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ABSTRACT

Smart polymers represent a frontier of materials science in which macromolecular
architecture is deliberately engineered to exhibit highly specific, reversible responses to
external stimuli or to autonomously repair mechanical damage. This review consolidates and
critically analyses the state of the art across two interlocking domains: (i) self-healing
polymers whose dynamic covalent and supramolecular chemistries restore structural integrity
after damage, and (ii) stimuli-responsive polymers whose conformational transitions, phase
separations, or chemical transformations convert environmental signals into controlled
macroscopic responses. Detailed quantitative results tables covering ten representative
systems in each category are provided, together with mechanical performance benchmarking,
drug-delivery efficacy data, and synthesis/characterisation parameters. The convergence of
these two classes—dual-functional materials that both heal and respond—is identified as the
most impactful near-term direction for biomedical, aerospace, electronics, and sustainable
materials engineering.

Keywords: Smart Polymers; Self-Healing Materials; Stimuli-Responsive Polymers;
Dynamic Covalent Chemistry; Advanced Functional Materials.

1. INTRODUCTION

The concept of 'smart' or 'intelligent' materials emerged in the 1980s with shape-memory
alloys and electroactive ceramics, but it is in the polymer domain that the greatest functional
diversity and chemical tunability have been achieved. Polymers uniquely offer the ability to
integrate multiple responsive chemistries within a single macromolecular framework, to
process them into films, fibres, hydrogels, coatings, or complex 3-D architectures, and to
programme their response threshold at the molecular design stage.

Self-healing polymers draw inspiration from biological systems—skin repairs itself, bone
remodels, and vasculature self-seals—to introduce damage-reversibility into synthetic
materials. The imperative is economic and environmental as much as it is scientific: structural
components that can recover their mechanical properties after microcracking extend product
lifetimes, reduce material throughput, and decrease the embodied energy cost of replacement.
Two overarching chemical strategies exist. In extrinsic systems, healing agents are stored in
discrete reservoirs (microcapsules or vascular networks) and released upon damage to fill and
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re-bond the crack faces. In intrinsic systems, the polymer backbone or network itself carries
reversible bonds—dynamic covalent linkages such as Diels-Alder adducts, disulfides,
boronic esters, imines, or hindered urea bonds, and supramolecular interactions such as
hydrogen bonds, metal-ligand coordination, and ionic associations—that reform
autonomously or with mild thermal or photochemical activation.

Stimuli-responsive polymers, often called 'smart' or 'environment-sensitive' polymers,
undergo sharp, reversible physicochemical changes—solubility transitions, conformational
shifts, volume changes, colour changes, or conductivity switches—in response to
temperature, pH, light, electric or magnetic fields, specific analytes, or combinations thereof.
The lower critical solution temperature (LCST) behaviour of poly(N-isopropylacrylamide)
(PNIPAM), the pH-dependent ionisation of poly(acrylic acid) (PAA), the trans-cis
photoisomerisation of azobenzene moieties, and the redox-driven doping of conjugated
polymers such as polyaniline (PANI) are archetypes that have spawned enormous derivative
literatures and translational programmes.

The intersection of self-healing and stimuli-responsive functionality—materials that can both
respond to their environment and recover from damage—now defines one of the most active
frontiers in polymer science. This review surveys the chemical design principles underlying
both classes, provides comprehensive quantitative performance data organised into five
detailed tables, and evaluates the prospects for convergent dual-functional systems.

2. CHEMICAL DESIGN OF SELF-HEALING POLYMERS

2.1 Dynamic Covalent Chemistry

Dynamic covalent bonds possess the strength and directionality of conventional covalent
bonds, but can exchange partners or reform under thermodynamic control when subjected to
an appropriate stimulus. The Diels-Alder (DA) reaction between furan and maleimide groups
is the archetype, exploited since the pioneering work of Wudl and colleagues in 2002. At
ambient temperature the [4+2] cycloaddition product is thermodynamically favoured; at 100—
150°C the retro-DA equilibrium predominates, mobilising network strands that re-join upon
cooling. Efficiencies exceeding 95% are routinely reported, and the reaction is entirely
catalyst-free.

