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Abstract 

The mechanical transduction of force onto molecules is an essential feature of many biological processes 
that results in the senses of touch and hearing, gives important cues for cellular interactions and can lead 
to optically detectable signals, such as a change in colour, fluorescence or chemoluminescence. Polymeric 
materials that are able to visually indicate deformation, stress, strain or the occurrence of microdamage 
draw inspiration from these biological events. The field of self-reporting (or self-assessing) materials is 
reviewed. First, mechanochromic events in nature are discussed such as the formation of bruises on skin, 
the bleeding of a wound, or marine glow caused by dinoflagellates. Then, materials based on force-
responsive mechanophores, such as spiropyrans, cyclobutanes, cyclooctanes, Diels-Alder adducts, 
diarylbibenzofuranone, and bis(adamantyl)-1,2-dioxetane are reviewed, followed by mechanochromic 
blends, chromophores stabilised by hydrogen bonds, and pressure sensors based on ionic interactions 
between fluorescent dyes and polyelectrolyte brushes. Mechanobiochemistry is introduced as an important 
tool to create self-reporting hybrid materials that combine polymers with the force-responsive properties 
of fluorescent proteins, protein FRET pairs and other biomacromolecules. Finally, dye-filled 
microcapsules, microvascular networks and hollow fibres are demonstrated to be important technologies 
to create damage-indicating coatings, self-reporting fibre-reinforced composites and self-healing materials.  

 

11.1. Introduction  

Mechanical forces are ubiquitous in the living world, as the physical environment interacts with living 

beings. Moreover, animals, plants, bacteria and cells exert forces on their environment e.g. to move, crawl 

or communicate. Thus, it is not surprising that mechanisms to sense stress, strain, tension, shear forces 

and displacement have evolved. Mechanobiological sensing events include, amongst others, the sense of 

touch, the sense of hearing, pressure sensing in the cardiovascular system, strain sensing in muscles and in 

the cytoskeleton, as well as the stimulation of certain marine plankton to emit chemoluminescence upon 

mechanical perturbation. Most of these mechanisms are based on efficient mechanotransduction on the 

molecular scale which leads to biochemical signalling cascades. However, some mechanical events also 

result in a colour change on the macroscopic level, e.g. to allow for camouflage, or for inter and intra 

species communication (as in the case of marine glow). Moreover, mechanical stimuli can induce non-

specific colour changes in living matter, such as the formation of bruises on skin, or the bleeding of a 

wound. While these events are a coincidence of tissue damage, humans and animals have learned to react 

to these warning signals, therefore allowing to easily assess whether a tissue has suffered damage or not. 

Thus, nature is a rich source of inspiration for the development of polymeric materials that are able to 

autonomously detect and report deformation as well as the occurrence of damage, such as cracks, 

fractures and delamination. Such self-reporting materials (also termed self-assessing materials) provide 

intriguing opportunities to create safety features that could prevent catastrophic materials failure, to 

develop simple and cheap force sensors, and as analytical tools to measure stress distributions within 

materials.  

Although the responsiveness in mechano-responsive materials is triggered by a mechanical input (e.g. 

impact, tension, ultrasound), the output can be of various kind. For instance, force-induced perturbations 

in the structure of polymeric materials can provide the activation energy for specific chemical reactions 
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such as the scission of labile covalent bonds or ring-opening reactions. Moreover, mechanical forces can 

cause changes in molecular arrangements on the supramolecular level and influence the conformation or 

structure of proteins. Forces can also be transferred to microscopic objects that are embedded in the bulk 

polymer, such as reagent-filled microcapsules, hollow fibres and microvascular networks. If moieties were 

chosen that undergo force-induced changes in their photophysical properties, externally applied force will 

result in spectral changes in the UV-vis range. This allows for the development of mechanochromic 

polymers, i.e. materials in which the response to mechanical perturbations is observed as a change in 

colour, fluorescence, photoluminescence, or chemoluminescence.  

In this chapter, we will discuss the design, synthesis and the properties of mechano-responsive polymeric 

materials with focus on mechanochromic systems. Initially, natural mechanochromic events will be 

described in order to show how these mechanisms can serve as inspiration in the design of artificial 

devices. Following, mechanical responsiveness in the context of mechanochromic materials will be 

reviewed. The effects of mechanical forces on the molecular, supramolecular, microscopic and 

macroscopic levels will be taken into consideration, as well as the use of mechanically responsive 

biological macromolecules for the preparation of self-reporting polymer-protein hybrid materials. 

11.2. Learning from Nature 

The outstanding self-reporting and mechanoresponsive properties of biological systems are the result of 

millions of years of evolution and adaptation. This involves complex molecular mechanisms which are not 

completely understood or difficult to replicate given the current technology available. Nevertheless, one of 

the challenges of artificial self-reporting and mechano-responsive materials is to pursue systems which can 

mimic the behaviour of natural systems, albeit with simpler molecular mechanisms. Figure 11.1 shows 

some prominent mechanochromic events in nature. Moreover, it highlights examples of polymeric 

materials and composites that imitate such self-reporting properties. 

