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Abstract With the development of smart materials,
stimulus-responsive self-repairing materials attract more
and more research attention. Although self-healing mate-
rials including concretes, rubbers, and hydrogels have been
extensively investigated in the past decades, novel function-
alities or properties such as shape memory, sol–gel transi-
tion, adhesion, anti-biofouling, and electronic/magnetic
property have been introduced to self-repairing systems in
recent years in order to broaden the scope of their applica-
tions in energy, drug delivery, tissue adhesion, cell culture,
etc. In this paper, we first present an overview of the gen-
eral strategies to prepare self-healing materials and the char-
acterization methods to assess their healing performance.
Then, we mainly focus on reviewing recent progress in
novel self-healing materials possessing unique functionali-
ties and their potential applications in biomedical engineer-
ing. Finally, the challenges and scope for future develop-
ment are also discussed.
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1 Introduction

As the degradation, damage, and deformation of traditional
materials is an unavoidable process, a new class of materials
with autonomic structure/functionality recovery are highly
demanded in various applications. In the past decades, spon-
taneous healing of wound or injury in biological systems in-
spired researchers to develop synthetic materials able tomimic
such elegant self-recovery process after damage. Up to date,
numerous self-healing synthetic materials have been devel-
oped with the advancements of novel synthetic technologies,
thus introducing a new chapter into material applications.

Self-healing materials have been used by Ancient
Egyptians, Indians, and Romans for building purposes; how-
ever, insightful understanding of the self-recovery mechanism
and rationale design of self-healingmaterials remained elusive
until the end of the 1990s [1, 2]. Since then, there have been
numerous self-healing materials developed, which could be
simply classified into either extrinsic or intrinsic self-healing
materials based on the resource of self-recovery. In general,
structure and functionality recovery of extrinsic self-healing
materials after being damaged heavily relies on the release and
reaction of sequestered healing agents in the damaged region
[3, 4]. Based on different approaches to realize the sequestra-
tion of healing agents, singular or multiple local self-healing
performance could be observed. For example, capsule-based
sequestration methods lead to singular local healing event due
to the depletion of healing agents after one-time damage,
while multiple healing events could occur based on vascular
sequestration of healing agents as replenishment from the net-
work or external supply is allowed. Different from extrinsic
self-healing materials, inherent reversibility of bonding in the
material’s matrix typically accounts for the healing
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performances in intrinsic self-healing materials; thus, repeti-
tive local self-healing performance can be achieved without
healing agents. Reversible non-covalent interactions and dy-
namic covalent bonds are the two most common self-healing
strategies employed in intrinsic self-healing materials
(Table 1). Reversible physical interactions such as hydrogen
bonds, hydrophobic interactions, ionic interactions, π–π
stacking, and host–guest interactions have been used to play
the major role in the stimulus-responsive healing process of
self-healable rubber, film, and hydrogels [11, 26, 33, 35–47].
Compared to non-covalent interactions, relatively strong dy-
namic covalent bonds introduce both structural stability and
higher mechanical strength into intrinsic self-healing mate-
rials. For this reason, acylhydrazone bonds, imine bonds, di-
sulfide bonds, and urea bonds have been introduced into poly-
mers for self-recovery after damage [23–25, 31, 48–51].

In recent years, smart materials possessing stimulus-
responsive property further boosted the research wave of
self-healing materials. With the capability to respond to cer-
tain external stimuli, rationally designed smart materials with
self-healing properties hold great potential for applications in
the fields of which specific environmental conditions are in-
evitable. For example, low pH-stimulated self-repairing mate-
rials are desired for tissue adhesion in the stomach which
contains corrosive acid solution for digestion [37, 52]. In ad-
dition, stimulus-responsive properties bring other functionali-
ties into the same system beyond self-healing function, broad-
ening the scope of applications in which multiple functional-
ities are required simultaneously.

We have witnessed that functional self-healing materials
have been becoming the new trend in material design and
development in the past decade. Recently, there are several
excellent reviews on the topic of self-healing materials (in-
cluding rubbers, hydrogels, metals, and polymers) in terms
of healing strategies and mechanisms [53–56]. However,
functionalities, other than self-healing, were barely reviewed
and discussed. The purpose of this review is to introduce nov-
el self-healing materials with other unique functionalities and
their potential applications in biomedical engineering. This
review article starts with a brief presentation of the general
strategies to prepare self-healing materials and the characteri-
zation methods to assess self-healing performance in Sect. 2.
Then, it concentrates on a number of unique functional self-
healing materials in Sect. 3 and their potential applications in
biomedical fields in Sect. 4. Finally, this review is closed with
the discussion on current challenges and the future perspective
for the development of functional self-healing materials.

2 Assessment of self-healing performance

The self-healing process includes both structure and function-
ality healing. Qualitative evaluation of self-repairing is usually

through observation of structure recovery which is the first
step in assessing self-healing performance. Multiple advanced
characterization techniques employing optical microscope, la-
ser microscope, scanning electron microscope (SEM), and
atomic force microscope (AFM) have been utilized to record
the healing process of structure [14, 21, 37, 41, 57–60].
Disappearance of the damage or coalescence of the cutting
surface is frequently used as a general criterion to validate
the occurrence of self-recovery. Due to different healing abil-
ities, various degrees of structure recovery are observed.
However, it is difficult to quantitatively determine the healing
extent by optical observation.

To quantitatively evaluate the self-healing performance,
the first step is to choose a desired property of function. It
is worth noting that self-healing does not simply mean the
restoration of all properties or functions to the original
level. It is similar as what is observed in biological sys-
tems; sometimes, a scar is left after spontaneous healing of
a wound [61]. Furthermore, restoration of each functional-
ity may differ in degree. Thus, before quantitative evalua-
tion of the self-healing extent, a certain property or func-
tion needs to be designated first. The healing efficiency of
the self-healing material can be obtained by comparing the
difference between original and healed materials, as the
percent value indicates the extent of property restoration.
Up to date, mechanical properties such as tensile strength
and rheological property are mostly used to represent a
certain function in the calculation of the healing efficiency.
Thus, either a tensile test or a rheological measurement was
widely accepted as the characterization method to quantify
the healing extent in the literature reports. Healing efficien-
cy relying on a tensile test can be defined as the ratio of the
stress of the healed and original material [52, 62]. This
method is more suitable for self-healing materials which
are able to stand the stress of clamps [7, 63, 64].
Rheological measurement is also widely used to investi-
gate the internal recovery of materials from 3D versions.
Damage of material is initiated by a large strain, while the
recovery of both storage modulus (G′) and loss modulus (G
″) is recorded [34, 38, 65]. By comparing the stabilized
modulus to its original value before deformation, the
healing extent is obtained. Such characterization method
is more applicable for soft materials which can be
destructed by a large strain.

