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Abstract

Increasing awareness for sustainability has led to the development of smart self-healing
materials, which can extend the service life and improve safety without human.intervention.
Vascular networks are observed in biological systems, such as leaf venation and bleod
vascular systems, and provide inspiration for self-healing mechanisms in.engineered systems.
Embedding a vascular network in a host material has the advantage/of addressing varying
magnitudes of damage and allowing for an indefinite replenishment of the healing agent,
which are current limitations of intrinsic and capsule-based self-healing systems. These
networks are demonstrated in polymer and composite materials, with fabrication methods
including removal of sacrificial elements, electrospinning,and an.array of additive
manufacturing (AM) techniques. Advances in AM allow more complex network
configurations to be realized that optimize fluid distribution and healing potential. This review
intends to provide a comprehensive overview of the current progress and limitations of the
design approaches, fabrication methods, healing mechanisms, and relevant applications of
embedded vascular networks. Additionally; significant research gaps and future research
directions for vascular self-healing materials are described.

Contents
1. INMEFOTUCTION ...t iR et b bbbt bbb bbbt n e et b et b et n e 2
2. DESIGN MENOUOIOQY ....e.vvereiiiiiteiisie et e B ettt b bbb bbb bbbt bttt b bttt r e 4
2.1 LINEAT CRANNEIS ... ittt rb etttk b bt e bbbt b et b bkt b et b et n et e 4
2.2 Design considerations fOr fluid FIOW . ..o 4
2.3 EVOIULIONANY @IGOTTTNM ... e ittt r et bbbt n e s 6
3. Fabrication Techniques and MaterialS 0f Vascular NEIWOTKS ...........cceiieiiiiinieiiccee e 6
3.1 G1aSS tUDE INTEGIATION. .......commmmsaeeBin vttt ettt E et r e et bbb r e n et 6
32 Subtractive manufacturing N 7
321 LLOSE-WWAX PrOCESS 1 e diui et ottt ettt ettt etttk h bbbt h bbb e bt eh e e bt b et b e e bt e bt ek e e b e e bt e b e e b e e b e s nre e
3.2.2 SOTt I NOGIAPNY . el ettt
3.2.3 FUQILIVE SCAFFOIA PrOCESS st vttt et bbbt 8
3.24 Vaporization 0fisacrificial COMPONENTS .........cooiiiiiiere e 8
33 SPINNING e T e BBttt b bbb E R b b e bR R R R bt r e 9
331 Coaxial electrospinning (CO-elECtrOSPINNING) ......c.evruiiririiiereieiiirire ittt 9
332 EMUISION SPINMING 1.ttt bbb bbbt
333 SOIULTON BIOWING fis vttt bbbttt b bt
3.34 DIFY-WEL SPIMIING . ... vtttk b bbbkt h bbbt b bbbttt bbbt
3.4 AAITIVE MANUTACTUTING .. .+ttt b bbbt bbb bbbt b bt e bbbttt b bt nn e
341 StEIEOIItNOGIAPNY i ettt
3.4.2 Fused deposition modelling
343 SEIECTIVE TASET SINTEIING ... vttt bbbttt bbbt e bbbttt b e ens
344 Limitations in vascular network additive manufaCturing............cccceoerirriiiininnseec e 14
4. HealingrAGENtSANG MECNANISITIS ........oueuiiiriiiiititet ettt b bbbttt bbbt bbbttt 15
44 HEAIIMG QOENTS. ...ttt bbbt b bbb bbb et b bbb bbbt 15
411 ONE-COMPONENT AGENTS ...ttt ettt sb e et ke e b sb e e e e bt e s b e sbe et e e b e e b e she e bt ebe e bt eseenbeebeenneaneenre et 15
4,12 MUILIPIE-COMPONENT BOENTS ......eveiieteeet ettt bbbttt eb et r e 16
4.2 Healing agent triggering MECHANISMS ........cviiiiiiiiee bbbt 18
421 Triggering bY NEtWOTK FTACTUIE..........oiiiiiiieeee bbb 18
4.2.2 Self-SENSING MENOUS. ...ttt bbbttt b e 19

4.3 DT A VALY Tod - Lo ] LSRR 19



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SMS-111324.R1

431 (OF: Vo1 1 =TV 1 [0 SO USSP 19
43.2 PreSSUNIZEA NEEWOTKS .......viuiiieiiieeic ettt bbbt b et bbbttt b b e 20
4.3.3 EXPANSIVE QENTS ....viuviiiiieiicii ettt ettt sttt ettt e st et st e b e e e ae et e ebe st e s b et e b e st eseebeebesbesbe e et ereereerenrenben 20
5. Characterization and Evaluation of Self-Healing PErformance ............cccccoviiiiiiiieiiic e 20
6.  Large-SCale APPIICALIONS. ......ciiiiiiiiiieeci ettt sttt ettt ettt tesbe st ste st e saensereenestestesreseenseseessadBihnre s 23
7. FULUIE POISPECTIVES ... itttk t et sttt et e bt bt besbesbe st eneeseaneebesbesbessenseseeneasessessessensessenseseeseesfapesuasdih 24
8. (O] Tod [T o] OO PP e 25
9. ACKNOWIBUGEMENLS ...ttt ettt ettt sttt e st et et e e besb e be e eneebesbeebeseenseseansasesneseessenseseenshanaseesenessunsh 26
L0, RETEIEICES ...ttt st et et e st bt et e sbesbe st e s ee e eneabeeseabesaebeseenseneaneanensesseseensesdBhntheereeteneeaeens 26

1. Introduction

Self-healing materials have the potential to reduce material consumption; cost, and
environmental impact on industries such as transportation, telecommunication, aerospace,
medical, and construction. Current design philosophies are in certain respects.conservative
and can lead to oversized structures. High maintenance costs also result from a continued
need for non-destructive evaluation, and traditional repair techniques are limited to surface
treatments that do not address internal damage.

The effectiveness of self-healing technologies has been demonstrated for polymer, composite,
and metallic materials, whose healing mechanisms can.be broadly.categorized into intrinsic,
(micro)capsule based, and vascular systems (Figure 1)-[1], [2]. Intrinsic methods rely on
latent properties that are triggered by an external stimulus, working via thermally reversible
reactions, hydrogen bonding or ionic interactions. Capsule based self-healing materials
contain liquid-filled capsules that rupture upon eracking within the material, releasing a liquid
healing agent to heal the damage, either by chemicalreaction (i.e. polymerization) or by
physically filling the crack [3].

a Capsule based b vascular € Intrinsic

Figure 1. Self-healing'approachesinclude a) capsule based, b) vascular, and ¢) intrinsic systems [1].

While intrinsic and (micro)capsule-based methods have been proven techniques for self-
healing in a range of materials for small to moderate damage volumes, they are typically
limited to one-time use due toe healing agent exhaustion, preventing further healing cycles. A
vascular network generally has the same healing mechanism as capsule-based systems, but
allows for a continuous supply of healing agent to damaged locations within a material, can
addressdifferent magnitudes of damage, and has the ability to be pressurized, thus further
increasing healing agent distribution potential for multiple healing cycles. Hansen et al. [4]
found.that interconnected (dual) networks significantly outperformed both microcapsule and
single tubular networks for self-healing. In their work they defined the healing efficiency, n,
as the'ratio of healed fracture load to the original fracture load, and calculated by n =
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i pHealed/pOriginal "1t was found that interconnected networks embedded in an epoxy matrix had
5 an improved healing efficiency and were available for multiple healing cycles compared to a
6 single pathway network and microcapsule healing system (Figure 2).
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20 Figure 2. Comparison of healing efficiencies of microcapsule, single netweork and interconnected
21 (dual) networks [4].

22

23 Self-healing in metals and metal composites has been demonstrated, butiis limited due to the
24 additional challenges that exist for healing, as metallic materials require higher temperatures
;2 or specialized environments for repair [5]. Highly-cited reviews are referenced herewith for
57 self-healing polymers [6]-[9] and composites [10]-[12], and these materials will be further
28 discussed throughout this review. .