Imine (Schiff base) chemistry has attracted particular attention for hydrogel applications
because the condensation of amines and aldehydes proceeds readily at room temperature in
aqueous environments and is accelerated by mild acid. Imine-crosslinked chitosan-
polyacrylamide composites exhibit healing efficiencies above 90% within 15-30 minutes at
ambient conditions, making them highly attractive for wound dressings and tissue-
engineering scaffolds where complex processing conditions are impractical. Boronic ester
exchange in poly(borosiloxane) vitrimers proceeds via an associative mechanism—new
bonds form before old ones break—giving materials that flow at elevated temperature
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(enabling reprocessing and welding) yet behave as crosslinked solids at service temperatures.
These vitrimer networks recover tensile strength to >97% after welding at 100—-180°C.
Disulfide metathesis has been exploited in both hydrogel and elastomer contexts. Under mild
heating or UV irradiation, S-S bonds shuffle, enabling network reorganisation. The additional
biological relevance of disulfide chemistry—the intracellular glutathione (GSH)
concentration in tumour cells (~10 mM) is 100- to 1000-fold higher than in plasma—means
that disulfide-containing polymers serve simultaneously as self-healing matrices and redox-
responsive drug carriers.

2.2 Supramolecular Self-Healing Systems

Supramolecular healing relies on non-covalent interactions—hydrogen bonds, metal-ligand
coordination, hydrophobic association, and pi-pi stacking—to provide a thermodynamic
driving force for network re-formation. Because these interactions are intrinsically reversible,
healing often proceeds at room temperature without any external trigger, albeit sometimes
slowly. Ureidopyrimidinone (UPy)-functionalised polymers use quadruple hydrogen bonding
arrays (DDAA, association constant Ka ~6x107 M™' in CHCIl:) to assemble supramolecular
networks with rubber-like mechanical properties and excellent room-temperature self-
healing. Zinc-terpyridine coordination in polyisobutylene-based networks provides both
healing and electrical self-recovery, enabling applications in electronic skin and stretchable
conductors.

Healing efficiencies and timescales span orders of magnitude across these systems. Imine-
bond hydrogels heal within minutes; UPy elastomers typically require 2—6 hours for full
recovery; DA thermosets need 1-2 hours at 120-150°C. Table 1 (below) provides a
comparative quantitative summary of ten representative self-healing polymer systems,
including healing efficiency, healing temperature, recovery time, and tensile strength

restoration.
Table 1: Comparative Performance of Self-Healing Polymer Systems
Polymer System  Healing Healing Healing Heali Tensile Key
Mechanism Efficien Temperat ng Strengt Applicati
cy (%)  ure(°C) Time h on
(h) Recove
ry (%)
Polyurethane (PU) Reversible 95-98 120-150 1-2 93-96  Structural
with  Diels-Alder [4+2] coatings,
bonds cycloaddition flexible
electronic
S
Epoxy with = Microencapsul = 75-90 25 (RT) 12-24 70-85  Aerospac
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microcapsule ated DCPD / e
healing agent Grubbs catalyst composite
structures
Poly(dimethylsilox Hydrogen 85-92 25-60 0.5-2 8892  Soft
ane) — PDMS bonding / robotics,
network silanol wearable
condensation sensors
Polystyrene  with = Quadruple 8088 40-60 2-6 78-85 Self-
UPy motifs hydrogen healing
bonding (UPy) adhesives
, coatings
Chitosan- Imine bond 90-97 25 (RT) 0.25- 89-95  Biomedic
polyacrylamide reformation 1 al
hydrogel (Schiff base) hydrogels
, wound
dressings
Polyimine Dynamic 88-95 80-100 1-3 85-93  Recyclabl
thermoset network ~ covalent imine e
exchange thermoset
s, SMP
actuators
Nafion  ionomer Ionic  cluster 70-82 80-130 3-8 75-82  Fuel cell
membranes reorganization membran
es, ion
exchange
Poly(borosiloxane) B-O bond 92-98 100-180 0.54 90-97  Shape-
vitrimers exchange memory
(boronic ester) actuators,
adhesives
PIB-based Metal-ligand 78-88 25 (RT) 14 75-87  Stretchabl
supramolecular coordination e
elastomer (Zn- conductor
terpyridine) s, e-skin
PVDF Dipole 82-90 60-80 2-5 80-88  Energy
piezoelectric self- realignment + harvestin
healing film H-bond g, piezo
recovery Sensors
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3. CHEMICAL DESIGN OF STIMULI-RESPONSIVE POLYMERS

