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 Here, we review the state-of-the-art in the field of engineered self-healing materials. These materials mimic the
functionalities of various natural materials found in the human body (e.g., the healing of skin and bones by the
vascular system). The fabrication methods used to produce these “vascular-system-like” engineered self-
healing materials, such as electrospinning (including co-electrospinning and emulsion spinning) and solution
blowing (including coaxial solution blowing and emulsion blowing) are discussed in detail. Further, a few
other approaches involving the use of hollow fibers are also described. In addition, various currently used healing
materials/agents, such as dicyclopentadiene and Grubbs' catalyst, poly(dimethyl siloxane), and bisphenol-A-
based epoxy, are described. We also review the characterization methods employed to verify the physical and
chemical aspects of self-healing, that is, the methods used to confirm that the healing agent has been released
and that it has resulted in healing, as well as the morphological changes induced in the damaged material by
the healing agent. These characterization methods include different visualization and spectroscopy techniques
and thermal analysis methods. Special attention is paid to the characterization of the mechanical consequences
of self-healing. The effects of self-healing on the mechanical properties such as stiffness and adhesion of the
damaged material are evaluated using the tensile test, double cantilever beam test, plane strip test, bending test,
and adhesion test (e.g., blister test). Finally, the future direction of the development of these systems is discussed.
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1. Introduction

Self-healing in nature comprises a fascinating autonomous phenome-
non characteristic of most living organisms. For instance, scratched skin
and fractured bones are readily healed because of the activation of the
human vascular system. The survival of plants, animals, and human
beings is facilitated by their ability to recover. However, this characteristic,
though highly desirable, is normally absent in engineering materials. The
search for bioinspired “self-healing materials” that can self-recover from
internal or external damage started in 2001 [1]. In the case of engineered
materials, it is desirable that certain embedded healing materials
be released at the damaged location (e.g., within internal or external
microcracks) and solidify there to stitch/conglutinate the ruptured
surfaces in a manner similar to that of blood being delivered by blood
capillaries to a wound and triggering the healing process. Nature teaches
us that the key element for self-healing is a vascular capillary network
that can carry the healing material to the damaged location/wound.
Thus, nature-inspired self-healing strategies havebeen explored in biomi-
metic engineering designs with the goal of repairing structural damage
through the systematic transport of healing materials that can be cured
and polymerized at the damaged sites. However, the first approach to
the self-healing of engineering materials was far from a natural one, in
that it involved the use of discrete embedded microcapsules instead of a
vascular capillary network [1]. Fig. 1 illustrates that such capsules are
certainly viable and do not require any external energy to trigger the
healing process. However, amaterial layerwith such capsules is inherent-
ly thick owing to the bulkiness of the microcapsules. Moreover, this
approach is inappropriate for repeatable healing, since the capsules
can be used only once. Accordingly, a different approach that involves
confining the healing materials within smaller structures and allows for
repeated healing would be preferable.
Fig. 1. (a) Scanning electron microscopy (SEM) image showing fracture plane of self-healing m
matrix. (b) Concept of autonomic healing: healing agent is encasedwithinmicrocapsules, which
the healing agent. (i) Cracks form inmatrixwherever damage occurs. (ii) Sketch of crack, which
in contact with catalyst dispersed within matrix, which triggers polymerization, resulting in cl
In mammals as well as the leaves of plants, vascular networks enable
the rapid and continuous transport of healing materials to the damaged
location (see Fig. 2). These effective microvascular systems have a
network-like structure and cover the entire volume/surface of the body
perfectly.

A vascular self-repair system was first demonstrated in [3]. This
system was originally proposed for repairing cracks in concrete and
restoring its mechanical properties. Subsequently, this approach was
expanded to incorporate composite polymeric materials. Healing
agents are initially encapsulated within capillaries (e.g., hollow tubes,
channels, or electrospun/solution-blown nanofibers). Because the
capillaries are interconnected in a network-like structure, one expects
that the healing agent will be delivered through this network for multi-
ple local healing events (Fig. 3).

In this review, we describe the recovery characteristics of various
vascular-type self-healing engineering materials. The state-of-the-art
approaches for fabricating engineering self-healing materials are
discussed first. Next, the healing mechanisms involved, including the
chemical reactions, are described. After that, examples of self-healing
based on the restoration of mechanical properties are discussed. In the
concluding section, the scaling-up of the self-healing phenomenon
based on the use of nanofibers is discussed froman industrial perspective.

2. Fabrication of vascular nanofiber networks

2.1. Electrospinning

2.1.1. Co-electrospinning
Self-healing agents can be readily encapsulated within core-shell

nanofibers formed by coaxial electrospinning [6]. In the first step,
which is electrospinning using a coaxial nozzle, the liquid healing
aterial in which ruptured urea formaldehyde microcapsule is embedded in thermosetting
are embedded in structural compositematrix containing catalyst capable of polymerizing
rupturesmicrocapsules, releasing healing agent into crack plane. (iii) Healing agent comes
osing of crack faces. Reprinted with permission from [1].

