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Abstract

Sensing of damage, deformation and mechanical forces is of vital importance in many
applications of fiber-reinforced polymer composites, as it allows to monitor the
structural health and integrity of composite components and to detect micro-damages
before they lead to catastrophic material failure. This review discusses bio-inspired
and bio-mimetic approaches to self-sensing and self-reporting materials. Examples
include bruising coatings and bleeding composites based on dye-filled microcapsules,
hollow fibers, and vascular networks. Force-induced changes in color, fluorescence or
luminescence are achieved by mechanochromic epoxy resins, or by mechanophores
and force-responsive proteins located at the interface of glass/carbon fibers and
polymers. Composites can also feel strain, stress and damage through embedded
optical and electrical sensors, such as fiber Bragg grating sensors, or resistance
measurements of dispersed carbon fibers and carbon nanotubes. Bioinspired
composites with the ability to show autonomously if and where they have been
damaged lead to a multitude of opportunities for aerospace, automotive, civil
engineering, and wind turbine applications. They range from safety features for the
detection of barely visible impact damage, to the real-time monitoring of deformation

of load-bearing components.

1. Introduction

Imagine an animal that does not feel pain. It would be able to perform great feats,
although with great risk of permanent damage to its body in terms of overstressed
muscles, torn ligaments and more. Thus, feedback mechanisms that report the
structural integrity of tissue and body parts are essential for long-term survival. Not
surprisingly, a multitude of sensing mechanisms have evolved allowing organisms to

assess their health and the state of their body. For example, most tissues in animals
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feature a dense array of nerves, which report tissue damage by the sensation of pain.
Other means to evaluate whether damage has occurred are optical clues, such as
bruises or blood seeping from a wound. These signals allow a timely response to
damage and fatigue, be it by reducing stress, further protection of the body or, in the
case of humans, seeking medical assistance.

In contrast to the natural world, most materials are passive and do not have the ability
to sense, detect and report damage. As a result, the engineering approach to ensure the
safe use of materials is to employ a surplus of material, e.g., in load-bearing
applications, so that the strength and toughness of the material greatly surpasses any

151 e.g., by

foreseeable forces during its lifetime. In addition, nondestructive testing,
X-ray, ultrasound imaging or lock-in thermography might be carried out at regular
intervals to detect microscopic damage before cracks widen and become catastrophic.
Last but not least, components can simply be replaced at regular service intervals if
their integrity is crucial for the safety of the device, such as in aerospace applications.
While these measures help to ensure safe operations, they rely on the use of a surplus
of material, which increases weight and therefore fuel consumption, or they involve
costly monitoring, repair, and replacement procedures.

Dynamic or static overload, fatigue, and impacts are common causes for damage in
polymeric materials. In the context of fiber-reinforced composites, barely visible
impact damage (BVID) is of particular relevance. It is caused by low velocity impacts
and can occur, e.g., when a technician drops a tool during assembly, service and
maintenance to composite structures. The impacting object might not cause more than
a small indentation on the surface of the material, but can result in delamination

between fiber plies, matrix cracking within a ply, fiber fracture and back-face tensile

cracks.[*! Such microdamage may act as a nucleus for larger and potentially hazardous
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structural damages. Easy means to detect BVID are therefore of importance to
facilitate quality control, especially on large surface areas, so that those spots can be
identified that need further inspection, replacement or repair.[’!

Materials that autonomously sense their state and report damage including, but not
limited to, BVID have attracted a lot of attention in recent years.!!% Those self-
reporting (also termed self-sensing or self-monitoring) materials often take inspiration
from the biological world, transferring or mimicking the concepts used by nature to
sense damage into materials sciences. Often, but not always, self-reporting
capabilities go hand in hand with self-healing mechanisms.l''""! Fiber-reinforced
polymer composites are particularly interesting for the implementation of self-sensing
mechanisms as they are high performance materials that are often used where

lightweight yet strong materials are needed,'d e.g., in aerospace applications, !’

2,20, 21 [23]

wind turbines,! I'the automotive industry,?? sporting goods,?*! medicine!®*! or in
civil engineering.*> 2%/ Many of these applications are less cost-sensitive than other
applications of polymers, so that the use of smart materials is a viable economic
option if it reduces fuel consumption, increases service intervals, or increases safety
margins.

Approaches to self-reporting fiber-reinforced composites are summarized in Figure 1.
Damage and deformation of polymeric materials can be visualized by changes in
color, fluorescence or the production of luminescence, in analogy to the warning
signals of bruises or bleeding wounds. To achieve such optical signals, dye-filled
capsules, hollow fibers or microchannels can be incorporated into damage-indicating
coatings, or they can be embedded into the composite, either into the polymer resin or

[8, 9, 12-14

at the interface between fibers and polymer resin. 1 Upon rupture of the

reservoirs, their content bleeds into cracks and voids, highlighting their location. A
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second strategy is to synthesize materials with intrinsic mechanochromic properties.*-
101 To this end, the polymer matrix or the surface of the fibers is functionalized with
functional groups, additives or biomacromolecules that change their optical
appearance in response to mechanical deformation.

Even though it might appear much more difficult to prepare materials that feel pain
than to induce color changes, the implementation of electronic or optic sensing
elements into composites is a popular approach for structural health monitoring,
especially amongst materials engineers.[?% 21> 2721 Resistance measuring devices,
strain gauges, piezo sensors, optical fiber sensors and other types of deformation
sensors can be mounted to the surface of composite components. Alternatively, the
sensors can be embedded into the composites during manufacturing. The sensors are
connected to data acquisition units and allow to monitor material’s properties even
over extended periods of times, e.g. in service.

This progress report introduces the reader to the various concepts that are followed to
create self-reporting fiber-reinforced composites and critically discusses advantages,
drawbacks and future prospects of the approaches by discussing representative
examples from the literature. Wherever possible, bioinspired and biomimetic
strategies towards self-reporting of damage will be highlighted.

