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Abstract

Polymer-matrix composites combine relatively low density with high specific strength, corrosion
resistance, design flexibility, and multifunctional potential, yet microscopic cracking, matrix fracture,
interfacial damage, and delamination can gradually reduce their structural performance during service.
Conventional maintenance generally begins after damage has been detected and often requires
inspection, component removal, bonded or mechanical repair, and temporary interruption of service.
Self-healing polymer composites introduce an alternative strategy in which damage activates or enables
a material-level repair process before a crack develops into a critical failure. This study develops a
simulation-based framework for evaluating the potential of capsule-based, microvascular, intrinsic
reversible, and hybrid self-healing architectures to extend component service life.

A Component Longevity Support Index is constructed from fracture-property recovery,
repeatability, autonomous activation, retention of baseline mechanical performance, and manufacturing
feasibility. Simulated index values are 66.2 for capsule-based healing, 76.2 for microvascular systems,
77.2 for intrinsic reversible networks, and 81.4 for hybrid architectures. A complementary service-life
simulation produces illustrative extensions of 35%, 58%, 64%, and 78%, respectively, compared with an
otherwise equivalent conventional composite. The results emphasize that healing efficiency measured
after a single fracture event should not be interpreted automatically as equivalent to component-life
extension.

Long-term benefit depends on crack-growth rate, healing kinetics, damage accessibility, healing-
agent replenishment, repeated cycling, environmental exposure, activation conditions, and the
mechanical penalty introduced by the healing architecture. Capsule systems provide highly autonomous
local repair but are often limited by finite healing-agent availability, whereas vascular and intrinsic
systems provide stronger potential for repeated healing. Hybrid architectures offer the greatest simulated
longevity potential because they combine autonomous crack response with replenishable or reversible
repair mechanisms. The study concludes that qualification of self-healing composites for structural
service requires fatigue-based, repeated-damage, environmental, and full-component validation rather
than isolated demonstrations of crack closure.

Keywords: self-healing polymer composites, service-life extension, autonomous repair, microcapsules,
microvascular networks, intrinsic healing, fatigue damage, fracture toughness.
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1. Introduction

Polymer-matrix composites are widely valued in structural engineering because reinforcing fibers can
provide high specific stiffness and strength while polymer matrices offer low density, chemical
resistance, and considerable design flexibility. Their durability, however, is limited by damage
mechanisms that can initiate at length scales considerably smaller than those readily detected during
routine inspection. Matrix microcracks, fiber—-matrix debonding, delamination, impact damage, and
fatigue-driven crack growth can develop progressively under mechanical cycling, thermal loading,
vibration, moisture, and environmental exposure. White and colleagues established the modern concept
of autonomic polymer healing by demonstrating a microencapsulated healing agent capable of
responding to crack formation within an epoxy material, creating a foundation for materials that repair
damage at the location where it occurs.

Conventional composite repair generally depends on detecting damage before it becomes critical.
Inspection may be followed by scarf repair, bonded patches, mechanical fastening, resin injection,
replacement of a damaged region, or complete component replacement. Such processes can restore
structural capability, but they require access to the damaged area, trained labor, repair materials, and
operational downtime. Structural-composite reviews have consequently identified self-healing as a
fundamentally different maintenance concept in which the material itself contains part of the repair
capability. Scheiner, Dickens, and Okoli note that matrix cracking and interface damage are common
concerns in polymer composites and that autonomous repair could reduce reliance on conventional
intervention where internal damage is difficult to access.

Self-healing polymer systems are commonly divided into extrinsic and intrinsic approaches.
Extrinsic systems store a healing agent separately from the polymer network, for example inside
microcapsules or vascular channels, and release the agent when damage occurs. Intrinsic systems instead
rely on reversible interactions or chemical bonds within the polymer itself. Blaiszik and colleagues
identify capsule-based, vascular, and intrinsic polymers as three principal conceptual strategies, while
Yuan and colleagues similarly distinguish between systems containing pre-embedded healing agents and
polymers possessing inherent repair capability. These architectures differ substantially in autonomy,
repeatability, processing complexity, mechanical effects, and suitability for different damage modes.