Image of Fig. 1


Fig. 2. Branching vasculature networks in animal (or human) body and plant leaves. Reprinted with permission from [2].
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agent is supplied through the inner needle and electrospun as the core
material inside the shell material [e.g., polyacrylonitrile (PAN) and
poly(vinylpyrrolidone) (PVP)], which is supplied by the coaxial needle
(see Fig. 4a) [7–12]. Coaxial electrospinning (or co-electrospinning) is
a simple and reliable technique for encasing liquid healing agents with-
in continuous nano/microfibers [13]. For example, a resinmonomer and
curing agent were encapsulated in beaded fibers with a size of 2–10 μm
(cross-sectional diameter) [14]. These fibers were significantly smaller
than microcapsules, whose dimensions are on the order of 10–102 μm.
It is desirable to form thin and uniform fibers for encapsulating the
healing agent. In [7,8], bead-free core-shell nanofibers a few hundred
nanometers in size were co-electrospun. This approach only requires
that the shell material be a spinnable viscoelastic polymer. On the
other hand, the core material, that is, the healing agent, does not have
to be spinnable (e.g., liquid epoxies). Several types of modifications
are possible. For instance, trilayered electrospun nanofibers have been
formed using a needle, which supplied three solutions (through the co-
axial outer/middle/inner channels) simultaneously [15–18] (see Fig.
4b). In another novel architecture of multiwalled fibers, the healing
agent is encapsulated within the core, while the catalyst particles
being embedded in the outer layer of the fiber. It is imperative that
both components of the healing agent, namely, the resin monomer
and catalyst, be present in the crack area, as only this guarantees poly-
merization and thus healing [19,20].
2.1.2. Emulsion spinning
Emulsion spinning is another approach used to form core-shell nano-

fibers [21]. In this case, a coaxial needle is not necessary, and a simple
single-exit needle is used instead. The method is more convenient
than co-electrospinning, as it is easier to control the single-solution
jet issuing from the single needle rather than the two-solution jets
Fig. 3. (a) Schematic diagram of capillary network in dermis layer of skin with cut in epidermi
squeezed-out core (healing) material. Reprinted with permission from [5].
simultaneously being issued in contact from a co-axial needle. In this
case, it is necessary that the corematerial is emulsified within the poly-
meric solution thatwill form the shell (Fig. 5). Thus, instead of a uniform
solution, an emulsion is issued from the single needle, with drops of the
core material being encapsulated by the surrounding polymeric matrix.
As a result, the drops entrapped at the entrance to the Taylor cone are
stretched into a core and encased within the shell polymer, where they
exhibit electrically driven bending instability and form core-shell fibers
[6]. To form self-healing nanofibers, poly(dimethyl siloxane) (PDMS)
resin monomer (containing Pt as catalyst) and the curing agent are
mixed with n-hexane and emulsified in a PAN/dimethylformamide
(DMF) solution (see Fig. 5). The core-shell fibers formed by the emulsion
electrospinning process can be used as self-healing nanofibers to facilitate
the recovery of bending stiffness as well as to accord corrosion protection
[5,8].
2.2. Solution blowing

When a slowly moving polymer jet is emitted coaxially into a high-
speed (~150 m/s) jet of air, the stretching caused by drag and the aero-
dynamically driven bending instability transform the polymer jet
into monolithic nanofibers, which dry during their flight in air [6]. A
core-shell polymer jet issued from a coaxial needle into a coaxial
high-speed air stream undergoes a similar transformation into core-
shell nanofibers. In this case, the shell polymers used in electrospinning,
such as PAN, nylon-6, and poly(vinylidene difluoride) (PVDF), can be
used [22–24]. Solution blowing is more effective for forming core-
shell fiber mats than is electrospinning. It was found [24], that the
core-to-shell mass ratio for the nanofibers produced by solution blow-
ing is 33 times higher (75.62%) and the total mass production rate is 2
times higher (1.524 g/h) than those for the nanofibers produced by
s layer. Reprinted with permission from [4]. (b) SEM image of self-healing nanofibers and

Image of Fig. 2
Image of Fig. 3


Fig. 4. Experimental setup used for (a) co-electrospinning of core-shell nanofibers. Reprintedwith permission from [13]. (b) Triaxial electrospinning. Reprintedwith permission from [16].
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electrospinning (2.29% and 0.767 g/h, respectively) (see Fig. 6). Further,
the mass production rate of monolithic nanofibers (e.g., nylon-6 nano-
fibers) in the case of solution blowing (10 mL/h) is 33.3 times higher
than for electrospinning (0.3 mL/h). Solution-blown self-healing fiber
mats contain a significant amount of the healing agent. The greater
the amount of the healing agent within the fibers, the greater the
chance that the healing agent will be released at the damaged location
and heal the damage.

2.2.1. Coaxial solution blowing
Lee et al. [24] reported core-shell microfibers formed by coaxial

solution blowing. In these nanofibers either a binary epoxy resin or its
hardener was encapsulated within the core, while PVDF was used as
the shellmaterial (see Fig. 7). The shell diameterwas 0.2–2.6 μm. It should
be emphasized that coaxial solution blowing is at least 10 times faster
than electrospinning. Thus, solution blowing is one of the most viable
processes for the mass production of core-shell nanofibers as it has
already been scaled to the industrial level [25]. The larger the fiber
diameter, the faster is release of the epoxy resin and its hardener from
the fiber cores; this shortens the solidification time as compared to that
for electrospun nanofibers.

2.2.2. Emulsion blowing
Sinha-Ray et al. [8] had successfully employed solution blowing

to fabricate core-shell fibers from emulsions. Similar to emulsion
electrospinning, solution blowing has several advantages. For instance,
the manufacturing setup involved is simple and flow control is easy. In
the case of emulsion blowing, the core and shell of a slowly moving
coaxial jet are entrained by a fast surrounding coaxial air jet. The formed
Fig. 5. Schematic showing (a) preparation of shell polymer solution, two core solutions, and two
[5].
core-shell jet subsequently undergoes stretching and exhibits aerody-
namically driven bending instability. Also the solvent evaporates and
dry core-shell nanofibers are formed in-flight.