3 Functional self-healing materials

Based on the functionality, the self-healing materials can pos-
sess different properties including electronic/magnetic proper-
ties, adhesion, fluorescence, sol–gel transition, pH sensitivity,
light sensitivity, and shape memory, which will be discussed
in detail in the subsequent section.
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Table 1 Non-covalent interactions and dynamic covalent bonds used in intrinsic self-healing materials and the corresponding healing efficiency
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Table 1 (continued)

Dynamic 

covalent 

bonds

Acylhydrazone 

bonds

Bis-acyhydrozine 

functionalized 

PEO[45]

- -

Aldehyde-

terminated 3-armed 

PEO and 

Dithiodipropionic 

acid 

dehydrazide[23]

Acidic or 

neutral

conditions

~70%

Acylhydrazone 

monomer 

copolymerized with 

HEMA or with 

TEGMEMA[28]

100-150 
o
C ~100%

Imine bonds

BSA and 

glutaraldehyde[22]

glucose 100%

DF-PEG and 

functional 

chitosan[9,46]

- ~100%

Disulfide bonds

TDS diol and 

tetraethyl TDS[47]

Visible 

light

~90%

Poly(urea-urethane) 

elastomer[48]

- 97%

Thiol-disulfide 

exchange

T25, MDA/ 

PTM+DMAPA/

PTM2+DMAPA[49]

60
o
C 16-99%

Urea bonds

Poly(urethane-urea)s 

with hindered urea 

bonds[24]

37 
o
C 30-87%

Diels-Alder 

Reactions

CDTE and Cp[50] >70 
o
C 96-106%

PTMEG-BF and 

PPDO-BF[18]

125-150
o
C -

Dextran-l-

poly(ethylene 

glycol) 

hydrogels[51]

37 
o
C 98.7%
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3.1 Self-healing materials with electronic/magnetic
properties

Electrical properties are generally required for the components
of most electronic devices to support their normal operation.
Failure of key components may lead to eventual dysfunction of
electronic devices. Thus, self-healing materials with electronic
conducting properties, serving as the self-recovery compo-
nents, could bring a new concept to elongate the lifetime of
electrical devices, which are especially important for implanted
medical devices and electronic skin. Consequently, it stimu-
lates the research in the design and development of conducting
self-healing materials. Recently, a neural compatible
graphene–poly(N,N-dimethylacrylamide) (PDMAA) hydrogel
with high conductivity and low impedance was fabricated by
Hou et al. [66]. Self-healing of the conducting hydrogel was
trigged by a thermal stimulus, thus re-establishing the equilib-
rium of disrupted hydrogen bonding between PDMMA chains
and graphene walls. Sixty percent of initial electrical conduc-
tivity was restored via healing at 37 °C over a period of 12 h.
Near-infrared laser was also used as photothermal stimulus to
initiate the recovery of the developed material, and healing was
observed after 2 h by maintaining the temperature of the laser
spot below 50 °C. Moreover, self-healing stretchable (SHS)
wires with metallic conductivity were fabricated [67]. Liquid
metal–eutectic gall ium indium was injected into
microchannels composed of the self-healing polymer
Reverlink® to form stretchable conducting wires. After being
broken completely and realigned in sequence, reintegration of
liquid metal within the self-healing microchannels leads to the
recovery of its conductivity (Fig. 1). The results show that both
mechanical and electrical properties were restored simulta-
neously. Although the resistance increased slightly after the
healing process and only 40% of its original tensile strain
was recovered, the friendly healing process occurred within
10 min at ambient conditions, which is impressive. The self-
healing conducting materials provide potential substitutes for
conventional electronic components with an improved durabil-
ity and lifespan and also offer the opportunity for the develop-
ment of stretchable electronic devices with self-healing prop-
erties [68, 69].

Furthermore, capacitors with self-healing properties were
also developed. A mechanically and electrically self-recovery
supercapacitor was created by spreading single-walled carbon
nanotube (SWCNT) films onto a self-healing substrate
(Fig. 2) [70]. The self-healing substrate was synthesized via
cross-links between a large amount of hydrogen bond accep-
tors (urea and DETA) and donors (Empol 1016, 80 wt% di-
acids and 16% triacids) with TiO2 nanoflowers [70–72].
Hydrogen bonds in the supramolecular network are also re-
sponsible for the self-healing property of the as-developed
capacitor. After the damage by cutting, the recovery of self-
healing substrate helps the broken SWCNT film to contact

again. Thus, both configuration and conductivity of the capac-
itor were restored. Up to 85.7% capacitance can be restored
after cutting five times. A similar strategy was utilized to pre-
pare self-recovery anodes for rechargeable batteries in order to
expand the lifetime of batteries. Self-healing polymers formed
via hydrogen bonds which were used to coat lithiated silicon
microparticles (SiMP), serving as high-capacity electrodes
[73]. Over 80% retention of initial capacity was achieved for
the self-healed SiMP electrodes after 90 cycles of charging–
discharging, which is more than ten times durable than other
SiMP electrodes (< 9 cycles). These results indicate that spon-
taneous healing of the developed novel capacitor material not
only expands the lifetime of the electrodes but also retains the
electrical performance of the battery.

Besides aforementioned self-healing materials possessing
electronic properties, magnetic self-healing materials were al-
so designed and synthesized. It was recently reported that
magnetic Fe3O4 nanoparticles with a carboxyl group on its
surface were immobilized in chitosan and then formed hydro-
gel with telechelic difunctional poly(ethylene glycol) (DF-
PEG) via imine bonds [27]. The self-healing performance of
the hydrogel relied on the dynamic equilibrium of the bond
breaking and reforming in the damaged region. Autonomous
recovery of the hydrogel was obtained within 60 s at room
temperature with 100% restoration of the storage modulus.
The self-healing process of the damaged hydrogel pieces
could also be triggered by a magnet due to the induced mag-
netic force in the hydrogel. Shape transformation was also
observed when the hydrogel was driven with a magnet to pass
through a channel with a built-in obstacle. These results imply
the possibility of remotely controlling the self-healing and
functionality of magnetic self-healing materials.