29

30 Demand for self-healing polymers in lieu ofsnon-renewable petroleum-based polymers has
g; been on the rise due to fossil resource depletionand climbing oil prices [13]. Thermosetting
33 polymers and polymer composites, such as bulk.polymers, fiber reinforced polymers (FRPS),
34 and sandwich cores used in structural applications.are subjected to mechanical loading and
22 cyclic thermal fatigue which develop microcracks. Carbon fiber reinforced polymer

37 composite laminate materials are.commonly used in aircraft manufacturing due to their

38 relatively higher specific strength.andstiffness properties, however, they are inherently brittle
23 in nature due to poor out-of-plane properties and are prone to impact damage [14]-[16]. Other
M industrial applications of woven textile composites include ballistic armor, marine structures
42 and aerospace structural materials. Concrete, a widely used construction material, will

43 inevitably crack. This is.due to either loading damage, freeze-thaw action, early-age

44 . - : .

45 shrinkage, thermal effects; or a combination of these. Enabling concrete to repair itself can
46 reduce service disruptions, to the public, reduce safety risks for repair in difficult locations,
173 and reduce overall maintenance costs. Extending the service life of this material reduces the
49 impact that cement preduction has on the environment.

g? One of the first instances of a vascular self-healing system in general was investigated by C.
52 Dry during the 1990s'in [17], where embedded glass tubes were used to distribute a healing
53 agent through concrete beams. Engineered materials utilizing vascular networks have since
54 . . . .

. evolved from linear tubular structures to two- or three-dimensional networks with some

56 degree of network design optimization to enhance healing performance. Network fabrication,
57 healing mechanisms, healing agent flow behavior, network material compatibility with

gg various healing agents, and restoration of mechanical properties are already being explored in

60 research in different materials, with potential for further network design optimization for fluid
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flow throughout a material. While this original review draws comparisons of vascular self-
healing methods across various materials, it highlights the collaborative effort needed among
researchers working on different material classes, allowing them to learn from one another
and further enhance their material-specific vascular self-healing systems.

2. Design Methodology

2.1 Linear channels

Early proof-of-concept research on vascular networks consisted mainly of linear, tubular
structures. Lack of interconnectivity restricts flow access and linear systems.have inferior
performance for fluid flow compared to two- or three-dimensional networks,[18]. The
advancement in manufacturing technologies, as described in the following sections, have
allowed more complex design configurations to be realized, ranging fromrandom
configurations to those that are optimized for fluid flow and self-healinge™

2.2 Design considerations for fluid flow

Constructal law is a physics principle developed by Adrian Bejan that states “For a finite-Size
system to persist in time (to live), it must evolve in such away that.itprovides easier access to
the imposed (global) currents that flow through it” [19], @and has provided the basis for
optimizing simple configurations and for efficient design of multi-functional flow networks
[20], [21]. %

Bejan et al. [22] configured multiple network.geometries as a grid rather than a tree formation
to determine which network allowed healingagents within a composite to travel the fastest to
any randomly formed crack. Leveraging constructal law, they considered two types of grids,
one with consistent channel diameters and regular polygonal loops (square, triangle and
hexagonal), and another with grids of two ¢hannel sizes. They found that the triangular grids
were two times more permeable than the square'and hexagonal grids, and optimizing the ratio
of the diameters reduced the healing agent delivery time by half. This study was expanded by
Wang et al. [23] where they explored flowaccess by evaluating multi-scale grids versus trees.
They concluded that the treearchitecture outperforms the grid, however they found it is better
suited for elements where the crack location is already known. A grid design is more effective
when there is uncertainty in‘the crack locations, as the grid spacing is the same as the crack
width and thus has a high probability of intercepting damage; however, this methodology will
result in a denser network.and could weaken the host material.

Having a high vessel.coverage increases the chance of a crack intercepting the network and
releasing healing agent, however a large volume of voids introduced by the hollow network
can impact the.mechanical properties of the material, requiring a minimization of the void
volume fraction imposed by the network [24]-[26]. Additionally, having a relatively dense
network configuration can induce localized strain in the host material and degrade its
mechanical properties. Hamilton et al. [27] found that reducing the vascular channel spacing
in @ polymer epoxy matrix would increase the amount of strain near the channels.

Self-cooling vascular systems have altered design configurations for effective fluid flow and
cooling. performance, and can be applied to self-healing vasculature [28]-[30]. Yenigun et al.
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[31] explored the effect of the volume fraction and number of channels for self-cooling
aluminum plates by comparing parallel channels, tree networks, and a hybrid parallel-tree
network (Figure 3). Tree networks were found to provide less flow resistance for the same
volume fraction as a parallel system, and the hybrid system reported the highest volume flow
rate.
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Figure 3. a) Parallel, (b) tree, and (c) hybrid parallel-tree nétwork design for a self-cooling
aluminum [31].

Internal vessel diameters and internal wall roughness can affect the fluid flow efficiency of a
vascular network [32], with larger size vessels being better suited to service large-scale
damage [33], [34]. Network redundancy is an additional desig’n parameter for
vascularization; vascular networks are subjected to blockage, reducing their performance and
functionality [35]. Pety et al. [36] presented an optimization scheme of incorporating
redundant networks in a self-cooling poly(dimethylsiloxane) (PDMS) panel so that sufficient
cooling capacity could be provided, even ifithe network was partially blocked.

Biomimetics looks to nature as an inspirationfor network design, which can be modelled
using Murray’s Law and implemented in synthetic systems. Murray’s law describes the
relationship between parent andaughter.branches of a network that minimizes power
required for fluid transport. In hisiinvestigation of vascular blood vessels, Murray determined
the cube of a parent vessel’s radius, rp, 1S equal to the sum of the cubes of the daughter
vessels’ radii, rq; Equation L .describes the case of a vessel with two daughter branches. The
derivation for Murray’s law 1s presented in [37].

Ty =713 + 71, (Equation 1)

Biomimetic network designs have been implemented for self-healing functionalities in
polymer composites [3], [38], [39], bulk polymeric materials [40], [41], core structures of
composite sandwich panels [42], [43] and in cementitious materials [18]. These studies were
able to demonstrate‘repeated self-healing in the matrix material and little degradation of
mechanical performance. Embedding biomimetic vasculature has proved to be a challenge for
fiber reinforced polymer laminates, as different channel orientations can disrupt the fiber
architecture and reduce its strength and modulus, as well as increase crack density [44], [45].
Studiesoncarbon-epoxy laminate materials have shown that channels oriented transverse to
the loading axis reduced tensile and compressive properties more than channels oriented
longitudinally [46], [47].
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2.3 Evolutionary algorithm

Evolutionary algorithms are biologically-inspired methods that show promise to the
development of optimized networks due to their applicability to different fields and ability to
consider a large amount of parameters while solving for multiple interrelated variables [48]—
[50]. This computation method draws inspiration from Darwin’s theory of evolution where
natural selection modifies subsequent generations for suitability to the environment. A
population is first randomly generated, and the evolutionary algorithm searches for better
candidates by applying a fitness function that assesses its suitability over a loop of.a
predetermined number of iterations, or generations. The parent population of the next
generation are determined by applying the genetic operators of selection, crossover and
mutation. The selection operation is analogous to “survival of the fittest,” wheresthe
individuals that are best fit remain in the pool for subsequent reproduction. Crossover is the
mixing of genetic information of two or more characteristics (or chromosomes), and mutation
is a slight modification of the individual’s characteristics to generate'diversity and to prevent
local optimums [51].

Genetic algorithms, the most popular of the evolutionary algorithms, have been successfully
applied to flow network optimizations [50], [52], [53]. Aragon et al. [48] used a genetic
algorithm to design microvascular networks for polymerie self-healing materials, taking into
account network redundancy, vascular geometry, and diametezs of the channels to develop a
network that uniformly distributes a healing agent.

3. Fabrication Techniques and Materials of Vascular Networks

Replication of vascular networks found in nature poses a fabrication challenge due to their
complex architecture. The following sections'detail the methods and materials that have been
used to-date to fabricate vascular networks towards self-healing purposes, in order of
increasing complexity, culminating,in the final'section of advanced additive manufacturing
(AM) techniques.