2.3. Tube and channel networks

Fiber-reinforced composites (FRCs) consist of hollow fibers embed-
ded in a surrounding matrix. The first vascular-type composites were
fabricated by Bleay et al. [26]. Hollow glass fibers were incorporated
within composite panels and then impregnated with an epoxy by a
vacuum-assisted capillary-action-based filling technique. The hollow
glass fibers, which had diameters in the 10–102 μm range, were used
as empty channels in composite laminates, which were subsequently
filled with a healing agent (see Fig. 8) [27–29]. On a larger scale,
polyvinylchloride (PVC) tubing (inner/outer diameters = 1.5/2.5 mm)
was incorporated in sandwich panels in [30]. Further, empty channels
to be filled with resin and hardener were prepared bymanually pulling
out embeddedwires (d=0.9mm) from a sandwich composite once an
epoxy layer had been cured in the mold [31].

2.4. Carbon nanotubes, sacrificial materials, and shape-memory polymers

Several other ideas for the fabrication of vascular-like containers for
healing agents have been proposed and demonstrated. For example,
self-healingmaterials have been encapsulatedwithin core-shell nanofi-
bers as well as carbon nanotubes (CNTs). A self-healing material
was encapsulated within CNTs through self-sustained diffusion [8]. A
transmission electron microscopy (TEM) image of a CNT containing a
self-healing material is shown in Fig. 9.
corresponding emulsions. (b) Emulsion electrospinning. Reprintedwith permission from

Image of &INS id=
Image of Fig. 5


Fig. 6. Comparison of (a) core-to-shell mass ratio and (b) mass production rate of core-shell nano/microfibers produced by coaxial electrospinning and solution blowing. Core and shell
materials of electrospun fibers are PDMS resin and PAN while those of solution-blown fibers are epoxy resin and PVDF/polyethylene oxide (PEO). Reprinted with permission from [24].
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Three-dimensional vascular networks can be formed in composites
by removing a sacrificial material. A pattern of filaments was formed
using fugitive ink, whichwas subsequentlymelted from thematrix ma-
terial (see Fig. 10) [31]. Similarly, poly(lactic acid) (PLA)monofilaments
(300 μm in diameter) were used as a sacrificial material in amatrix (see
Fig. 10) [32]. In these cases, as the sacrificialfilaments are removed from
the composite by evaporation or melting, the empty channels are infil-
trated by the healing material.

Healing agents have also been encapsulated in electrospun fiber
mats by immersing thefibers in a liquid epoxy solution [33]. The healing
materials were contained in the fiber mats, which were encapsulated
within the composite, as shown in Fig. 11.

Shape-memory polymer (SMP)-based materials can also be used
for the self-healing of emerging macrocracks [34–38]. An artificial
polymer muscle based on a healing-on-demand composite made of
a thermoset host, commercial fishing line, and thermoplastic particles
has been demonstrated [39]. This artificial muscle is thermally sensi-
tive and contracts when heated; this allows it to pull parts of a
cracked material together. The crack-healing process proceeds via
the following stages (see Fig. 12) [39]: (i) the polymer composite
sample to be healed is reinforced by the polymer artificial muscle
and the thermoplastic particles (melting temperature of 58–60 °C)
Fig. 7. Solution blowing of core-shell nano/microfibers: (a) experimental setup; (b) design o
produced simultaneously and mixed uniformly in deposited fiber mat. Reprinted with permiss
in the matrix; (ii) a crack is initiated by an external load during use;
(iii) the crack is closed by the thermal contraction of the artificial mus-
cle (fishing line coil) and healed by the melted particles, which fill
the crack under external heating at T = 79 °C; and (iv) after cooling,
the crack is filled and cured by the thermoplastic particles, resulting in
the re-establishment of continuity between the healing agent and the
matrix.

3. Healing materials/agents

3.1. Dicyclopentadiene (DCPD) and Grubbs' catalyst

Dicyclopentadiene (DCPD, C10H12) monomer has been used in a
number of studies on self-healing, beginning with the original system
reported by White et al. [1,7,8,29,40,41]. Ring-opening metathesis poly-
merization (ROMP) is activated as the DCPDmonomer comes in contact
with the solid-phase Grubbs' catalyst dispersed within the epoxymatrix
(see Fig. 13). The DCPDmonomer is highly stable, exhibits low viscosity,
and is insensitive to the presence of oxygen and water/humidity under
the polymerization conditions [42]. In addition, poly(dicyclopentadiene)
(PDCPD) is a highly cross-linkable polymer that exhibits desirable
mechanical properties, namely, high toughness and strength [43,44].
f core-shell needle with coaxial air-blowing nozzle. Epoxy- and hardener-core fibers are
ion from [24].