3.2 Self-healing materials with shape memory properties

To completely restore the mechanical performance is a big
challenge in the design of self-healing materials. The purpose
of utilizing intrinsic reversible chemical bonds or physical
interactions for self-healing performance seems to be contra-
dictory with the effort of maintaining structural and mechan-
ical strength of the material simultaneously. This is one of the
major hurdles which may impede the application of self-
healing materials in a stress-bearing area. To address this chal-
lenge, shape memory moieties were introduced into self-
healing systems to increase their mechanical performance.
Thus, it may open a door for self-healing materials with shape
memory properties in the design of novel biomaterials for
potential prosthetics and orthotics applications. Recently, a
self-healing poly(acrylic acid) (PAAc) hydrogel with en-
hanced mechanical strength in terms of shape memory behav-
ior was reported [74]. The supramolecular polymer network is
formed using hydrophobically modified PAAc with opposite-
ly charged cetyltrimethylammonium (CTA) via hydrophobic
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and electrostatic interactions. Different from self-healing
hydrogels which were formed only through hydrophobic in-
teraction [9], its self-healing behavior still maintained in water
due to the electrostatical entrapment of surfactant alkyl chains
in the network. Healing efficiency of the hydrogel can be
accelerated by heating, treatment of acid, or an addition of
surfactant solution. Nearly 100% recovery could be achieved.
In addition, the hydrogel exhibits 100% shape recovery and
the recovery time could be shortened from 1 min to 10 s by
increasing the temperature from 25 to 70 °C. Adapting a dif-
ferent strategy, a supramolecular hydrogel possessing both
self-healing and shape memory was also reported via host–
guest interactions (Fig. 3) [16]. One host β-cyclodextrin
(βCD) and two kinds of guest moieties adamantine (Ad) and
ferrocene (Fc) were immobilized to the backbone of the hy-
drogel, responsible for its self-healing performance. Under
wet conditions in the presence of an oxidizing agent, coales-
cence of the cut hydrogel pieces was observed after 3 h. The
extent of self-healing relied on the amounts of host–guest
moieties as well as the recovery time. Up to 68% recovery
was obtained after 72 h. Shape memory behavior of the hy-
drogel was also observed after the repetitive oxidation–reduc-
tion treatment cycle. Without such treatment, no shape-
morphing occurred. The oxidant-sensitive Fc guest moieties
are responsible for this stimulus-responsive shape memory
effect. The high hydrophilicity of oxidized Fc moieties led
to their exclusion from the cavity of βCD. Under the reducing
state, those free guest moieties reformed inclusion with the
host moieties, thus resulting in the shape memory behavior.

Shape memory function is also used to improve the self-
healing performance of materials, which is termed as shape
memory assisted self-healing (SMASH) materials. The self-
recovery of SMASH materials is initiated with the shape re-
covery to drive the cracks closer, and then the healing process
takes place in the damaged region. Shape memory alloy, poly-
mer fibers, and bulk shape memory material are used in the
design of SMASH materials. As shape memory fibers aligned
perpendicular to the crack surfaces have the highest crack
closing efficiency, alignment of fibers in three dimensions
would improve recovery performance than in one dimension.
Short shape memory polyurethane fibers were used and dis-
persed in epoxy with caprolactone-derived thermoplastic par-
ticles to form SMASH material by Li and co-workers [75].
Short shape memory polymer fibers enable 3-D alignment for
the unpredictable direction of the cracks. However, self-
healing of these materials requires specific orientation of the
shape memory alloys or polymer fibers to the cracks, which
still limits their practical applications. Thermoplastic moieties
were also dispersed into bulk shape memory materials.
Rodriguez et al. prepared SMASH polymers by entrapping
self-healing thermoplastic agents (linear poly(ε-caprolactone)
(l-PCL)) into a shape memory cross-linked poly(ε-
caprolactone) network (n-PCL) [76]. Upon heating, shape re-
covery of n-PCL brought cracks closer to each other and then
the diffusion of l-PCL chains crossing the cracks led to re-
bonding of the cracks. Complete healing could be obtained
with over 25 wt% l-PCL in the material. The same strategy
was also used to prepare self-healing coatings by

Fig. 1 a Schematics illustrating the disconnection and reconnection of a
simple electronic circuit using a self-healing wire. A SHS wire is pictured
in the inset (ii). The reconnected wires were misaligned on purpose to
clearly identify the cut after self-healing in the inset (iii) and show that
only the eGain channel has to be aligned to restore electrical conductivity.
b Variation of the resistance of SHS wires during connection/

disconnection/reconnection experiments. The error bars indicate the var-
iability across three sets of measurements. c Mechanical characterization
of a SHS wire (a slab of Reverlink® polymer with an embedded
microchannel) before cut (black line) and after self-healing (red squares).
(Reprinted with permission from [60]. Copyright 2013, Wiley-VCH.)

Adv Compos Hybrid Mater (2018) 1:94–113 99



electrospinning thermoplastic poly(ε-caprolactone) (PCL) fi-
bers into a shape memory epoxy matrix [77]. As shown in
Fig. 4, cracks on this corrosion-resistant coating closed and
re-sealed after 10 min of heating at 80 °C and no rust was
formed on the coated metal.

3.3 Self-healing materials with sol–gel transition
properties

Hydrogels are three-dimensional matrixes with high water
content, which typically possess tissue-like physical and me-
chanical properties [78, 79]. Due to their high biocompatibil-
ity, they are widely used in biomedical and pharmaceutical
applications such as tissue engineering, drug delivery, and cell
encapsulation/immobilization. Reversible sol–gel transition
property stimulated by changes in environmental conditions
is one of the properties enabling the integration of water-
soluble drugs (or cells) and hydrogel precursors through sim-
ple solution mixing followed by sol–gel transition. In the de-
sign of some self-healing hydrogels, this property was
remained for potential programming of hydrogels via
stimulus-responsive sol–gel transition. Recently, pH-induced

metal ligand-based self-healing hydrogels with sol–gel transi-
tion function were reported. Inspired by mussels, this type of
hydrogel was designed to mimic the self-repairing mechanism
of the creature through which they can survive in mutable
destructive conditions under the sea [39, 80]. 3,4-
Dihydroxyphenylalanine (DOPA) is a catechol-like amino ac-
id, and it is abundant in the exposed part of mussels which also
contains abundant iron and calcium. Tomimic the self-healing
performance, DOPA-functionalized polymers were prepared
and Fe(III) was used to trigger cross-linking in conjunction
with pH changes (Fig. 5). In the presence of iron, mono-, bis-,
and tris-catechol–Fe3+ complexes formed and varied with en-
vironmental pH changes from acidic conditions to basic con-
ditions. This process is fully reversible. In this way, sol–gel
transition of the hydrogels could be manipulated by control-
ling pH. In addition, rapid self-healing performances (less
than 60 s) at room temperature without external stimulus were
also obtained. Besides mussel-inspired self-healing hydrogels,
boronate–catechol complexation-based hydrogel was also re-
ported and possessed both pH responsiveness and self-healing
functions [40]. Under the basic aqueous condition, the hydro-
gel networks are formed via formation of tetrahedral borate