3.1 Thermoresponsive Polymers

PNIPAM remains the most extensively studied thermoresponsive polymer, owing to the
convenient proximity of its LCST (~32°C) to physiological temperature. The LCST arises
from the balance between entropic hydration (the isopropyl groups structure surrounding
water) and enthalpic amide hydration; above the LCST, the entropic penalty of hydration is
overcome and the chain collapses, expelling water. The LCST is tunable across 20—45°C by
copolymerisation with hydrophilic (acrylamide, raising LCST) or hydrophobic (acrylic acid,
lowering LCST at high pH) comonomers. Shape-memory polyurethanes (SMPUs) are
thermoresponsive by a different mechanism: their hard-segment domains act as physical
crosslinks while the soft-segment glass or melt transition (Ttrans = 35-65°C) provides the
shape-memory switch. A deformed shape is fixed by cooling below Ttrans; recovery occurs
upon reheating, with shape fixity ratios (Rf) typically 90-99% and shape recovery ratios (Rr)
of 85-98%.

3.2 pH-Responsive Polymers

Weak polyelectrolytes such as PAA (pKa ~4.5) and poly(2-vinylpyridine) (P2VP, pKa ~3.5)
undergo dramatic conformational changes across their ionisation thresholds. PAA swells
enormously above pH 5 as -COOH groups ionise to -COO~, generating osmotic pressure and
electrostatic repulsion that drives chain expansion. The swelling ratio of PAA hydrogels can
exceed 100:1 (swollen:dry) at pH 7 versus pH 2. The kinetics of pH response depend on
buffer capacity and gel geometry; thin films respond within seconds, while millimetre-scale
beads may take minutes. Chitosan (pKa ~6.5) provides the cationic counterpart, protonating
below pH 6 to generate swollen, mucoadhesive hydrogels suitable for gastrointestinal drug
delivery.

3.3 Photo-Responsive Polymers

Azobenzene chromophores undergo a reversible trans (E)-to-cis (Z) isomerisation upon UV
irradiation (365 nm), with thermally driven or visible-light-driven (450-500 nm) reversion.
The geometric change (end-to-end distance decreases ~3.5 A; dipole moment increases from
0 to ~3 D) is amplified by cooperative effects in liquid-crystalline polymer networks to drive
macroscopic bending, surface relief, or volume changes. Spiropyran derivatives are
photochromic switches that interconvert between a neutral closed form (SP) and a highly
polar, zwitterionic merocyanine (MC) form upon UV irradiation, reversibly shifting their
LCST when incorporated into thermoresponsive copolymers by up to 15°C—enabling dual
light/temperature-gated release systems with steep selectivity.

3.4 Magnetic and Electroresponsive Polymers

Superparamagnetic iron oxide nanoparticles (Fe304, SPION) embedded in polymer
hydrogels enable actuation, directed motion, and remote heating under alternating magnetic
fields (AMF). The specific absorption rate (SAR) of oleic-acid-coated Fe304 nanoparticles is
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typically 100-500 W/g at clinically relevant field strengths (H = 20-50 mT, f = 100400
kHz), generating local temperature rises of 5—15°C within the gel. This hyperthermia can
trigger the LCST transition of embedded PNIPAM, releasing cargo at the tumour site with
spatial specificity not achievable by systemic administration. Electroactive conjugated
polymers (PANI, PEDOT:PSS) switch between reduced and oxidised states at modest applied
potentials (£0.5-1.0 V vs. Ag/AgCl), changing colour (electrochromism), conductivity, and
volume simultaneously.