Image of &INS id=
Image of Fig. 7


Fig. 8. (a) Cross-section of sample with empty glass tubes. (b) Sample immediately after impact test; liquid self-healing agent released on the surface can be seen. Reprinted with
permission from [29].
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3.2. Poly(dimethyl siloxane) (PDMS)

PDMS is the cross-linked product of dimethyl siloxane (DMS, resin)
and dimethyl-methyl hydrogen-siloxane (curing agent). The chemical
structure and curing process of PDMS are briefly explained in Fig. 14.
The resin is made of dimethylvinyl-terminated dimethyl siloxane
(CAS: 68083-19-2), while the curing agent consists of dimethyl-
methyl hydrogen-siloxane (CAS: 68037-59-2). This silicone elastomer
shows superior mechanical strength/elasticity, desirable high chemical
properties, and good biocompatibility and is thus used widely in
microfluidic devices, medical applications, cosmetics, and food items
(as an antifoaming agent). The PDMS elastomer was first used for self-
healing in [45,46]. The two components of PDMS, namely, the resin
and the cross-linker (curing agent), were encapsulatedwithin urethane
microcapsules. The encapsulation of PDMS within co-electrospun
beaded fibers has also been reported [14]. Furthermore, PDMS has
been employed in self-healing composites reinforced with nano/
microfibers [5,9–12,47,48]. The two components of PDMSwere encased
separatelywithin the cores of the core-shell (PAN shell) fibers bymeans
of emulsion spinning or co-electrospinning. This dual self-healing
system comprising PDMS resin and curing-agent-encapsulating fibers
was subsequently used as a self-healing material [49].

3.3. Bisphenol-A-based epoxy

From amaterial properties viewpoint, PDMS is one of themost attrac-
tive self-healing agents owing to its aforementioned advantages. Howev-
er, it normally takes 24–48 h to cure fully at room temperature. Further,
cured PDMS is soft and flexible. Accordingly, PDMS is not a suitable
Fig. 9. TEM image of self-healingmaterial (isophorone diisocyanate) encapsulated within
CNT. Reprinted with permission from [8].
material for many applications, and other self-healing materials with a
shorter curing time and higher strength or stiffness are desirable. Because
of this reason, the diglycidyl ether of bisphenol A (DGEBA, C21H24O4),
which comprises epichlorohydrin and bisphenol A (BPA, C15H16O2) [51]
and constitutes almost 90% of the global epoxy resin market [52], has
been used as a healing agent in a number of studies [32,33,49,53–57].
The likely reaction mechanism of DGEBA and diethylenetriamine
(DETA) is illustrated in Fig. 15. However, BPA is also being gradually re-
placed with greenmaterials because of its toxicity and public health con-
cerns [58]. In several studies [24,59,60] a BPA-based commercial epoxy
was employed as a healing agent embeddedwithin solution-blownfibers.
The epoxy used [24,59,60] set in 5 min and cured fully within 1 h.

4. Characterization of self-healing nanofibers and healing sites and
underlying mechanisms

4.1. Visualization

To begin with, in order to ensure that the healing materials are
encapsulated effectively, defect-free and beads- or blobs-free uniform
fibers are preferred. The overall morphology of the fibers containing
the self-healing agent can be inspected using optical microscopy [62],
scanning electron microscopy (SEM) [63], atomic-force microscopy
(AFM) [64], and scanning profilometry [65]. However, only the exterior
features can be observedby thesemethods. The core-shell configuration
is one of the most important structural features of self-healing fibers.
Thus, the presence of a core filled with the healing agent has to be
confirmed using transmission electronmicroscopy (TEM),which allows
for imaging through sufficiently thin shells [11]. Fluorescence imaging is
another way to elucidate the encased core material if a fluorescent dye
is blended with it [66–68]. The internal damage incurred within a com-
posite can be investigated using ultrasonic C-scanning or X-radiography
[26,67,68]. Nanofiber images obtained using the methods described in
this subsection are shown in Fig. 16.

4.2. Spectroscopic characterization

The elemental composition of the released healing material can be
analyzed using energy-dispersive X-ray spectroscopy (EDX). For exam-
ple, the presence of PDMS (C2H6OSi) embedded in PAN (C3H3N) nano-
fibers has been confirmed by EDX analysis. The spectrum contained a
distinct peak related to Si at a Kα value of ~1.8 keV (see Fig. 17) [9,47].
In the case of DCPD (C10H12), the EDX spectrumwas barely distinguish-
able from those of most polymer shell materials, which are also gener-
ally composed of C and H [8].

Fourier-transform infrared (FTIR) and Raman spectroscopies
performed at room temperature in open air can also be used as nonde-
structive imaging techniques. The healing process, that is, the

Image of &INS id=
Image of Fig. 9


Fig. 10. (a) Schematic viewof interpenetratingmicrovascular network that supplies two fluids (red and blue) to crack plane, wheremixing occurs (purple, at lower borderline). Reprinted
with permission from [31]. (b) Interpenetrating microvascular network fabricated by direct-write assembly of wax (orange)- and Pluronic (blue)-based fugitive inks. Scale bar is 5 mm.
Inset: magnified viewof vertically oriented features printed usingwax-based ink. Scale bar is 1mm. Reprintedwith permission from [31]. (c) Pre-vascularized, fiber-reinforced composite
laminate samples showing sacrificial PLA stitching patterns (scale bars are 10mm) and post-vascularized, X-ray computedmicrotomographic reconstructions of vascular networks filled
with eutectic gallium indiumalloy for radiocontrast. Scale bars are 5mm. Reprintedwith permission from [32].
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polymerization of the released healing materials, can be investigated
using these techniques [19,20,29]. For example, in the case of DCPD, the
bands at wavenumbers of 1572 and 1614 cm−1 could be assigned to
the ν(C_C) stretching vibrations of the DCPD monomer (see Fig. 18).
That the healing process had occurred was confirmed by the fact that
the peak at 1572 cm−1 disappeared and that at 1614 cm−1 underwent
a red-shift, suggesting that DCPDhas beenpolymerized [29]. FTIR analysis
has also been used to confirm the encapsulation of the hardener and
epoxy within the fiber structure. Fig. 18c and d show the FTIR spectra of
the hardener and resin, respectively. The peak at 1592 cm−1 corresponds
to theN\\Hbending vibrationswhile the strong peak at 1150 cm−1 is re-
lated to the stretching of the C\\N bond, confirming the presence of the
amine-based hardener in the fiber structure (panel c). Further, the
peaks at 815 cm−1 and 840 cm−1, which belong to the oxirane groups,
verify the presence of the epoxy resin within the triaxial fiber structure
(panel d) [19].