Fig. 2 a The design and
manufacturing process flow of a
flexible, electrically and
mechanically self-healing
supercapacitor. The self-healing
composite is composed of hierar-
chical flower-like TiO2 nano-
structures (black spheres) and a
supramolecular network (red
wires) with a large amount of hy-
drogen bond acceptors (blue rods)
and donors (green rods), which is
then compressed under heat to
form a self-healing substrate.
CNT films are deposited on the
self-healing substrates, which are
then assembled to form the
sandwiched supercapacitors. b
Optical image of a flexible self-
healing substrate on PET sheet
after deposition of the CNT film.
c Optical image of an integrated
self-healing supercapacitor.
(Reprinted with permission from
[63]. Copyright 2014, Wiley-
VCH.)
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esters between boronic acid and catechol groups, while the
acidic condition promotes the reversible reaction, thus realiz-
ing reversible sol–gel transition.

Another strategy to prepare multi-responsive self-healing
hydrogel is to utilize the advantage of metal bonding between
amino acid-based ligand and ionic metal salt. Recently, a met-
al bonding hydrogel was fabricated by adding Zn(II) ions into
L-valine-based molecules in the presence of sodium perchlo-
rate [13]. Rapid self-recovery was observed in air at room
temperature without using any other healing agents. In addi-
tion, reversible sol–gel transition could be accomplished by
shaking, variation of the temperature or the pH, and the addi-
tion of equimolar of Zn(II). In a similar way, a self-healing
hydrogel with sol–gel transition function was prepared using
amphiphilic tyrosine derivatives and Ni2+ ions [12]. This hy-
drogel exhibited autonomous recovery upon imposed dam-
ages, and the self-healing property could be tuned by control-
ling the chain length of amphipiles. The increase of the chain
length of the amphiphiles resulted in longer healing time.
Moreover, complete recovery as rapid as 3 min and 40 s was
quantitatively validated by rheology test. In addition, sol–gel
transition of this self-healing material could be trigged by low

pH (< 7), sonication, and resting, while the reversible process
could be triggered by high pH (> 8), heating, resting, and the
presence of EDTA or EDA (Fig. 6).

Host–guest interactions were also used to prepare stimulus-
responsive sol–gel transition hydrogels with self-repairing
properties. Recently, a modified PAAc hydrogel with β-CD
and Fc as the host and guest molecule was reported by
Nakahata et al. [36]. Reversible sol–gel transition occurred
in the presence of a reductant or an oxidant. The underlying
principle is attributed to the exclusion of the oxidized guest
moieties from high hydrophobicity cavities of host molecules
and vice versa. Both chemical reagents and electrochemical
reactions can be employed to trigger sol–gel transition. Re-
adhesion between the cut surfaces of the hydrogel was ob-
served after 24 h at room temperature. Supramolecular net-
works embedding crown ether-based host–guest moieties
were also reported to fabricate this type of hydrogel [33, 81].
Sol–gel transition of this type of self-healing hydrogels can be
triggered by pH variation due to pH-dependent host–guest
interactions (Fig. 7). By inducing metal–ligand interactions
to the backbone of the hydrogel, sol–gel transitions also
responded to metallo-stimuli, thermo-stimuli, and cation
stimuli.

Moreover, dynamic covalent bonds were used to fabricate
multi-functional hydrogels with both self-repairing and re-
sponsive sol–gel transition properties. For example,
aldehyde-terminated 3-armed PEO and dithiodipropionic acid
dehydrazide were used to prepare self-healing hydrogel in the

Fig. 3 a Properties of the designed supramolecular polymeric hydrogel
with two kinds of non-covalent cross-links (βCD-Ad and βCD-Fc): self-
healing, expansion–contraction, and shape memory. bChemical structure
of the βCD-Ad-Fc gels; x, y, and z indicate the amount (mol %) of βCD-
AAm, Ad-AAm, and Fc-AAm units. c Photograph of the βCD-Ad-Fc
pAAm gel (6,3,3). (Reprinted with permission from [10]. Copyright
2015, Wiley-VCH.)

Fig. 4 Self-healed coatings. The photos of the exposed areas of damaged
and self-healed coatings after the linear sweep voltammetry testing are
shown: a 10 min and b 15 min electrospinning. The scale bar (bottom
right) represents 2 mm. (Reprinted with permission from [70]. Copyright
2013, American Chemical Society.)
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pH range of 3–9 [23]. This self-healable hydrogel, consisting
of two different dynamic covalent bonds (acylhydrazone and
disulfide bonds), was responsible for the recovery under
acidic/neutral and basic conditions, respectively. In addition,
its dual responsive sol–gel transition relied on the aforemen-
tioned two dynamic covalent bonds, endowing the hydrogel
with the pH-responsive and redox-responsive sol–gel transi-
tion property, respectively (Fig. 8). By controlling the sol–gel
stimuli, solutions containing functional drugs, active proteins/
genes, or even cells can be entrapped in a biocompatible

hydrogel matrix through simple mixing, thus providing a fac-
ile platform which may be applicable for organ repairing and
stimuli-responsive drug delivery.

3.4 Self-healing materials with optical-responsive
properties

Photo-induced self-healing via formation of new chemical
bonds or reshuffling of polymer chains across damaged re-
gions provides another elegant strategy to develop self-

Fig. 5 Fe(III)/DOPA–polyallylamine cross-linking. a Hydrogel
formation. In the top photograph, monocomplex formation is evident
(green) as a Fe(III) solution is added to the center of the DOPA–
polyallylamine solution. The middle photograph illustrates how tris-com-
plexes (red) are formed as a NaOH droplet is added in the center of the
Fe(III)/DOPA–polyallylamine solution with bis-complexes (purple/blue)
forming at the edge of the base droplet. The bottom photograph shows a

hydrogel (pH ∼ 8). b Relative fractions of mono- (green), bis- (blue), and
tris-catechol–Fe(III) complexes (red) in solutions of DOPA–
polyallylamine and FeCl3 as a function of pH with a DOPA to Fe(III)
ratio of 3:1. Note that when no standard deviation can be seen, it is smaller
than the size of the points. (Reprinted with permission from [76].
Copyright 2013, American Chemical Society.)