Table 2: Stimuli-Responsive Polymer Systems — Mechanism and Performance
Summary
Polymer Stimulus Response Response Transit Reversib Applicati
Type Mechanism Time ion ility on
Param Domain
eter
Poly(N- Thermo LCST phase Seconds— LCST  Fully Drug
isopropylacryl transition minutes  =32°C reversibl delivery,
amide) — (coil-to- e tissue
PNIPAM globule) engineerin
g scaffolds
Poly(acrylic pH Ionization of - Minutes  pKa Fully pH-
acid) — PAA COOH; ~4.5—  reversibl  triggered
swelling/desw 5.0 e drug
elling release,
sensors
Azobenzene-  Photo trans-cis Milliseco 365 nm Reversibl Optical
functionalized = (UV/Vis) isomerization  nds (UV) / e (fatigue actuators,
PEG of azo group 450 nm after light-gated
(Vis) ~1000 membrane
cycles) S
Fe304/PEG Magnetic ~ Nanoparticle Seconds  H-field Reversibl Hyperther
magnetic field heat > 30 e mia
hydrogel generation mT therapy,
(hysteresis) remote
actuation
Polyaniline Electroche = Doping/de- Milliseco = +0.5— Partially  Electrochr
(PANI) /" mical doping; chain nds— 1.0V reversibl omic
PEDOT (redox) conformation  seconds  vs e displays,
change Ag/Ag actuators
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Cl
PNIPAM-co-  Dual: LCST shift Seconds— LCST  Reversibl Logic-
spiropyran thermo + upon SP-ME minutes  tunable e gated drug
photo isomerization 25— delivery
40°C
Boronic acid- Glucose Boronate ester Minutes  [Glc] = Reversibl Insulin
functionalized  (bio) formation,; 1-20 e delivery,
PDMAEMA volume mM glucose
change biosensors
Poly(2- pH Quaternization Minutes— pH < Fully Anti-
vinylpyridine) = solvent ; microphase hours 4.0 reversibl  fouling
- P2VP separation e coatings,
nanovalve
]
Shape- Thermo Glassy-to- Seconds— Ttrans  One-way Biomedica
memory (heat) rubbery minutes = 35— (two-way 1 stents,
polyurethane transition; 65°C with deployabl
(SMPU) entropy spring bilayer) e
structures
Redox- Redox Disulfide bond Minutes  [GSH]  Reversibl Tumor-
responsive (GSH) cleavage/refor = 2-10 e targeted
disulfide PEG- mation mM (oxidativ = drug
hydrogel e release
condition
s)

4. MECHANICAL PERFORMANCE BENCHMARKING

The mechanical properties of smart polymers span an extraordinary range—from ultrasoft
hydrogels with moduli of 10 Pa to rigid epoxy composites at 3.5 GPa—reflecting the
diversity of network architectures and the functional requirements of their target applications.
A critical challenge is that the very features enabling smart behaviour—reversible bonds,
mobile network strands, plasticising water content—often compromise mechanical
performance relative to conventional thermoset analogues. Engineering strategies to address
this tension include dual-network architectures (where a sacrificial interpenetrating network
dissipates energy while the primary network maintains topology), nano-reinforcement with
graphene oxide, carbon nanotubes, or clay platelets, and hierarchical crosslinking that places
reversible bonds selectively at the chain-end level while retaining covalent mid-chain

connectivity.
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For self-healing networks, a key metric is the preservation of toughness (area under stress-
strain curve) rather than modulus alone, since toughness determines resistance to crack
propagation. DA-crosslinked PU elastomers after thermal healing restore 12-38 MJ/m?
toughness (93-96% of virgin value) and survive over 1000 fatigue cycles—performance
competitive with many non-healing elastomers. Hydrogel systems, while mechanically much
softer (modulus 0.001-0.15 MPa), can achieve elongations of 2000% and toughness values of
1-10 MJ/m? through topological entanglement and sacrificial bond dissipation, making them

attractive for flexible bioelectronics and wearable sensors despite their low absolute strength.
Table 3: Mechanical Performance Data for Smart Polymer Systems

Polymer
System

DA-
crosslinked
PU elastomer

Microcapsule

epoxy
composite

UPy-
functionalize
d PDMS

Chitosan-
PAM

hydrogel

Polyimine
vitrimer

SMPU shape-
memory film
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Young's
Modulu
s (MPa)
18-45

2800—

3500

0.5-2.0

0.02—
0.15

1200—
2500

1-200
(T-dep.)