Raman spectroscopy is another method used to determine the
chemical composition of the healed (or unhealed) regions at various
Fig. 11. Schematic of preparation method and resulting structure of self-healing specim
locations. The Raman spectrum of PDMS contains peaks related to the
Si\\O\\Si, Si\\C, and CH3 bonds associated with the cured PDMS
molecule at wavenumbers of 492, 618/712, and 1265 cm−1, respectively
(see Fig. 19) [69]. Spectral peaks related to the uncured resin and the cur-
ing agent appear at 1541 and 2168 cm−1, respectively; these correspond
to the CH2\\NH\\CH2 and Si\\H bonds, respectively, and disappear as
the resin and curing agent are polymerized [70]. The presence of these
peaks confirms that the resin and curing agent have been released
and that the resin has been cured on the PDMS surface. It was found
that the resin and curing agent are released/mixed/cured to form extra
PDMS chunks that help heal the crack bank [71]. In addition, the
self-healing of a BPA-based epoxy resin was also studied using
Raman spectroscopy [32]. The resin and hardener exhibited peaks at
1256 cm−1 (oxirane ring)/1610 cm−1 (phenyl ring) and 1656 cm−1

(amide-I), respectively (data not shown here) [61,72,73]. Thus, based
on the Raman spectrum of the fracture surface, the delivery of the
healing agent as well as the occurrence of the healing (mixing and
polymerization) processes was confirmed.
en produced using electrospun membrane. Reprinted with permission from [33].
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Fig. 12. Schematic of on-demand healing process. Reprinted with permission from [39].
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4.3. Thermal analysis

Thermogravimetric analysis (TGA) and differential thermogravimetry
(DTG) are useful for confirming that the self-healing cores are encased
within the nanofiber shells. Using these thermal analysis methods,
the phase-change temperature can be determined (e.g., the melting or
evaporation point). The change in the weight owing to the release of a
substantial amount of volatile substances or gasification during the
phase-change process can be determined through TGA. The DTG is the
first derivative of the weight loss curve as observed during TGA and is
indicative of the temperatures corresponding to the phase changes.
According to previous studies [5,11,47], the evaporation temperature
of PDMS resin and its curing agent (uncured) are 576.3 °C (●) and
176.1 °C (♦), respectively, while that of PAN (the shell material) is
305.0 °C (■) (see Fig. 20).
5. Evaluation of self-healing

The mechanical recovery of damaged materials following the self-
healing process can manifest itself via changes in the tensile strength,
Fig. 13. Polymerization activated by DCPD/Grubbs' catalyst. Reprinted with permission
from [1].
Young's modulus (stiffness), and flexural stiffness. These characteristics
can be assessed through the following tests.

5.1. Tensile test

5.1.1. Double cantilever beam test
The double cantilever beam test introduced in [74] has been used

widely for evaluating the self-healing characteristics of materials (see
Fig. 21) [1,33,40,75–83]. The healing agent employed in the tapered
double-cantilever beam (TDCB) specimens filled an open delamination
crack and cured it. The load-displacement data were recorded using the
delamination crack induced during a mode-I fracture test. The crack-
healing efficiency was evaluated through fracture toughness tests
performed on virgin and healed specimens. After the first fracture, the
specimenwas left to provide time for the crack to heal (autonomously).
Thus, the ratio of the fracture toughness of the healed specimen
(KIC,healed) to that of the corresponding virgin one (KIC,virgin) was defined
as the healing efficiency, η. The crack-length-independent fracture
toughness KIC = αPC, where α is a geometric factor determined experi-
mentally [84] and PC is the critical fracture load. Thus, the quantitative
healing efficiency was calculated as follows:

η ¼ KIC;healed

KIC;virgin
¼ PC;healed

PC;virgin
ð1Þ

Similarly, the self-healing efficiency of TDCB specimens embedded
with epoxy-carrying fiber strips was investigated in [33]. The samples
healed at room temperature demonstrated the ability to autonomously
recover under the critical fracture load during six repeated tests when
neopentyl glycol diglycidyl ether (NGDGE) and diethylenetriamine
(DETA) were used.
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Fig. 14. Chemical structure and curing process of PDMS. Reprinted with permission from [50].
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5.1.2. Plane strip test
Tensile tests were performed on electrospun and solution-blown

nanofiber mats in order to investigate the stress-strain dependence
[6,85–88]. To evaluate the self-healing efficiency of the core-shell
electrospun and solution-blown nanofibermats, their tensile properties
weremeasured before and after damage caused by stretching. Thin self-
healing nanofiber mats and fiber-reinforced composite (FRC) speci-
mens shaped as strips were clamped and pulled by pneumatic upper/
lower grips at a constant strain rate. Uniaxial stretching tests were con-
ducted under various conditions. For example, (i) a dynamic tensile test
was performed at a fixed stretching rate until the sample had ruptured
completely [12]; (ii) a dynamic tensile test similar to that in (i) was per-
formed; however, the stretching/releasing process was performed re-
peatedly [9]; (iii) an interrupted tensile test during which stretching
was paused in the middle was also performed [60]; and (iv) a long-
duration static fatigue test was performed during which the strain was
kept constant [59].