2. Mechanochromic fiber-reinforced composites
2.1 Self-reporting coatings and self-reporting composites based on microcapsules

If a blunt object hits a body, capillaries rupture and release blood into the surrounding
interstitial tissue. As a result, a bruise forms. If it is close to the skin, it can be easily
observed by the naked eye and is therefore an indication for an accident, a medical
problem, or domestic abuse and other forms of violence, even days after the actual

incident.
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Color changes that report impact damage in materials can be achieved by applying so-
called bruising coatings, which have been initially described in patents,*%! e.g., for

31,32 and more recently in scientific publications. They

impact detection on aircraft,
are based on a dispersion of dye-filled microcapsules in a coating. Alternatively, dye-
filled capsules can be embedded into the bulk of a material. Excellent reviews have
summarized the field of microcapsule-based self-reporting (and self-healing)
materials.[® % 1214 T their seminal work, White, Sottos, Moore and coworkers used
microcapsules filled with healing agents to prepare self-healing epoxy composites.3!
To visualize the release of healing solution from capsules into damage, a red dye was
also encapsulated. As a result, the materials were not only self-healing but also self-
reporting. However, there was no color contrast between the dye in the capsules and
in the cracks. To increase the contrast between damaged and nondamaged sites, the
dye should be colorless when encapsulated but develop or change color or fluoresce
when released into the coating. To achieve this effect, pH differences between the dye
solution in the capsules and the bulk polymer can be exploited, very similar to the
classic working principle of carbonless copy paper.** For example, Vidinejev et al.
encapsulated crystal violet lactone and dispersed the capsules together with the
developers methyl 4-hydroxybenzoate or silica gel into an acrylic resin.*®! When
bruised, the colorless leuco dye switched to its blue form in the acidic environment
provided by the developers. The same group used the combination of
microencapsulated leuco dye and acidic developers to render fiber-reinforced
composites self-reporting.*®) To this end, nylon fabric was impregnated with a
mixture of dye-filled microcapsules, a developer and an epoxy-modified

polyurethane—acrylic emulsion, which was cured by UV light to affix the sensing

compounds on the fibers. Then, the nylon fabric was laminated as a pressure-sensitive
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layer together with load-bearing glass yarn layers into an epoxy resin. The resulting
composite showed bruising in response to local indentation, and the force threshold of
the color development could be controlled by the thickness of a protecting epoxy
layer on top of the sensing layer.

White, Sottos and coworkers recently achieved very high color contrasts in damage-
indicating coatings by encapsulating a solution of 2',7'-dichlorofluorescein in
ethylphenyl acetate into double-walled polyurethane/poly(urea—formaldehyde)
microcapsules (Figure 2).*”) The microcapsules were embedded into an epoxy resin
that provided a basic environment through unreacted amine groups of its curing agent.
Upon release of the dye into the microcracks, proton exchange between the dye and
the amine groups of the epoxy resin caused the dye to switch from its light yellow
acidic form to the bright red basic form. As a result, cuts in the coatings can be clearly
identified under normal light. Interestingly, its fluorescence was not explicitly
exploited in this work. A very important aspect of 2’,7'-dichlorofluorescein is that the
color in the damaged areas was highly stable. Its intensity did not decrease within
eight months of storage, so that the coating would also indicate damage long after the
damaging event happened, which is essential if used as a safety feature.

Other self-reporting dye-filled capsule systems are based on the ring-opening
metathesis polymerization of 1,3,5,7-cyclooctratetraene to form a colored conjugated
polymer,1*® or spiropyrans that transform into their colored merocyanine form when
irradiated with UV light.*°! Self-reporting has also been achieved by a solution of
nonfluorescent tetraphenylethylene that starts to fluoresce through aggregation-
induced emission once solvent has evaporated from the cracks.!*”: 4! Alternatively, a
fluorescent liquid within capsules could screen UV irradiation and thereby reduce

fluorescence emission from intact microcapsules.*”’ The encapsulation of
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hexamethylbenzene and chloranil in two sets of microcapsules yielded a self-
reporting system that formed red charge-transfer complexes when the compounds met

in the deformed polymer matrix.[**!

2.2 Self-reporting composites based on hollow fibers

Microcapsules have only been used in a few cases in the bulk of fiber-reinforced
composites, e.g., at the fiber-resin interface.**! One example of a self-reporting
system is the leucodye-containing capsules on nylon fibers that were discussed
above.[**) A reason that microcapsules are less popular for the bulk of composites than
for nonreinforced plastics might be that it is much easier to use hollow fibers directly
as a reservoir for dyes (and self-healing agents) in composites.

The first to release healing agents from glass capillaries into cracks of a polymer
matrix was Dry.[*! Also Bleay et al. reported hollow glass fibers filled with curing

[46]' X-ray-opaque dyes were

agents as a repairing system for polymer composites.
added to the healing solution to facilitate the observation of damage modes by X-
radiography, thus making the system self-reporting. Following these early reports,
Pang and Bond developed the concept of “bleeding composites” that self-report
damage by optical clues and heal damages by the release of healing agents (Figure
3a). To this end, hollow glass fibers of 60 um external diameter were filled with
uncured epoxy resin. A second batch of fibers was filled with a mixture of hardener
and the fluorescent dye Ardrox 985 which is usually used as a fluorescent penetrant
for nondestructive testing in the aerospace sector. Hollow glass fiber/epoxy
preimpregnated tapes (prepreg) were produced and hand-laminated together with

commercially supplied solid glass fiber/epoxy resin plies into multilayer

composites.[*”> ¥ The fiber-reinforced composites were subjected to low-velocity

8
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impacts and to flexural bending tests, which caused the hollow fibers to break open
and release their contents into the damaged area. As a result, hardener and uncured
epoxy resin from the hollow fibers came in contact, cured within the cracks and
restored the mechanical properties of the composites to a significant extent. Moreover,
the fluorescent dye infiltrated damage sites, so that they could be easily located by
means of fluorescence imaging, thus allowing for the visual detection of BVID.

Other self-healing and self-reporting composites based on hollow glass fibers, filled
with healing agents and an indicator dye, have been reported.[*- 3% Kling and Czigany
developed the concept further, by infiltrating much thinner glass capillaries (10—13
um outer diameter) with polyester resin curing agents and Rhodamine B (Figure
3b).5! Because of their thin diameter, the hollow fibers could reinforce the resin more
efficiently than wider hollow fibers. The resin was colored with a white dye to mask
the fluorescent color of the rhodamine in the undamaged capillaries. Upon damage by
an impactor, the indicator fluid from the capillaries flowed to the surface, so that
damage and self-healing sites could be visualized with the help of a UV lamp.

2.3 Self-reporting composites based on microchannels and vascular networks

While microcapsules and hollow fibers allow creating bruising or bleeding effects, the
analogy to natural tissue is not perfect. The liquid that is released from the reservoirs
into damage sites leaves behind a void that can lead to reduced mechanical strengths
of the healed material. Moreover, the healing and self-indication effect can only occur
once at a specific site because the healing and indicating liquid is used up. In contrast,
tissue is vascularized by blood vessels through which blood constantly flows. Blood is
continuously transported to a lesion until clotting sets in as the first step of the healing
process. Moreover, tissue can heal repeated damage at the same location. Not only
animals but also plants have channels that transport healing agents.!*”) For example,

pine trees and some other tree families secrete resin into an interconnected three-

9
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(53] If the vascular cambium is damaged, the

dimensional network of resin canals.
epithelial cells that line the canals take up water, swell and press the resin toward the
damage.[** 331 Compared with the blood circulation system of animals, the network
structure of the resin canals has the benefit that transport can be accomplished even if
one channel is interrupted or blocked.>?!