3.1 Glass tube integration™

Early self-healing vascular/studies integrated glass fibers, or tubes, within a matrix for
polymeric-composites.[46], [54]-[56] and concrete materials [57]-[61]. A hybrid system
composed of glass networks and shape memory alloys (SMA) was investigated as well in
[62], [63], where SMA wires were used to restrict the crack widths for more effective healing.
Glass is chemically inert with common healing agents and is readily available via industrial
production. Dueta their brittle behavior, glass tubes break upon crack formation, thereby
releasing the contained healing agent. While these have proven to be effective at short term
healing, glass can induce alkali-silica reactions within concrete and may not survive in the
long-term due tosthe material’s aggressive chemical environment [12], prompting further
studies to determine suitable network material alternatives for vascular networks in concrete
applications.[64], [65]. Additionally, it can be too fragile to survive some manufacturing
processes. While hollow glass fibers or tubes are ideal for crack formation triggering
mechanisms and compatible with many material matrices, they are limited to one-
dimensional, linear vascular configurations.
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3.2 Subtractive manufacturing

3.2.1 Lost-wax process

The formation of hollow channels within fiber-reinforced composite laminates and ceramic
materials through a “lost-wax process” has been used as a viable network manufacturing
technique, where a pre-formed sacrificial material is embedded in the host material and
subsequently removed to yield a network of hollow channels.

Low melting temperature (LMT) wires were employed by Trask et al. [66] to fabricate a
hollow network in a composite laminate, studying the effect of different network orientations
with respect to the fiber direction, including 0°, 45° and 90°. After curing, the LMT was
heated in a vacuum, leaving hollow channels within the host. In networks aligned with fibers,
some fiber waviness was observed, and through impact testing, transversely-oriented
networks were shown to increase the damage area and reduce impagt strength..Orienting
network tubes transverse to the fiber laminate direction would reduce voids between the
fibers, leading to controlled crack behavior (Figure 4). In contrastte low temperature wires,
high melting temperature steel wires manually coated in a thin polytetrafluoroethylene
(PTFE) layer have been used to create hollow networks in laminates [45], [67], which eases
removal of the wires from the host material. This method has been successfully employed for
a self-healing fiber reinforced composite [45], and yielded a 96% recovery in post-impact
compressive strength.
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Figure 4. Network tubes oriented transverse to the fibers (a) in the midplane (with voids in between
wires) and (b) within a cut recess [34}

Heat shrink, or polyurethane tubi@ was investigated to form hollow tunnels in concrete
specimens in [68]. Polyolefin was used as the heat shrink material, having a shrinkage ratio of
2:1 at 80° and thus allowing for ease of removal following concrete placement, curing, and
demolding. To remove, the polyelefin tubing is flushed with hot water at a temperature over
80°, shrinking it to half.of its.original diameter.

3D printed polyvinyl alcohol (PVA) structures embedded in cement pastes and subsequently
removed after.curing was-investigated by Li et al. [69]. PVA is used mainly in medical
applications, such’as soft contact lenses and eye drops, due to its low toxicity,
biocompatibility,.andshigh water solubility [70], making it ideal for handling purposes and as
a sacrificial material. A complex, double twisted channel was designed and 3D printed, and
dissolved in water following cement paste curing. However, the water to cement ratio in the
cement paste needed to be adjusted in order to avoid early age cracking of the cementitious
matrix due to volume expansion of the PVA.
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3.2.2 Soft lithography

Soft lithography works by replicating existing patterns and has been used to construct
microchannel arrays for fluidic devices [71], [72], as well as to fabricate microvascular self-
healing materials. Golden et al. [73] fabricated sacrificial gelatin meshes in a hydrogel with
channel diameters on the order of ~6-50 um. Cavities were first formed on a glass substrate in
a vascular pattern, creating a “negative,” in which the gelatin was filled and left to form a
solid structure on the substrate, as shown in Figure 5. These meshes were integrated inside a
hydrogel, and then heated to 37°C which would melt the gelatin while leaving the:hydrogel
intact as it has a lower melting point. The channels were then flushed with either saline.or 1%
bovine serum albumin (BSA) through their openings to remove the liquid.gelatin. This
technique has been used by Bellan et al. [74] to fabricate primary vessels in combination with
melt-spinning techniques to form secondary, small diameter vessels, as,well as by He et al.
[75] to replicate microvascular networks from a plant leaf for use in an engineered tissue
design. This process is however limited to producing planar networks and requires additional
post processing steps to stack layers together to create a multi-dimensional network.

Substrate Gelatin

Hydrogel Channel

Top view O ; , e

u 1) Flow gelatiﬂ O Enc:asgI A 1) Melt gelati&
PDMS 2) Gel; remove 2) Flush

Figure 5. Process of soft lithography“used in hydrogels by Golden et al. [73].

3.2.3 Fugitive scaffold process

Three-dimensional (3D) microvascularnetworks have been designed and realized via direct-
write assembly (DWA\) fabrication [71], [76], [77], and implemented to repair cracks in an
epoxy coating [40]. DWA deposits fugitive ink layer by layer to create a scaffold, with nozzle
diameters ranging between approximately 200 um for colloidal inks to 250 nm for sol-gel
inks, with printing speeds betweend4—-10 mm/s [78]. Hansen et al. [79] used DWA to fabricate
ternary interpenetrating networks within an epoxy matrix with a brittle coating, where two of
the networks were filled with-an epoxy resin and amine hardener, respectively, with the third
network interlocking them.

3.2.4 Vaporization of saerificial components

3D vascular-networksfabricated via DWA of fugitive scaffolds are limited to low-
temperature curing polymers and small-scale elements, and are unsuitable for composite
manufacturing as these structures are too delicate to survive the fabrication process. An
alternative method to creating compatible networks in composites is the vaporization of
sacrificial components (VaSC) [80]. This technique seamlessly integrates a network into the
composite volume and can be removed by the VaSC process to form hollow networks capable
of circulating functional fluids. Polylactic acid (PLA) fibers are mechanically woven into 3D

Page 8 of 34
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woven glass preforms, ensuring position, length and diameter of the fibers meet the desired
design criteria. Connections in the networks are created by either overlapping two
perpendicular fibers, where direct contact is maintained by tension in the fibers, and by using
trifluoroethanol (TFE) solvent to partially dissolve the PLA to weld fibers together. The pore
space between the fibers is filled with a low-viscosity epoxy and cured. After curing,thefiber
is removed by heating the sample above 200° C, which vaporizes the PLA to yield.hollow
networks.

This method has been expanded successfully for self-healing applications, where sagrificial
3D vascular networks were introduced in polymeric composites [81], [82]. This method has
the advantage that as thermal depolymerization occurs simultaneously throughout the
sacrificial material, a network can be rapidly produced. Depolymerization yields a gaseous
byproduct which allows for full removal of the sacrificial material, and its depolymerization
temperature can be reduced below the decomposition temperature of the surrounding substrate
by doping PLA with a tin catalyst [83].

3.3 Spinning

3.3.1 Coaxial electrospinning (co-electrospinning)

Co-electrospinning has been used to create core-shell networks in‘polymers and ceramics,
producing networks with diameters ranging between 10 nm and 10 pm as well as allowing the
fabrication of long-length fibers of several meters [84]4[90]. Fibers are created by applying a
high voltage to a metallic nozzle fluid jet that.deposits droplets. As charge builds up on the
droplet, the surface is stretched to form a Gilbert=Taylor cone. The electric field pulls the fluid
toward the grounded electrode surface where itis collected, resulting in solid fibers collected
at the surface. To fabricate a hollow self-healing fiber, an inner layer of healing agent and
outer layer of network material are coaxially.spun, providing that the two liquids are
immiscible [91]-[93]. Carbon nanotubes have been fabricated by electrospinning [94] and
have potential to store and release-a healing agent upon rupture, with some capability to heal
itself or form adatom superstructures whenr-damage occurs on their walls [95], [96].

