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Abstract

In biomedical engineering, the pursuit of innovative solutions to improve the longevity and performance of bio-implantable system has fueled
extensive research and interest. Among the challenges in this field, the susceptibility of soft materials to wear, tear, and degradation remains a
critical issue. Recent advancements, however, have unveiled a transformative approach: the integration of self-healing mechanisms into these
materials. Inspired by nature’s regenerative processes, self-healing technology represents a paradigm shift in material science, offering the
potential to enhance the resilience and durability of bio-implantable devices. Researchers have developed diverse strategies to achieve this,
encompassing novel chemical formulations and structural designs that enable soft materials to autonomously repair damage during use. This
review provides a comprehensive analysis of self-healing technologies for soft materials, highlighting cutting-edge advancements, underlying
principles, and practical implementations. By exploring the integration of self-healing properties into bio-implantable devices, we discuss their
potential to improve patient outcomes, reduce medical costs, and address critical challenges in healthcare. Through this investigation, we aim to
underscore the pivotal role of self-healing materials in shaping the future of biomedical devices.
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INTRODUCTION 3. Applications in bio-implantable devices: Highlighting the
diverse applications of self-healing materials to bio-

In the dynamic field of biomedical engineering, enhancing the implantable system recently reported.

durability and performance of bio-implantable devices remains
a critical challenge. With the growing demand for minimally
invasive and long-term therapeutic solutions, the need for
materials capable of autonomously repairing damage caused
by physiological stressors has become increasingly pressing.
Self-healing soft materials represent a transformative
innovation in this domain, offering unprecedented resilience
and longevity while reducing the risks of device failure and
tissue rejection (1-3). Inspired by the regenerative capabilities
of living organisms, researchers have drawn from nature’s . . . . . .
intricate designs to replicate self-healing mechanisms in Material specifications crucial for self-healing capabilities
synthetic materials. This multidisciplinary pursuit spanning
materials science, chemistry, biology, and engineering aims to
develop bio-implantable materials that mimic the resilience of
biological tissues. From hydrogels and elastomers to
biocompatible polymers, self-healing materials are rapidly
evolving, driven by the need for enhanced mechanical
robustness, biocompatibility, and healing efficiency.

By delving into the principles, design strategies, and
applications of self-healing materials, this article aims to foster
collaboration among researchers, clinicians, and industry
stakeholders. Through the integration of cutting-edge
technologies and insights, we seek to propel biomedical
engineering toward groundbreaking advancements in bio-
implantable devices, paving the way for improved healthcare
outcomes and transformative innovations.

Material specifications crucial for self-healing capabilities,
particularly in polymers, hinge significantly on two primary
factors: dynamic bonding and the glass transition temperature
(Ty) (4). Dynamic bonding, encompassing reversible covalent
and non-covalent interactions, is the cornerstone of intrinsic
self-healing mechanisms in polymers. Reversible covalent
bonds, such as Diels-Alder reactions, disulfide exchanges, and
This review provides a comprehensive exploration of self-  imine chemistry, enable the material to break and reform bonds
healing mechanisms in soft materials designed for bio- in response to damage, thereby facilitating repair at the

implantable applications. Key areas of focus include: molecular level (5) (Figure 1). Non-covalent interactions,
including hydrogen bonding, ionic interactions, and metal-

1. Fundamentals for self-healing phenomenon:  ligand coordination, add flexibility and adaptability to the
Investigating the properties of polymer that enable self-  healing process by allowing transient and reversible network
repair, including diverse kinds of dynamic reversible  formations. These bonds provide polymers with the ability to
bonding and glass transition temperature. heal multiple times without the need for external interventions

2. Design strategies for self-healing materials: Examining  like added adhesives or fillers (6). The strength, density, and
methodologies to engineer self-healing functionality, such  reversibility of these dynamic bonds determine the material's
as supramolecular chemistry, covalent bonding, stimuli- healing efficiency, speed, and overall robustness, making their
responsive moieties, and hierarchical structural designs. precise tuning essential for specific applications. Equally

critical is the glass transition temperature (T,), a defining

thermal property that dictates the polymer's ability to flow,
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reorganize, and recover after damage. The T, represents the
temperature at which a polymer transitions from a rigid, glassy
state to a soft, rubbery state (Figure 2).
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Figure 1. Design of self-healing mechanism
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Figure 2. Concept of glass transition temperature and its effect on
polymer