Cells are the main units of living organisms.1 It is well known that external signals generate changes in the 

internal chemical composition of cells, making them adapt to the surrounding environment. The routes 

for cell adaptation involve different macromolecular complexes called receptors and channels.2 These 

complexes can be composed by one or more proteins, and can also be combined with sugar chains 

forming glycoproteins.3 Receptors have been classified according to the types of stimuli they respond to, 

such as temperature, pH variations, and light.4 Of particular interest for this review are receptors that 

respond to mechanical perturbations. In general, natural mechano-responsive systems are activated 

through the transmission of force to the cell membrane and the tension is sensed by these receptors.5 The 

response of the receptors can be diverse. The stimulus may initiate a signal cascade in which biomolecules 

are generated or transformed. However, the most general response occurs when a receptor activates 

directly an ion channel.6 In response to a mechanical stimulus, the channel is opened, altering the normal 

concentration of different ions at both sides of the cell membrane,7 which results in the sense of touch,8 
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sound,9 proprioception10 or the control of blood pressure.11 Membrane-bound force receptors are some of 

the most common biological mechanosensors. However, their property to induce a chemical or 

electrophysiological signal in response to a mechanical stimulation is difficult to translate into responsive 

polymeric systems.  

Microorganisms also respond to mechanical stimuli. A fascinating event is the marine glow (Figure 11.1). 

It occurs when dinoflagellates are mechanically disturbed upon velocity gradient generated by external 

factors, such as swimming animals, waves or ships.12, 13 These events cause the cell membrane of the 

protists to deform14 and activate a GTP-depending protein15 which induces to a signal cascade, mediated 

by the change of Ca2+ concentrations.16 This results in a change of cytoplasmic pH, favouring a 

bioluminescence reaction. Dinoflagellates have been used as markers for local velocity gradients of water 

in the field13 and in the laboratory.12, 17 Microplankton would, however, not be of much use as force-

sensors in solid polymeric materials. However, various chemical reactions are known to result in 

chemoluminescence. Moreover, it has been shown that such reactions can be triggered by the application 

of force, so that polymeric materials that react to mechanical forces with the emission of light have been 

realised.18  

A simple natural response to mechanical stimuli that is not based on sophisticated force-induced signalling 

cascades can be observed in the human skin. When skin is cut, blood is released from the capillary 

network in the dermal layer. Its intense red colour indicates damage (Figure 11.1). In a later stage, a series 

of biochemical pathways are activated to induce healing of the wound. First, the blood platelets adhere to 

the damaged surface and change morphology to promote blood clotting. The healing of the wound is 

enhanced by the activation of fibrinogen that turns into fibrin, forming a matrix for the settling of the 

platelets. Different biochemical signals are then emitted for the remodelling of the new tissue ending in 

healing.19 The stages of healing are accompanied by typical morphologies, textures and colour of the 

blood clot. Any trained human can assess the stage of its healing by looking at the healing wound. Direct 

visual indication of damage in a synthetic material is the main strategy to create self-reporting polymers 

and many examples will be discussed throughout this chapter.20-22 Even the bleeding of a wound was 

mimicked by the release of a liquid dye from reservoirs in “bleeding composites”.23, 24 

When skin is hit with force, a bruise forms (Figure 11.1). They are caused by the extravasation of 

haemoglobin from capillaries after a blunt mechanical stimulus which causes damage. Upon breakdown of 

the macromolecule due to phagocytosis, the bruise changes colour, coinciding with the presence of the 

different degraded species biliverdin, bilirubin and hemosiderin, passing from purple (haemoglobin) to 

green, yellow and brown, respectively.25 During the healing process, the pigments are slowly transported 

away, and the absence of colour indicates that the tissue is healed. Bruising coatings and materials have 

been realised with dye-filled microscpasules that release their content into the damaged area of the 

material.26, 27 Although these colour-indicators have been combined with healing agents, the vanishing of a 

hit mark within a material upon successful self-healing remains a challenge yet to be addressed.  
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Figure 11.1. Force-induced mechanochromic events in nature serve as inspiration for self-reporting 
materials. 1) Marine glow caused by mechanical perturbation of dinoflagellates. 2) Bleeding wound caused by a 
sharp object. 3) Bruised skin caused by impact of a blunt object. a) Fluorescence of cracks formed in a film of 1,1,1-
tris(cinnamoyloxymethyl)ethane. b) Polymeric blends containing cyano-OPVs. c) Mechanical response in PMA films 
containing spyropyranes. d) Mechanical unfolding of a fluorescent protein in carbon-fibre-reinforced composites c) 
1,3,5,7-Cyclooctatetraene ring opening metathesis polymerisation (ROMP) after mechanical damage of capsules in 
contact with Grubbs-Love catalyst. f) Epoxy coating with microcapsules that contain 2,7-dichlorofluorescein (DCF). 
Adapted with permission from references 27-32. Copyrights 2008 Elsevier, 2003 and 2011 American Chemical Society, 
2014 Royal Society of Chemistry, 2009 Nature Publishing Group, 2016 Wiley-VCH GmbH & Co. KGaA. 