Early research also demonstrated that self-healing is relevant not only to single-event fracture but
to fatigue damage. Brown, White, and Sottos showed that a microcapsule-based epoxy system could
retard or arrest fatigue-crack propagation under appropriate loading conditions, with performance
depending strongly on the relationship between crack-growth Kkinetics and healing Kinetics.
Microvascular research subsequently addressed one important limitation of capsules—the finite amount
of healing agent available at a particular location—by providing interconnected channels through which
healing chemistry could be delivered repeatedly. Toohey and colleagues demonstrated repeated healing
using microvascular networks and explicitly identified the single-event limitation of local capsule
depletion.

The engineering question is therefore no longer simply whether a polymer can heal a crack. For
component service life, the relevant question is whether a self-healing architecture can retain sufficient
virgin mechanical performance, respond quickly enough to realistic damage, survive repeated loading
and environmental exposure, and restore useful properties over multiple damage cycles without
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introducing unacceptable manufacturing complexity. Reviews of high-performance fiber-reinforced
composites emphasize that many promising demonstrations remain at material or coupon scale and that
structural implementation requires standardized healing assessment, scalable processing, and validation
under realistic reinforcement architectures. The present study addresses this issue through a simulation-
based comparison of major self-healing strategies, placing component longevity rather than isolated
healing percentage at the center of the analysis.

2. Objectives of the Study

2.1 To Compare Major Self-Healing Architectures for Structural Longevity

The first objective is to compare capsule-based, microvascular, intrinsic reversible, and hybrid self-
healing polymer-composite architectures in terms of their potential contribution to component service
life. The comparison considers not only the magnitude of property recovery after damage but also
whether the healing mechanism can function repeatedly and whether it is autonomous or requires an
externally applied stimulus.

This distinction is necessary because a material can exhibit excellent recovery after one
controlled fracture event while offering limited benefit under repeated service loading. The study
therefore treats healing architecture as a long-term damage-management system rather than merely as a
method for joining two fractured surfaces.

2.2 To Distinguish Healing Efficiency From Service-Life Extension
The second objective is to establish a clear conceptual distinction between healing efficiency and
service-life extension. Healing efficiency generally compares a selected recovered property—such as
fracture toughness, strength, stiffness, or fatigue behavior—with its pre-damage value. Component
longevity, by contrast, depends on the accumulation of many interacting damage events over time.

The analysis consequently evaluates the influence of repeated damage, healing-agent availability,
crack propagation rate, healing kinetics, activation temperature, environmental conditions, and the
mechanical changes introduced by capsules, channels, or reversible polymer chemistry.

2.3 To Develop a Qualification-Oriented Framework for Self-Healing Components

The third objective is to propose an evaluation framework suitable for transitioning self-healing
composites from proof-of-concept experiments toward durable structural components. The framework
integrates property recovery with repeatability, autonomy, baseline-property retention, and
manufacturing feasibility.

The aim is not to nominate one self-healing chemistry as universally superior. Instead, the
framework identifies the engineering trade-offs that should be quantified when selecting a healing
architecture for applications involving repeated loading, limited inspection access, or high costs
associated with component downtime.
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3. Review of Literature

3.1 Extrinsic Healing Through Capsules and Vascular Networks

The microcapsule concept represents one of the most influential developments in self-healing polymers.
White and colleagues embedded microcapsules containing dicyclopentadiene within an epoxy matrix
together with a catalyst. Crack propagation ruptured the capsules, released the healing agent into the
damaged region, and initiated polymerization. The approach attracted significant interest because the
damage event itself triggered healing without requiring external detection or manual delivery of repair
material.

Kessler, Sottos, and White subsequently demonstrated the approach within a fiber-reinforced
structural composite. Their experiments showed recovery of interlaminar fracture toughness after
delamination, with healing performance influenced by temperature. This study was particularly
important because it moved autonomic healing from a neat polymer toward a reinforced structural
architecture in which delamination is an important damage mode.

Microcapsules nonetheless contain a finite quantity of healing chemistry. Once capsules
intersected by a crack have released their contents, the same local region may have little or no remaining
agent available for subsequent damage. Blaiszik and colleagues identify this finite reservoir as a
fundamental characteristic of capsule-based systems. The strategy may therefore be particularly
attractive for sparse, unpredictable damage events but less suitable where the same location is repeatedly
damaged.

Microvascular networks were developed partly to overcome this limitation. Toohey and
colleagues created three-dimensional vascular systems capable of supplying healing agent repeatedly,
showing recovery after multiple damage events. The vascular architecture creates the possibility of
replenishment, but this benefit comes at the cost of greater manufacturing complexity and potential
interaction between channels and the load-bearing material.

