance
under cyclic loading.

For structural relevance, fracture- and fatigue-based metrics must be emphasized
because real components fail through crack initiation and growth rather than monotonic
tensile rupture. Recommended measures include recovery of fracture toughness, sup-
pression of crack growth rate under fatigue (da/dN vs. ∆K), and retention of mechanical
properties after multiple healing cycles [134]. Importantly, healing should be evaluated
using multi-cycle retention, since many nanocomposites show decreased healing in sub-
sequent cycles due to interphase immobilization, filler rearrangement, and progressive
bond exhaustion [135]. Hence, single cycle η should be reported only as an initial screening
metric rather than as proof of durability. To improve reproducibility and enable mean-
ingful comparison across systems, minimum reporting standards should be adopted for
self-healing polymer nanocomposites, including damage definition, healing conditions,
and metric selection. A practical standardized checklist is summarized in Table 6.

Table 6. Recommended minimum reporting checklist for standardized evaluation of self-healing
polymer nanocomposites.

Category Minimum Parameters

Polymer system [136]
Polymer type (thermoset/thermoplastic/elastomer/hydrogel), resin
grade, curing agent type and ratio, mixing method, curing schedule

(temperature–time), post-curing conditions

Dynamic healing chemistry (if intrinsic) [137]
Dynamic bond type (H-bond/disulfide/imine/Diels–Alder/vitrimer,

etc.), catalyst (if any), reversible bond density
(qualitative/quantitative), activation temperature or trigger condition

Extrinsic healing system (if used) [138]
Capsule/vascular type, shell chemistry, healing agent identity, catalyst
identity/location, capsule size distribution, capsule loading, rupture

mechanism and healing agent release conditions

Nanofiller identity [139]
Filler type (CNT/graphene/MXene/clay/SiO2, etc.), supplier/source,
purity, particle size distribution, aspect ratio (for 1D/2D), surface area

(if available), functionalization type

Nanofiller loading and composition [140]
Filler loading (wt% and/or vol%), hybrid filler ratios (if multiple), final

composite composition table, density assumptions used for
vol% conversion

Dispersion and microstructure [141]
Dispersion method (sonication/shear/three-roll milling), mixing

energy/time, evidence of dispersion (SEM/TEM/AFM/Raman/XRD),
agglomeration presence, orientation/alignment (if relevant)
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Table 6. Cont.

Category Minimum Parameters

Interfacial interactions/interphase [142]
Interface strategy (physical adsorption/covalent grafting/dynamic

interface), coupling agent used, qualitative evidence
(FTIR/XPS/Raman shift), interphase effect indicators (DMA/Tg shift)

Damage model and geometry [143]
Damage type (cut/scratch/notch/fatigue crack/delamination), sample
geometry & thickness, notch length/width, crack length measurement

method, number of damage cycles

Healing protocol [144]
Healing trigger (thermal/NIR/electrical/magnetic/solvent), healing

temperature, time, pressure/contact method, environment
(air/vacuum/humidity/water), number of healing cycles tested

Mechanical property reporting [145]
Property type (tensile/compressive/fracture toughness/peel/shear),

strain rate, standard used (ASTM/ISO), ≥3 specimens minimum, error
bars (SD), baseline vs. healed comparison

Healing efficiency metric [146]
Definition used (e.g., η = recovered strength/original strength × 100%),

specify whether based on strength, toughness, modulus, fatigue life;
report both initial and multicycle recovery

Stimuli-induced heating data (if trigger-based) [147]
Conductivity (electrical/thermal), trigger power/intensity,

surface/bulk temperature profile during healing, time–temperature
curve, efficiency of heating/photothermal conversion

Environmental durability [7]
Aging conditions (UV/humidity/thermal cycling/immersion),

retention of healing after aging, filler leaching or stability (if relevant),
failure mode changes after aging

Reproducibility & statistics [148]
Replicate count, statistical test (if used), uncertainty reporting,

failure mode documentation, raw data availability
(optional but recommended)

Standardized reporting and fracture/fatigue-based evaluation are therefore essential
for establishing true structure–property–healing relationships and for preventing mislead-
ing comparisons between nanocomposite systems. Adoption of common protocols will
significantly accelerate engineering translation and meaningful benchmarking of next-
generation self-healing polymer nanocomposites.