11.3. Mechano-responsiveness 

In order to better understand how polymeric materials respond to mechanical perturbations, the next 

section will be dedicated to discuss mechano-responsiveness in detail. It is the ability of a material to 
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change its properties in response to a mechanical input or stimulus. In the last decade, several groups have 

begun to use known mechanical transformations to impart mechano-responsiveness on polymeric 

systems.20, 33-36 In this field, polymer chains are used to direct macroscopic forces to mechanically labile 

functionalities within the material, whose activation leads to transformations in chemical composition or 

structure. These responses to mechanical stimuli can be a change in colour,37 mechanical properties38 or 

shape.39 Mechano-responsiveness can also be the ability to self-repair or “heal” when an applied 

mechanical stimulus causes a material to craze or crack.40 

Mechanical transduction in these systems can be at the molecular, supramolecular or the micro/macro 

levels. For instance, chemical and structural changes caused by mechanical stimuli, such as flow- and 

ultrasound-induced chain scission, are interesting phenomena that can be taken into account in the 

development of mechano-responsive materials. In the following section, we will look closely at the types 

of response to mechanical stimuli and the underlying mechanisms involved either in the mechano-

chemical or physical transformations.  

 

11.3.1 Mechanical Input and Methods to Measure Mechanically-induced Changes in Polymers 

As a general rule, polymers can be characterised in solution, as solid materials or in the melt. In the 

following section, the commonly applied methods to study the response of polymers to mechanical forces 

are introduced, starting with solution measurements and then moving on to bulk measurements. The 

effect of shear forces on polymer chains in melts is fascinating, but has not been studied with the help of 

mechanochromic systems and is therefore not covered in this chapter.  

In order to gain a fundamental understanding of force-induced changes in polymer chains, solution 

studies are best suited because the theoretical framework to describe the general behaviour of polymer 

chains in solution is well developed and because the experimental system is a homogeneous solution. Flow 

induced chain scission and ultrasound mechano-chemistry are the common methods used to study the 

response of polymers to mechanical forces in solution. Although this chapter focuses on 

mechanoresponsive polymers, i.e. polymers that have been designed to undergo specific changes in 

response to mechanical forces, it is important to understand that strong enough forces will cause breaking 

of bonds in the polymer backbone of any polymer. In fact, the first evidences of polymer chain scission 

were observed in solution studies.41-43 Therefore, knowing the fundamental principles of force-induced 

chain scission allows designing effective mechanoresponsive polymer systems. 

The mechanical input in the flow-induced scission method can be an elongation (uniform) or a turbulent 

(non-uniform) field. For instance, the passage of a coiled polymer through an elongation flow field results 

in a coil-stretch transition that is influenced by strong hydrodynamic forces. Polymer elongation starts 

when the rate of chain stretching exceeds the entropic elasticity, which causes the molecules to orient in 
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the direction of the flow.44 If elongation forces are strong enough, chain scission takes place. The first 

evidence of cleavage of covalent bonds in turbulent flow was observed by Toms.45 The author reported 

that diluted solutions of poly(methyl methacrylate) (PMMA) in chlorobenzene present a considerable 

reduction in turbulent flow pressure when compared with the pure solvent. It is of common agreement 

that such behaviour is caused by shearing forces, which promote a partial chain extension and eventually 

scission.20, 46 There are different parameters which can influence the rate of chain scission, namely the type 

of solvent,47 polymer concentration48, 49 and temperature.50 Chain scission can also be promoted by 

ultrasound, which can be applied to polymer solutions using either an ultrasonic bath or ultrasonic probe. 

In the first case, a vessel with the solution is immersed into an ultrasonic bath without direct contact 

between samples and equipment. In the latter case, the probe is directly introduced into the polymer 

solution.51 It is assumed that polymer chain scission occurs by cavitation according to the following 

mechanism52, 53 (Figure 11.2). The acoustic field creates microbubbles in solution. The collapse (or 

implosion) of such bubbles results in solvodynamic shear, which causes the polymer chain to elongate, 

undergoing a partial coil-stretch transition. It is generally agreed that scission occurs next to the midpoint 

of the chain.54, 55 Like flow induced chain scission, different parameters affect cleavage of covalent bonds 

upon the application of acoustic fields, namely the nature of solvent (i.e. vapour pressure and surface 

tension), temperature, polymer concentration and viscosity, polymer molecular weight and, as expected, 

the intensity of ultrasound power. 