Inspired by the transport in vascular systems, synthetic materials that are vascularized
by microchannels have been prepared. Liquid healing agents can be pumped through
these channels to damage sites. Often, dyes are added to the self-healing agents to
visualize the release of liquid into damage sites, thus creating self-reporting
materials.’?! Microvascularized self-healing materials are summarized in excellent
recent reviews.['> 14 151 Here, selected reports will be highlighted to demonstrate the
principle. Amongst the pioneers were once again White, Sottos, Moore and
coworkers.’® 371 They coated a vascularized specimen with an epoxy coating that
contained Grubbs’ catalyst for ring-opening metathesis polymerization (ROMP). The
microchannels were filled with a solution of the monomer dicyclopentadiene. Crack
formation in the specimen released the monomer solution and repeatedly cured cracks
in the coating by ROMP. In these reports, no dyes were released, so that the materials
were self-healing, but not self-reporting.

To integrate vascular channels into the bulk of fiber-reinforced composites, channels
must be created either between plies of fiber fabric, or within the fabric itself. A
possibility to achieve this is to incorporate sacrificial materials that can be removed
during or after curing. Bond, Trask and coworkers have used solder wire with a

52381 Tt was placed either between

diameter of 0.25 mm or 0.5 mm for this purpose.!
plies or within precut recesses within a ply. By heating the material to 190 °C under

vacuum after curing, the solder wire was removed, leaving behind vascular channels.

10
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After applying impact damage to the composite, a one-component epoxy/hardener
solution was injected into the channels, healing the damage. The solution was further
doped with a fluorescent dye to allow for visualization of the damage layout,
potentially also allowing for a facile visual damage inspection of large surfaces.

Other possibilities to create sacrificial structures for the vascularization of fiber-
reinforced composites are electrospun nonwoven mats of the neutral polysaccharide
pullulan that can be dissolved out of the polymer matrix using water,*”! or 3-D
printed water-soluble poly(vinyl alcohol).l®”) Fibers and wires, such as nylon fibers
coated with beeswax as an antiadhesive, "l or PTFE-coated stainless steel or nickel
chromium wires, 2% can be pulled out of the composite material after curing to
leave behind microchannels.

More advanced designs of microvascular channels confine two components of a self-
healing system into two interwoven three-dimensional microvasculatures that are
integrated into fiber fabrics. For example, poly(lactic acid) (PLA) filaments that
contained tin(Il) oxalate as a depolymerization catalyst were stitched into glass fiber
fabrics (Figure 4).1°] Once embedded into epoxy resin, the PLA filaments were
depolymerized and vaporized by thermal treatment in vacuum, leaving behind
channels that were then filled with an epoxy prepolymer and with an amine-based
hardener. Delamination damage within the composite could be healed repeatedly by
delivering resin and hardener with two high-precision fluid dispensers that were
connected to the microchannels. To investigate the mixing of the two liquids at
damage sites, different fluorescent dyes (nile red and fluorescein) were added to each
of the healing agents. The delivery and mixing of the curing and staining agents was
more effective when the channels were arranged in a herringbone pattern than when

arranged in parallel, as observed by fluorescence imaging. However, the images also

11
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reveal that the mixing of the two healing components was not homogeneous. The
targeted stoichiometry of the two healing agents was only achieved in parts of the
damaged area. In a recent study, the vascularization by vaporization of sacrificial
PLA was further enhanced, as 3-D-interconnected networks of microchannels were
created in fiber-reinforced composites by combining PLA fibers and printed PLA
structures.[®”) Moreover, sacrificial, channel-forming PLA filaments were woven

together with glass and carbon fibers into a noncrimp orthogonal pattern using 3-D-

weaving machines.[¢7 681

2.4 Self-reporting composites based on mechanophores and mechanochromic
additives
2.4.1 Mechanophores and mechanochromic additives

Self-reporting of damage can also be achieved by using polymers that are intrinsically
mechanochromic, i.e., that change their color, fluoresce or emit luminescence in
response to mechanical forces. This is often achieved by the incorporation of

mechanically sensitive functional groups, so-called mechanophores, into the

6-10

backbone of a polymer.!*!% The polymer chains transduce mechanical forces onto a

labile bond within the mechanophore, causing it to react or rearrange. Popular
mechanophores and the mechanism of their mechanically induced color, fluorescence

or luminescence changes are summarized in Table 1. Among the most prominent

[69]

examples are spiropyrans. When stressed, they undergo a conformational

rearrangement to the merocyanin form, which is colored and fluorescent. Materials

that have been made mechanochromic by spiropyrans include poly(methyl

71]

acrylate),l’% polydimethylsiloxane,’”  silicone rubbers that indicate local

compression!’®! or that develop fluorescence in response to an electrical field,[™*!

rubber toughened poly(methyl methacrylate),!”> 78 polystyrene coatings that produce

[77

optical changes when subjected to shockwaves,””! self-reporting and self-healing

12
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891 Other mechanochromic

supramolecular systems,!”® 7! and 3-D printed materials.
molecules that have been incorporated into polymers include the color changing

81-86]

cyano  oligo(p-phenylene  vinylenes),! and  diarylbibenzofuranone,®”!

fluorescence-generating dimers of cinnamates that feature a cyclobutane ring,®®!
cyclooctane-containing dimers of anthracene,® and maleimide—anthracene
cycloadducts®?*?l as well as chemiluminescence-generating bis(adamantyl)-1,2-
dioxetanes.”® ¥ Alternatively, blended photoluminescent dyes that form excimers
(excited dimers), such as cyano oligo(p-phenylene vinylenes) (cyano-OPVs) have
been extensively studied.[®!% %71 Other dyes, which include bis(benzoxazolyl)
stilbenel®® %! and perylene derivatives,['° can be dispersed into polymeric materials
during melt compounding or in solution. Further mechanochromic substances that
have been used in polymeric materials are shear-responsive photoluminescent ZnO

tetrapods,'®!1 CdSe—CdS tetrapod quantum dots!'%?! or force-responsive proteins.%-