5. Stimuli-Responsive Self-Healing Polymer Nanocomposites

Stimuli-responsive self-healing polymer nanocomposites enable damage repair to
be triggered or accelerated by external inputs such as heat, light, electric fields, or mag-
netic fields [127]. In these systems, nanofillers are not passive reinforcements; rather,
they act as stimulus transducers that convert external energy into localized thermal or
physicochemical activation capable of initiating bond exchange, interdiffusion, or network
rearrangement [149]. Compared with autonomous/passive healing, stimuli-responsive
platforms offer control over healing rate, location, and activation conditions, which is
essential for coatings, electronics, and structurally loaded parts [150].

Thermally activated healing remains widely adopted because most intrinsic heal-
ing chemistries—including reversible covalent exchange and diffusion-driven welding—
exhibit accelerated kinetics at elevated temperatures [151,152]. Incorporating high-thermal-
conductivity fillers such as graphene, carbon nanotubes, and selected metal oxides improves
heat distribution, minimizing thermal gradients and enabling more uniform healing in
thick or complex geometries [153]. However, thermal pathways must be balanced against
filler-induced chain immobilization at the interphase, which can reduce mobility-dependent
healing if filler content becomes excessive [154,155].

Photothermal activation provides spatially selective healing by exploiting fillers that
absorb visible/IR irradiation and convert it to heat through non-radiative relaxation [156].
When dispersed within self-healing polymers, these nanofillers enable remote, localized
heating at damage sites without globally raising the component temperature, which is
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particularly advantageous for coatings, flexible electronics, and thermally sensitive de-
vices [99]. The achievable healing rate depends strongly on optical absorption efficiency,
filler dispersion, and interfacial thermal transport [157].

Electrically triggered healing is especially attractive for rapid and programmable
repair. Here, conductive fillers form percolated networks that allow for current flow,
generating local Joule heating and activating intrinsic healing (e.g., dynamic exchange or
mobility enhancement) in the damaged region [158–160]. The quantitative importance of
percolation is illustrated in Figure 7a–d indicating conductivity rises sharply once CNT
loading reaches the percolation regime (Figure 7a), which increases current intensity at a
given voltage (Figure 7b) and produces a pronounced temperature rise (∆T) (Figure 7c).
The correlation between ∆T and conductivity (Figure 7d) confirms that effective electrical
activation requires conductivity above the percolation threshold, making filler loading a
key design variable [109]. At the same time, high filler contents that promote conductivity
can also restrict polymer segmental motion, highlighting a fundamental activation–mobility
trade-off in electrically healable nanocomposites [109,161].

 

Figure 7. (a) Electrical conductivity as a function of CNT loading, showing percolation−driven
conductivity increase, (b) Current intensity versus applied voltage for different CNT loadings,
(c) Temperature rise (∆T) as a function of CNT concentration at selected voltages, and (d) Correlation
between ∆T and conductivity, confirming that effective Joule heating is achieved only beyond the
percolation regime [109].

Magnetically triggered healing offers wireless activation in nanocomposites contain-
ing magnetic nanoparticles. Under alternating magnetic fields, heat is generated through
hysteresis loss or Néel/Brownian relaxation, enabling localized repair in enclosed or embed-
ded components where optical/electrical access is limited [135,162]. Although less widely
reported than electrical or photothermal strategies, magnetic approaches provide unique
integration opportunities for sealed structures and remote-healing architectures [163]. En-
vironmental/chemical stimuli (e.g., moisture, pH, solvents) can also promote healing
by plasticization or reversible interfacial interactions; nanofillers can amplify sensitivity
through increased surface area and localized chemical microenvironments [164,165].
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Across all stimuli-responsive strategies, performance is governed by nanofiller dis-
persion, percolation threshold, and interfacial compatibility. Continuous and uniform
networks improve stimulus transduction efficiency, whereas excessive loading can suppress
healing by mobility restriction and interphase confinement [166]. In addition, repeated
stimulus cycling may induce filler rearrangement or interfacial degradation, emphasiz-
ing the need for durability-focused metrics beyond single-cycle healing [167]. Overall,
nanofiller-assisted stimulus transduction is central to improving healing controllability
while simultaneously enabling multifunctionality (e.g., conductivity, sensing, thermal man-
agement), which supports real-time damage monitoring and programmable repair in smart
material platforms [168]. A concise overview of the main stimuli-responsive routes and
their activation mechanisms is summarized in Table 7.