N
3.3.2 Emulsion spinning

Core-shell fibers can also be manufactured via emulsion spinning, where an emulsion of two
polymer solutions areelectrospun through a single-exit nozzle, as opposed to using separate
solutions with a coaxial needle; facilitating the control of the jetted solution compared to
controlling a two-solution jet. This was first developed by Bazilevsky et al. [97], where they
used blends of paly(methyl methacrylate) (PMMA)/polyacrylonitrile (PAN) solutions in
dimethylformamide (DME). Precipitated PMMA solution droplets became trapped at the base
of the Taylor cone delivering the PAN solution from its tip, and demonstrated that the outer
shell flow had the durability to stretch the inner droplet into the Taylor cone, thereby forming
a core-shell jet. This study was later expanded for self-healing nanofiber coatings for anti-
corrosive protection [98] and in a self-healing polymer application [94].

3.3.3Selution blowing
Selution blowing is an alternative to the electrospinning method, where compressed air is
used to produce nanofiber networks rather than requiring a high-voltage electric field, making
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it a safer manufacturing method (Figure 6) [99]-[101]. Lee et al. [101] found that solution
blowing allows core-shell fibers to be produced more efficiently than electrospinning, with a
core-to-shell mass ratio 33 times larger (75.62% compared to 2.29%), as well as double the
total mass production rate.

(b)

ta} syringe pump
core solutio

shell solution
; ——

syringe pump

polymer solution

concentric
concentric nozzle

nozzle
D.C. source—3p

Ligh pressure

cylinder

blown nanofiber
blown nanofiber mat
mat - 4

Figure 6. Schematic of the setup for solution blowing of mofolithic nanofibers (a) and for the
electrically-assisted co-blowing of core—shell nanefibers (b)[99].

3.3.4 Dry-wet spinning

Preliminary studies implementing spun networks were conducted by Su et al. [102], [103],
where they fabricated poly (vinylidene fluoride) (PVDF) fibers for self-healing bituminous
pavement, specifically using a dry=wet spinning technology. PVDF powder is first dried to
completely remove moisture andimixed\with a solvent of dimethylacetamide (DMAC). The
solution is poured into a spinning.pot at a temperature of 60° C. Nitrogen gas (N2) was
administered at high pressure of 0:15:MPa to extrude the solution from the spinneret to form
the shell of the fiber, while thecore fluid flows through the central hole of the spinneret and
serves as a support. To.preventthe.core material from leaking from the ends of the fibers, the
ends are sealed with a heat'sealer. PVDF fibers are hydrophobic, have high mechanical
strength and have superior.thermal properties due to the presence of fluorine, and can
withstand the high asphalt mixing temperatures of 140-180° C as its decomposition
temperature isiapproximately 450° C [104]. Su [105] developed a novel self-healing porous
microfiber cantaining oily rejuvenator, where the rejuvenator would permeate through the
pores of the'fibereither through the lipophilicity of the PVDF fibers or via the gradient
difference between the rejuvenator and the aged bitumen.

Table 1 summarizes the previously mentioned fabrication methods.
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Table 1. Fabrication techniques used to construct vasculature.
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General —— - Host Material . .

Method Fabrication Technique Application Network Materials Advantages Disadvantages Ref.
Traditional Glass tube integration Polymeric Glass Glass is -Limited to one [17],
fabrication composites, chemically dimensional [106],

concrete inert and channels [107]
generally will ~ -Often too
not react with  fragile to:survive
a healing manufacturing
agent pracess of the
host material
Subtractive -Lost-wax process Fiber-reinforced  Low or high melting Can closely Can result in [44], [45],
manufacturing composite wires, polylactic acid replicate reduced [71], [83]
-Soft lithography laminates, (PLA), polyolefin, existing mechanical
Fugitive scaffold ceramic poly\_/myl alcohol (PVA), biological properties _of the
rOCESS materials, gelatin vessel host material
P . concrete, pattérns ~
-Vaporization of
e hydrogels
sacrificial components
Spinning -Electrospinning Asphalt, Poly (vinylidene fluoride)  Relatively -Requires [86],
-Emulsion spinning ceramics, (PVDF), poly (methyl faster to specialized [88], [89],
. . polymers methacrylate) produce equipment. [91],
-Solution blowing (PMMA)/polyacrylonitrilen,. networks -Yields [101]-
_Dry-wet spinnin (PAN) solutions, carbon randomized [103],
y pinning nanotubes network [108]
patterns.
L 2

3.4 Additive manufacturing

The fabrication techniques described so far have shown efficiency for vascular self-healing,
however, most of them are limited to orthogonal . geometries or random formations. As
topology optimization techniques advance, enhanced manufacturing capabilities are required
to realize these geometries. AM is a layer-by-layer fabrication technique that has the ability to
build more complex systems through an array of methods. The initial purpose of AM was to
create prototypes for polymers, therefare most filament materials and design processes are
tailored for applications with this. material. However, the advancements in software, material
and build volume capabilities yield potential to developing increasingly complex, large-scale
structures that require minimal/manual assembly and can be utilized across multiple
industries, including the'medical, automotive and aerospace fields [109]. Three of the primary
AM printing techniques are.discussed below, and include stereolithography (SLA), fused
deposition modelling (FDM), and selective laser sintering (SLS); a summary of these three
general methods-is provided in Table 2.

3.4.1 Stereolithography:

SLA works:by using.a computer controlled low-powered laser or a digital light projector in a
layer-by-layer method to convert a photosensitive liquid into a solid state. A smooth outer
surface.can.be developed by sanding, and overhangs are possible to construct as a result of the
surrounding.supporting liquid resin. Its disadvantages are that thin parts can warp and cured
excess resin can block internal channels. Additional post-processing steps are usually
required, and this method is limited to fewer materials relative to other methods. SLA has
beenused in tissue engineering applications to fabricate artificial blood vessel networks made
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from soft polymers with wall thicknesses between 3-18 um; it was found that wall thicknesses
under 1 um collapsed due to the elasticity of the wall material [110], [111].

3.4.2 Fused deposition modelling

FDM is an extrusion-based printing method that has the advantage of a selection fromawide
range of materials with the possibility to create relatively larger internal diameters. Similar to
DWA previously described, this method relies on extruding a melted filament material.rather
than depositing droplets of a solution. Visser et al. [112] produced larger scale vasculatures,(L
X W x H = 67 x 42 x 8 mm?3) with diameters between 2-4 mm by printing polycaprolactone
(PCL) and using PVA as a supporting material, which would later be dissolvedin water
(Figure 7).

Figure 7. A) CAD design showing permanent (red), anghsacrificial (gray) components, B) PCL shown
in bright white and PVA in off-white, C) PCL structure after sacrificing the PVA support [112].

Compared to SLA, FDM does not produee smooth surfaces and creates a stair-stepping effect
(Figure 8), leading to more irregularity that could affect flow behavior throughout the
network. The stair-stepping effect.can allow increased network bonding to a host material if
the triggering mechanism relies on crack.formation to fracture the network. Li et al. [18] used
PLA as a filament material to print a complex vascular network obeying Murray’s law,
finding that the printed networksh'ovided a rough surface and added friction that allowed
strong adhesion to the cement matrix and would successfully break upon cracking to release
the healing agent.

Figure 8. a) Microscope image of the connection between the vascular tubes and cement beams b)
mineralsibetween PLA tube and cement matrix, c) pattern that remained after tube was manually
separated from cement matrix [18].

Page 12 of 34
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3.4.3 Selective laser sintering

SLS uses a laser to sinter powdered material (typically powder polymer, resin or metal) into a
solidified layer of fused powder. The setup contains a powder reserve chamber and a printing
chamber, which are heated to just below the melting temperature of the printing material. The
printing chamber moves down as each layer is sintered while the reserve chamber movesup,

adding a layer of powder with a leveling drum into the printing chamber. SLS can create
complex hollow networks and does not require supports for large overhangsidue to the
surrounding unused powder, but is limited to a small number of materials due tothe complex
consolidation behavior and molecular diffusion process that occurs during sintering.