1091 The reader is referred to various reviews for a detailed overview of this field.[®1%]

2.4.2 Mechanochromic coatings and thermoset resins

Most often, mechanochromic substances have been incorporated into thermoplastic
polymers, elastomers and other polymer networks, but to a much less extent into
fiber-reinforced composites. A reason for this might be that composites deform on a
much smaller scale than the other polymer classes when forces are applied because
the thermoset resins are brittle and reinforced by fibers. Low strain at break makes it
difficult to ensure an effective force transfer from the polymer matrix to the
mechanophores. Nevertheless, recently some mechanochromic systems have been
specifically developed for epoxy resins and other thermosets that are commonly used
as matrices for reinforced composites. Dai’s group substituted part of the amine
hardener of an epoxy formulation with cinnamamide, the amide of cinnamic acid,

which undergoes UV-induced [2 + 2] cycloaddition to its cyclobutane-containing

13
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dimer.!''% In addition, dimers of cinnamamide were directly reacted with an excess of
the epoxy monomer, followed by addition of the hardener. When the resulting epoxy
resins were compressed, they started to fluoresce due to the cleavage of the
cyclobutane ring and recovery of the cinnamoyl moiety. Flinn, Jen and coworkers
reacted a dipolar fluorescent dye with bifunctional amines to obtain a nonfluorescent
molecule with pendent amine groups, which allowed the covalent incorporation of the
mechanophore into an epoxy resin.!'''l Compression forces cleaved off the amines,
thus regenerating the dipolar dye and turning its fluorescence on. The fluorescence
emission intensity increased with compressive strain, so that the materials could be
used as built-in strain sensors for composites. The same team discovered that a certain
combination of epoxy monomer and amine curing agent (tetraglycidyl-4'-4-
diaminodiphenylmethane and diethylenetriamine) results in materials that fluoresce
red when compressed. The epoxy thermoset was tested as coating on carbon-fiber-
reinforced composites and could report BVID. (Figure 5).1'?! Most likely, the
fluorescence stems from fluorescent radical species that form due to force-induced
bond rupture.

Another epoxy resin with mechanochromic properties based on colored radical

(1131 4. Aminophenyl disulfide was

species was reported by Odriozola and coworkers.
used as a hardener for epoxy monomers. Glass fiber-reinforced composites turned
green when hit with a hammer. The color disappeared within 24 h. On the molecular
scale, the disulfide bond cleaved in response to the applied force, creating sulfenyl
radicals. They slowly recombine, causing the color to fade.

Instead of incorporating a mechanophore covalently into the epoxy polymer, it is also

possible to blend mechanophore-containing polymers into the epoxy prepolymer

before curing. For example, cyclobutane-containing polymers based on cinnamate

14
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derivatives led to materials that started to fluoresce when the material was strained
beyond the yield point under compression or when hit with a hammer.[!!4 115]

Dai’s group reported mechanochromic particles that were completely composed of a
mechanophore. Microparticles were formed by dimers of an anthracene dimer that
featured a carboxylic acid functional group. They were dispersed into an epoxy

171 After curing, the materials were subjected

resin!'®! and a polyurethane thermoset.!
to compression strain, which caused them to become fluorescent. Dimers of
anthracene do not fluoresce, while anthracene does. Thus, the results indicate that
dimers converted to anthracene monomers in response to the compression. However,

it is unclear if the mechanically induced reaction mostly happens at the interface of

the particles or throughout the particles.

2.4.2 Mechanophores at the fiber-resin interface

While force-induced activation of chemical bonds in thermoset resins is difficult to
achieve because of low strain during deformation of highly crosslinked resins, there is
a region in composite materials where forces and local displacements are maximal:
the interface between the polymer resin and the reinforcing fibers. Many damage
modes lead to interfacial debonding of resin from the surface of fibers because of the
mismatch of mechanical properties (elastic modulus, etc.) between the polymer and
the fibers. Moreover, cracks propagate through the resin are deflected at these
interfaces. Thus, if the mechanophore is not placed in the polymer resin but at the
interface between the fibers and the resin, a much more efficient force transduction
can be expected. Bruns and coworkers demonstrated this concept by placing
fluorescent proteins at the fiber—matrix interface. To this end, enhanced yellow
fluorescent protein (eYFP) was covalently immobilized on the surface of glass

fibers!!%! and of carbon fibers.[!7l The fibers where embedded into a transparent

15
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epoxy resin, which formed covalent bonds with the amine groups (and other
functional groups) on the surface of the proteins. As a result, the proteins were
attached via multiple points to the fiber and the resin. The strategy to first conjugate
the proteins onto fibers in aqueous solutions and then embed them into resin elegantly
solved the challenge that the water-soluble proteins are immiscible with standard
epoxy resins. Fluorescent proteins such as eYFP and green fluorescent protein (GFP)
have been discussed for a while as sensors for mechanical forces in biological systems
and in materials!!'®122] because they lose their fluorescence when their three-
dimensional structure is perturbed. Even slight changes to the conformation of the
protein disrupt the interactions of the fluorophore within the protein with its
surrounding network of hydrogen bonds, hydrophobic interactions and n—r stacking.
However, mechanochromic materials based on fluorescent proteins have only been
realized recently, %191 possibly because the force transfer from the polymer matrix
to the relatively large protein is often not efficient enough. In contrast, when placed at
the fiber—resin interface, the fluorescence of the proteins readily disappeared when the

).[106.107] Regions in which

materials were subjected to low-velocity impacts (Figure 6
the protein lost its fluorescence where co-located with sites of fiber fracture, but also
extended tens of micrometers away from the fracture site, indicating where interfacial
debonding happened. Importantly, the presence of the proteins did not reduce the
interfacial shear strength of the composites, as demonstrated with single-fiber
mechanical tests. It should be noted that proteins, if needed on a large scale, are not as
expensive as many material scientists expect. Functional proteins can nowadays be

produced biotechnologically as commodities, as is already done, e.g., for enzymes in

detergents!!?3! or for spider silk proteins.['*¥ Thus, implementation of fluorescent

16
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proteins into composites, at least at selected important points of a composite structure,
is a feasible approach to self-reporting materials.

It is much easier to observe the appearance of fluorescence at a site of damage than
the disappearance of fluorescence. Thus, systems in which the fluorescence is
switched on are highly desirable for self-reporting composites. In this context, Gilman
and coworkers used Rhodamine 110 as a mechanophore at the interface of silk fibrils
and epoxy resin.['>*) The dye was covalently bound to lysine residues of the protein
fibers via its carboxylic acid and to the epoxy resin via its amine groups. Upon
uniaxial tensile deformation, the spirolactam ring of the molecule opened, which
switched the dye from a nonfluorescent to its fluorescent state. Two-photon
fluorescence lifetime imaging microscopy revealed that the fluorescence intensity
increased with increasing strain and that regions on the silk fibrils differed in their
interfacial bond strength to the epoxy resin.

Good mechanical activation of the mechanophore diarylbibenzofuranone at the
interface between silica particles and a rubbery poly(butyl acrylate) matrix was
recently reported.!'?®! The composite rubbers changed from colorless to blue when
stretched because stable blue radicals formed. In contrast, the same mechanophore did

1271 Cellulose

not cause strain-induced coloration in another type of composite.
nanocrystals were modified with diarylbibenzofuranone and incorporated into a
poly(propylene glycol) elastomer that was crosslinked with the same mechanophore.
Even though self-healing was observed due to the reversible formation of radicals, the
radicals appear to recombine too fast in the soft polymer matrix to develop observable

color. These two examples demonstrate that a variety of parameters, such as the type

of filler and polymer matrix, their elastic moduli and the properties of the

17
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mechanochromic entities at the interface must match to achieve force-induced
colorimetric effects at the interface of composite materials.