Table 7. Stimuli-responsive healing strategies in polymer nanocomposites and their activation
mechanisms.

Stimulus Type Nanofiller Role Activation Mechanism Healing Control Applications

Thermal [169] Heat conduction
Accelerates bond

exchange
Moderate Structural polymers

Light (IR/Vis) [170]
Photothermal

conversion
Localized heating High Coatings, electronics

Electrical [171] Joule heating
Resistive heat

generation
Very high Wearables, sensors

Magnetic [172] Inductive heating
Alternating magnetic

field
Wireless control Embedded systems

Environmental (pH,
moisture) [173]

Interface modulation Reversible interactions Passive Coatings, membranes

Overall, the strategic integration of external stimuli such as thermal, electrical, optical,
or magnetic inputs with nanofiller-enabled transduction pathways constitutes a pivotal
advancement toward the practical realization of self-healing polymer nanocomposites. By
enabling efficient stimulus absorption, localized energy conversion, and targeted activation
of healing mechanisms, these integrated systems significantly enhance healing efficiency,
spatial control, and functional reliability under real-world operating conditions. Such
stimulus-responsive, nanofiller-assisted healing strategies not only broaden the applica-
bility of self-healing materials but also accelerate their transition from laboratory-scale
concepts to robust, high-performance technologies for advanced functional applications.
These developments and their associated design principles are discussed in detail in the
following section.

6. Emerging Applications and Deployment Readiness of Self-Healing
Polymer Nanocomposites

While self-healing polymer nanocomposites have been proposed for a wide range of
functional and structural applications, their transition to real-world deployment is primar-
ily governed by whether they can meet quantified engineering benchmarks under realistic
service conditions. In contrast to laboratory demonstrations that often focus on single-cycle
tensile recovery, practical applications demand multi-cycle durability, long-term stability,
and performance retention under cyclic loading, thermal cycling, humidity exposure, and
abrasion. Therefore, the relevance of each application domain is best evaluated using
a technology readiness and performance-gap perspective, rather than descriptive enu-
meration. From a deployment standpoint, applications can be broadly classified into:
(i) near-term, performance-tolerant systems (coatings, adhesives, wearable electronics),
where partial property recovery may still deliver functional value; (ii) mid-term opportuni-
ties (structural composites for transportation), where healing must occur without sacrific-
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ing stiffness, strength, and fatigue resistance; and (iii) long-term targets (aerospace-grade
composites), where stringent certification requirements and reliability constraints impose
substantial barriers [174–176]. In conductive and stimulus-responsive systems, nanofillers
additionally enable multifunctionality such as electrical sensing and Joule/photothermal
activation, but these advantages must be balanced against filler-induced mobility restric-
tion and long-term interfacial degradation [177]. To clarify realistic translation pathways,
Table 8 summarizes the principal application areas, their target benchmarks, the current
best reported performance trends, and the remaining quantified gaps that must be bridged
for commercial relevance. Importantly, across most sectors, the dominant limitation is not
the ability to trigger healing, but achieving simultaneously high mechanical performance,
repeatable healing retention, and durability under fatigue and environmental aging [178].

Table 8. Application readiness assessment of self-healing polymer nanocomposites based on TRL
and quantified performance gaps.

Application Area TRL
Target Benchmark

(Deployment Requirement)
Current Best Reported

(Typical Literature Range)
Gap (%)/Limitation Key Limiting Trade-Off

Protective coatings
(anti-scratch,

anti-corrosion) [179]
High

≥80% scratch closure within
≤10–60 min; strong adhesion

after healing; weathering
stability

Localized healing achievable
(often ≥80% closure), but

durability under
abrasion/UV aging

inconsistent

~10–30% gap in
durability + weathering

Healing vs.
hardness/abrasion

resistance; filler
aggregation under

cycling

Adhesives/
sealants [180] High

≥70–90% joint strength
recovery; repeatable healing

(≥5 cycles); moisture stability

High recovery under thermal
activation; multi-cycle
retention often declines

~20–40% gap in
multi-cycle retention

Crosslink
density/strength vs.