For self-healing polymers, this property is vital because the
healing process often relies on the mobility of polymer chains,
which is significantly enhanced above the T,. Polymers with a
T, near or slightly below room temperature exhibit chain
mobility under ambient conditions, enabling autonomous
healing without external heat. In contrast, materials with a T,
far above room temperature typically require thermal
activation to achieve sufficient chain diffusion and molecular
rearrangement, which may limit their applicability in certain
environments. The balance between T, and the intended
operating conditions is thus a crucial design consideration. For
example, polymers with a low T, are suitable for soft and
flexible applications like wearable electronics and biomedical
devices, where healing at body temperature is advantageous.
Conversely, higher T, polymers are better suited for structural
materials where rigidity and strength are prioritized, and
controlled thermal activation can trigger self-healing.
Furthermore, the interplay between dynamic bonding and T,
significantly influences a polymer’s mechanical properties,
healing efficiency, and durability. Dynamic bonds must remain
stable under operational stresses while maintaining the ability
to reorganize when healing is required. In this context,
tailoring the cross-linking density is essential; too high a
density can impede chain mobility, while too low a density
may compromise structural integrity. T, can also be modulated
through the incorporation of plasticizers, copolymers, or
nanoparticles, which allow fine-tuning of thermal and
mechanical properties to match specific application needs. For
instance, incorporating nanoparticles can create localized

regions of dynamic bonding that enhance the polymer's
toughness and healing precision without drastically altering its
T,. Applications that depend on self-healing polymers also
demand sustainability and efficiency. Dynamic bonding
systems often involve reversible covalent chemistries that can
operate under mild conditions, reducing energy input and
environmental impact. Similarly, adjusting the T, to match
ambient conditions minimizes external energy requirements for
activation, further enhancing sustainability. For bio-based or
biodegradable polymers, ensuring that T, and dynamic
bonding mechanisms remain compatible with their natural
degradation pathways is an additional challenge that requires
careful material design. Ultimately, the ability to engineer
polymers with optimal dynamic bonding and T, unlocks a
wide array of applications, from self-healing coatings and
adhesives to resilient biomedical devices and smart electronics.
By achieving the right balance between molecular mobility,
bonding strength, and environmental responsiveness,
researchers can design polymers that meet the demanding
requirements of modern technology while advancing the field
of sustainable materials science. This dual focus on dynamic
bonding and T, not only underscores the sophistication of self-
healing materials but also highlights their potential to
revolutionize industries by enhancing reliability, reducing
maintenance costs, and extending the lifecycle of products
across diverse sectors.

Diverse types of self-healing mechanisms

Self-healing mechanisms in materials are remarkably diverse
and can be broadly categorized into intrinsic and extrinsic
approaches, each offering unique capabilities for
autonomously repairing damage and restoring functionality.
Intrinsic self-healing mechanisms depend on the material’s
inherent properties and molecular interactions. These often
involve dynamic covalent bonds, such as those in Diels-Alder
reactions, imine chemistry, or disulfide exchanges, which
enable reversible breaking and reformation of bonds. For
instance, thermoset polymers incorporating Diels-Alder
networks can autonomously heal microcracks under mild
thermal conditions, a property particularly advantageous in
high-performance applications like aerospace or automotive
components (7). Similarly, non-covalent interactions such as
hydrogen bonding (8), ionic crosslinks (9), or metal-ligand
coordination (10) provide flexibility and self-repair capability
while preserving mechanical integrity. Supramolecular
polymers, which rely on reversible hydrogen bonding, are a
notable example, as they can recover their original properties
after mechanical stress or damage (11). On the other hand,
extrinsic self-healing relies on external components integrated
into the material. These systems typically incorporate
microcapsules, vascular networks, or nanoparticles that store
and deliver healing agents when triggered by damage.
Microcapsule-based systems, widely used in coatings and
sealants, release encapsulated liquid resins or adhesives when
the material cracks, solidifying to restore functionality. For
example, epoxy-based coatings with embedded microcapsules
have shown excellent performance in protecting metal
substrates from corrosion (12). Vascular systems, inspired by
biological circulatory networks, deliver healing agents
continuously, making them highly effective for large-scale
structural repairs. Such systems are particularly promising for
self-healing concrete, where cracks can compromise durability
and safety over time. Nanoparticles, often engineered to be
responsive to specific stimuli, provide additional versatility,
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enhancing the healing process by improving the dispersion and
reaction rates of the healing agents. A third significant
category involves stimuli-responsive self-healing materials,
which activate repair processes in response to external triggers
like heat, light, pH, moisture, or magnetic fields. Shape-
memory polymers (SMPs), for instance, utilize thermal
activation to recover their original shape after deformation,
effectively closing cracks and restoring structural integrity (13)
(Figure 3). These materials find applications in biomedical
devices, flexible electronics, and soft robotics, where repeated
deformation and damage are expected. Light-responsive
polymers, often embedded with photosensitive groups or
nanoparticles, offer another layer of control, enabling localized
and precise activation of the healing process using UV or
visible light. Another fascinating frontier lies in biological self-
healing mechanisms, which mimic natural processes such as
tissue regeneration. Hydrogels, composed of networks of
water-swollen polymers with dynamic ionic or covalent bonds,
can self-repair in aqueous environments. These materials are
particularly suited for biomedical applications like tissue
scaffolds, wound dressings, or drug delivery systems. For
example, peptide-based hydrogels with self-assembling
properties can dynamically adapt to changes in their
environment, promoting tissue repair while maintaining
biocompatibility (14). Recent advances also combine
biomimetic principles with synthetic strategies, resulting in
hybrid systems that integrate biological components, such as
enzymes or peptides, to enhance healing efficiency.