Tensile
Strengt
h (MPa)
822

55-70

1.54.0

0.1-0.8

30-60

15-80

Elongatio
n at Break s (MJ/m?3)

(%)
350-600

2-5

600-1500

800-2000

100-800

WWW.ijrt.or:

Toughnes

12-38

0.8-2.5

5-25

1.5-6.0

5-50

Cycles to
Failure

>1000

(post-
healing)

Single
healing
event

>500

N/A
(hydrogel)

>5
reprocessin
g cycles

>200 shape
cycles

Notes

Healing at
120°C
restores
>95%
toughness
Limited to
one healing
cycle per
locus
Superior
stretchability
; RT healing
in 30 min
Rapid
healing <15
min;
excellent
biocompat.
Fully
recyclable;
weld-
repairable
Modulus
drops  100x
across Ttrans
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PNIPAM 0.001- 0.02-0.1  200-600 0.5-3 >100 Modulus
hydrogel 0.01 swelling increases
(swollen) cycles 10x  above
LCST
Fe304-PEG  0.005- 0.05-0.3  400-900 1-8 >50 Remote
magnetic 0.05 actuation control;  5—
hydrogel cycles 15°C heating
under AMF
Boronic-acid = 0.01— 0.03-0.2  300-700 0.3-5 >200 Volume
PAM glucose 0.08 response change
gel cycles ~300% at
physiologica
1 [Glc]
Disulfide 0.008— 0.04— 200-500 0.2-4 >30 redox GSH-
PEG 0.06 0.25 cycles responsive
hydrogel cargo release
>85%
efficiency
5. STIMULI-RESPONSIVE DRUG DELIVERY — QUANTITATIVE
PERFORMANCE

Controlled drug delivery is arguably the most mature application domain for stimuli-
responsive polymers, with PNIPAM-based systems first demonstrated as thermally controlled
drug depots in the 1980s and pH-sensitive hydrogels used in enteric-coated oral formulations
for decades. The current frontier centres on multi-stimuli-responsive systems that exploit the
unique chemistry of the tumour microenvironment (TME)—mildly acidic pH (5.5-6.5 in
lysosomes, 6.5—7.0 extracellularly), elevated GSH concentrations, overexpressed enzymes
such as cathepsin B and matrix metalloproteinases, and locally elevated temperature
following photothermal or magnetic hyperthermia treatment—to achieve triggered release
with high spatial and temporal selectivity.

Loading efficiency is determined by the affinity of the drug for the polymer matrix
(hydrophobic pockets, electrostatic interactions, covalent prodrug linkages), while release
efficiency is governed by the magnitude and kinetics of the polymer phase transition or bond
cleavage event. Covalent prodrug approaches (e.g., CPT-imine conjugates, DOX-hydrazone
linkages) achieve near-quantitative loading but require bond hydrolysis for release; non-
covalent encapsulation in micelles or vesicles offers faster release kinetics but may suffer
from premature leakage during circulation. Dual-responsive systems combining pH and
redox stimuli consistently achieve the highest release efficiencies (90-97%) under TME

conditions while maintaining excellent retention at physiological conditions, with reported
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co-delivery of chemotherapy agents and siRNA enabling synergistic gene-silencing and
cytotoxic effects.
Table 4: Drug Delivery Performance of Stimuli-Responsive Polymer Nanocarriers
Carrier Stimulus Drug Loadin Release In vitro Application
System Loaded g Trigger Cytotoxic

Efficien Efficien ity (IC50)

cy (%) ey (%)

PNIPAM Temperat Doxorubic 78-88 82-91 2.3-4.1 Hyperthermia-
microgel ure in (DOX) (at ug/mL triggered tumor
(core-shell) 42°C) therapy
PAA /" pH Curcumin  65-80 75-88 8.5-12 Oral colon
chitosan pH- (pH5.0)  pg/mL cancer delivery
responsive
nanoparticles
Azobenzene-  NIR (2- 5- 55-72 70-85 3.8-6.2 Photodynamic
PEG vesicles  photon) Fluorourac (irradiati  pg/mL cancer therapy
il (5-FU) on 5
min)
Disulfide- GSH Paclitaxel = 80-92 88-96 1.2-2.8 Intracellular
crosslinked (redox) (PTX) (10 mM pg/mL tumor drug
PLGA GSH) release
nanocapsules
Boronic acid Glucose  Insulin 60-75 65-82 Non-toxic = Closed-loop
PEG-b-PAM (at 10 (>200 insulin delivery
micelles mM pug/mL) system
Glc)
Fe304@PNIP Magnetic Gemcitabi = 70-83 8694 2.1-3.5 Pancreatic
AM magneto- + ne (dual pg/mL cancer
thermal gel Thermal trigger) combinatorial
therapy
Polyimine pH + Camptothe 72-85 79-90 1.8-3.9 Tumor
prodrug enzyme cin (CPT) (tumor pg/mL microenvironm
hydrogel micro- ent-targeted
env.) delivery
Spiropyran- UV/Vis Rhodamin = 50-68 72-84 Non-toxic = On-demand
PEG light e B (UV 365 (>500 topical  drug
photoswitch (model) nm) pg/mL) release
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vesicle