chain diffusion mobility

Flexible
electronics/wearable

conductors [181]
Medium–High

Conductivity recovery ≥90%;
stable performance under
bending (≥103 cycles); low

activation energy

Conductive healing
demonstrated; property drift

under cyclic strain

~10–25% gap in fatigue
durability

Conductivity/percolation
vs. stretchability and

healing

Strain/pressure sensors
(self-healing sensing

layers) [182]
Medium

Signal recovery ≥ 90%; stable
sensitivity after repeated

damage; low-noise output

Good short-term recovery
shown; baseline drift and

hysteresis persist

~15–30% gap in signal
stability

Filler network stability
vs. self-healing
rearrangement

Structural composites
(transport/

automotive) [53]
Medium

Retention of
stiffness/strength ≥ 90%;

fatigue crack growth
suppression; repair without

disassembly

Strength recovery often
moderate; fatigue healing

rarely quantified

~30–50% gap in fatigue
performance

Reinforcement stiffness
vs. healing mobility;

interphase
embrittlement

EMI shielding
materials [183] Medium

Shielding effectiveness
≥30–60 dB; conductivity
retention after damage;

multi-cycle healing

High EMI reported;
mechanical reliability under

repeated healing variable

~15–30% gap in
mechanical durability

Conductive filler content
vs. toughness/healing

Energy storage
components (battery

binders, solid polymer
electrolytes) [184]

Emerging

Stable ionic conductivity;
crack suppression;

chemical/electrochemical
stability

Healing concepts proposed;
long-term cycling stability

limited

~40–60% gap in
long-term stability

Filler-ion transport
coupling vs. mechanical

integrity

Aerospace/defense
composites [185] Emerging

Certification-grade reliability;
fatigue crack arrest;

long-term environmental
stability

Mostly lab-scale
proof-of-concept >50% gap (major)

Toughness + stiffness vs.
repeatable healing;

standardiza-
tion/certification barrier

Biomedical devices
(hydrogels, implants,

patches) [173]
Emerging

Biocompatibility;
low-temperature healing;

sterilization stability

Strong potential; regulatory
and toxicity concerns remain

~30–60% gap (regulatory
+ durability)

Healing chemistry vs.
cytotoxicity;

nanofiller fate

Overall, the most deployment-ready applications are coatings, sealants, adhesives, and
flexible electronics, where functional recovery can deliver immediate value even if healing
is incomplete [186]. In contrast, load-bearing structural composites remain constrained
by the intrinsic strength–healing trade-off, particularly under fatigue loading where crack
growth suppression must be demonstrated using standardized fracture-based metrics [187].
However, the identification of performance gaps will require nanocomposite architectures
that preserve mobility (e.g., dynamic interphase engineering, gradient filler distribution)
while maintaining reinforcement efficiency and long-term durability under cyclic service
conditions [188].

7. Challenges, Limitations, and Technological Barriers

Despite substantial progress in the development of self-healing polymer nanocom-
posites, several fundamental and practical barriers continue to limit their translation into
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real-world technologies. The central challenge lies in achieving simultaneous mechanical
reliability, repeatable healing, multifunctionality, and long-term durability within scal-
able material architectures [189]. While the strength–healing contradiction arising from
mobility restriction versus reinforcement is critically discussed in Section 4.2 emphasizes
the remaining constraints associated with processing scalability, durability under service
conditions, and standardization of evaluation protocols, which currently hinder meaning-
ful benchmarking and industrial adoption. A persistent materials-level limitation arises
from nanofiller dispersion and interfacial compatibility. Uniform dispersion is difficult
to achieve at industrially relevant scales, particularly for high-aspect-ratio fillers prone
to agglomeration, which can introduce stress concentrators and cause variability in both
mechanical and healing performance [190]. Moreover, interfacial interactions must be
carefully tuned: excessively strong filler–polymer bonding can immobilize chains near the
interphase and suppress healing kinetics, whereas weak interactions compromise stress
transfer and reinforcement [191]. Thus, designing interphases with dynamic and reversible
interactions remains essential to balance durability, reinforcement, and recoverability.