 

 

Figure 11.2. Polymer chain scission induced by ultrasound. (a) Pressure variations result in the formation of 
bubbles; (b) Solvodynamic shear is created by rapid collapse of bubbles. Adapted with permission from reference 20. 
Copyright 2009, American Chemical Society. 

Although these methods help us to understand the changes which occur at the molecular level, most 

polymers find applications in the solid state. It is therefore important that mechano-responsive polymeric 

systems are tested with the kind of forces that they will experience when used. However, studies of 

mechanochromic behaviour in bulk polymers are complicated by inhomogeneities in the materials (e.g. 

crystalline vs. amorphous regions) and by the fact that it is nearly impossible to address all polymer chains 

in a sample with the same force, since they are differently oriented to the force vector, show 

entanglements, etc. Mechano-responsive bulk materials can be studied by subjecting them to elongation 

and compressional forces. Elongation forces are usually provided by tensile testing equipment and 

A B 
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rheometers while compressional forces are achieved in hydraulic presses and pressure cell, among others. 

Moreover, polymeric materials can be subjected to mechanical forces in impact tests and in bending tests. 

Quite often, the instruments can be coupled to spectrometers to allow for in-situ measurements of the 

optical changes which occur as the material is subjected to force. Alternatively, deformation or damage 

can be visualized post-loading, e.g., by microscopic methods. The application of force to solid samples has 

been utilised to observe several kinds of mechanochromic phenomena such as the formation or disruption 

of excimers, bond scission, chain alignment, distortion of embedded biomolecules, and the disruption of 

aggregates that are formed by non-covalent interactions (e.g. hydrogen bonding, ionic interactions). 

11.3.2 Responses to Mechanical Input 

11.3.2.1 Mechano-responsiveness on the Molecular Level 

The ability of mechanical forces to cleave covalent bonds can be utilised to design force-responsive 

polymers.32 This can be achieved by covalently linking mechanically labile moieties, also known as 

mechanophores, into polymer chains. The polymer facilitates the transduction of force to the 

mechanophores. The mechanophore can be designed to act as a specific cleavage point in the polymer 

backbone, to liberate small molecules, to initiate a subsequent chemical reaction or to change its 

photophysical properties, such as colour or fluorescence.56 The latter results in the self-reporting 

polymers. The chemical mechanisms by which these forced-induced transformations occur can be 

categorised into three groups, namely cycloreversions, electrocyclic ring opening and stable radical 

formation.  

Examples of mechanically triggered cycloreversion reactions reported in literature include [2+2] 

cycloreversions, [4+2] cycloreversions (e.g. retro Diels-Alder reactions) and [4+4] cyloreversions.20 Here, 

we will discuss selected mechanisms that are important in the context of self-reporting materials. Kryger et 

al. demonstrated that mechanical force could trigger formal [2+2] cycloreversions when they sought to 

produce reactive species within polymers which could be utilised for self-healing applications.57 Dicyano-

substituted cyclobutane was incorporated as mechanophore at the chain centre of poly(methyl acrylate) 

(Scheme 11.1). The strained ring could revert under the influence of mechanical force to give 

cyanoacrylates, which readily undergo addition reactions and could therefore be used to self-repair 

polymers. A greater rate of ultrasound-induced polymer chain scission was observed for the 

mechanophore containing polymer than for an unmodified control polymer, which showed that the 

cyclobutane moiety acted as mechanophore. Furthermore, trapping tests with a Michael donor confirmed 

that a formal [2+2] cleavage of the mechanophore-containing polymer had occurred. 
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Scheme 11.1. Poly(methyl acrylate) with a centrally positioned dicyano-substituted cyclobutane 
mechanophore cleaved under the influence of ultrasound.57 

In another case, cyclobutane-containing polymers of tricinnamates with the ability to sense and report 

cracks were reported by Chung and coworkers.28 The [2+2] cycloaddition of cinnamoyl groups forms 

dimers that contain a cyclobutane group.58 This chemistry was used to create crosslinked polymeric 

samples from the monomer 1,1,1-tris(cinnamoyloxymethyl)ethane. Cyclobutanes within this material 

reverted under mechanical activation upon grinding or within cracks of a polymer film. As cinnamates are 

fluorescent, while their cycloadducts are not, the retrocycloaddition caused the cracks to become 

fluorescent, which allowed visualising the damage in these films by fluorescence microscopy (Figure 11.3). 

The same concept was later applied by Dai and coworkers to prepare damage-detecting epoxy resins59 and 

composites.60 

Anthracene and its derivatives undergo a [4+4] photocycloaddition to cyclooctane-containing dimers. This 

reaction can be reversed with mechanical forces, yielding fluorescent anthracenes. Poly(vinyl alcohol) was 

crosslinked with anthracene dimers to give polymers that could report microcracks in a similar way as the 

tricinnamate-containing polymers described above61 (Figure 11.3).  