Shape-memory polymers
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Figure 3. Schematic showing shape-memory materials applied for
self-healing materials

In some advanced materials, multiple self-healing mechanisms
are integrated to achieve synergistic effects. For example,
polymers with dynamic covalent bonds may be coupled with
microcapsules or nanoparticles to enhance both the speed and
repeatability of the healing process. These hybrid systems can
provide tailored solutions for applications where both
durability and responsiveness are critical, such as flexible
electronics or protective coatings. Computational modeling
and simulation have further accelerated the development of
these materials, enabling researchers to predict healing
efficiency under various conditions and optimize material
design. The diversity in self-healing mechanisms extends the
lifespan and reliability of materials while reducing
maintenance costs and environmental impact. This makes them
highly desirable in industries ranging from infrastructure and
transportation to energy, electronics, and healthcare. By
addressing challenges like scalability, response time, and
compatibility with operational environments, self-healing
technologies continue to evolve, paving the way for more
sustainable, resilient, and innovative applications across the
modern world.

Application to long-term bio-implantable system

The integration of self-healing technology into long-term bio-
implantable systems represents a transformative advancement
in medical device engineering, addressing critical challenges
such as durability, biocompatibility, and functionality over
extended periods. Bio-implantable devices, including
pacemakers, neural interfaces, glucose monitors, and artificial
organs, must operate reliably within the harsh and dynamic
environment of the human body. These devices are exposed to
constant mechanical stresses, biochemical interactions, and
immune responses that can degrade their performance over
time. Self-healing technologies offer an innovative solution by
enabling these systems to autonomously detect and repair
damage, thereby enhancing their longevity and reducing the
need for invasive surgical replacements or repairs. Especially,
one of the key applications of self-healing technology is in
flexible electronics for bio-implantable sensors and
stimulators. These devices, often made from stretchable
polymers and soft materials, are prone to microcracks and
delamination caused by repeated mechanical deformation. By
incorporating polymers with dynamic covalent bonds, such as
disulfide or imine linkages, or reversible non-covalent
interactions, these systems can repair themselves under
physiological conditions, maintaining their electrical
conductivity and structural integrity. For example, stretchable
cuff electrodes coated with self-healing conductive polymers
can recover their performance after damage, ensuring
consistent monitoring or stimulation of tissues like the brain,
heart, or muscles (15). In addition to structural repair, self-
healing hydrogels have emerged as a vital component in bio-
implantable systems. Hydrogels, known for their high-water
content and tissue-like properties, are commonly used in drug
delivery systems, wound dressings, and tissue scaffolds. When
equipped with dynamic crosslinking networks or reversible
ionic bonds, self-healing hydrogels can repair themselves in
vivo, extending their functional lifespan. For instance, a self-
healing hydrogel-based drug delivery system can adapt to
mechanical stresses within the body while ensuring controlled
and sustained release of therapeutics (16). This is particularly
beneficial for chronic conditions requiring long-term
medication, such as diabetes or cancer. Another promising
application is in the development of self-healing coatings for
implantable devices, such as stents, orthopedic implants, and
prosthetics. These coatings can autonomously heal
microcracks and scratches caused by wear and tear, preventing
the release of harmful particles or ions that could trigger
inflammatory or immune responses. For instance, titanium
implants with self-healing polymer coatings can maintain their
surface integrity, reducing the risk of bacterial adhesion and
improving their compatibility with surrounding tissues (17). In
cardiovascular implants like stents, self-healing coatings can
prevent restenosis by maintaining the device’s anti-
thrombogenic properties. Electrical performance in bio-
implantable devices also benefits significantly from self-
healing technology. Neural interfaces and biosensors often rely
on conductive pathways and thin-film electrodes that are