P(NIPAM-co- pH + Methotrex 6879 80-92 3.2-5.8 Synergistic
AA) dual- Temperat ate (MTX) (pH 5.5, pg/mL chemo-thermal
responsive ure 42°C) tumor therapy
hydrogel

Redox/pH GSH + Doxorubic 74-88 90-97 1.5-2.9 Combination
dual-sensitive  pH in + (drug) / (lysoso  ug/mL chemo-gene
amphiphilic siRNA 60-75 mal therapy
copolymer (co- (siRNA) conditio

delivery) ns)
6. SYNTHESIS ROUTES AND PHYSICOCHEMICAL CHARACTERISATION
The controlled synthesis of stimuli-responsive and self-healing polymers exploits the full
toolkit of modern polymer chemistry. Reversible-deactivation radical polymerisation (RDRP)
methods—particularly RAFT (reversible addition-fragmentation chain transfer) and ATRP
(atom transfer radical polymerisation)—are the methods of choice for preparing well-defined,
narrow-dispersity (P < 1.2) thermoresponsive and photoresponsive polymers such as
PNIPAM and azobenzene-PEG. The narrow dispersity is critical because chain-length
polydispersity broadens the LCST transition and reduces the sharpness of the response.
Step-growth and condensation approaches dominate the synthesis of dynamic covalent
networks (DA-crosslinked PU, polyimine vitrimers), where molecular weight control is less
critical than stoichiometric balance of functional groups. Post-polymerisation modification
enables installation of responsive motifs (spiropyran, boronic acid, metal-chelating
terpyridine) onto pre-formed polymer backbones, leveraging the tunability of chain
composition without requiring the synthesis of novel monomers. Magnetic nanocomposite
hydrogels are typically prepared by precipitation polymerisation of NIPAM onto oleic-acid-
stabilised Fe304 seeds, yielding core-shell particles of 100250 nm with controllable shell
thickness and hence controllable SAR.
Characterisation of smart polymer systems requires a multi-technique approach. FTIR and
Raman spectroscopy track bond formation and breakage (DA adduct formation at 700 cm™,
imine stretching at 1640 cm™, S-S stretching at 500 cm™). Dynamic mechanical analysis
(DMA) quantifies viscoelastic properties and the storage/loss modulus crossover (tan & peak
= Tg). Small-angle X-ray and neutron scattering (SAXS/SANS) resolve nanoscale phase
separation in block copolymer and segmented PU systems. Turbidimetry and dynamic light
scattering (DLS) measure LCST transitions and hydrodynamic radii of nanoparticles.
Oscillatory rheology (G'/G" frequency sweeps and amplitude sweeps) characterises sol-gel
transitions and network integrity.
Table 5: Synthesis Parameters and Key Characterisation Data

914
Volume 14 Issue 01 January - March 2026 www.ijrt.org


http://www.ijrt.org/

Polymer

DA-
crosslinked
PU

PNIPAM
Chitosan-
PAM
hydrogel
Polyimine
vitrimer
Azobenzene-

PEG

SMPU

Fe304@PNI
PAM

Boronic acid
PAA
hydrogel

Disulfide
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Synthesis Route

Step-growth +
DA cycloaddition
at 60°C

RAFT
polymerization
(CTA: CPADB)
Free-radical
polymerization +
Schiff
crosslinking

base

Condensation of
diamine +
dialdehyde
monomers
ATRP + post-
polymerization
azo-coupling
Two-step
prepolymer +
chain  extension
(MDI/BDO)

Precipitation
polymerization on
OA-Fe304 seeds

Copolymerization
of AAm + PBA
monomer; MBA
crosslinker

Michael addition

Mw PDI Tg/Tm
(kDa) (®) (°O)
45-120 1.6— Tg -15
22  to+20
20-80 1.05 Tg: ~130
- (dry)
1.20
Networ N/A  Tg: N/A
k (gel) (hydrate
d)
Networ N/A Tg: 80—
k 120
15-60 1.10 Tm: 52—
- 65 (PEG
1.25 block)
80-250 1.8~ Ttrans:
2.8  35-65;
Tg: -50
(soft
seg.)
Core- N/A  LCST:
shell 33-38
NP (tunable)
(~150
nm)
Networ N/A N/A
k
Networ N/A N/A

Crosslin
k
Density
(mol/m?)
800
2500

N/A
(linear)

200-
1200

1500—
4000

N/A
(amphip
hile)
500-
2000
(PU hard

seg.)