Commonly used powder materials for laser sintering are polycaprolactone (PCL) and
polyamide (PA) [113], [114]. SLS is generally more expensive than other AM methods, as it
requires costly postprocessing steps such as polishing and heat treatments due.to poor surface
finishing and dimensional inaccuracies during manufacturing. This aspect can be better
controlled when fabricating scaffolds by properly selecting laser pewder material, optimizing
powder bed material and adjusting the laser scan speed [115]. Studies on fabricating tissue
engineering scaffolds are reported in [116], [117].

Table 2. Overview of general additive manufacturing methads applicalile to vascular self-healing.

AM Method Supported Materials Layer thickness range . Advantages Disadvantages
Stereolithography Radiation-curable resins or 0.01-0.15 mm Detailed and -Post-processing steps
photopolymers complex geometries  and UV curing are
can be realized. required to full solidify
the printed part.
-Limited materials
available.
-Generally costlier to
produce a part.
-Resin used is toxic and
requires care when
handling.
Fused deposition Polymers, composites, ceramic 0.20 — 0.33 mm -Many low-cost -Due to its lower
modelling and metal slurries printers are accuracy, finer design
N available and details are difficult to
materials are widely  produce.
available. -Shrinkage can be
-Generally larger unpredictable.
build volumes are -Support structures are
available. Relatively  needed for large
faster printing time.  overhangs.
Selective laser Polymers, composites, metals, 0.08 — 0.15 mm -Wide range of -High power

sintering

ceramics

available materials.
-No supporting
parts are required.
-Little post-
processing required.

consumption is needed to
power the laser used for
sintering.

-Printer takes up a large
amount of space.
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3.4.4 Limitations in vascular network additive manufacturing

While additive manufacturing techniques are greatly improving and allow greater
complexities in network geometries to be realized, there are still a number of challenges to
overcome to develop efficient self-healing vasculature.

Healing agent compatibility with the network wall material often limits which materials can
be used for the network. For example, PLA, a widely used polymer filament material,
contains moisture which will initiate curing of certain healing agents that react upon contact
with water (i.e. cyanoacrylate). Material properties of the network are affected by the build
orientation of the printing process. Simonelli et al. [118] investigated the tensile properties of
a titanium alloy by printing Ti-6Al-4V in different orientations (flat, edge and vertical
orientations), showing that the ductility and fracture mechanisms are dependent‘on the build
orientation, with the edge-printed bars exhibiting the highest tensilejproperties.

Multiple challenges exist that limit the size of a printed structure. For SLA, the minimum
structure size is limited to the light focusing and scattering of the equipment, printing resin
absorbance and viscosity, as well as software control over printing parameters. Printing
resolution, or the nozzle size for extrusion based additivesmanufacturing, can limit the
accuracy, layer thickness, and surface smoothness of the printed network, therefore minimum
wall thicknesses are currently restricted to the millimeter scale. Most filament materials used
in FDM are not strong enough to create relatively large.overhangs without the use of
supporting structures, which need to be considered 'when developing the model for printing.
Additionally, scaling up network configurations,using additive manufacturing techniques are
limited to the enclosed build volume of the printer, material strength properties of the network
material, and time required to fabricatexThis can be mitigated by creating connection joints
and combining multiple pieces, howeverthe joint design must consider implications for fluid
flow. Larger enclosures or moving printing beds are other potential ways to overcome this
limitation.

Further developments of additive manufacturing are inhibited by the limited amount of
engineering standards, whichrare necessary for repeatedly reproducing reliable elements and
for widespread adoption to IndustryFor polymer-based printing, there is limited information
on its long-term perfarmance as well as a lack of standards detailing the requirements for
composition and material properties to be considered for filament materials. Some basic
standards have been developed, such as ASTM F2792, 1ISO 17296, ISO/ASTM 52915-17, and
ISO/ASTM 52921-13 [119]-[123], however a number of gaps exist among them, resulting in
an incompleteset of design and testing requirements. In March 2016, a cross-sector
coordinating partnership between America Makes and ANSI Additive Manufacturing
Standardization Collaborative (AMSC) was created to help facilitate the coordination and
development of consistent AM standards for industry use. They compiled gaps where no
published specification exists for a particular industry need in an interactive, online portal that
is regularly updated as standards are published. At the time of this paper, the AMSC roadmap
indicated 93 gaps related to design, precursor materials, process control, certification,
nondestructive evaluation, and maintenance of AM materials [124].

Page 14 of 34



Page 15 of 34

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SMS-111324.R1

4. Healing Agents and Mechanisms

An ideal healing agent for a vascular network should have the ability to be contained within a
supply system, be adequately mobile to flow to damaged zones, and resist crack re-opening.
Sufficient viscosity of a healing agent is required so that it is not overly viscous, and a
viscosity that is too low could cause a substantial loss of healing agent through macrocracks
or pores within the matrix. Additionally, the healing agent should have equivalent or
improved mechanical properties upon curing [60], [61]. Described here are healing agents,
triggering mechanisms and fluid delivery mechanisms that have been employed for.self-
healing in a number of experimental investigations across different materials. These include
agents that have been previously employed in vascular networks as well aspotential agents,
which have been used in intrinsic or (micro)capsule self-healing systems, and are summarized
in Table 3.

~

4.1 Healing agents

4.1.1 One-component agents

Cyanoacrylate (CA), or superglue, is a one-component adhesive with a relatively low
viscosity that polymerizes when it interacts with moisture‘orair, andhas been used in
cementitious applications. At room temperature, a thinJayer of cyanoacrylate can cure within
one minute to form a rigid thermoplastic that has an excellent adhesion to a wide range of
substrates [125]. Due to its faster curing times, CA'may be astitable agent for structures
subjected to dynamic loading (i.e. bridges, off-shore and coastal structures) where cracks
could open and close multiple times, however itis not a preferred method by contractors for
field use due to its rapid curing time and care required while handling [126], has limited
chemical and thermal stability, and has-asrelatively high material cost [125]. Additionally, the
time it takes for CA to cure is dependent on the thickness of the layer; a difference of as little
as 0.1 mm in thickness can havea significantimpact on the curing profile [127]. The
advantage of one-component adhesives is that they typically have a longer shelf life and do
not require mixing of separate components. Its fast curing time has proved suitable for
experimental investigations and wmerical modelling of predicting healing and flow behavior
[571, [59], [61].

Gergely et al. [128] examined different one-part ultraviolet (UV)-curable healing agents for
vascular healing in polymeric coating systems. The healing agents react when exposed to
sunlight and begin to solidify, and over time will gain enough hardness to fully repair the
coating. Light-healing agents can require little to no human intervention for repair, however
they are limited to healing'surface cracks. UV-curable agents have also been studied by
Davami et al. [129] inta polymeric material and by Song et al. [130] in a self-healing
protective.coating. for'concrete.

Alkaline silicates have been explored for self-healing in cementitious materials, and employed
for vascular use'[18], [64] to recover mechanical strength. Sodium silicate reacts with the
Portlandite ‘in the cementitious matrix and has a relatively slower reaction process than other
agents employed, as well as a low viscosity. The mechanism that explains how silicates
improve mechanical performance in cementitious materials is still debated in literature. The
most accepted theory among researchers is that a portion of sodium silicate reacts with the
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available Ca?* cations of the cement paste, producing calcium silicate hydrates (C—-S—H),
while the remaining part of the sodium silicate crystallizes after the evaporation or the
absorption of the water [18], [65], [131], [132]. Potassium silicate has been proposed as an
alternative to sodium silicate due to its relatively lower viscosity. However, it was shown to
yield a significantly lower bending strength relative to cementitious self-healing materials
using sodium silicate [133]. This is potentially due to its lower viscosity, as it is possible that
it was partially absorbed into the cement matrix and thereby limited the amount of healing
agent available for crack repair. The long-term use and stability of alkaline silicates in self-
healing cementitious applications however have not yet been well explored.