Durability under realistic operating environments represents a major technological
bottleneck. Many studies evaluate healing over a limited number of damage–healing cycles
under controlled laboratory conditions, whereas practical components are subjected to
complex stress states, cyclic loading, thermal fluctuations, humidity, ultraviolet radiation,
and chemical exposure [192,193]. These factors can degrade dynamic networks and weaken
interfacial integrity, leading to progressive decline in healing retention. Therefore, system-
atic durability assessment under fatigue and environmental aging remains insufficient and
should be incorporated into future benchmarking studies [194]. Scalability and manufactur-
ing compatibility further constrain translation. Several reported systems require specialized
synthesis pathways, surface functionalization procedures, or processing conditions that
are difficult to integrate into high-throughput manufacturing [195]. In addition, achieving
consistent nanofiller dispersion and percolated architecture during conventional poly-
mer processing remains challenging. Development of scalable and processing-compatible
fabrication routes that retain controlled interphase design is therefore a key priority [196].

Finally, the lack of standardization in evaluation protocols limits reproducibility and
slows technology transfer. Healing performance is reported using different damage geome-
tries, healing conditions, and metrics, making direct comparison across studies unreliable.
Establishing unified testing methodologies, reporting requirements, and benchmarking
criteria would significantly strengthen the field and accelerate the selection of nanocom-
posite systems for specific engineering applications [197]. Overall, overcoming these
interconnected barriers will require coordinated advances in polymer chemistry, nanofiller
engineering, scalable processing, and application-driven durability testing.

7.1. Innovation Pathways and Roadmap for Next-Generation Self-Healing
Polymer Nanocomposites

To move beyond proof-of-concept demonstrations and enable practical deployment,
future research must shift from incremental improvements in healing efficiency toward
architecture- and data-driven design strategies that explicitly resolve the competing re-
quirements of reinforcement, mobility, and durability. Several innovation pathways are
particularly promising for establishing reproducible performance gains and reducing the
strength–healing contradiction discussed throughout this review.

1. Dynamic interphase engineering: Rather than treating the filler–matrix interface as a
static adhesion zone, emerging approaches design the interphase as an active healing
region by incorporating reversible covalent chemistry, supramolecular motifs, or
exchangeable grafted chains at the nanofiller surface [198]. This dynamic interphase
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concept enables strong load transfer during service while preserving localized mobil-
ity and bond exchange near crack surfaces, improving multi-cycle healing retention
without sacrificing modulus. Interphase design should be quantified using inter-
phase thickness, Tg shifts near fillers, and interfacial exchange kinetics to establish
transferable design rules [199].

2. Gradient and hierarchical filler architectures: Uniform nanofiller loading across the bulk
often forces a compromise between percolation-enabled functionality and mobility-
dependent healing. A more effective pathway is spatially programmed architectures
such as gradient distributions (filler-rich layers for conductivity/sensing, filler-lean
healing zones for mobility), crack-tip targeted reinforcements, or hierarchical hybrid
networks (e.g., 1D CNT + 2D graphene) that reduce percolation threshold while
minimizing confinement [200,201]. Such architecture can decouple stiffness and
healing by localizing reinforcement and stimulus transduction away from regions
where chain diffusion is required.

3. Machine learning and data-driven optimization of design windows: The nanocomposite
design space is intrinsically high-dimensional (polymer chemistry, dynamic bond
density, filler geometry/aspect ratio, interphase chemistry, percolation threshold,
processing route, stimulus conditions). Machine learning (ML) and Bayesian opti-
mization can accelerate the identification of quantitative design windows by learning
structure–property–healing mappings from curated datasets [202]. Integrating ML
with experimentally validated descriptors (e.g., ϕc, AR, interphase mobility indices,
Tg shifts, conductivity–∆T relationships) provides a realistic pathway for predictive
formulation and reduced trial-and-error iteration [203].

4. Reliability-focused testing and standardization as an innovation enabler: Finally, translation
requires not only new materials but also credible qualification frameworks. Future
work should prioritize fracture- and fatigue-based healing metrics, multi-cycle durabil-
ity benchmarking, and accelerated aging protocols (UV, humidity, thermal oxidation,
cyclic fatigue) [204]. Adoption of standardized reporting and minimum test protocols
will enable meta-analysis, cross-laboratory reproducibility, and rational comparison of
competing nanofiller strategies. Coupling standardized testing with digital datasets
further strengthens ML-driven design and supports application-driven certification
pathways [205].

Overall, these innovative routes dynamic interphase design, spatially programmed
nanofiller architectures, data-driven optimization, and reliability-centered qualification
define a practical roadmap for converting self-healing nanocomposites from laboratory-
scale demonstrations into scalable and application-validated engineering materials.