susceptible to breakage over time. By integrating self-healing
conductive polymers or metal-ligand coordination networks,
these systems can restore electrical pathways autonomously,
ensuring uninterrupted communication with physiological
systems. For example, self-healing electrode arrays used in
brain-machine interfaces can recover from damage caused by
micromotions or electrode-tissue interactions, prolonging their
usability and improving patient outcomes. The challenges of
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biocompatibility and biodegradability are also addressed by
self-healing materials tailored for bio-implantable systems.
Advanced materials are being designed to heal under
physiological conditions such as body temperature and pH,
ensuring compatibility with the human body. Biodegradable
self-healing materials are particularly attractive for temporary
implants or scaffolds, as they can degrade naturally after
fulfilling their function, eliminating the need for surgical
removal. Despite these advancements, several challenges
remain in applying self-healing technology to bio-implantable
systems. These include achieving fast healing rates under
physiological  conditions, ensuring minimal energy
requirements for activation, and balancing mechanical strength
with flexibility and biocompatibility. Additionally, long-term
stability and reliability of self-healing mechanisms under
continuous biological interactions must be thoroughly tested.
Advances in computational modeling, material science, and
bioengineering are crucial for addressing these challenges,
enabling the development of next-generation bio-implantable
systems with unprecedented durability and functionality. By
incorporating self-healing technology, bio-implantable systems
are poised to revolutionize healthcare, offering solutions that
not only improve patient outcomes but also reduce healthcare
costs by minimizing device failures and the need for
replacement surgeries. These innovations pave the way for
smarter, more resilient medical devices that can seamlessly
integrate with the human body over a lifetime.

Conclusion

The advancement of self-healing mechanisms in soft materials
marks a paradigm shift in the domain of bio-implantable
technologies. These innovative materials, distinguished by
their intrinsic ability to autonomously repair structural damage,
address critical challenges such as mechanical fatigue, long-
term stability, and biocompatibility. Self-healing in soft
materials is predominantly facilitated by dynamic covalent
chemistry, non-covalent interactions, or supramolecular
assemblies, which are meticulously optimized to balance
mechanical robustness and reparative efficiency. In Dbio-
implantable devices, the incorporation of these self-healing
strategies can profoundly extend the operational lifespan and
reliability of implants by mitigating issues such as
microfractures and interface debonding, which are primary
contributors to device malfunction. Additionally, recent
advancements in  hydrogel architectures, elastomeric
composites, and stimuli-responsive polymers have enabled the
engineering of self-healing materials with bespoke properties
tailored for diverse biomedical applications, including tissue
engineering scaffolds, wound care systems, and controlled
drug delivery platforms. Beyond improving mechanical
integrity, the integration of self-healing functionalities into bio-
implantable materials facilitates real-time adaptation to the
complex and dynamic physiological environment. Emulating
the inherent repair mechanisms of biological tissues, these
materials have the potential to redefine implantable
technologies, offering enhanced therapeutic outcomes, reduced
incidence of revision surgeries, and greater clinical efficacy.
Future investigations must address existing challenges, such as
the limited rate of healing, reduced mechanical performance
after repeated repair cycles, and the scalability of these
materials for industrial and clinical applications. Furthermore,
elucidating the interaction between self-healing processes and
biological systems will be pivotal to ensuring safety,
compatibility, and compliance with regulatory frameworks.

The interdisciplinary synergy of materials science,
bioengineering, and translational medicine heralds a
transformative era for bio-implantable technologies. Within
this framework, self-healing materials are poised to play a
critical role in delivering resilient, adaptive, and next-
generation solutions to the multifaceted challenges of
biomedical innovation.
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