The mechanical characteristics of individual fibrous specimens
as well as those of composite fillers deteriorate at a certain level of
stretching. However, samples with self-healing core-shell nanofibers
exhibited the recovery of accumulating microcracks owing to the
healing agents released from the fiber cores. Thus, the self-healing
efficiency can be evaluated based on the recovery of the ultimate
strength or stiffness as determined from the stress-strain curves (see
Fig. 22). Self-healing is also manifested by the arrest of the growth of
prenotched cracks [59,71], as also shown in Fig. 22.
5.2. Bending test

The three- and four-point bending tests are classical methods for
measuring the stiffness of a material using specimens shaped as a
beam (ASTM D790, D6272) [89–93]. They are also suitable for testing
multi-ply sandwich-like composite laminates containing a relatively
hard epoxy (rigid material) [94–96]. The test specimen has a uniform
rectangular cross-section. In the three-point bending test, the specimen
Fig. 15. Chemical structures of DGEBA and DETA and corresponding curing reaction. P is primar
Reprinted with permission from [61].
is supported by two anvils, and a load is applied at the center between
the two supports. The elastic modulus, EB is calculated using Eq. (2),
which involves the measured yield load, L, and the corresponding
measured deflection, δ:

EB ¼ mL3

4bd3
ð2Þ

where EB is the elasticmodulus under bending, L is the support span, b is
the beam width, d is the beam depth, and m is the slope of the load-
deflection curve corresponding to the early linear elastic region (m =
ΔP/Δδ).

The recovery ratio, η, is evaluated based on the two flexural
strengths and the stiffnesses measured in the corresponding pre- and
post-damage tests, respectively [7,8,19,20,27,28,30,53]:

η ¼ EB;healed
EB;initial

ð3Þ

According to [7], the flexural stiffness of self-healing PMC (polymer-
matrix composite) specimens decreased to 30–50% of the initial
pre-damage value and then recovered to 70–100% of the initial value
owing to self-healing (Fig. 23a) [7]. In [28], test specimens were
damaged by bending but recovered their maximum stiffness almost
completely, with the self-healing efficiency being approximately 97%
(not shown here). Similarly, Wu et al. demonstrated the self-healing
of fractured and delaminated multi-ply PMCs in 2013 (see panel b).

5.3. Adhesion

Since adhesives are also subjected to rupture and failure, self-healing
adhesives (e.g., BPA epoxies) are an attractive alternative to conventional
ones. In the case of self-healing adhesives, the released healing agent
must adhere to the base substrate. The blister test has been employed
y amine, E indicates chain extension, B indicates branching, and XL indicates cross-linking.
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Fig. 16. (a) Optical microscopy image of as-deposited soy protein/PVA nanofibers on rayon pad. Reprinted with permission from [62]. (b) SEM image of electrospun PAN nanofibers.
Reprinted with permission from [63]. (c) AFM landscape-mode image of nylon-6 fiber deposited over trench. Reprinted with permission from [64]. (d) Optical profilometry image.
Reprinted with permission from [65]. (e) TEM image of resin(core)-PAN(shell) nanofiber. Reprinted with permission from [11]. (f) Fluorescence image of fibers of nylon-6/soy protein
blend. Reprinted with permission from [66]. (g) Ultrasonic C-scanning image after impact damage at 0.8 J (i.e., indentation@1400 N). Reprinted with permission from [68]. (h) X-radio-
graph of quasi-isotropic hollow glass/fiber composite after impact testing obtained using opaque X-ray dye incorporated within impact region. Reprinted with permission from [26].
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to measure the energy of adhesion of self-healing mats with respect to
various substrates [97,98]. It is a highly reproducible and reliable method
that eliminates any edge effects that might occur during delamination
[99,100]. Core-shell fiber mats containing an epoxy within the core
were cut into pieces and placed on a substrate with a hole in the middle
(Fig. 24a). First, the nanofiber mats were made to adhere to the
substrates by rolling a metal roller over them [101,102]. In [10], a shaft
with a tip 0.5 mm in diameter was inserted through the substrate hole,
and the delamination of the adhering nanofiber mat from the substrate
was observed. The height, ζ0, and radius, a, of the emerging delamination
blister were measured for different pushing force, P, values. For the axi-
symmetric blister test, the energy is given by [10]

Pdζ0 ¼ dUelastic þ T2πada ð4Þ

Image of Fig. 16


Fig. 17. SEM image of spherical mass (PDMS) released from damaged nanofibers and results of EDX analysis of same. Reprinted with permission from [9].
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T ¼ 3
8

1
π4Eh

� �1=3 P
a

� �4=3

ð5Þ

where Uelastic is the elastic energy stored in the test sample (nanofiber
mat), E is the Young's modulus of the mat, and h is the thickness of the
mat. The Young's modulus, E, values of the fiber mats were determined
Fig. 18. (a) FTIR spectra of initial materials and self-healing bleed. RhB-Rhodamine B; DCPD (DM
(RhB)—ROMP polymer DCPDwith RhB. (b) Spectra of DCPD (DMF), Simgal, and the bleed. Repr
fibers, and PMMA/PAAm/hardener triaxial fibers. (d) FTIR spectra of epoxy resin, PMMA/PAAm
from [19].
through a tensile test, whereas the adhesion energy, T, was measured
by the blister test using Eq. (5).