7.2. Degradation Catalysis, Nanofiller Release Risk, Toxicity, and Cost–Performance Trade-Offs

Despite rapid progress in functional and structural self-healing polymer nanocom-
posites, their practical translation is constrained by risks that are often under-discussed
in the self-healing literature, namely nanofiller-assisted degradation, nanoparticle release
and environmental fate, and cost–performance justification relative to non-healing high-
performance composites [206]. These factors become particularly critical for long-life
structural applications and consumer-facing products, where regulatory compliance, stabil-
ity under aging, and lifecycle impacts must be demonstrated. First, several nanofillers can
influence polymer aging through unintended catalytic or photochemical pathways. Metal
and metal-oxide nanoparticles may accelerate oxidation or hydrolysis by promoting radical
formation, altering local oxygen diffusion, or acting as catalytic sites, potentially reducing
long-term ductility and suppressing multi-cycle healing [207]. Similarly, carbon-based
fillers can modify thermal history and stress localization, which may accelerate microc-
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rack formation under cyclic loading [208]. Therefore, healing metrics reported at short
timescales (hours–days) should be complemented by aging-aware evaluation, including
thermal–oxidative aging, UV exposure (for coatings), and long-term cyclic fatigue proto-
cols [135,209]. Secondly, environmental and health considerations are increasingly relevant.
Under abrasion, fatigue crack propagation, or weathering, nanocomposites may undergo
filler debonding, interphase fragmentation, or particle liberation, raising concerns related to
nanoparticle inhalation risk, aquatic contamination, and end-of-life management [210,211].
This is particularly relevant for graphene/CNT systems and oxide nanoparticle fillers.
Lifecycle safety assessment should therefore include filler containment strategies (e.g.,
strong interfacial anchoring, encapsulated fillers, crosslinked barrier layers), alongside
appropriate regulatory compliance documentation [212]. Thirdly, the cost–performance
balance must be explicitly considered. While nanofillers can impart multifunctionality
and enable fast stimulus-triggered healing, high-quality conductive fillers (e.g., CNTs,
graphene derivatives, MXenes) can significantly increase formulation cost and processing
complexity [213]. For some applications, non-healing high-performance composites may
still provide a lower-cost route to reliability through damage tolerance, protective coatings,
and scheduled maintenance [214]. Thus, adoption of self-healing nanocomposites will be
strongest where healing offers unique value (inaccessible repair zones, real-time sensing
and healing, fatigue crack suppression, reduced downtime), rather than as a generalized
replacement of conventional composites. To support safe and scalable translation, future
work should integrate accelerated aging studies, nanofiller-release characterization, toxicity
screening, and cost–benefit assessment into the standard development pathway for self-
healing nanocomposites [215]. A concise risk–mitigation overview for common nanofiller
classes is provided in Table 9.

Table 9. Risk–mitigation overview for nanofillers used in self-healing polymer nanocomposites.

Nanofiller Type Aging/Degradation Risk Toxicity/Environmental Risk Cost Level Suggested Mitigation Strategy

CNTs [216]

Stress concentration and
microcrack initiation under

fatigue; network
rearrangement during cycling

Potential inhalation hazard;
persistence in environment

if released
High

Encapsulation in polymer-rich
interphase; surface

functionalization; barrier coatings;
wear-release testing

Graphene/rGO [217]

UV/thermal aging sensitivity
depending on functional

groups; interfacial debonding
under load

Possible ecotoxicity concerns upon
release; dust exposure Medium–High

Covalent/noncovalent interfacial
anchoring; platelet encapsulation;

aging + abrasion release evaluation

MXenes [218] Oxidation-sensitive; property
drift under humidity/aging

Limited long-term toxicology data;
environmental fate uncertain High

Surface protection
(antioxidant/polymer grafting);

encapsulation; controlled humidity
service design

Metal oxides (TiO2, ZnO,
Fe3O4, Al2O3) [219]

Possible catalytic
oxidation/photodegradation;
embrittlement at high loading

Nanoparticle release risk under
abrasion; regulatory scrutiny Low–Medium

Use coated/functionalized oxides;
optimize loading; UV stabilizers;

accelerated aging protocols

Silica/clay nanofillers [220] Generally stable; can increase
brittleness if poorly dispersed