N/A
(NP)

300-
1800

400-

Key
Characterizatio
n Technique

FTIR
adduct
cm™),
rheology
DLS  (LCST),
turbidimetry,
NMR, SEC
Swelling

(DA
~700
DSC,

ratio,
rheology G'/G",

FT-IR

DMA (tan 0),
stress-relaxation,
NMR, TGA

UV-Vis  (Amax
shift), CD,
NMR, cryo-TEM
DMA, DSC,
SAXS (phase
separation),
Rf/Rr cycles
TEM, VSM,
ICP-OES,
turbidimetry,
DLS

Swelling,
equilibrium
dialysis, glucose-
binding NMR

Ellman's  assay
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7. CONVERGENT DUAL-FUNCTIONAL SMART POLYMERS

The most intellectually compelling and practically impactful direction in current smart
polymer research is the integration of self-healing capability with stimuli-responsiveness
within a single material platform. Several elegant chemical strategies have been realised.
PDMS networks functionalised with both UPy hydrogen-bonding motifs (providing room-
temperature self-healing) and azobenzene side chains (enabling photo-induced wettability
switching) demonstrate that orthogonal non-covalent interactions can coexist in a single
polymer without mutual interference. Similarly, polyimine vitrimers incorporating disulfide
linkages are simultaneously reprocessable (imine exchange, heat-triggered), self-healing at
room temperature (disulfide metathesis), and redox-responsive (GSH-triggered degradation),
making them candidates for both structural repair applications and stimuli-responsive drug
depots.

Shape-memory self-healing composites represent a particularly practical sub-class: after
mechanical damage, the shape-memory effect closes the crack faces (bringing them into
intimate contact) before chemical healing bonds reform across the interface. This 'close-then-
heal' concept, demonstrated in SMPU/DA networks, eliminates the requirement for external
clamping during healing and enables remote triggering by infrared irradiation. Healing
efficiencies in these systems reach 85-95% after a single thermal cycle at 80°C, compared to
60—75% in purely chemical (non-shape-memory) self-healing PU at the same temperature.
Magnetic self-healing hydrogels represent another convergent platform: Fe304 nanoparticles
embedded in a dynamic covalent hydrogel matrix (imine- or disulfide-crosslinked) provide
remote heating under AMF that simultaneously triggers self-healing (by thermally activating
bond exchange) and controlled drug release (by collapsing the PNIPAM coating above
LCST). This triple functionality—remote actuation, self-healing, and controlled release—in a
single injectable material is particularly attractive for minimally invasive implant
applications.

Electroactive self-healing materials based on PEDOT:PSS/polyurethane composites exhibit
recovery of both mechanical integrity (via hydrogen bonding in the PU matrix) and electrical

conductivity (via percolation network re-formation) after cutting and contact. Conductivity
916
Volume 14 Issue 01 January - March 2026 www.ijrt.org


http://www.ijrt.org/

International Journal of Research and Technology (IJRT)

International Open-Access, Peer-Reviewed, Refereed, Online Journal

ISSN (Print): 2321-7510 | ISSN (Online): 2321-7529

| An ISO 9001:2015 Certified Journal |

recovers to >90% of the original value within 30 minutes at room temperature, a critical
specification for wearable electronic skin applications where both structural failure and
conductivity loss must be autonomously repaired.

8. CURRENT CHALLENGES AND FUTURE DIRECTIONS

8.1 Speed—Strength Trade-off

A persistent tension in self-healing polymer design is the inverse relationship between healing
rate and mechanical strength. Fast-healing systems (room-temperature imine or H-bond
networks) are generally soft and viscoelastic, while strong systems (DA-crosslinked
thermosets, epoxy composites) require elevated temperatures and extended healing times.
Addressing this requires hierarchical network designs that spatially separate fast-healing
supramolecular elements (operating at interfaces) from slow-healing but mechanically
reinforcing covalent elements (operating in the bulk).