The maleimide—anthracene cycloadduct, which liberates fluorescent anthracene in a
force-triggered retro-[4 + 2] cycloaddition reaction, was also shown to be more
readily activated by mechanical forces at heterointerfaces, albeit so far only at the
interface of silica nanoparticles in a solvent’®® *!) or in micelles® and not yet in
composite materials.

2.4.3 Corrosion detection at the fiber-resin interface

Fluorescent probes at the fiber—polymer interface can also act as sensors for other
kinds of damage than those caused by mechanical forces. Seawater leads to a
substantial loss in mechanical properties of composites when it penetrates into
materials.[**) This is of particular importance for the many fiber-reinforced composites
that are intended for use in marine environments, such as in off-shore wind turbines,
pipelines, on ships or for parts of bridges. To create a self-reporting material that
reports damage by seawater, CdS quantum dots were immobilized on glass fibers and

U281 Tmmersion of the

then embedded into an unsaturated isophthalic polyester resin.
composites into seawater for months deteriorated the interfacial strength between the
fibers and the resin and allowed water to diffuse to the quantum dots and quench their
fluorescence. The loss of fluorescence scaled with the loss in tensile strength and
flexural strength. In principle, such a system could be used to monitor the material’s

structural health by fluorescence measurements.

3. Structural health monitoring with embedded sensors

A classical engineering approach to assess the structural integrity of materials is to
equip them with sensors, and connect these sensors to data acquisition and processing
systems that can be locally or remotely controlled. The analogy in nature would be the

nervous system with its receptors as sensing elements, signal transduction via nerves
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and signal processing in the brain. For composite materials, the simplest solution is to

(21, 129-131] A strain gauge can be a metal foil pattern

affix strain gauges onto a structure.
on a nonconductive and flexible support. Deformation of the structure changes the
resistivity of the conducting layer, which is electronically read out through a
Wheatstone bridge. A problem of strain gauges is that they can malfunction, e.g., if
the copper wires that connect a gauge with a computer corrode over time!?! or if a
structure is hit by lightning, which is a common event in wind turbine rotors.
Moreover, they do not efficiently detect delamination within composite plies.[!*?]

Carbon fibers conduct electricity. Deformation of composites will alter the contact
area between fibers and can cause fiber fracture. Thus, electrical resistance
measurements can be used to detect damage in carbon fiber-reinforced

g [133

composite I Alternatively, carbon nanotubes can be added to composites to alter

their electrical properties, allowing for structural health monitoring of composites that
would otherwise be insulators, such as glass fiber-reinforced composites.[!3% 131
Carbon nanotubes can form a percolated three-dimensional network in the resin,
whose conductivity will change if microscale damage perturbs it. Conducting
networks of carbon nanotubes were also deposited on the surface of nonconductive
fibers, allowing measurement of strain and the occurrence of microcracks via the
composite’s electrical resistance.l*®138 Alternatively, fibers may be spray-coated
with carbon nanotubes and embedded as sensing fibers into composites.!'**! Such one-
dimensional sensors were used to record shrinking during curing and to map strain
and stress under load. Thus, similar to the fiber Bragg sensors discussed below, the
carbon nanotube-coated fibers allow for lifelong structural health monitoring, from

the curing process, through the in-service state until material failure.!'*%!

19



WILEY-VCH

Another possibility to measure deformation of materials electronically is to embed
piezosensors, so-called piezoelectric microelectromechanical systems (MEMS), into
their bulk.['*!! Sensors can be an array of piezoceramics as a sensing layer in the
composite!!”> 421 or they can consist of piezoelectronic materials (such as lead
zirconate titanate, barium titanate or aluminum nitride) coated on (hollow) conducting
fibers [143-145]

In contrast to electronic signals, optical signals are not susceptible to electromagnetic
interference. Thus, fiber optic sensors have become an important class of sensing
elements for structural-health monitoring.[!% 132 146: 1471 The simplest version of a fiber
optics sensor is an optical fiber through which light is shone onto a detector. If the
fiber breaks, e.g., in cracks of the composite or at sites or BVID, its optical
transmission is interrupted, resulting in a modulation of light intensity. It should be
noted, however, that optical fibers have a much larger diameter (e.g. 50 or 125 um)!’!
than glass fibers used for reinforcing purposes, so that the reinforcing fibers
themselves cannot be used directly as sensing fibers.

More sophisticated fiber optics sensors can detect deformation, e.g., in response to
strain. If a good interfacial bonding between fibers and polymer is ensured, the fiber
sensors will therefore detect strain of the material and other modes of deformation.

Strain measurements can be achieved via interferometric sensors, such as Fabry—Pérot

g [148 19, 132,

interferometer: 1 More popular are fiber Bragg grating sensors (Figure 7a),!

146, 147) which also have been used to measure BVID.['* 159 Here, the refractive index
of an optical fiber is modulated in a precise periodic pattern, e.g., by UV interference
during production of the sensors. This sensing region acts as a Bragg mirror and

reflects defined wavelengths of light that travels through the fiber. As the wavelengths

depend on the distance between regions of the same refractive index, i.e., the pitch of
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the grating, elongation or compression along the fiber axis will modulate the spectrum
of the light that is reflected and of the light that continues to travel along the fiber.
Spectral analysis of the light therefore allows measurement of strain in composites.

It is obvious that optical fiber sensors only detect deformation in their vicinity. Thus,
they are either placed at critical points of a structure, or a network of sensing elements
is embedded into a composite structure to map strain distributions.!'*® 1511 For the
latter, data analysis can become quite complex, and computational methods as well as
modeling efforts are employed to correlate strain readings with damage modes and

[152, 153

damage locations. I In addition, the composite can be probed with ultrasonic

waves generated by piezoelectronic transducers and fiber optic strain sensors as
receivers, thus allowing to determine the location of damage.['>* !53]

Fiber Bragg grating sensors have already been implemented in large-scale composites.
For example, the internal strain in wind turbine blades during stress fatigue tests with
more than one million load cycles could be measured by such sensors.['*®! In other
examples, sensors were placed at strategically selected places on rotor blades which
allowed to monitor bending loads during operation of a wind turbine (Figure 7b),!!>”]

or to detect damage.[!>% 1]

Fiber optic Bragg grating sensors were also used in
aeronautic and automotive composite components (Figure 7¢).['®) The sensors were
embedded into the composites during resin transfer molding. Dynamic strain
measurements were used to characterize the vibration properties of the composites.
Yet another example describes an array of 40 fiber Bragg grating sensors that was
incorporated into an all-fiber reinforced polymer composite road bridge to measure

strain in real-time during use of the bridge.['°!l Moreover, fiber Bragg grating sensors

allow monitoring strain in composites throughout their life cycle, starting from
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monitoring strain development during vacuum infusion and curing, to strain under
flexural load until materials failure.!'6*!