Certain bacteria have been encapsulated as a crack repair technique for concrete specimens by
inducing calcium carbonate precipitation upon interacting with air or water upon crack
formation. These bacteria are naturally found in soil, sand, and minerals, and,include Bacillus
cohnii, Bacillus pasteurii, Bacillus lentus, and Bacillus sphaericus. Use of bacteria for self-
healing cementitious materials has been limited by high alkalinity ef concrete, which prevents
the growth of the bacteria, and it is therefore essential to protect the bacteria from the high pH
in concrete, which can be mitigated by using capsules or porous earriers as a mechanism for
immobilization of spores [134], [135].

4.1.2 Multiple-component agents

Dicyclopentadiene (DCPD) monomer with Grubbs’ catalyst (a. reactive transition metal) has
been a well explored healing agent for polymeric applications, first reported by White et al.
for a micro-capsule based approach [3], [40], [87]);.[136]-[138]. Ring-opening metathesis
polymerization (ROMP) is activated as DCPD ¢omes into contact with Grubb’s catalyst that
is embedded within an epoxy matrix; which:ithen bonds the crack faces together. DCPD
monomer has the advantage of not reactinguin the presence of moisture and has a low
viscosity, which are ideal characteristics of healing agents for vascular usage, however the
catalyst is expensive and can drive-costs up for full-scale production.

Bisphenol-A-based (BPA) epoxy has been used in a number of studies as a fast curing healing
agent and because of its higher strength properties [101], [139], [140]. Two-component
healing agents generally have a longer shelf-life that can better match that of the host
material, and can also be renewedperiodically throughout the duration of the lifetime. A large
drawback to this healing agent is its high toxicity and environmental concerns, and
alternatives can be'more expensive and not provide the same strength and stiffness properties.
Lee et al. [141] filled.the cares of solution blown fibers with epoxy precursors (either BPA
epoxy resin or a hardener stored separately) to demonstrate the successful prevention of crack
propagation in.stretched fiber-composite specimens.

Williams et al. [42] supplied a vascular network in a sandwich composite with a pre-mixed
epoxy.resin solution, comparing it to a two-part network where the epoxy and resin were
administered separately in the two different networks. They found that both systems were able
to fully recaver the undamaged failure load after a healing event, however their design
incorporated vertical risers that indicated an adverse effect on healing efficiency. To further
Investigate alternatives to single network specimens with monomer delivery, Toohey et al.
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1
2
i [41] built a two-part vascular network in a brittle polymer coating where an epoxy resin and
5 amine-based curing agent remained isolated in separate networks until crack formation
6 occurs. The two-part network achieved up to 16 successful healing cycles, compared to seven
7 repeated healing cycles in a single network filled with DCPD monomer. They found that
g although a two-part network can extend the number of successful healing cycles, it isdimited
10 to relying on the components mixing by diffusion, and shows more efficient healing when
n there is external manipulation of the specimen to promote mixing.
12
13 Methacrylate (MMA\) is an acrylic-based material that has proven its efficiency in‘manual
1‘5‘ crack healing for concrete, and is able to resist penetration of chlorides and‘carbonation. It has
16 been shown to decrease the water permeability in a cementitious material through
17 autonomous crack healing in capsule-based healing applications. MMA was initially used as a
B three-part system by Dry and McMillan [106] and further developed by Van. Tittelboom et al.
20 into a two-part system that used compounds of MMA monomer with an initiator and activator
21 [142].
22
23 PDMS has been employed for polymers in microfluidic devices and in medical applications
;‘5‘ due to its biocompatibility and good mechanical properties. PDMSuis a flexible, two-
2% component, silicon-based engineered material, comprising of a resin monomer and a curing
27 agent, and has been used as a direct writing ink [143]+n.addition to a flowing healing agent.
;g The two components of PDMS have been encased/separately wia electrospinning to form the
30 cores of self-healing fibers [88], [89], [101]..PDMS typically cures within 24-48 hours at
31 room temperature, so it may not be a suitable agent for-applications that would require shorter
32 healing times.
33
2‘5‘ White et al. [144] developed a two-stage polymer chemistry in PMMA specimens where the
36 healing agent initially forms a shape-conforming gel and later polymerizes to a solid polymer,
37 healing a damaged area of up t0'35.mm in diameter. Isolated networks retained a gel catalyst
gg and a monomer initiator, and would betriggered and released upon a damage event, filling
40 damaged zones within 20 minutes and restoring mechanical function within three hours. Two-
41 stage healing action was alserinvestigated by Wang et al. [145] in a microcapsule self-healing
fé system in concrete, where polyurethane and bacteria were released upon crack formation.
44 Polyurethane would first'polymerize and the bacteria would precipitate calcite into the pores
45 of the polyurethane to‘increase its density.
46
47 Table 3. Overview of healing agents applicable to vascular self-healing.
48
Viscosity . .
49 . e 2 .
50 Healing agent comﬁ(;)r]:ents Application (rgg?é )@ CtLiJrr:lgg \é\L/J?)i/n(;f (Srrrf)lr]:tlrlls Advantages Disadvantages  Ref.
> ICyanoacrylates 1 Polymers, 1-10 5-15 Moisture 12 -Low viscosity ~ -Curing time is [12],
52 composites, sec too fast for [17],
53 concrete practical [146]
54 applications
55UV-curing resin 1 Polymeric - - UV light - -Little to no -Feasible for [128]-
56 coatings human limited [130]
57 intervention applications
58 needed for (restricted to
59 dosing surfgce-level
60 healing)
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1

2

3 Epoxy resin lor2 Sandwich 50-160 20-40 Heat or 12-36 -Offers good -Material needs  [4],

4 composites, min resin and mechanical to be correctly [34],

[ polymeric hardener performance mixed; if off- [43],

6 coatings, combination ratio or not [79],

7 concrete mixed [147]

thoroughly. it

8 willnet cure to

9 full strength

10

1 1Polyuretha\ne lor2 Concrete, 250- 10sec  Moisture 6-12 -Expansive -May block [148]-
polymers, 10000 -3 characteristics ~ channels.for [150]

12 composites hours can improve future healing

13 healing cycles

14 potential

15

16

17

18 kaline silicates 1 Cementitious 130 - Forms 12-48 -Compatible -Longer curing [18],

19 materials products withthehost  time [65],

20 with the (cementitious) [151]

21 host material

22 material -Relatively

23 non-toxic

24Dicyclopentadiene 2 Epoxy 1 2-5 Polymerizes - -Low viscosity  -Expensive [16],

25(DCPD) with matrices, min when -Does not react [94],

26Grubb's catalyst fiber DCPD with moisture [138]

27 reinforced comes into
epoxy contact with

28 composites, Grubb's 7S

29 concrete, catalyst

30 asphalt

31

32Methacrylate 20r3 Cementitious  1-35 24 Heat or - -Low viscosity  -Can [142]
materials hours contact prematurely be

33 component absorbed by the

34 matrix

35poly(dimethylsilox 2 Polymeric - 24:48  Contact - -Good -Relatively [101],

36ane) (PDMS) microfluidic hours component mechanical and  longer curing [152]

37 devices environmental  time

38 properties

39

40

41 . . . N !

42 4.2 Healing agent triggering.mechanisms

43 4.2.1 Triggering by network fracture

44 Crack formation is the most common triggering mechanism to release a healing agent from a

jg vascular network inte-a;hostimaterial. It relies on the brittleness of the embedded network to

47 fracture upon damage as well as having sufficient bonding to the surrounding host matrix

48 material. Once a crack occurs, the healing agent would either be delivered by capillary action

gg if it is contained within a closed network, or trigger healing agent delivery via embedded

51 sensors in the host material that detect damage or a change in pressure.

52 .

53 Fracture of a vaseular network to release the healing agent causes permanent damage to

54 common network material, thus limiting the number of healing cycles it can provide. If a

gg healing agent has a low enough viscosity, it may seep back into the broken network and cause

57 blockage. In order to flush the network from any remaining healing agent solution, Minnebo

58 et al. [64] pumped air through their vascular network embedded in a concrete specimen.

59

60

Preventing thrombosis in vascular networks is a topic of research interest, and most 3D
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vascular designs have relied on sufficient redundancy in a network so enough channels are
available for fluid flow [36]. In her PhD thesis, Qamar [153] suggests a porous network
design to limit thrombosis by constructing a flexible network, rather than brittle, which
debonds from the surrounding matrix upon network fracture and releases a healing agent
through the pores. The network would remain intact after a healing event and be available,for
multiple healing events, however it may require a system of valves or channel cleaning
following healing agent release to fully prevent network blocking.