Fig. 6 a Chemical structures of
various amphiphiles (P1–P4). b
Pictures of glass vials containing
metallo-hydrogels obtained from
different proportions of the P3
and nickel salt (NiCl2). c Multi-
stimulus responsiveness shown
by the hydrogel obtained from P3.
d Illustration of self-healing be-
havior (i–v) shown by the
metallo-hydrogel obtained from
P3. (Reprinted with permission
from [6]. Copyright 2013, Royal
Society of Chemistry.)

102 Adv Compos Hybrid Mater (2018) 1:94–113



repairing materials [82]. One approach to recognize light-
triggered self-healing materials is to disperse immobilized
photo-reactive moieties in polymers in which photo-cross-
linking reactions are responsible for the healing of cracks.
Froimowicz et al. reported a self-healing hydrogel film by
exploiting reversible photo-induced dimerization of anthra-
cene on a dendritic polymer scaffold [83]. Recovery of the
film was observed overnight after two treatments of UV light
(254 nm as the first treatment and 366 nm as the second
treatment). In the healing process, a higher-energy UV light
was used to cleave the dimer to generate more photo-reactive
moieties and a lower-energy UV light was used to trigger the
cycloaddition of anthracene to rebuild cross-linking between
crack surfaces. Similar strategies using photo-dimerization of
coumarin derivatives were also exploited and reported [84,
85]. In brief, a photo-responsive polyurethane network con-
taining coumarin as a photo-sensitive cross-linker was first
synthesized by Ling and co-workers. The repair of the film
followed a two-step procedure, including the exposure of the
fractured surfaces to 254 nmUV light and exposure to 350 nm
UV light with fractured surfaces back in contact for 90 min,
sequentially. Multiple healings in the same area were both
qualitatively and quantitatively investigated, and the tensile
test demonstrated that the healing efficiency remained to be
56.6% after three-time repairing. The same group also pre-
pared polyurethane with dihydroxyl coumarin. The healing
principle was the same as the previous one, but a higher
healing efficiency was obtained (61% after three-time
repairing).

Another strategy for the development of light-triggered
self-healing material is to use a photo-induced metathesis re-
action to restore linkages between cracked surfaces. In this
regard, various strategies based on non-covalent interactions
or radical catalyzed conversion under UV irradiation were
reported [86, 87]. Amamoto et al. reported a self-repairing
poly(n-butyl acrylate) (PBA) based on immobilized photo-
initiator trithiocarbonate (TTC) as the first example to achieve
repeatable healing through a one-step photo-stimulus treat-
ment [88]. Under UV irradiation, a dynamic process relying
on covalently reshuffling of TTC units is responsible for the
self-healing function. The hemolysis of C–S bonds under
photo-stimuli generated radicals to react on the cracked

surfaces, and thus, repair is obtained through exchange reac-
tions at the broken surfaces. The synthesized polymer exhibits
strong self-recovery ability. Not only were repeatable coales-
cences of the cut hydrogel rods observed but also the combi-
nation of completely discrete polymer particles into one rod
was achieved. However, the self-repairing process required
UV irradiation in an acetonitrile solvent or under nitrogen
atmosphere because of the reactive intermediates of carbon
radicals, which may limit its applications. Following a similar
principle, the same group designed a self-repairing polyure-
thane which maintained a similar self-recovery performance
but under visible light by exchanging TTC units with thiuram
disulfide (TDS) units [28]. TDS units located in the main
chain allowed reshuffling reactions in air under visible light
due to their low bond dissociation energy and oxygen toler-
ance. Self-healing of the material was stabilized after 12 h
under the light source of a commercial tabletop lamp, and near
complete recovery was validated by a tensile test (Fig. 9).

Fluorescent hydrogels are another important category in
artificial soft materials, which have been widely used in the
sensing area and biological imaging [89, 90]. As photo-
stimulated luminescent self-healing supramolecular hydrogel
could bring two desired properties into one matrix, their ap-
pearance would facilitate the development of artificial soft
materials. In this regard, a hydrogel with blue fluorescence
was first fabricated by pH-induced gelation of amino acid-
based ligands [91]. Fluorescence of the hydrogel is ascribed
to the pyrene moiety of the low-molecular-weight amino acid-
containing gelator. Cross-slinking of the ligand leads to a red
shift of fluorescence emission from 417 to 485 nm, which
could be used as an indicator for gelation state. Ninety-three
percent recovery of the hydrogel was obtained via rheological
evaluation of healing efficiency within 3 min. With inclusion
of reduced graphene oxide, healing efficiency can be im-
proved to 100% within 100 s. Another kind of self-healing
hydrogel with room temperature phosphorescence (RTP) was
fabricated by Chen et al. via host–guest interactions (Fig. 10)
[17]. The RTP signals were induced by inclusion of a guest α-
bromonaphthalene (α-BrNp) moiety in a β-CD host moiety.
The RTP emission spectrum of the hydrogels showed a broad
peak in the range of 520 to 550 nm under irradiation at 365 or
254 nm. Phosphorescence glowing as long as 80 and 140 s at a

Fig. 7 a The reversible gel–sol
transition of supramolecular self-
healing gel 4 and b the degrada-
tion of self-healing gel 5 upon
adding TEA and TFA. (Reprinted
with permission from [33].
Copyright 2012, Wiley-VCH.)
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photo-stationary state after irradiation of 365 and 254 nm was
obtained, respectively. By inducing competitive guest
azobenzene polymer to the poly-BrNp/poly-β-CD assembly,
RTP signal of the hydrogel can be reversibly tuned. By inte-
grating the self-healing function with fluorescence/
luminescence property in one material, it could provide novel
substrates for wearable biosensors designs in the future.