An alternative to fiber Bragg grating sensors are fiber-optic sensors that use the
Brillouin or Raleigh scattering of light in standard telecom optical fibers.[!% 163 164]
The interrogating monochromatic light travels along the fiber and a small part of it is
back scattered by inelastic scattering. The shift in wavelength of the Brillouin
scattering depends on the density of the glass, which varies with temperature and
strain.['6% 1661 The Rayleigh backscattering is caused by fluctuations in refractive
index, which also depend on temperature and strain. A defect can be located along the
fiber by the time of flight or by phase modulation. As a result, strain (or temperature
changes) along the whole length of the fiber are measured with a spatial resolution
down to centimeters or lower.['® Such distributed fiber sensors therefore enable
structural health monitoring in large areas of a composite structure. For example, a
single optical fiber for Brillouin scattering sensing was embedded into carbon fiber
reinforced composite and allowed to measure strain during manufacturing and in
impact tests with a spatial resolution of 10 cm.!'®” Brillouin-systems were also shown

1.1168] Recent

to detect small and large impact traces on a composite pressure vesse
work compared distributed fiber sensors based on Rayleigh scattering with fiber
Bragg grating sensors for the sensing of damage in wind turbine blades.!'*! Both
sensing methods allowed damage detection based on strain measurements and strain

field pattern recognition.

4. Discussion and future perspectives

Materials that autonomously sense and report micro-damage, stress or strain can
enhance the service life-time of composite components and have the potential to
increase the safety of these materials. Moreover, they allow to investigate the build-up

of stresses during manufacturing or the propagation of damage under load. This
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Progress Report showcases the main approaches that have been followed to achieve
self-reporting composite materials. A direct comparison between the various
strategies is difficult and there is not one system that is better than all the others. The
intrinsic properties of each method define probable application scenarios. The
simplest method to render any material self-reporting is to coat it with a damage-
indicating coating. The advantage of such bruising coatings is that they usually do not
change the mechanical properties of a composite. Moreover, self-reporting of damage
via color changes have to be visible on the surface of a material, so that a coating is
ideally localized. Types of damage that can be detected by color-changing coatings
comprise impacts, indentation, scratches or cuts. However, coatings are less suited for
damage detection in response to bending or compression of a material, as the resulting
damage often occurs within the composite, e.g. delamination, matrix cracking, fiber
fracture, or fiber buckling. Dye-filled microcapsules are the most promising indicators
for damage-indicating coatings because they can simply be dispersed into coatings
and do not require tailor-made polymers, as it would be the case with mechanophores.
Thus, we expect that this technology has a high chance of finding its way into real-
world applications.

Microencapsulated damage indicators can outperform natural bruises in terms of
longevity of the color signal, as the color of bruises changes with time and then fades
away within weeks due to natural healing processes. However, if a bruise disappears,
it is a good indication that the damage has healed. Dye-filled capsules are often used
in combination with self-healing agents. Very recently, materials have been
developed that only transiently reports damage through color changes until the

[169, 170

damage has healed. 1 Ideally, the color of the material would also quantify the

23



WILEY-VCH

state of healing, e.g., by turning from red in case of severe initial damages to orange
for intermediate healing states and colorless once completely restored.

Even though dye-filled microcapsules can also be dispersed into the bulk of
composites, either into the polymer matrix or immobilized on the surface of
reinforcing fibers, dye-filled hollow fibers are the more obvious choice for fiber-
reinforced composites, as they can be integrated into or between fiber plies.
Vascularized materials are the more sophisticated form of bleeding composites. They
allow to deploy crack penetrating dyes (and healing agents) from an external reservoir
to damage sites and repeated healing of the same specimen. However, unless the
microvascular system is created by stitching sacrificial polymer threats into the
reinforcing fiber fabric,!®®! microvascular channels are relatively labor-intensive to
produce. Many vascular networks rely on capillary forces to draw the liquid into
damage sites. This limits the size of addressable damage, because capillary transport
is only effective for small cracks. Alternatively, the channels can be interfaced with a
pressurized reservoir of dyes and healing agents, or with external dispensers and
pumps that require electricity.!”! 2] Thus, they are suitable for applications in which
the material performance is critical, but costs are less critical, such as loadbearing
components in the aerospace sector. The incorporation of hollow fibers or channels
into a composite influences the material’s mechanical properties, such as its fracture
toughness or interlaminar shear strength, which has to be taken into account when
designing composite laminates and structures.['”® 174 In the context of self-healing
materials, hollow fibers and vascular networks work well for damage modes
occurring within the material, such as crack growth or delamination of plies. However,
for a visual self-reporting effect, either both the polymer matrix and the reinforcing

fibers have to be transparent, or the dye that is released into the damage has to
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penetrate through cracks up to the surface of the material. The latter is of course only
possible if cracks reach the surface. Bending can lead to cracks or delaminated zones
that extend from the bulk of a composite to its surface. Moreover, BVID extends from
the surface into the material and can therefore be detected on the surface by bleeding
of dyes.

Mechanophores, mechanochromic aggregates and force-responsive proteins remain at
the site of damage. Therefore, whether they are embedded in the polymer matrix or
located at the fiber-resin interface, their color or fluorescence changes will only be
visible in the topmost layer of a laminate, unless the whole composite is transparent.
This notion is of particular relevance in carbon fiber reinforced composites because
the black carbon fibers hinder optical assessment of the interior of a composite.
Therefore, mechanochromic self-reporting of damage with these systems is mostly
suitable to detect BVID. From these considerations, it is also obvious that only the
fiber ply closest to a surface or the topmost layer of resin has to be equipped with
mechano-responsive molecules, which can greatly reduce the costs of such self-
reporting materials. A clear advantage of these molecular stress and strain sensing
elements over microscopic capsules or channels is that they have the potential to
detect damage and deformation at the molecular level, which makes them very
interesting analytical tools to study crack growth, interfacial debonding or matrix
deformation. This feature permits to improve our understanding of damage evolution
in composites on the nanoscale. However, while threshold forces for the activation of
some mechanophores have been measured by single molecule force spectroscopy,!!*
120. 1751 the potential of mechanochromic molecular systems has not been exploited to

systematically study damage propagation on the nanoscale in composite materials.
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Electronic or optical sensing elements such as strain gauges, fiber optics sensors or
resistance measurements, are the most mature approach towards self-reporting
materials. They allow measuring the build-up of internal stresses during composite
production, strain in service, BVID and other damage types. With a detailed
knowledge of the material’s response to deformation, the data can be used to monitor
the structural health of the materials. The individual methods have their strengths and
weaknesses. For example, advantages of fiber Bragg grating sensors are their high
sensitivity, low power consumption, small size, low weight and that their signal is not