4.2.2 Self-sensing methods

Kousourakis et al. developed an autonomous healing system that was based on the
comparative vacuum monitoring (CVM) technique, a structural health monitoring (SHM)
method [46][154]. Linear tubes of < 1 mm in diameter were located between layers of a
composite laminate. Air was removed in every other tube by vacuum to plaee them in a low-
pressure state, while the intermediary tubes remained at ambient.air pressure. As a crack
would grow and pass through multiple tubes, a change in pressure weuld:be detected that
would then trigger the release of a healing agent from an extérnal reservoir. Norris et al. [155]
demonstrated this system in a structural FRP composite and.compared it to a circulatory
network that mimics blood flow, however, this approach continuously circulated the healing
agent rather than having relied on damage detection. The pressure detecting vessels were only
limited to one healing event as they would become‘blocked.upon polymerization of the
healing agent following damage. The triggered healing approach resulted in 94% recovery of
post-impact compression strength, and the circulatory method lead to a 100% recovery. Trask
et al. [156] expanded on this scheme by developinga system where every other tube is subject
to positive pressure, and the release ofypressure following delamination would trigger the
healing agent delivery to the damaged zone.

Gergely et al. [128] reported an‘autonomous healing agent storage and release system for a
protective coating, where the healing agent remains stored in the network until abrasion
completely removes the protective coating»The embedded vasculature would then release a
finite amount of one-part healing-agent to the surface, which regenerates the protective
coating when exposed to UV light (as previously described).

Another self-diagnosing vascular-healing system was developed by Nishiwaki et al. [157]
where they applied an.ethylene vinyl acetate (EVA) film on organic film pipes for selective
heating. The self-diagnosing composite tubes, placed below the pipes containing healing
agent, consisted of fiber reinforced composites and electro-conductive materials which would
increase in elgctric resistance once subjected to strain due to crack formation. This added
resistance would‘heat the concrete around the crack to the melting point of the film
surrounding the pipe; which would then release the contained epoxy resin healing agent.

4.3 «Delivery Mechanisms

4.3.1 Capillary flow

Contained healing agents in a closed vascular network are immediately released upon crack
formation, relying on capillary and gravitational forces to transport the healing agent through
the crack plane. When relying only on capillary forces to drive a healing agent through a
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network and into a crack, the flow efficiency depends on the network channel diameter, crack
width and viscosity of the healing agents [107].

4.3.2 Pressurized networks

Pumping of healing agents through networks has been used overcome the limitation of
blockage in channels after buildup of healed material in the crack plane after multiple loading
cycles and is used to improve fluid flow throughout the system. Hamilton etal. [158]
achieved almost full recovery of fracture toughness in an epoxy matrix after 15'damage-
healing cycles, and demonstrated more repeatability than unpressurized samples, which saw
mechanical recovery up until six cycles. Cementitious vascular systems relying.on pumping
mechanisms to improve fluid flow have also been explored in [18], [59].

4.3.3 Expansive agents ~

Foaming agents have been developed for cementitious capsule-based-self-healing materials
[159], [160] and implemented in a vascular system by Minnebo et al. using polyurethane [64],
as they have potential of greater diffusion depths due to theirexpansive characteristics.
Polyurethane can be obtained either as a one- or two-compenent feaming healing agent. One-
component polyurethane quickly expands upon contact with meisture. For two-component
polyurethane, one part of the compound consists of a prepelymer of polyurethane and foams
when in contact with moisture, and the second is an acceleratar that shortens the reaction
time. The expanding foaming reaction can lead to an increase in volume of 25-30 times and
creates a driving force that pushes the healing agent outside of the encapsulation system upon
crack formation.

5. Characterization and Evaluationof:Self-Healing Performance
Assessment of self-healing is shown by recovery of mechanical properties or tightness of the
host material, and can be measured by changes in stiffness, tensile strength, adhesion, and
permeability, depending on the nature of.the host material. These properties can be measured

in the following described testing.methods, and are summarized in Table 4.
N

Three- and four-point bending tests arc used to measure a material’s stiffness and strength,
using beam specimens with-@uniform rectangular cross-section. Three-point bending tests use
notched specimens to promote guided cracking, and four-point bending tests induce multiple,
random cracking that closely simulates realistic loading conditions. Specimens are loaded at
least twice to measure performance before and after healing [65], [133], [161], [162].

Self-healing in adhesives, such as BPA epoxies, can be evaluated by an adhesion (blister) test,
which is a measure of energy of adhesion. A shaft-loaded blister test (SLBT) applies a load at
the center'of the test'Specimen to cause delamination at the membrane-substrate interface,
where the adhesion energy is defined by the applied loading and blister width [163], and has
beenwsed by.Na et al. [164] to measure the adhesion energy of electrospun PVVDF fibers
(Figure 9).
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Figure 9. Loading apparatus and testing scheme for SLBT [164\].
The adhesion energy is determined by:

3/ 1 \1/3 /p\*/3 .
r= 3" (0" a2
where T is the adhesion energy (J/m?), E is Young’s modulus ofithe membrane (MPa), h is the
thickness of the membrane (mm), P is the peak load (N)and a is the radius (mm) of the
blistered area during peak loading [101].

&

Acoustic emission (AE) is a non-destructive.evaluation technique that can be used to
investigate cracking in real-time, using transducers that continuously sense acoustic waves
generated by crack formation. Characteristics of these.waves, such as number of hits,
amplitudes, velocity, frequency, and AE‘energy, can be used to determine the type and
magnitude of damage [44], [147], [165], [166]. Anultrasonic pulse velocity test is another
non-destructive technique that measures the time it takes for a vibrational energy pulse to
travel through a material, and has been used to monitor the evolution of the healing process in
concrete samples [58], [167], [168].

Comparative vacuum modelling is-aireal-time structural health monitoring method to non-
destructively evaluate cracks in‘materials. A flow meter is connected to a sensor composed of
a series of closed tubeswhich are placed on the surface of the material where damage is
expected. The tubes alternate between ambient air pressure and vacuum. Crack formation
along the surface causing air to leak into the vacuum tubes, which then triggers the sensor; if
no damage develops, then the flow meter will remain at a stable level. A rate of flow would
correspond toa magnitude of damage [46], [154]. An advantage to using this method is that it
does not require the use of expensive sensors.
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Table 4. Testing methods used to assess healing and mechanical recovery of self-healing materials.

Type

Test Method

Matrix material

Purpose

Limitations

References

Mechanical
property regain

Water tightness
recovery

Visualization
and
characterization

Bending test

Tensile test

Adhesion test

Acoustic
emissions

Ultrasonic
pulse velocity
(UPV)

Comparative
vacuum
modelling
(CVM)

Water
permeability

Optical
microscopy

Digital image
correlation
(DIC)

Scanning
electron
microscopy
(SEM)

Composites,
polymer, concrete

Composites,
polymer, concrete

Polymer

Composites,
polymer, concrete

Concrete

Composites

Concrete

Compoasites,
polymer, conerete

Composites,
polymer, goncrete

Composites,
polymer, concrete

Measure regain in
stiffness and/or strength

Determine ability to
adhere to another material

Detect cracking and
measure regain in energy

Detect cracking and
estimate compressive
strength

Location and magnitude
of crackformation

Flow of water through
cracks

Visualization of crack
closure

Provide high resolution
morphological and
compositional information

Influenced by size
and curing of the
specimen

Influenced by
moisture content of
the specimen

Substrate material
can influence
deformation and
bonding behavior

Sensitiveto ambient
noisé and needs to
be filtered

Can be affected by
reinforcement, w/c
ratio, and transducer
spacing

Restricted to
surface cracking

-Dependent upon
crack induction
-Sensitive to
specimen
composition

Effectiveness relies
on the microscope
resolution

-Sensitivity to
external light
sources
-Restricted to
surface cracking

-Generally
expensive

-Careful sample
preparation required

[59], [65],
[133], [161],
[162], [169]
[171]