3.5 Self-healing materials with adhesive properties

Underwater adhesion of materials to dissimilar substrates at-
tracts researchers’ attention due to its potential biological,
medical, and industrial applications [92–95]. Excellent adhe-
sion ability could be used not only as sealant for household but
also as tissue adhesives for drug delivery. However, the devel-
opment of adhesive materials remains challenging. The out-
standing underwater attachment performance of mussels in-
spires the development of biomimetic hydrogels composed of
adhesive DOPAwhich are found in abundance in the exposed
part of the mussels. DOPA-functionalized polymers were then
used to build several self-healing hydrogels with an adhesive

property via complex formation with Fe(III) which exhibited
underwater attachment to various substrates [39, 80].
However, their relatively low mechanical strength prevented
them from any practical applications. To improve the mechan-
ical properties of the hydrogel, a peptide amphiphile with
functional DOPA (DOPAK-PA) units was used as the building
block for self-repairing hydrogels with increased stiffness.
[38] Covalently cross-linked DOPAK-PA hydrogel (without
Fe(III)) was also prepared as a control, and both hydrogels
displayed a single peak in adhesion histograms recorded by
AFM. However, self-healing performance of the covalently
cross-linked DOPAK-PA hydrogel only recovered 7.1%while
77.6% recovery was observed for DOPAK-PA/Fe(III) via rhe-
ology experiments.

Inspired by the polyionic character of adhesive proteins,
self-healing materials with an adhesion property were also
fabricated using polyelectrolytes. Huang et al. reported a
unique strategy to synthesize adhesive and self-healing gels
through ionic cross-l inking between polycations
poly(allylamine) (PAH) and pyrophosphate (PPi) or
tripolyphosphate (TPP) [96]. Both PAH/PPi and PAH/TPP

Fig. 8 Sol–gel transitions of
HG1G2 and HG1G3 in response
to pH and/or redox triggers. The
concentration of all of the samples
was 20 wt%. (Reprinted with
permission from [48]. Copyright
2012, American Chemical
Society.)

Fig. 9 Photographs of TDS cross-linked polymer 4a in self-healing re-
action. a Before self-healing reaction, b after cutting cross-linked poly-
mer, and c after self-healing reaction for 24 h. d Stress–strain curve and e
elongation value at break (%) of cross-linked polymer 4a after irradiation
of visible light at room temperature over time. The plots and the error bars

show the average values and the standard deviations for five measure-
ments, respectively. The reactionwas carried out by exposing 4a to visible
light in bulk state and in air at room temperature. (Reprinted with permis-
sion from [20]. Copyright 2012, Wiley-VCH.)
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samples exhibited recovery of storage moduli to their original
values within 10–30 min and attachment to various substrate
under and above water. Most importantly, the adhesion
strength (350–450 kPa) was not affected by the hydrophobic-
ity of the substrates. The adhesive attachment was both qual-
itatively observed by adhesion of the gels on finger or glass
vials and quantitatively measured by a tensile test (Fig. 11).

Adhesion through other non-covalent interactions were al-
so exploited and studied. Different from attachment via cova-
lent polymerization and cross-linking reactions, this setting
mechanism is more appealing because of its reversible prop-
erty. Hydrogen bonding groups such as 2-ureido-4[1H]-
pyrimidinone quadruple hydrogen bonding groups (UPy)
were added to PBA polymer chains to increase adhesion
strength and induce the self-repairing performance [6].
Surface force apparatus (SFA) was used to study the adhesion
mechanism of the polymer, and self-adhesion strength was
chosen as the desired functionality to evaluate healing effi-
ciency (Fig. 12). With strong multiple H-bonding between
UPy units, the surface energy of the PBA-UPy polymer in-
creased to about 1.5-fold that of PBA. The adhesion strength
was also dependent on the fraction of UPy in the polymer. One
hundred percent recovery of the original self-adhesion
strength was obtained around 50 h with a slight increase of
the temperature to 40 °C. Another acryloyl-6-aminocaproic
acid (A6ACA) hydrogel based on hydrogen bonding with
high curing efficiency was reported adhesive to both poly(-
propylene) surface and rabbit gastric mucosa [37].

4 Self-healing materials for potential biomedical
applications

Self-healing materials, especially self-healing hydrogels,
have been attracting attention in biomedical applications in
the past decade. A number of self-repairing materials have
been reported to possess applicability in tissue engineering,
cell culture, drug delivery, and so on. For example, PEG-
chitosan and chitosan-based hydrogels possess high biocom-
patibility and were proposed for drug delivery as an inject-
able hydrogel [26, 27, 97]. A rapid self-healing hydrogel
A6ACA was also proposed to be used as a new generation
of tissue adhesive due to its excellent adhesion ability [37,
52]. Furthermore, some unique properties of self-healing
materials are quite intriguing to in vivo applications. One
instance is a bovine serum albumin (BSA) hydrogel regulat-
ed by glucose oxidase (GOX) and catalase (CAT), in which
recovery is stimulated by the presence of glucose and 100%
healing efficiency could be obtained within 5 h at room
temperature [25]. Due to the broad applications of self-
healing materials, this section mainly focuses on summariz-
ing and discussing various applications of self-healing ma-
terials in the biomedical field.

To ensure safety for applications in biomedical fields, bio-
compatibility of the hydrogel must be evaluated as the first
step. Therefore, in vitro cytotoxicity and in vivo biocompati-
bility studies are generally conducted. For example, BSA-
based self-healing hydrogels were demonstrated to possess

Fig. 10 RTP spectra of the binary
(a) poly-BrNp/β-CD system
([poly-BrNp] = 1 × 10−5 M, [β-
CD] = 0, 5 × 10−5, 5 × 10−4,
1 × 10−3 M). b Poly-BrNp/poly-
β-CD system ([poly-
BrNp] = 1 × 10−5 M, [poly-β-
CD] = 0, 1 × 10−6, 5 × 10−6,
1 × 10−5, 1 × 10−4 M). c Poly-
BrNp/poly-β-CD hydrogel
([poly-BrNp] = 2 × 10−2 M,
[poly-β-CD] = 2 × 10−2M). Inset:
photograph of poly-BrNp/poly-β-
CD hydrogel. d RTP lifetime of
the binary poly-BrNp/poly-β-CD
system ([poly-
BrNp] = 1 × 10−5 M, [poly-β-
CD] = 1 × 10−4 M). (Reprinted
with permission from [12].
Copyright 2014, Wiley-VCH.)
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high biocompatibility by Chen et al. [98]. A thermal stimulus-
responsive healing protein hydrogel was fabricated, and its
compatibility was demonstrated by both in vitro cytotoxicity
test and in vivo injection. In addition, biodegradations of the
hydrogels were observed after 97 days of injection. However,

to obtain complete recovery, thermal treatment was required
which prevents healing of the material for the in vivo environ-
ment. To overcome this drawback, the same group designed
and synthesized another BSA-based hydrogel which could be
self-healed at room temperature under a physiological pH

Fig. 12 FECO fringe patterns
(left), corresponding top-view
optical microscope images (mid-
dle), and illustrations (right) of the
contact junction of the PBA–
UPy7.2 polymer of thickness
100 nm at T = 40 °C and
RH = 100%. (Reprinted with
permission from [31]. Copyright
2014, Wiley-VCH.)