3.2 Intrinsic Reversible Networks and Repeated Healing

Intrinsic systems avoid a separately stored healing agent by incorporating reversible interactions directly
into the polymer network. Chen and colleagues demonstrated a thermally remendable cross-linked
polymer based on reversible Diels—Alder chemistry. Heating enabled reversible network rearrangement
and subsequent reconnection, allowing the material to be mended repeatedly without adding new
monomer or catalyst. This concept demonstrated that repeatability could be built into the polymer
chemistry itself rather than obtained through replenishable fluid reservoirs.

Other intrinsic approaches use reversible hydrogen bonding, supramolecular association, ionic
interactions, dynamic covalent chemistry, polymer-chain diffusion, or stimulus-responsive mechanisms.
Cordier and colleagues developed a supramolecular rubber capable of self-healing through reversible
molecular associations at room temperature, demonstrating the potential of dynamic noncovalent
networks. Corten and Urban showed another stimulus-assisted route in which an oscillating magnetic
field produced localized heating and repair in nanoparticle-containing thermoplastic materials.

Hager and colleagues emphasize that the self-healing field encompasses a broad family of
mechanisms in which damage recovery may be autonomous or may depend on external energy. Intrinsic
repeatability is attractive for long-life components because the healing functionality is not necessarily
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exhausted after one event. Nevertheless, dynamic bonding can introduce trade-offs involving stiffness,
creep resistance, thermal stability, healing temperature, healing time, or the ability to restore highly
cross-linked load-bearing structures.

Murphy and Wudl similarly show that healable polymers can be activated through multiple
physical or chemical stimuli, demonstrating that healing should be understood as a materials-system
function rather than one specific chemical process. For structural components, the engineering challenge
is to obtain sufficient bond reversibility for healing without sacrificing the stable network required to
carry sustained loads.

3.3 Fatigue, Fiber Reinforcement, and Structural Implementation

Fatigue is particularly important because service-life extension depends on controlling crack initiation
and propagation over many cycles rather than repairing a single artificially created fracture. Brown and
colleagues demonstrated that self-healing chemistry can produce crack-tip shielding and retard fatigue-
crack growth, but the effectiveness depends strongly on cyclic stress intensity. Their findings imply that
a healing reaction must act on a timescale compatible with damage accumulation. If cracks propagate
more rapidly than the healing chemistry can stabilize them, self-healing may provide limited service-life
benefit.

The introduction of fibers creates further complexity. Reinforcement improves mechanical
performance, but healing chemistry must reach damage located within interfaces, resin-rich zones, ply
boundaries, or delaminations without significantly reducing fiber volume fraction or structural integrity.
Cohades and colleagues note that much self-healing research has focused on neat polymers or less
demanding composite architectures and that transferring the technology into high-performance fiber-
reinforced structures requires explicit consideration of manufacturing, reinforcement arrangement,
healing quantification, and industrial validation.

Bekas and colleagues likewise emphasize that comparison among self-healing systems is
complicated by differences in test methods, material systems, characterization procedures, and
definitions of healing efficiency. A system reporting high recovery of fracture toughness cannot
automatically be considered superior to one reporting lower recovery of fatigue resistance, because the
measured properties and damage states are different.

The literature therefore supports a service-life-oriented evaluation framework in which healing
efficiency is one variable among several. Repeatability, activation, fatigue behavior, processing
compatibility, environmental durability, and damage-specific accessibility determine whether a
promising laboratory mechanism can become a practical structural technology.

4. Research Methodology

4.1 Research Design and Comparative Material Architectures

The study uses a simulation-based multicriteria research design. No new composite specimens were
manufactured, damaged, healed, or mechanically tested. Numerical values in the analysis are
hypothetical and are used only to demonstrate how self-healing architectures can be compared when
component longevity is the principal engineering objective.
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Five material conditions are considered. A conventional polymer composite provides a non-healing
reference. A capsule-based composite contains distributed healing-agent reservoirs activated by crack
rupture. A microvascular composite incorporates channels capable of transporting replenishable healing
chemistry. An intrinsic reversible composite uses reversible molecular or covalent interactions within
the polymer network. A hybrid architecture combines two or more healing concepts—for example,
intrinsic matrix reversibility with localized healing-agent delivery.