8.2 Long-Term Cycling Stability

Stimuli-responsive polymers often exhibit performance degradation over multiple stimulus
cycles due to irreversible side reactions, photodegradation of chromophores, oxidation of
conductive polymers, or mechanical fatigue of swelling networks. Systematic evaluation of
cycling stability across 100-1000 cycles, under realistic environmental conditions, is
insufficiently reported in the primary literature. Standardised protocols analogous to battery
cycling standards would greatly aid cross-study comparison.

8.3 Scalability and Processability

Many of the most chemically sophisticated smart polymers are prepared via multi-step routes
involving sensitive catalysts (Grubbs, RAFT CTAs), exotic monomers, or demanding
processing conditions (inert atmosphere, cryogenic temperatures). Translating laboratory-
scale demonstrations to commercially viable manufacturing requires simplification of
synthesis routes, development of roll-to-roll compatible processing methods, and life-cycle
analysis to ensure that the environmental benefits of extended product lifetimes outweigh the
ecological costs of complex synthesis.

8.4 Biocompatibility and Regulatory Pathway

For biomedical applications, self-healing and stimuli-responsive polymers must satisfy
stringent requirements for biocompatibility, biodegradation kinetics, immune response, and
regulatory compliance. Dynamic covalent chemistries that are benign in bulk materials may
generate reactive small-molecule by-products upon degradation. The maleimide retro-DA
product (maleimide itself) is moderately cytotoxic at elevated concentrations; spiropyran
photodegradation products require toxicological characterisation. Systematic in vivo
evaluation programmes, analogous to those established for drug-eluting stent polymers, are
required before clinical translation.
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8.5 Artificial Intelligence-Assisted Design

Machine learning approaches—particularly graph neural networks trained on polymer
property databases and generative models exploring chemical space—are beginning to
accelerate the rational design of smart polymers. Predictive models for LCST, glass transition
temperature, and healing efficiency as functions of monomer composition and crosslink
density are being developed, with the potential to reduce the number of synthetic iterations
required to hit a target performance specification from tens of experiments to two or three.
Integration of these computational tools with automated synthesis platforms represents the
most transformative near-term development opportunity in the field.

9. CONCLUSIONS

Smart polymers for self-healing and stimuli-responsive applications represent one of the most
vibrant and practically consequential areas of contemporary polymer science. The chemical
design space is exceptionally rich: dynamic covalent chemistry (DA bonds, imines,
disulfides, boronic esters, hindered ureas, oximes) and supramolecular chemistry (hydrogen
bonding, metal-ligand coordination, hydrophobic association) provide a modular toolkit for
engineering reversible bonds with tailored kinetics, thermodynamics, and stimulus selectivity.
Stimuli-responsive systems based on PNIPAM, PAA, azobenzene, magnetic nanocomposites,
and conjugated polymers convert a remarkable diversity of physical and chemical signals into
controlled macroscopic responses with high reversibility and increasingly rapid response
kinetics.

The quantitative performance data compiled in Tables 1-5 demonstrate that laboratory-scale
systems have achieved impressive benchmarks: self-healing efficiencies of 80-98%, tensile
strength recovery of 75-97%, stimuli-responsive drug release efficiencies of 65-97% under
physiologically relevant triggers, and Young's moduli spanning six orders of magnitude to
match almost any structural or biological application. The challenge for the next decade is to
maintain this functional sophistication while simultaneously achieving scalable synthesis,
long-term cycling stability, environmental sustainability, and—for biomedical systems—the
safety and biocompatibility profiles required for clinical translation.

Convergent dual-functional systems that integrate self-healing with stimuli-responsiveness—
shape-memory self-healing composites, magnetically triggered healing hydrogels,
electroactive self-healing electronic skins—exemplify the trajectory of the field toward
materials of increasing functional complexity and real-world utility. Combined with artificial
intelligence-assisted molecular design and high-throughput synthesis automation, these
convergent platforms are positioned to move from academic demonstrations toward deployed
technologies in aerospace, healthcare, sustainable infrastructure, and next-generation
electronics within the coming decade.
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