Fig. 11 Photographs show how
the PAH/PPi self-healing gels ad-
here a magnetic stir bar to human
finger (a) and the bottoms of two
glass vials together (b).
(Reprinted with permission from
[89]. Copyright 2014, American
Chemical Society.)
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(Fig. 13a, b). The hydrogel was formed by inducing Ca2+ ions
into BSA protein nanoparticle solutions. Self-recovery of the
hydrogel was observed at ambient conditions without Ca2+,
but the presence of Ca2+ greatly accelerated the healing

process. According to cytotoxicity results shown in Fig. 13c,
the presence of the hydrogel extract solution can facilitate
growth of the cells, implying its good biocompatibility which
may favor potential in vivo application of the material.

Fig. 13 a, b Photographs that demonstrate the self-healing behavior of
the protein hydrogel at room temperature: 10% BSA hydrogel with
12.5 mM Ca2+ at original, cut, self-healed, and bend states (a); Self-
healing of 10% BSA hydrogels with different Ca2+ concentrations (15,

20, and 30 mM) (b). c Cytotoxicity evaluation of the calcium-induced
BSA hydrogel. (Reprinted with permission from [94]. Copyright 2016,
Nature Publishing Group.)

Fig. 14 a Hyaluronic acid modified with both methacrylates (blue) and
guest and hostmolecules (purple). Ad-MeHA andCD-MeHAmacromers
cross-link by both physical bonding upon mixing and secondary cross-
linking of methacrylates with UV light exposure. b The printing of chan-
nels, by writing an ink into a support gel that is modified for secondary
cross-linking. UV irradiation covalently cross-links the support gel
around the ink (epifluorescent image of fluorescein-labeled ink printed
in a bifurcating and rejoining design within an unlabeled, covalently
cross-linked support). Pressure-driven flow results in the removal of the

ink, leaving a channel network (as shown in phase contrast image).
Bottom: images of channel perfusion with a red dye solution initially
and after 2 s. c The printing of self-supporting structures, by writing an
ink that can be covalently cross-linked into a support gel, followed byUV
cross-linking, and dissolution of the support with excess β-CD (image of
printed 3D tetrahedron composed of six filaments joined at four vertices,
imaged from above the top vertex). Scale bars: 500 μm. (Reprinted with
permission from [9]. Copyright 2015, Wiley-VCH.)
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4.1 Self-healing hydrogel used as bio-ink for 3D
bioprinting

Aself-healinghydrogel ink for 3Dbioprintingwasdevelopedby
Highley et al. [15]. Hyaluronic acid (HA) was chosen as the
backboneof the hydrogel becauseof its excellent biocompatibil-
ity, andmodified withβ-CD andAd as host and guest moieties.
To improve the mechanical properties of the hydrogel, methac-
rylates were introduced into building blocks enabling covalent
cross-linking upon UV irradiation. Shear-thin and self-healing
structures of CD-Ad-HA and CD-Ad-MeHA can be printed via
computer-aided design. As a result, versatility of the printing
platformwas expanded to printing host–guest interaction-based
self-healing hydrogels with or without covalently cross-linking
through UV irradiation (Fig. 14). After being stimulated by UV,
CD-Ad-HA hydrogel could easily be washed off, leaving the
CD-AD-MeHA part due to the strong bonds between the build-
ing blocks. In this way, 3D scaffolds with complicated configu-
ration could be prepared through computer-aided design. This
new methodology opens new opportunities in preparing struc-
tured composites with good biocompatibility via 3D printing.

4.2 Self-healing hydrogels used in cell culture

Cell attachment to self-healing graphene-poly(N,N-
dimethylacrylamide) (PDMAA) hydrogels was also observed

(Fig. 15) [66]. The hydrogel was fabricated by immersing
graphene networks into N,N-dimethylacrylamide (DMAA)
monomer solution, followed by free-radical polymerization.
Hydrogen bonds are responsible for the recovery of the

Fig. 15 a, b Optical microscopy
images of PC-12 cells cultured in
cell culture fluid and graphene–
PDMAA hydrogels (black sub-
strates: graphene–PDMAA
hydrogels; transparent substrates:
the exceeded PDMAA); scale
bars are 150 and 200 mm, re-
spectively. c Impedance spectros-
copy for graphene and graphene–
PDMAA hydrogels. d
Temperature curve for graphene–
PDMAA exposed to NIR laser;
insets show their infrared thermal
images. e Self-healing of
graphene–PDMAA gels under
NIR laser irradiation and their in-
frared thermal images. (Reprinted
with permission from [59].
Copyright 2012, Royal Society of
Chemistry.)

Fig. 16 3D cell culture using amyloid hydrogels. a Schematic depicting
entrapment of cells inside thixotropic peptide gels. b 3D cell culture using
P5 gel showing cell viability of both SH-SY5Yand L929 cells indicated by
calcein AM staining (green) inside the 3D gel matrix. Scale bars are 50μm.
(Reprinted with permission from [93]. Copyright 2015, Elsevier Ltd.)
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material, and the healing of wound was obtained at body tem-
perature over a period of 12 h. Furthermore, cell attachment to
the hydrogels was demonstrated by growing rat pheochromo-
cytoma (PC-12) cells on a control hydrogel and a graphene–
PDMAA hydrogel as shown in Fig. 15a, b, respectively.
Compared to the control, most living cells are attached to the
dark graphene–PDMAA fragments, indicating good cellular
attachment of this self-healing grapheme–PDMAA hydrogel.
Additionally, the as-developed self-healing hydrogel also pos-
sessed electroactivity due to graphene networks as mentioned
in Sect. 3.1, which enabled this hydrogel to be used in soft
actuator and robotic device design. Such conductive self-
healing hydrogel also has the potential to be used in the devel-
opment of artificial skin/electronic skin or wearable biosensor.