The comparison assumes that all systems are designed for the same general structural function.
The simulated values do not represent the performance of a particular resin, reinforcement, healing
agent, or industrial component.

4.2 Component Longevity Support Index
A Component Longevity Support Index (CLSI) was developed to integrate five dimensions that

influence whether self-healing can meaningfully extend structural service.

Table 1: Criteria and weighting system for the Component Longevity Support Index

Criterion Engineering interpretation Weight
Mechanical- - . .
Ability to restore fracture resistance, strength, stiffness, or
property 0.25
relevant damage tolerance
recovery
Healing Ability to respond to repeated damage at the same or nearby 0.25
repeatability location '
Autonomous Ability to initiate healing with limited inspection or external 0.15
activation intervention '
Baseline- . . .
copert Degree to which capsules, channels, or dynamic chemistry 0.20
prop . y preserve original structural performance '
retention
Manufacturing Compatibility with composite processing, scale-up, quality 0.15
feasibility control, and component production '

Mechanical recovery and repeatability receive the greatest combined emphasis because longevity
requires both effective repair and continued availability of the healing function. Baseline-property
retention is separately weighted because a healing technology that severely weakens the undamaged
composite may provide little net structural advantage.

4.3 Service-Life Simulation and Healing-Efficiency Metrics

The simulation assigns representative service-life extensions of 35% to capsule healing, 58% to vascular
healing, 64% to intrinsic reversible healing, and 78% to a hybrid architecture. These values are not
derived from a specific experiment. They illustrate expected differences associated with repeatability
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and healing availability while recognizing that actual performance can vary dramatically with loading
and material design.

Brown and colleagues' experimental fatigue results demonstrate why this distinction is necessary:
healing effectiveness changed with crack-growth conditions and healing kinetics rather than remaining a
fixed percentage. Accordingly, the simulation is interpreted comparatively rather than predictively.

5. Analysis

5.1 Comparative Longevity Potential of Healing Architectures

The conventional composite receives a relatively low CLSI because it lacks autonomous damage
recovery, although it retains high baseline mechanical performance and relatively mature manufacturing
processes. The reference case is therefore useful for demonstrating that self-healing systems must
provide enough repair benefit to offset the additional complexity introduced by the healing architecture.
Capsule-based healing produces a simulated CLSI of 66.2. The architecture performs strongly in
autonomous activation because crack propagation can release the healing agent directly at the damaged
location. Its principal weakness is repeatability. Once capsules associated with a particular crack have
been emptied, further healing at the same location becomes difficult unless additional reservoirs are
available nearby.

Microvascular healing achieves 76.2, reflecting its ability to deliver additional healing chemistry
to a damaged region. Its manufacturing-feasibility score is lower because networks must be incorporated
without causing unacceptable defects or disrupting reinforcement architecture. The ability to replenish
healing chemistry nevertheless produces an important advantage for components exposed to repeated
damage.

Table 2: Simulated performance of self-healing polymer-composite architectures

Mgterlal Property Repeatability Autqnomous Basell_ne Manuffic.tgrlng CLSI
architecture | recovery activation | retention feasibility
Conventional | 0 0 95 95 333
composite

Capsule- 75 30 90 78 72 66.2
based healing
Microvascular | g, 80 90 72 55 76.2
healing

Intrinsic

reversible 78 90 55 82 70 77.2
network

Hybrid self-

healing 90 92 85 78 50 814
architecture
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Note: Values are hypothetical simulation scores created for methodological comparison. They do not
represent experimental measurements from a particular composite system.

Intrinsic reversible materials achieve 77.2, slightly exceeding the vascular system. Their
principal strength is repeatability, since reversible bonding can potentially operate without exhausting a
separately stored healing agent. The main limitation is activation: many intrinsic systems require heat,
pressure, light, magnetic stimulation, or favorable molecular mobility before meaningful repair can
occur.

The hybrid architecture records the highest simulated index, 81.4, because it combines strong
recovery with high repeatability and relatively autonomous damage response. The lower manufacturing
score reflects the additional processing and qualification complexity created when several healing
mechanisms are incorporated simultaneously.

5.2 Simulated Service-Life Extension

The simulated service-life comparison shows a clear progression from single-event autonomous systems
toward architectures capable of repeated repair. Capsule-based healing produces an illustrative 35%
extension compared with the conventional reference. Microvascular healing increases the simulated
value to 58%, intrinsic reversible networks reach 64%, and the hybrid architecture reaches 78%.