[152] However, they do not only measure

affected by electromagnetic interference.
strain due to mechanical forces. Their signal is also modulated by temperature effects,
such as thermal expansion and changes in refractive index. These thermal effects need
to be compensated during strain measurements in real operational scenarios.!'>]
Distributed optical fiber sensors based on Brillouin scattering can measure strain with
high precision and high spatial resolution. Importantly, they can replace many point
sensors because the whole length of the optical fiber acts as sensor. The effect of
temperature on the signal during strain measurements has to be taken into account
also with this type of sensors. However, Brillouin scattering-based fiber optic sensors
offer the possibility to measure strain and temperature with the same fiber, e.g. by
shielding part of it from strain while the rest of the fiber measures the combined effect

1761 Alternatively, two fibers can be used, one of which is

of strain and temperature.!
isolated from mechanical strain.['’”) A detailed comparison of the characteristics of
various electronic, optical, and acoustic sensing technologies is beyond the scope of
this article and the reader is referred to some excellent reviews and books.[!% 27 164, 178]

A disadvantage of all classic sensing approaches is that they require additional data

acquisition equipment nearby the composite component, which adds weight and
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which has to be implemented into the design of composite structures. In comparison,
color- or fluorescence-changing materials would, in an ideal case, only need visual or
photographic inspection to detect damage sites. Nevertheless, extrinsic or intrinsic
sensors will remain the state-of-the art for structural health monitoring for the
foreseeable future, because they are based on existing and well-developed
technologies. Moreover, many sensor systems for structural health monitoring are
commercially available.

It should be noted that only the mature engineering approaches toward self-sensing,
such as optical fiber sensors and resistance sensors, have been implemented and tested
on a large scale, e.g., in aircraft composite structures,!'” in wind turbine blades,?% 2!
159 or in civil infrastructure.[**! In contrast, mechanochromic systems, whether based
on capsules, hollow fibers, vascular systems, mechanophores, dye aggregates or
biomolecules, have only been investigated in research and development laboratories.
While this allows for excellent science and enables the creative design of new self-
reporting principles, their industrial implementation faces several challenges that need
to be addressed in future research. For example, threshold stresses are unknown for
most mechanochromic materials, but are required to evaluate the ability of materials
to reliable report damage-relevant stress levels. One of the few examples in which
threshold forces were determined for self-reporting composites are the leuco-dye-
filled microcapsules that have been immobilized on reinforcing nylon fibers (vide
supra).l*8! The threshold stress at which the capsules start to collapse and release their
content was 77 MPa, which is the same order of magnitude than the strength of the
epoxy binder. Ideally, self-reporting materials would not only show an on/off
response, but respond with a gradual change in color or fluorescence intensity in

response to increasing load. Such systems are only starting to emerge in literature.
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Figure 5 shows the gradual increase in optical signal intensity of a mechanochromic
epoxy resin as a function of increasing compressive stress.[!'?) The fluorescence
threshold is at ~1.0 GPa. Another recent example, albeit not for composites but for
poly(dimethylsoloxane) rubbers, are microencapsulated excimer-forming dyes that
were used to prepare materials with a ratiometric response to mechanical deformation
and impact.[!”]

Very important for a reliable assessment of damage is to avoid false-positive and
false-negative results. False-positive signals would lead to unnecessary repairs, but
false negative results would severely impede the safety of the structure, as the user
would not be warned about potential hazardous damage. Thus, it has to be ensured
that the sensing elements are failure safe. Unfortunately, statistical evaluation of the
failure rate of self-reporting mechanochromic composites has not yet been addressed
in the scientific literature. Evaluation of false negative results goes hand-in-hand with
the stability of the self-reporting mechanisms. The employed systems must be stable
in-use for extended time, often for years, withstanding UV irradiation, heat and cold,
and even corrosive environments.

In order to implement self-reporting color-changing composites in real-world
applications, devices need to be developed to read out, quantify and document color
and fluorescence signals on large surfaces. For example, climbing robots that have
been designed for the nondestructive evaluation of wind blades!"*"! or other automated
scanning devices'?! could be equipped with cameras or fluorescence sensors.

Other major issues to overcome are the scalability of the production of
mechanochromic indicators, and especially the costs that are associated with these
tailor-made functional molecules. To reduce the amount of sophisticated

mechanophores needed and therefore to keep the costs of self-reporting composites
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reasonable, mechanophore-equipped fibers might only be added as safety threads into
the topmost layer of a laminate, and self-reporting capabilities could be limited to
neuralgic points of a structure. Another very important aspect to consider is that many
composite materials need to be certified by the authorities for their intended use,
especially in the aerospace sector. This requirement limits the possibility to introduce
novel chemistries and additives to real-world materials and delays the transfer of
innovation from materials research labs into industrial application.

5. Conclusion

The reviewed work demonstrates that self-reporting composites are possible and that
failure of the polymer matrix, interfacial defects, delamination and fiber fracture can
be visualized by color or fluorescence changes or detected by electronic or optical
probes within the material. Many of the concepts are inspired by the way living
organisms sense and detect stress and damage, and are often combined with self-
healing capabilities. Self-reporting materials allow detection of micron-scale damage
within the composites, such as BVID caused by low-velocity impacts, and therefore
enable structural health monitoring of composite parts while they are in use or during
maintenance inspections. As small damage sites can grow under load, self-reporting
materials can increase the safety of composite materials and potentially prevent
accidents. Moreover, these approaches allow increasing service intervals or a decrease
in the amount of material needed, thus making composite structures more cost
efficient and lightweight.

The biological world with its many wonders on the macroscopic and molecular scale
will continue to serve as source of inspiration for novel stimuli-responsive materials
and we are convinced that many exciting new concepts for self-reporting materials
will emerge in the near future. However, to achieve feasible self-reporting composites

for practical applications, materials scientists will have to work hand in hand with
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engineers and intensify their efforts to address the challenges mentioned in the
previous chapter, such as scalability, stability, and endurance to environmental

stresses.

Acknowledgements

This project has received funding from the European Union’s Horizon 2020 research
and innovation program under the Marie Sklodowska-Curie grant agreement No.
722842 (ITN Plant-inspired Materials and Surfaces — PlaMatSu) and from the Swiss
National Science Foundation (NCCR Bio-Inspired Materials and grant No.
PPOOP2 144697). We thank Artist Caitlin Monney, Monney Medical Media, for
providing the concept graphics.

Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

30



WILEY-VCH

Corresponding author:

Nico Bruns is Associate Professor of Macromolecular Chemistry at the Adolphe
Merkle Institute of the University of Fribourg, Switzerland. He obtained his PhD in
Polymer Chemistry from the University of Freiburg (Germany), was a Postdoc in
Biotechnology at the University of California, Berkeley and started 2008 his
independent academic career at the University of Basel. In 2013, he received a
prestigious Swiss National Science Foundation Professorship, which allowed him to
take up his current position. His research interest is bio-inspired polymer chemistry,
in particular force-responsive polymer-protein materials, biocatalytic nanoreactors
and enzyme catalyzed ATRP (bioATRP).

31



WILEY-VCH
TO

C:

Living beings are able to sense strain and damage to their tissue and can therefore
avoid long lasting damage, or protect and heal the damaged part of the body. Self-
reporting fiber-reinforced composites are reviewed that mimic these phenomena, e.g.
by force-induced color changes, by vascular bleeding, or by electronic and fiber optic
sensing elements.

Figures and Tables:
Dye-filled B C
capsules

Coating

Polymer

Reinforcing
fibers

Dye-filled hollow
fibers or vascular
channel

Figure 1. Approaches to self-reporting fiber-reinforced composites. In analogy to
the formation of bruises and bleeding wounds, optical cues can indicate deformation
and damage. Such changes in color, fluorescence or luminescence can be achieved by
damage-indicating coatings (A), and by dye-filled microcapsules or mechanochromes
that are dispersed into the polymer matrix (B) or that are bound onto the surface of the
reinforcing fibers (C). Alternatively, dye-filled hollow fibers or vascular
microchannels can be integrated into composites (D). Sensing of damage to tissue by
nerve signals can be mimicked via electrical or optical sensors that are attached onto
or integrated into composites structures (E).
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Figure 2. Self-reporting coating with high contrast between damaged and
undamaged areas based on dye-filled microcapsules. A. Conceptual scheme of
release of an almost colorless dye from capsules into damaged areas, where it
encounters basic amine groups of the polymer resin and develops color. B. pH-
dependent color changes of 2',7'-dichlorofluorescein, the dye that was used to achieve
the self-reporting effect. C. Photograph of a coating that has developed red color in a
scratch. D. Microscopy image of a scratch in the self-reporting coating, showing
color-changed microcapsules in the vicinity of the damage. Reproduced with
permission from Ref. B7). Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA.

Figure 3. Self-reporting fiber-reinforced composites based on fluorescent dyes
that bleed out of hollow glass fibers. A. Fluorescent microscopy image of a bleeding
composite (45x magnification). Flexural bending resulted in fracture, and the dye
allows to visualize the extend and the location of this damage. B. Photograph of an
UV-illuminated self-reporting composite after impacts, showing damage on the
backside of the sample. Reproduced with permission from Refs. 71 and B!,
Copyright 2005 and 2014, Elsevier.
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Figure 4. Vascularized self-healing and self-reporting glass fiber-reinforced
epoxy composites. A. Schematic representation of a composite into which vascular
channels have been incorporated by stitching of PLA fibers into glass fiber fabrics,
followed by vaporization of the sacrificial PLA. The resulting channels were filled
with two liquid components of a healing reagent. Each component was stained with a
fluorescent dye. Upon delamination of fiber plies, the channels ruptured and released
the healing agents into the damaged zone. Where the they met, they polymerized and
restored structural integrity. B. Fluorescence photography images of vascularized
specimen after delamination damage and self-healing. The two fluorescent dyes
visualize the distribution and mixing of healing agents in the damaged zones.
Numbers highlight areas of different mixing ratios according to the color scale
beneath the images. The targeted mixing ratio of 2R:1H appears dark orange and is
achieved, e.g. at location 5. (H = triethylenetetramine based hardener; R = diglycidyl
ether of bisphenol A based epoxy resin; scale bars: 5 mm) Adapted with permission
from Ref. (). Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 5. Mechanochromic epoxy coating to detect barely visible impact damage
(BVID) in carbon fiber-reinforced composites. A. Stress—strain compression curve
of mechanochromic epoxy resin and fluorescence images of sample discs after
compression. The force-induced fluorescence of the specimen increases with the
applied stress. B. Fluorescence image (top-view) of an impacted composite that is
coated with the mechanochromic epoxy coating. The coating self-reported BVID. C.
Cross-section of the coated composite, showing plies of carbon fibers, the
mechanochromic epoxy coating (in light gray) and a clear polyurethane topcoat.
Reproduced with permission from Ref. [''2. Copyright 2017, Elsevier.
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Figure 6. Yellow fluorescent protein as a mechanophore for self-reporting fiber-
reinforced composites. A. Schematic representation of debonding between the epoxy
resin and the glass fiber, forcing the fluorescent protein to unfold and to lose its
fluorescence. (Size of fiber and protein not to scale.) B. Confocal fluorescence
microscopy image of eYFP-coated glass fibers in an epoxy resin after low velocity
impact. C. Z-stack projection of confocal fluorescence microscopy images of eYFP-
coated carbon fibers in an epoxy resin after low velocity impact. The loss of
fluorescence in the microscopy images indicates regions of interfacial debonding
around sites of fiber fracture. (F: yellow fluorescence channel; O: overlay of
fluorescence and transmission images) Adapted with permission from Refs. %! and
(1971 Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA, and copyright 2014,
Royal Society of Chemistry.
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Figure 7. Fiber Bragg grating optical sensors for structural health monitoring in
composites. A. Working principal of a fiber Bragg grating sensor. The refractive
index of an optical fiber is modulated in defined distances. Light travels through the
fiber, some wavelengths are reflected by this Bragg mirror while all other
wavelengths continue to travel through the fiber. The reflected and the transmitted
spectrum change if the fiber sensor is strained because the pitch of the Bragg mirror
changes. B. Example for the position of fiber Bragg grating sensors (FBGs), fiber
optics for distributed sensing via optical backscatter reflectometer (OBR), and
conventional strain gauges distributed in and on the blade of a wind turbine to
measure damage locations (D1 etc.). Photography of an experimental setup to apply
load at different points of the blade in order to emulate the load distribution during
operation. C. Schematic design and photography of a glass-fiber-reinforced
aeronautic hinge arm with three embedded fiber Bragg sensors for vibration
measurements. B) adapted with permission from Ref. '>°]. Copyright 2016, Elsevier;
C) adapted under the terms of Creative Commons Attribution License CC BY 4.0
from Ref. [16%],
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Table 1. Common mechanophores and their mechanisms of force-induced color,
fluorescence or luminescence changes.
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ry Mechanophore Force-induced chemical transformation
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