Self-healing hydrogels composed of β-sheet-prone C-
terminal amyloid β-protein (Aβ42)-based peptides were
exploited for cell culture and stem cell differentiation.
Hydrogels were prepared by dissolving the peptide powder
into sodium phosphate buffer under heating, and hydrogels
were obtained after cooling down. It was claimed that the
amyloid networks were formed via hydrophobic and π–π in-
teractions and hydrogen bonding. Hydrophobic interactions
are highly responsible for self-recovery across the cracked
surfaces. Attachments of neuronal and fibroblast cells to the
hydrogel were observed, indicating that the amyloid-based
hydrogels are suitable for 2D cell culture. Furthermore, culture
of human mesenchymal stem cells on the hydrogel indicated
that softer gels promote spreading and elongation of cells with
βIII-tubulin expression, an indicator for cell differentiation.
Taking advantage of the thixotropicity of the hydrogel, the
authors also demonstrated its application in constructing 3D
cell culture system (Fig. 16) [99].

4.3 Self-healing hydrogels used in anti-biofouling

A dilemma of biofouling films by proteins or microorganisms
on implanted hydrogels is due to the fact that it not only
triggers inflammation but also prevents implanted drug deliv-
ery systems from releasing functional biomolecules. Anti-

biofouling hydrogels with self-healing properties were devel-
oped to address this dilemma. Recently, an injectable hydrogel
based on self-assembly of an ABA tri-block copolymer was
reported to possess both rapid self-healing and an anti-
biofouling property [100]. The tri-block copolymer DNODN
was synthesized by catechol-functionalized poly(N-
isopropylacrylamide) (PNIPAM) as A block and poly(ethyl-
ene oxide) as B block through reversible additional fragment
transfer polymerization. Hydrogen bonds and π–π interac-
tions of mussel-inspired catechol functional moieties are re-
sponsible for the rapid self-healing performance. The gelation
was obtained at body temperature, and the reversible sol–gel
transition could be controlled by varying the temperature.
Additionally, exceptional antifouling performance was dem-
onstrated through no cell attachment on the DNODN-coated
microwell dishes (Fig. 17).

4.4 Self-healing hydrogels used in drug delivery

Several self-healing materials have been proposed for drug
delivery; however, few of them were experimentally investi-
gated. Also, their self-healing property was barely utilized.
Recently, a self-healing, drug delivery hydrogel system with
enhanced chemotherapy via the stimulation of sonophoresis
was developed [58]. The injectable biomaterials were formed
by alginate solution in the presence of divalent calcium ions.
Repeatable healing was observed in the presence of a physio-
logical level of calcium ions after ultrasound-induced disrup-
tion. In such a way, high-dose pulses of drug release were
controlled by intermittent ultrasound stimulus. Disruption of
the hydrogels led to high-dose release of drugs upon ultra-
sound stimulus, while the self-healing of the hydrogel struc-
ture slowed the drug release when ultrasound was removed.
Both in vitro and in vivo tests of the drug delivery system
under ultrasound demonstrated that multiple pulses of a drug
dose enhanced the effect of chemotherapy, supported by the
decreased viability of two cancer cell lines as well as the high
survival rate of the mouse models with breast tumors. Even
though the application of this pulsed drug dose delivery

Fig. 17 Representative
fluorescence microscopy images
of a uncoated and b DNODN
hydrogel coated microwell dishes
after exposure to Caco-2 cells for
48 h. Alexa Fluor 488 and 4,6-
diamidino-2-phenylindole
(DAPI) were used to stain the cell
membrane and the nuclei, respec-
tively. (Reprinted with permission
from [96]. Copyright 2015,
Wiley-VCH.)
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system would be limited by the disruption method of ultra-
sound, a potential therapeutic application of a self-healing
drug delivery system was demonstrated for the first time and
the groundbreaking drug delivery concept can be applied to
many other rapid self-healing systems relying on benign
disruption/healing strategies.

5 Conclusion and outlook

Instead of simply synthesizing new materials based on trial
and error and characterizing their properties, the rationale de-
sign of the materials with pre-determined functionality and the
exploration of their unique applications have been becoming a
new trend in the development of self-healing materials in re-
cent years. Driven by the desire for durable materials with
elongated lifespan, the capsule-based self-healing system has
been applied to fabricate several commercial self-repairing
materials, including self-healing concretes, phone cases, and
screen protectors. With the development of advanced science
and technologies, the high demand of self-repairable materials
in different industrial sectors sprouts the research in seal-
healing materials with an emphasis on new applications.

To cater to the need of specific application, additional func-
tionalities or properties should be introduced into self-healing
systems. Up to date, various multi-functional self-healing mate-
rials have been developed with pre-determined functionality. It
has been demonstrated that self-repairing behavior is able to
improve the performances of materials in corrosion resistance
coating and the supercapacitor. Also, other unique functions
besides self-healing property can endow the self-healing mate-
rials to be used as new classes of adhesives and shape memory
materials. The sol–gel transition property of self-healing
hydrogels can also be explored as a facile and friendly method
to entrap the targets of interests. Furthermore, biocompatible
self-healing hydrogels are elaborately designed and applied to
enhance drug delivery, tissue adhesion, and cell culture in bio-
medical engineering.

Although a number of self-healing materials and their po-
tential applications have been reported and explored in the
literature, the practical applications of those self-healing mate-
rials are sparse. Relatively weak mechanical properties, harsh
self-healing conditions required, and/or poor biocompatibility
are a fewmajor hurdles to limit their applications in biomedical
fields. The future research should focus on the development of
self-healing materials with strong mechanical strength by
employing building blocks with high binding but reversible
forces, adapting benign self-healing conditions at physiological
conditions (e.g., neutral pH, 37 °C, 4–7 mM glucose, 2.6 mM
Ca2+), and using biocompatible materials such as natural poly-
mers (chitosan, etc.) and proteins (BSA, etc.) if targeting on
biomedical applications. Due to the limited information and
understanding of fundamentals in the material structure–

property–function relationship, the development of self-
healing materials in the past was basically on a basis of trial
and error, which is lack of systematic study and cannot generate
a full picture. Therefore, another future research trend priori-
tized is to employ material simulation in the design of multi-
functional self-healing materials because material simulation is
barely employed in the design/selection of self-healing mate-
rials in the past decades. With the development of simulation
methods and the establishment of more and more accurate ma-
terial models to reveal the structure–property–function relation-
ship, a computationmethod to simulate the properties including
a self-healing function of various materials or composites is
expected to play a critical role in the screening/selection of
specific materials for specific application in the future design
of self-healing materials with unique function, good biocom-
patibility, and benign healing conditions. We believe, with cur-
rent advances in material science and progress in material sim-
ulation, that self-healing materials with unique functionality
will have a promising and bright future.
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