Graph 1: Simulated Service-Life Extension Across Self-Healing Composite Strategies

Hybrid self-healing T8%
architecture o

Intrinsic reversible | @ 5%
network

Microvascular "
E 58%
healing ®

Material architectura

Capsule-based | 3534
healing "

Conventicnal | ® 0%
composite
T T T T T

T T T
a 10 20 30 40 50 60 70 80
Simulated component service-life extension (%)

The graph does not represent a universal relationship between healing strategy and actual component
life. Experimental evidence demonstrates that capsule-based systems can produce very large fatigue-life
improvements under favorable crack-growth conditions, while providing substantially less benefit when
damage develops too rapidly. The plotted values should therefore be interpreted as an illustration of
architecture-level potential rather than a ranking of every material formulation.
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The most important pattern is the value of healing availability over time. A self-healing component
operating for many years may experience multiple impact events, thermal cycles, vibration sequences, or
local fatigue cracks. A mechanism capable of restoring a property only once provides a different type of
durability from a mechanism capable of repeated molecular reformation or repeated delivery of repair
chemistry.

5.3 Damage Scale, Healing Kinetics, and Component-Level Performance

Self-healing performance is strongly dependent on damage scale. Microcracks can be favorable targets
because crack faces remain close together and the required volume of healing agent is relatively small.
Larger separations may exceed the transport capacity of a capsule or vascular network and can reduce
the contact necessary for intrinsic molecular repair.

Healing kinetics are equally important. For autonomic repair to affect fatigue life, the repair
reaction must develop mechanical resistance before the crack advances beyond the region capable of
being healed. Brown and colleagues demonstrated this kinetic competition directly in fatigue
experiments. A material reporting high healing efficiency after a long laboratory rest period may
therefore offer less protection in a continuously loaded component.

Temperature creates another trade-off. Elevated temperature can accelerate diffusion,
polymerization, or reversible-bond exchange and may substantially improve healing. Kessler, Sottos,
and White reported stronger fracture-toughness recovery in their self-healing composite when healing
temperature was increased. However, engineering applications cannot assume that a component will
naturally experience an optimal healing temperature. Active thermal stimulation may be necessary,
which changes the autonomy and energy requirements of the system.

A service-life qualification program should consequently match the healing mechanism to the
component's actual damage spectrum. Lowe-visibility internal matrix cracking may favor autonomic
agents, repeated surface or interface damage may favor intrinsic reversible systems, and high-value
components with service access may justify externally stimulated healing if the stimulus is easier to
apply than a conventional structural repair.

6. Discussion
6.1 Why Healing Percentage Alone Is an Inadequate Durability Metric
The primary implication of this study is that a reported healing percentage cannot be used independently
to predict service life. Healing efficiency is normally calculated for a chosen property, but different
studies evaluate fracture toughness, tensile strength, stiffness, impact response, crack length, fatigue
cycles, or functional conductivity. Bekas and colleagues identify this heterogeneity in healing
assessment and characterization as an important challenge for meaningful comparison among materials.
A material recovering 90% of fracture toughness once may be less valuable for a repeatedly
loaded component than a system recovering 70% multiple times. Conversely, repeatability alone is
insufficient if the recovered property remains below the minimum structural requirement. The useful
metric is therefore application dependent.
The CLSI developed here addresses this issue by combining property restoration with
repeatability, activation, undamaged performance, and manufacturability. It does not replace application-
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specific mechanical qualification, but it prevents a single impressive laboratory recovery value from
dominating the evaluation.

Structural certification would ultimately require a failure criterion based on residual safety
margin rather than material novelty. Self-healing should be credited only to the extent that it produces
repeatable, measurable, and predictable improvements in the relevant damage-tolerance envelope.

6.2 Extrinsic, Intrinsic, and Hybrid Trade-Offs

Capsule systems remain compelling because they reproduce an important biological characteristic:
damage directly releases the repair chemistry. White and colleagues' original concept showed the
feasibility of autonomous local healing, and subsequent work demonstrated its extension to reinforced
composites and fatigue-crack management. Their relative simplicity also makes capsules attractive for
coatings, matrices, adhesives, and applications where damage events are expected to be dispersed.