The cohesion of two nanofiber mats to each other can also be
measured, when one nanofiber mat is fixed to the substrate, and the
other one is pressed on it. As the core-shell nanofibers rupture under
the pressing action (during the preceding blister test, which measures
either the adhesion or cohesion energy), the healingmaterial is released
F)—10wt% DCPD solution in DMF; G (DCM)—1wt% Grubbs' solution inDCM; poly(DCPD)
intedwith permission from [29]. (c) FTIR spectra of hardener, PMMA/PAAm triaxial hollow
triaxial hollow fibers, and PMMA/PAAm/epoxy triaxial fibers. Reprinted with permission
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Fig. 20. Thermal analysis of core-shell nanofibers. (a) TGA curves of corematerials (PDMS resin and curing agent) and nanofibermat containing these materials within the cores. (b) DTG
curves. Reprinted with permission from [5].

Fig. 19. Raman spectra: (a) cured PDMS, (b) pure resin (⁎), (c) pure curing agent (♦), (d) dyed resin (○), (e) dyed curing agent (●), and (f) mixing zone (optical profilometry image is
shown in right-hand side panel). Reprinted with permission from [71].
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from the core, resulting in polymerization/adhesion between the lower
mat and the substrate or between the two mats. It can be seen from
Fig. 24c that the cohesion energy of a pristine sample (b-1) and that of
a sample tested after being fatigued for 3 h (b-2) are similar, while
that of a sample tested after being fatigued for 3 h and subsequently
rested for 24 h (b-3) is eight times higher (see Table 1). This suggests
that the epoxy precursors released by the damage caused by fatigue
Fig. 21. (a) Schematic illustration of fractured surface and spatial distribution of tapered doubl
healed TDCB specimens at 50 °C. Reprinted with permission from [33].
have sufficient time to react and cure the damaged interface. This is
compelling evidence that the epoxy released from the fiber cores has
solidified and reinforced the damaged interface to a significant degree
instead of merely healing it (see Fig. 24c).

The results of these studies on the recovery of self-healing materials
after mechanical damage are summarized in Table 2. Over the last
16 years, different types of self-healing composites based on vascular
e-cantilever beam (TDCB) specimens. (b) Typical load-displacement curves for virgin and
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Fig. 22. (a) Stress-strain curves and normalized crack lengths (l/lo) as determined during tensile tests performed on composites without andwith self-healing agents encapsulatedwithin
embedded core-shell nanofibers; strain rate of 3 mm/h (=0.05 mm/min), stretching length of 3 mm; and intermediate holding period of 2 h (after 60 min of stretching). Panel a-1
corresponds to samples with PVDF/PEO fibers alone while panel a-2 corresponds to samples containing nanofibers with epoxy components (healing agent). Black and red bold lines
correspond to initial and post-holding stretching stages, respectively. Black open circles show dimensionless crack length as function of time. Reprinted with permission from [60].
(b) Results of static fatigue test performed under fixed strain. Data shown are for composite samples consisting of PDMS matrix embedded with fibers without healing agent, epoxy
resin, and hardener (●) and with epoxy resin and hardener (■). Thickness of both samples (without and with epoxy) is 0.60 mm. The strain, ε, applied in both cases is 17.5%.
Thicknesses of solution-blown fiber mats (both without and with epoxy) before being encased within PDMS matrix were 0.03–0.04 mm. Reprinted with permission from [59].

Fig. 23. (a) Three-point bending test setup (span is 75 mm). (b) Comparative load-displacement curves of two typical hybrid multiscale self-healing PMC specimens subjected to three-
point bending loads. Reprinted with permission from [7].
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Fig. 24. (a) Schematic of blister test. Reprinted with permission from [10]. (b) Load-extension curves used to determine energy of cohesion between two nanofiber mats without healing
agent and (c) with epoxy precursors (healing agent) present in nanofiber cores. Samples were roller-pressed. Curves marked as (−1) correspond to pristine samples, those marked as
(−2) are for samples fatigued for 3 h and tested almost immediately after, and those marked as (−3) are for samples fatigued for 3 h, rested for 24 h, and then tested. Reprinted with
permission from [24].
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systems consisting of hollow fibers, tubing, wires, and fibers have been
fabricated and their healing efficiency has been evaluated. Various test
techniques such as the tensile test, bending and compression tests,
and the blister test have been employed to analyze these composites.
In most of these studies, two-part epoxies were used as the healing
agent, whose fracture toughness, flexural strength, crack propagation,
and adhesion/cohesion energy values were measures of successful
healing.

6. Future directions and concluding remarks

Mimicking natural vascular systems in engineering materials is
achievable by using core-shell nanofibers whose cores are filled with a
self-healing agent. This configuration is beneficial for the following rea-
sons: (i) distributed versus localized (as in the case ofmicrocapsules con-
taining the healing agent) and (ii) nanometer scale instead ofmicrometer
scale (as in the case of microcapsules)—the former can fit the ply areas
and does not usually weaken the surrounding matrix. Another benefit
of nanofiber-based self-healing systems is that the dispersion of only
one of the components needed for the self-healing reaction in the
Table 1
Cohesion energy T and all the parameters measured in the blister test.

a [mm] ζo [mm] P [N] h [mm] E [MPa] T [J/m2]