Lower toxicity risk; dust
exposure possible Low

Improve dispersion via
compatibilizers; reduce

agglomeration; optimize filler size
and loading

Hybrid conductive networks
(CNT + graphene, etc.) [221]

Enhanced percolation but
increased interphase rigidity;

fatigue sensitivity

Combined release risk; complex
recycling High

Gradient architectures (conductive
layer localized); reversible
interphase design; lifecycle

assessment

8. Conclusions and Future Perspectives

Self-healing polymer nanocomposites represent a decisive step beyond conventional
self-healing polymers by enabling simultaneous durability recovery and functional rein-
forcement within a single material platform. Rather than acting only as passive strength-
ening agents, nanofillers actively regulate healing by modifying crack evolution, stress
redistribution, interfacial dynamics, and stimulus transduction. Across intrinsic and ex-
trinsic architectures, this review establishes that the most consistent pathway toward
high-performance systems is not maximizing either healing efficiency or stiffness inde-
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pendently, but engineering structure–property–healing coupling so that reinforcement
does not eliminate the molecular mobility required for repair. In this context, the central
scientific contribution of this review is the consolidation of evidence showing that nanocom-
posite performance is governed by a constrained design window defined by competing
parameters—filler loading, aspect ratio, dispersion quality, interphase confinement, and
activation conditions—rather than by isolated chemical mechanisms.

A key conclusion is that intrinsic healing systems (dynamic covalent networks,
supramolecular bonding, and chain diffusion) provide the best foundation for repeated
healing, but only when nanofiller–polymer interphases are tuned to remain dynamic and
not permanently immobilizing. Conversely, extrinsic systems (microcapsules and vascular
architectures) can enable autonomous single-event repair with high local effectiveness, but
are intrinsically limited by agent depletion, crack path dependence, and processing com-
plexity. Stimuli-responsive nanocomposite systems (Joule heating, photothermal, magnetic,
and humidity/solvent-triggered healing) further expand functionality by enabling spatially
localized, on-demand healing; however, their long-term effectiveness depends strongly on
percolation stability, interfacial fatigue resistance, and the ability to maintain conductive
networks under cyclic damage. Importantly, engineering translation requires a shift in eval-
uation metrics. Much of the literature still reports healing as single-cycle tensile recovery,
which can overestimate true durability. For structural or fatigue-loaded applications, the
more relevant targets include fracture toughness recovery, fatigue crack growth resistance,
cyclic healing retention, and environmental aging stability, since service failure is typically
governed by crack propagation under complex loading rather than monotonic failure.
Therefore, future progress will depend as much on standardization of testing protocols
as on advances in chemistry and nanofiller design. Standardized reporting of damage
geometry, healing activation conditions, number of cycles, and recovery metrics will allow
for cross-study comparison and will accelerate technology readiness assessment. Design
principles distilled from this review: (i) optimal self-healing nanocomposites are typically
achieved within a narrow filler-loading window near functional thresholds (e.g., electrical
percolation), where transport-assisted activation maximizes healing kinetics without severe
confinement; (ii) dynamic interphase engineering (reversible covalent or supramolecular
interfacial bonding) is the most effective strategy to decouple reinforcement from healabil-
ity; (iii) engineering relevance requires multi-cycle and fatigue-informed recovery metrics
rather than single-event tensile recovery; and (iv) translation readiness must incorporate
environmental aging, nanofiller release risk, and scalable processing constraints

Looking forward, the most promising research directions include (i) hierarchical or
spatially programmed architectures where highly mobile healing zones coexist with re-
inforced load-bearing domains, (ii) vitrimer and covalent adaptable networks integrated
with nanofillers to provide reprocessability, healability, and toughness simultaneously,
(iii) closed-loop intelligent materials combining damage sensing, autonomous decision-
making, and healing actuation, and (iv) data-driven optimization (multiscale modeling
and machine learning) to navigate the high-dimensional design space defined by poly-
mer chemistry, nanofiller geometry, dispersion, and processing. Ultimately, self-healing
polymer nanocomposites will achieve broad adoption only when they demonstrate pre-
dictable performance under realistic service conditions, quantified trade-off boundaries,
and manufacturing-ready scalability—transforming self-healing from a laboratory concept
into a deployable engineering technology.
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