[44], [108],
[172]-[474]

[101], [163],
[175]
[44], [147],

[165], [166]

58], [167],
[168]

[46], [154]

[18], [59],
[169]

[18], [44],
[155]

[12], [27],
[83], [176]

(18], [69],
(87], [91],
[94]

Durability in cementitious materials is typically measured by water permeability and water
absorption tests, and has been used by a number of studies as a measure of self-healing ability
[149], T159], [277], [178]. Excessive cracking in reinforced concrete can cause water or
aggressive substances to seep through and corrode rebar, which in turn weakens the structure
and reduces its tensile strength. Water permeability tests can be used to measure the change in
flow of water through discrete cracks prior and following a healing event.
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A number of visualization tools have been used to measure and characterize self-healing in
multiple materials, including optical microscopy, digital image correlation (DIC), and
scanning electron microscopy (SEM). Optical microscopy [18], [44], [155] and DIC [12],
[27], [83], [176] have been used to visualize and measure crack closure. DIC works by taking
multiple images of a crack generation along a surface, where one point in an image is
correlated to consecutive images to measure a displacement. SEM uses a focused beam of
high-energy electrons to generate signals on a solid specimen, which are used as information
on its morphology, chemical composition and microstructure [179], giving visualinsight on
healing performance [18], [69], [87], [91], [94].

6. Large-Scale Applications

Large-scale applications of self-healing vascular materials are limitedghowever some
preliminary site trials of vascular networks in concrete have been performed. Dry et al. [180]
expanded self-healing efficiency testing from beams [17] to small one-story lab-size frames
with the potential for scaling up [181]. Glass tubes were embedded in,one-story structural
frames (approx. 24 cm wide by 19 cm tall) subjected to earthquake loading and connected to
an external supply. They demonstrated that cracks repaired by.the healing agent would cause
other areas to crack when stressed, resulting in cracking around the structure. This used much
of the material’s strength, but was able to prevent overall catastrophic failure. Larger size
elements were investigated by her group in [182], where they @mbedded glass tubes in a
concrete bridge deck (approx. 7.6 cm x 122.cm x 610/cm).

More recently, the Materials for Life (M4L) research project conducted the first in-situ site
trials for self-healing concrete in the UK [183], including a test on a 2D vascular network
embedded in a wall panel (1.8 m x 1.00m X 0:15.m), verifying its ability to repeatedly
distribute a healing agent through the netwark to repair damage. Tsangouri et al. [184]
investigated the healing feasibility.of a planar vascular network embedded within a real-size
concrete slab (4.0 m x 1.0 m x 0.20 m):loaded under four point bending by incorporating a
number of advanced monitoring methods, including AE, DIC, and visual crack inspection
(Figure 10). They found that-localshealing was obtained with a pulse velocity regain of up to
100%, however repair was /limited for larger cracks with widths over 0.5 mm. Most studies of
scaling up networks arestill'executed in a lab setting, highlighting the need for improving
design techniques and ' manufacturing methods for in-situ application.
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Figure 10. a) Loading set-up and slab dimensions; b) Steel rebars mesh‘and vascular network
capsules embedded into the slab mold; c) Node and their geometry; d) Insidewiew of the slab where
the vascular network is illustrated; e) Healing agent deposit tubes; fJAE transducers position; g)
Transmitter-receiver illustration of AE transducers used for ultrasound-pulse velocity measurements;
h) Hammer tapping points throughout the bottom of the slab;\i) Coredrilling positions [184].

Further full-scale trials will likely be seen once suceessful repeated healing ability is
demonstrated, as well as when capabilities for large scale additive manufacturing are
enhanced. Replicating laboratory scale tests'will also require a more autonomous material
with a damage sensor to initiate and terminate healing, so that manual intervention for repair
is reduced.

A detailed life cycle analysis of vascular self-healing, as well as indications that the upfront
costs of this system are less than,the maintenance costs of a traditional (not self-healing)
system, will also need to be explored.to justify its use to potential stakeholders. Life cycle
studies on other self-healing systems show that there is potential for improved durability,
reduced environmental impact and.overall cost savings [185]-[187], however a full life cycle
cost analysis cannot be complete until'more information is collected from trials on real
systems. Current lab-scale investigations utilize commercially available healing agents and
network fabrication methods, however the optimal and cost-effective healing agent and
network combinationsfor each type of material has not been well-defined and can be a topic of
future research.

7. FuturefPerspectives

The main advantage of a vascular network over other healing methods is that it can remain
available for more than one healing cycle. Design methodologies that maximize the amount of
healing and thus hold the most promise for further developing self-healing vasculature include
1) having sufficient redundancy of network branches while not compromising the structural
integrity of the host material, and 2) flexible networks that do not rely on fracture to release a
healing agent, thus available for an indefinite number of healing cycles. Either of these
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methods can leverage evolutionary algorithms that could further optimize the network design
by considering multiple parameters and variables.

AM techniques have the ability to fabricate complex geometries that traditional machining
methods lack while reducing the amount of manual assembly. Although AM technologies
have great potential for advancing the manufacturing process of self-healing vasculature, they
come with significant limitations that still need to be overcome. Three-dimensional design
modeling and printing techniques require extensive training, and the lack of standardized
printing methods and guidelines hinders the user from efficiently realizing a model.
Additionally, filament material properties can be inconsistent among different manufacturers,
and measured properties can differ from the material datasheets, making@xtensive
preliminary testing necessary prior to fabricating the final model [188].

Other gaps in research include the development of guidelines for healingagent selection,
which would aim for compatibility with the host material as well.as‘minimize reactivity with
the network wall material to avoid blockages. Healing agent curing behavior can depend on
the quantity administered as well as the substrate it is applied to, and selection criteria would
aid industry professionals and researchers in the advancement,of this'self-healing method. A
number of researchers have mentioned that a larger void volume fraction imposed by an
embedded network can negatively affect the mechanical behavior of the host material [24],
[48], [189], however quantifying that negative attributefor different host materials has yet to
be studied and should be a topic of future research.”Additionally, once repeated healing ability
is developed in a vascular self-healing system, this technology can be applied from research to
full-scale practical applications.

Each of the gaps previously described reaches:different scientific communities and will
require a collaboration among these various fields of research, as well as among the
researchers focusing on different material classes. Industry professionals would first need to
identify which applications are best suited for vascular healing. Experts in chemistry or
material science would need to develop oridentify ideal healing agents for each specific host
material that can be readily utilized in.vascular network applications, having sufficient
viscosity for the effective filling of cracks and improving mechanical or durability properties.
Computer scientists could further investigate optimization techniques for network design that
improve fluid flow, allow for sufficient redundancy and minimize the impact on the host
material’s original properties. Designers of vascular networks would then need to synthesize
this multidisciplinary expertise to deliver the optimal self-healing vascular network for their
particular application.

8. Conelusions

While this topicais still in its infancy, the development of self-healing vasculature has made
progress initerms of determining suitable healing agents and preliminary network designs, and
shows enhanced performance compared to other self-healing techniques given its ability to
continuously heal over multiple damage events and address multiple scales of damage.

Se.far, Murray’s Law has been used to determine optimal channel diameters and branching
angles, and some advanced computational methods have been leveraged to optimize topology
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and channel sizes while considering constrictive parameters. Blockages within networks are
still a major limitation of the healing efficiency of a vascular network, and further
developments in network designs will need to reduce or eliminate them. This could be
achieved by closing off the network once fractured or employ self-healing network materials
to prevent a healing agent from seeping back in.

Most fabrication techniques are limited to planar network configurations, and some such as
electrospinning and solution blowing techniques yield randomized network designs. However,
more complex geometries and configurations can be realized with the increasing
improvements made in additive manufacturing techniques. Design and manufacturing for AM
is a continuously evolving topic that is of interest to the development of complex, biomimetic
self-healing networks. To effectively implement this healing approach at an industrial scale,
will require further collaboration between chemists, material scientists, computer scientists,
and additive manufacturing specialists.
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