(a-1) 10.31 3.63 0.037 0.09 2.725 0.071
(a-2) 10.06 1.65 0.018 0.028
(a-3) 13.81 1.52 0.019 0.021
(b-1) 1.63 2.52 0.300 0.08 2.125 15.354
(b-2) 1.69 2.87 0.316 15.575
(b-3) 2.06 2.28 0.189 3.735
surrounding matrix can be prevented. For this, the self-healing system
should consist of two types of nanofibers interwoven such that two dif-
ferent healing agents are present within the core, namely, a resin and
its curing agent or an epoxy and its hardener. When released from the
damaged core-shell nanofibers, these components react with each
other and form solidified stitches that connect the crack banks. As a re-
sult, the stiffness and self-cohesion of the damaged material is restored.
However, the prevention of delamination and the restoration of adhesion
to an “alien” surface remain issues to be resolved and will require addi-
tional efforts in the future. On the fabrication side, it has been proven
that the solution blowing of core-shell nanofibers, in which a healing
agent is encapsulated within the core, is a much more effective process
than either co-electrospinning or emulsion spinning. However, even
though the solution blowing of various polymers and biopolymers has
been demonstrated on the industrial scale using commercially available
equipment, it remains to be employed for fabricating core-shell nanofi-
bers containing a healing agent within the core. Only when this has
been demonstrated will self-healing engineering materials find wider
use in engineering practice. It should be noted that electrospun and
solution-blown fibers are usually randomly oriented and are deposited
in an uneven manner of surfaces. Moreover, it is hard to ensure the con-
tinuous and uniform encapsulation of the healing material within core-
shell nano/microfiberswhen using these techniques. This is an additional
obstacle to the scaling-up of the fabrication of self-healing materials at
the industrial scale while ensuring high quality.
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Table 2
Different studies of mechanical recovery of vascular self-healing materials.

Vascular type Healing materials Damage condition Healing evaluation Healing
efficiency

Year Ref.

Hollow glass fiber Two-part epoxy Impact, compression tests Compression strength N/A 2001 [26]
Hollow glass fiber Two-part epoxy Indentation, four-point bending test Flexural strength 97% 2005 [67]
Hollow glass fiber Two-part epoxy Indentation, four-point bending test Flexural strength 93% 2005 [68]
Hollow glass fiber Two-part epoxy Indentation, three-point bending test Flexural strength 87% 2006, 2007 [27,103]
Hollow glass fiber Two-part epoxy Impact, four-point bending test Flexural strength 97% 2007 [104]
PVC tubing Two-part epoxy Four-point bending test Flexural strength ~100% 2007 [30]
Direct write method DCPD-Grubbs' Four-point bending test Fracture toughness 33–70% (7 cycles) 2007 [4]
Molding Two-part epoxy Impact test Impact energy 65% 2007 [105]
Silicone tubing Two-part epoxy Impact, edgewise compression tests Skin compressive strength 115% 2008 [106]
Hollow glass fiber Two-part epoxy Impact, four-point bending test Flexural strength 95% 2009 [107]
Direct write method DCPD-Grubbs' Four-point bending test Fracture toughness 38% (7 cycles) 2009 [108]
Direct write assembly Two-part epoxy Four-point bending test Fracture toughness 89% (23 cycles) 2009 [109]
Direct write assembly Two-part epoxy Four-point bending test Fracture toughness ~50% (30 cycles) 2009 [31]
Direct write assembly Two-part epoxy Mode I fracture test Fracture toughness 86–30% (13 cycles) 2010 [110]
Wire (removed) Two-part epoxy Impact, compression test Compression strength 99% 2011 [111]
Wire (removed) Two-part epoxy Impact, compression test Compression strength ~100% 2011 [112]
Wire (removed) Two-part epoxy Mode I/II fracture test Fracture toughness 260%/180% 2011 [113]
Wire (removed) Two-part epoxy Impact, four-point bending,

edgewise compression tests
Fracture toughness 39% 2013 [53]

Casting Shape memory polymer
fiber (SMPF)

Tensile test Fracture toughness ~100% (7 cycles) 2013 [114]

Hollow glass fiber Two-part epoxy Impact test Impact energy 87% 2014 [115]
Hollow glass fiber Two-part epoxy Impact, three-point bending test Flexural strength 178% 2014 [116]
Vaporization of sacrificial
components

Two-part epoxy Tensile, acoustic emissions test Fracture toughness,
acoustic emission

98% 2014 [117]

Vaporization of sacrificial
components

Two-part epoxy Mode I fracture test Fracture toughness 125% 2014 [32]

Cell (channel) casting Shape-conforming dynamic gel Impact test Impact energy 62% 2014 [118]
Casting Thermoplastic healing agent Three-point bending test Fracture toughness N50% (10 cycles) 2015 [39]
Co-electrospinning PDMS Tensile test Young's modulus 125–140% (4 cycles) 2015 [9]
Co-electrospinning PDMS Blister test Adhesion energy 110% 2015 [10]
Tri-axial electrospinning DCPD Three-point bending test Fracture toughness 96% 2015 [19]
Coaxial solution blowing Two-part epoxy Blister test Adhesion energy 318% 2016 [24]
Coaxial solution blowing Two-part epoxy Tensile test Crack propagation N/A 2016 [59]
Coaxial solution blowing Two-part epoxy Tensile test Young's modulus 171% 2016 [60]
Tri-axial electrospinning Two-part epoxy Three-point bending, tensile,

acoustic emission test
Fracture toughness, acoustic
emission clustering patterns

N86–89% (4-9 cycles) 2017 [20]

Co-electrospinning PDMS Tensile test Crack propagation speed 11% (delay) 2017 [12]
Microchannel PDMS Tensile test Crack propagation N/A 2017 [71]
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