 

Figure 11.3. Detection of cracks in polymers by cycloreversion reactions. a) [2+2] retrocycloaddition of a 
cyclobutane. b) [4+4] retrocycloaddition of a cyclooctane. Fluorescent products form in cracks, which were imaged 
by fluorescence microscopy. Adapted with permission from references 28 and 61. Copyrights 2008 and 2012, Elsevier 
and The Royal Society of Chemistry. 
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The ring opening of Diels-Alder adducts are other examples of mechanically triggered cycloreversions in 

literature.62-64 Although thermoresponsive materials based on the cycloreversion of Diels-Alder adducts 

had been reported,65, 66 Lyu et al. showed that the cycloreversion of Diels-Alder adducts of furan and 

maleic anhydride derivatives could be achieved more selectively and efficiently with force.64 In another 

report, Larsen and Boydston elegantly demonstrated the cycloreversion of Diels-Alder adducts of furan 

and methacryloyl anhydride which served as both mechanophores and crosslinkers within poly (methyl 

acrylate) chains.63 Their system utilises the polymer backbone to transfer compressional force to the 

mechanophore, causing bond angle distortions that eventually lead to scission. This unique method of 

activating the mechanophore by bending its bonds is a more efficient means of mechanochemical 

transduction than conventional approaches that involves bond stretching. Boydston and coworkers,67 as 

well as Moore and coworkers68 showed that Diels-Alder adducts of anthracenes and maleimides can be 

mechanically cleaved. The former group used such mechanophore to compare chain scission rates of 

linear polymers with those of three-arm branched polymers, as the resulting anthracene-terminated 

polymer chains can be easily observed by their UV absorbance and fluorescence. The latter group took 

advantage of these self-reporting properties of the mechanophore to measure detachment of polymer 

chains from the surface of silica nanoparticles to which the polymer had been grafted via maleimide-

anthracene linkers. 

The prime example of self-reporting mechanophores that undergo force-activated electrocyclic ring 

opening are spirospyrans. These molecules are well-known for their photochromism69, 70 and have more 

recently been utilised to develop thermoplastic, elastomeric and glassy materials in which mechanical 

activation leads to a visual colour and fluorescence change32, 71-83 (Scheme 11.1). In their pioneering work, 

White, Moore, Sottos and coworkers synthesised poly(methyl acrylate) (PMA) from a bifunctional 

spiropyran ATRP initiator in order to position the mechanophore centrally within the polymer chain.32 

Dog-bone samples of this material could be seen to change colour from light brown to red under 

mechanical loading, which is caused by the electrocyclic ring opening of the colourless spiropyran to its 

coloured merocyanine derivative (Figure 11.4). The colour change could be reversed after exposure to 

fluorescent light for about six hours, which is in line with the photochromism of the compound.  

Spiropyran mechanophores have since then be used to develop a multitude of self-reporting materials, 

such as rubber toughened PMMA with the ability to indicate plastic deformation ahead of crack tips,77 

stress-sensing and self-healing metallosupramolecular polymers,78 3D-printed mechanochromic 

materials,79 and polystyrene coatings that evolve colour and fluorescence in areas subjected to laser-

generated shock waves.80 These reports show that spiropyranes can be used to visualise stress and strain 

distributions within a material. A fascinating application for this property was reported by Craig and 

coworkers. Soft robotic grippers were prepared from spiropyran-containing poly(dimethylsiloxane) 

(PDMS). The material developed colour and fluorescence in areas with highest deformation, thus allowing 

to identify regions that could be at risk to fail if the gripper is overloaded (Figure 11.5).81 A similar 
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approach was followed to prepare silicon rubbers that indicate localised compression82 (Figure 11.6). 

Coatings of these materials on white surfaces resulted in paper-sized boards for drawing and writing with 

a stylus. As the colour can be erased by irradiation with strong white light, the drawing board should be 

reusable. The mechanochromic properties of spiropyrans were also exploited to create colour-changing 

materials that were inspired by cephalopods.83 Electric fields induced deformation of electro-mechano-

chemically responsive elastomers which caused the mechanophore to undergo electrocyclic ring-opening. 

As a result, areas of high deformation became fluorescent (Figure 11.7). The appearance of a florescent 

pattern on demand could be used for camouflage, in analogy to the colour-changing properties of squids. 

Alternatively, such electronically switchable materials could be developed into flexible displays for use in 

wet environments.  