Their limitation is resource depletion. Toohey and colleagues explicitly addressed this problem
through microvascular networks capable of repeated healing. A vascular network is conceptually similar
to a biological circulation system because healing chemistry can be delivered beyond one localized
reservoir. However, incorporating channels within a composite presents greater geometric and
processing challenges.

Intrinsic systems reverse the trade-off. They can offer repeated healing without a consumable
local reservoir, but they frequently require molecular mobility or an external stimulus. Chen and
colleagues demonstrated multiple thermal remending cycles through reversible covalent chemistry,
while Cordier and colleagues demonstrated repeated supramolecular repair. The engineering challenge is
maintaining sufficient network reversibility without introducing unacceptable creep, softening, or loss of
structural stability.

Hybrid systems may therefore offer the strongest long-term potential. A dynamic matrix could
provide repeated recovery of small damage while capsules or vascular networks address larger cracks.
The disadvantage is complexity. Every additional healing phase can alter resin viscosity, cure chemistry,
interfaces, void formation, fiber packing, cost, inspection, and manufacturing variability. The highest
theoretical healing capability is not automatically the most certifiable component.

6.3 From Laboratory Healing to Qualified Structural Components

Research reviews repeatedly identify the transition from proof-of-concept materials to high-performance
structural composites as a major challenge. Cohades and colleagues emphasize the need to consider
reinforcement architecture, processing, healing evaluation, and industrialization from the beginning of
material development. Scheiner and colleagues similarly note that self-repair strategies intended for
composite structures must be judged against conventional repair practices and realistic structural
damage.

Qualification should therefore include repeated fatigue cycles rather than a single fracture-and-
heal sequence. Specimens should be exposed to representative temperature, humidity, ultraviolet
radiation, fluids, vibration, and aging before and after damage. Healing performance should be measured
after multiple repair cycles, and the residual undamaged properties introduced by the self-healing
architecture should be reported separately.
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Long-term stability of unused healing capacity is also important. A capsule system that performs well
shortly after manufacture but loses healing-agent activity during storage or thermal aging would provide
limited service benefit. Similarly, a vascular network must remain chemically compatible with stored or
replenished agents, while reversible intrinsic networks must retain their bond-exchange functionality
throughout aging.

Component-level validation should eventually combine mechanical testing with damage
monitoring. The goal is not merely to show that cracks become visually smaller but to establish whether
the healed component maintains the structural performance required by its intended service. In this
sense, self-healing technology should be treated as an integrated damage-tolerance strategy rather than
as a substitute for sound structural design, inspection, and safety engineering.

7. Conclusion

Self-healing polymer composites provide a compelling approach to extending component service life by
embedding damage-management capability directly within the material. Capsule-based systems can
react autonomously to cracking, vascular systems can provide replenishable repair chemistry, and
intrinsic reversible networks can restore molecular connectivity through repeated healing cycles. These
approaches address an important limitation of conventional composite structures: internal microdamage
can accumulate long before conventional inspection or repair becomes practical.

The simulation presented in this study demonstrates why repeated healing availability is central
to long-term performance. Capsule-based composites achieve an illustrative Component Longevity
Support Index of 66.2, compared with 76.2 for microvascular systems, 77.2 for intrinsic reversible
networks, and 81.4 for a hybrid architecture. Simulated service-life extensions range from 35% to 78%.
These values are not experimental predictions; they are methodological scenarios designed to show how
several engineering dimensions can be considered simultaneously.

The analysis further establishes that component longevity cannot be inferred directly from a
single healing-efficiency measurement. Real service life depends on damage rate, damage geometry,
reaction kinetics, healing temperature, environmental aging, loading history, repeatability, and the effect
of the healing architecture on virgin composite performance. The most important self-healing system is
therefore not necessarily the one displaying the highest recovery percentage after one laboratory
fracture, but the one capable of maintaining a sufficient structural safety margin throughout the
component's expected damage history.

Future experimental research should emphasize standardized repeated-healing protocols, fatigue-
crack-growth testing, environmental aging, impact-plus-fatigue sequences, large-scale composite
laminates, and component-level validation. Comparative life-cycle assessment should also determine
whether material and processing complexity is offset by reduced maintenance, replacement, and
downtime. If these requirements are addressed, self-healing polymer composites could evolve from
laboratory demonstrations of intelligent materials into credible structural systems capable of retaining
function, limiting damage propagation, and extending the useful service life of high-value engineering
components.
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