 

Scheme 11.1. Electrolytic ring opening of spiropyran mechanophore facilitated by force and the reverse ring 
closing facilitated by UV light.32 

 

 

Figure 11.4. Mechanochromic spiropyran-PMA elastomer. a) Dog-bone samples before and after uniaxial 
elongation. b) Change in intensity of the green channel (of a RGB image) with increase in elongation strain for 
mechanochromic sample (active sample; red) and control sample (black). Adapted with permission from reference32. 
Copyright 2009, Nature Publishing Group. 
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Figure 11.5. Self-reporting soft robotic gripper that reports areas of large deformation by spiropyran-based 
colour and fluorescence change. a-b) A spyropyran-PDMS gripper can hold cargo when inflated. c-d) After 
deflation, the colour and fluorescence change of the mechanophore persists, marking those areas of the gripper that 
had experienced the largest deformation. e) Fluorescence image of a gripper that was overinflated until it ruptured. 
The damage occurred in those areas that were most coloured and fluorescent. Reproduced with permission from 
reference 81. Copyright 2015, American Chemical Society. 

 

 

Figure 11.6. PDMS elastomer that reports localized compression by force-induced ring-opening of 
spiropyran. The elastomer was subjected to a) tension, b)-d) rolling of a patterned objects across its surface. 
Reproduced with permission from reference 82. Copyright 2014, American Chemical Society. 

 

Figure 11.7. On-demand fluorescence pattering in an electronically addressable self-reporting elastomer. a) 
Schematic illustration of cephalopod-inspired device that contains a layer of electro-mechano-chemically responsive 
elastomer. b) Optical microscopy and fluorescence microscopy images of such a device before and during 
application of voltage. The responsive elastomer undergoes wrinkling, followed by the formation of craters. At their 
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edge the deformation of the elastomer is highest, resulting in a mechanochromic response. Adapted with permission 
from reference 83. Copyright 2014, Nature Publishing Group. 

 

All the previously described mechanisms occur by heterolytic cleavage of the labile bonds of the 

mechanophores. However, Imato et al. have recently demonstrated a mechanochromic system in which 

force induced cleavage of the mechanophore’s labile bond is a homolytic process.84 They synthesised 

segmented polyurethane elastomers with diaryldibenzofuranone covalently positioned in the soft 

segments. Dog-bone samples of the polymer were subjected to uniaxial tensile loading. The cleavage of 

the bond led to the formation of stable radicals with a corresponding change from yellow to blue (Figure 

11.8). The colour change was observed instantly and the colour reverted to its initial yellow when left at 

room temperature for 300 minutes. Electron paramagnetic resonance (EPR) spectroscopy before, during 

and after mechanical loading confirmed the generation of radicals and their subsequent recombination.  

 

Figure 11.8. Self-reporting polyurethane that indicates deformation by the formation of stable radicals which 
appear blue. Reproduced with permission from reference 84. Copyright 2015, American Chemical Society. 

Dinoflagellates transduce mechanical stimulation into the emission of light. This behaviour was mimicked 

with chemiluminescent polymeric materials based on 1,2-dioxetane by Sijbesma and coworkers.18 They 

prepared rubber-like PMA crosslinked with bis(adamantyl)-1,2-dioxetane bisacrylate, and linear PMA with 

the mechanophore incorporated into the main chain. Mechanical deformation or sonication resulted in the 

cleavage of the four-membered 1,2-dioxetane ring into two adamantanone groups. One of these ketones 

was in the excited state and subsequently emitted bright-blue light (Figure 11.9). The intensity and the 

colour of the emitted light could be further tuned by mixing in suitable acceptors. During uniaxial 

deformation of the materials, chemiluminescence occurs throughout the material. Emission of light 

increased markedly at the location of a fracture upon material failure. Thus, such self-reporting 

chemiluminescent materials can be used to map stress distributions and breaking of sacrificial bonds in 

real time without the need of an external light source, as demonstrated by Sijbesma, Creton and 

coworkers.85 They produced a series of elastomers that contained bis(adamantyl)-1,2-dioxetane bisacrylate 

crosslinkers and observed how bond scission happens at the crack tip of notched samples. Moreover, this 
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technique allowed identifying differences in the area of force dissipation between elastomers of various 

molecular architectures, which can guide the design of elastomers that are toughened by sacrificial bonds. 

 

 

 

Figure 11.9. Mapping of bond cleavage in self-reporting chemiluminescent elastomers that are toughened 
by sacrificial bonds. a) Bis(adamantyl)-1,2-dioxetane break under mechanical force, resulting in chemiluminescence. 
b) Intensity-coloured images of polymer networks during crack propagation of notched samples and schematic 
depiction of bond breaking around the crack tip. SN, DN, TN label elastomers of different molecular architecture 
(“single network”, “double network” and “triple network”). The dashed line indicates the perimeter of the sample. 
Vertical lines are artefacts of the detector. (Adapted with permission from reference 85. Copyright 2014, The 
American Association for the Advancement of Science. 

 

11.3.2.2 Mechano-responsiveness on the Supramolecular Level 

The previous section demonstrated how polymers respond to mechanical forces at the molecular level 

through the cleavage of covalent bonds. Changes in the polymer structure upon mechanical stimuli, such 

as impact and deformation, may also take place in the absence of covalent bond scission. This occurs on a 

larger length scale and generally involves rearrangements of supramolecular motifs. In order to show how 

such changes can result in mechanochromic materials, the role of mechanical perturbation on 

mechanochromic blends will be discussed, followed by a summary of mechanophores which are based on 

the cleavage of hydrogen bonds and ionic interactions.  

11.3.2.2.1  Mechanochromic Blends 

Some dyes have different photoluminescent properties when the dye molecules are aggregated in the solid 

state or when they are molecularly dispersed, e.g. in solution.35 For example, cyano oligo(p-phenylene 

vinylenes) (cyano-OPVs) form excimers (excited dimers) in the crystalline state due to π-π stacking, which 

leads to a red-shift of their fluorescence emission (Scheme 11.2). Mechanochromic polymer blends22, 35 

can be produced from such excimer-forming dyes by mixing them into a polymer solution or melt, as 

pioneered by Weder and coworkers.29, 37, 86-91 After solidification of the polymer by solvent evaporation or 

by cooling below the melting point, polymeric materials are obtained in which the dye forms nanoscale 
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aggregates within the polymer matrix. These aggregates convert to molecular mixtures upon deformation 

of the polymer matrix, exhibiting a shift from excimer- to monomer-dominated emission. For example, 

blends of semi-crystalline linear low-density polyethylene (LLDPE) containing varied concentrations of 

different cyano-OPVs have been prepared (Figure 11.10).29 Excimers formed upon rapid quenching and 

plasticisation after melt processing. Increase in dye concentration resulted in an increase of the 

photoluminescence intensity of the excimer band. Mechanical deformation of cyano-OPV/LLDPE films 

led to a considerable change in their photoluminescence due to the transformation of aggregates of the 

photoluminescent guest into molecular mixtures within the polymer, thus causing change in fluorescence 

colour from yellow (intact region) to blue (stretched region). Indeed, monomer to excimer emission ratios 

increased by a factor of up to 10. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 11.2. Chemical structures of various cyano-OPVs: 1,4-bis(α-cyano-4-methoxystyryl)-2,5-
dimethoxybenzene (BCMDB), 1,4-bis(α-cyano-4-methoxystyryl)benzene (BCMB), and 1,4-bis(α-cyano-4-(2-
ethylhexyloxystyryl))-2,5-dimethoxybenzene (BCEDB).29  
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Figure 11.10. Deformation induced colour changes in mechanochromic blends. Photoluminescence emission 
spectra (left) of freshly prepared blend films of LLDPE and BCMB as a function of dye concentration (given in % 
w/w), and image (right) of blend film of LLDPE and 0.20% w/w BCMB stretched at room temperature to a draw 
ratio of 500 % (irradiated with UV light of λ = 365 nm). All spectra were normalised to the intensity of the monomer 
peak. Adapted with permission from reference 29. Copyright 2003, American Chemical Society. 

 

Blends of cyano-OPVs and amorphous polymers (PMMA and poly(bisphenol A carbonate)) were also 

produced by melt-processing and rapid quenching.87 Contrary to the previous case, where the semi-

crystalline host allowed the formation of excimers by diffusion of the OPV molecules, the formation of 

excimers in the amorphous polymer was not observed. Thus, blends of cyano-OPV and amorphous 

polymers display monomer emission. Formation of excimers, and consequent change in colour of the 

blend from blue (monomer) to green (excimer), was achieved as a result of phase separation upon 

annealing the blends at temperatures above their glass-transition temperature (Tg). A similar behaviour was 

observed in binary blends of cyano-OPVs and polyesters, such as polyethylene terephthalate (PET) and 

amorphous polyethylene terephthalate glycol (PETG), when polymers were melt-processed with small 

amounts of the dyes (0.2 – 2% w/w).88 In this particular case, the length of the dye’s alkyl chains was 

increased in order to reduce the solubility of the dyes in the polyesters, which resulted in the formation of 

excimers when blends were annealed. Similarly to previous examples, mechanical deformation of the 

annealed materials led to changes in the photoluminescence spectra from excimer-rich to monomer-

dominated emission. However, the increase in length of the cyano-OPV alkyl chains does not always 

favour the formation of small aggregates within the polymer matrix. For example, cyano-OPVs with 

terminal alkyl tails of varied lengths were blended with polyfluorinated polymers.89 Contrary to the 

previous case, cyano-OPVs with longer alkyl tails exhibited large aggregates upon blending with 

fluoropolymers and featured no mechanochromic response. On the other hand, cyano-OPVs with shorter 

alkyl tails led to the formation of smaller aggregates with pronounced mechanochromic response. This 

suggests that cyano-OPV nucleation is greatly dependent on the polymer matrix into which they are 

dispersed rather than on the dye structure.  
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The built-in deformation sensitivity of cyano-OPVs upon dispersion in thermoplastic elastomers 

(polyurethanes) was also investigated.90 Dyes were dispersed within the polymer by either physical or 

covalent incorporation. In the first case, only a very modest and irreversible change in the 

photoluminescence emission was observed upon deformation. Although no molecular mechanism has 

been proposed, the authors attributed such a small change in photoluminescence emission to the presence 

of large aggregates of the guest molecules, which do not disperse properly when deformed. In fact, while 

excimers are shattered upon polymer stretching (which promotes orientation of single molecules),92 

microsized aggregates are not easily dispersed during mechanical deformation, thus limiting the 

anisotropic arrangement of the dyes.93, 94 Such behaviour does not seem to occur when the dye is 

covalently linked to the polymer. The covalent integration of the dyes into the elastomer chains seems to 

originate in very small aggregates, which results in blends with predominant excimer emission when 

unstretched. The significant fluorescence change achieved upon deformation was largely reversible. 

Cyano-OPVs are not the only fluorescent and photoluminescent dyes that can be used to prepare 

mechanochromic blends.22 Alternative dyes are, e.g., bis(benzoxazolyl) stilbene (BBS)93, 95 and perylene 

derivatives.96 For instance, Pucci et al. produced blends of BBS and polypropylene (BBS/PP) containing 

different concentrations of the dye.97 Excimer formation was observed when the concentration of BBS 

was higher than 0.2 wt%. Similarly to OPV-based blends, BBS/PP films presented changes in their 

photoluminescence emission upon stretching, with luminescence changing from green to blue in the 

deformed region, which is the characteristic luminescence of the isolated BBS molecules. Studies were 

extended to BBS-poly(1,4-butylene succinate) (BBS/PBS) blends.95 Similar results were obtained after 

deformation of films containing BBS at concentrations over 0.05 wt%. More recently, BBS was dispersed 

into thermoplastic polyurethane.98 Different concentrations of the dye were used during blend preparation 

by either solution casting or melt compounding approaches. Mechanochromic changes from cyan to dark 

blue were observed when blend films containing 0.5% of BBS were stretched from 0 to above 300%. 

Initial emission was fully recovered upon film relaxation, followed by a short annealing at 120° C.  

As many authors suggest, mechanochromic blends may find numerous applications, e.g., as strain sensors 

or as built-in threshold temperature sensors in polymer-based materials, therefore representing a 

promising technology for the production of devices with security purposes. 

11.3.2.2.2  Hydrogen Bonds 

Hydrogen bridges are weak non-covalent bonds in which a heteroatom of a functional group has an 

electron density which permits it to attract a proton from another functional group. Tuning the quantity 

of hydrogen bonds and the nature of the proton donors and acceptors in a polymeric unit is a valuable 

means of controlling the threshold needed for the material to react to the application of force.99, 100 

Although self-reporting materials could be based on the cleavage of single or multiple hydrogen bonds in 

mechanochromic H-bonding motifs, hydrogen bonds have been more prominently used to tune the 
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threshold of forces needed to activate mechanochromic systems. Kim et al. proposed a concept for a self-

reporting carbon-fibre reinforced composite by computational modelling.101 A linker which contained a 

chromophore based on a cis azo compound could be attached to the surface of a fibre. This isomer would 

be stabilised by the formation of a loop via hydrogen bonding units in the polymer backbone. The 

polymer would then continue into the bulk. Upon application of a mechanical load, the system would 

elongate the loop and the azo chromophore would rearrange into its most stable conformation, the trans 

form. This would result in the desired colour change. Unfortunately, this concept was never translated 

into experimental work and therefore it remains to be proven that it works in practice. Further work was 

instead carried out synthesising a thermoplastic elastomer based on a polyurethane-block-copolyamide 

copolymer which presented azobenzenes within its backbone.102 Upon mechanical damage, the UV 

absorption changed due to the cis-to-trans isomerisation of azobenzenes. The copolyamide blocks were 

introduced as the soft segments of a hard polyurethane network. The system relied on the transduction of 

forces from the polyurethane network to the copolyamide block, where all the functional groups of the 

polymer are found. The design of the copolyamides included three types of functionalities: azobenzenes, 

which gave the self-reporting properties; hydrogen bonding units, which acted as intramolecular and 

intermolecular latches; and reactive modules, such as amine and carboxyl groups at the chain ends, which 

would permit the formation of a fibre-reinforced composite. The chromophore used was p,p’-

diaminoazobenzene, which undergoes a photochemical isomerisation from its most stable isomer, trans, 

to the less stable, cis. The cis isomer reverts to the trans form in the presence of visible light or at room 

temperature. However, the cis form was stabilised via the formation of intramolecular hydrogen bonds 

within the polymer backbone. When the strain was large enough to break these hydrogen bonds, the 

chromophore was not stabilised anymore, passing irreversibly to the trans form. The main drawback of 

this system is that the half-life of the photo-produced cis-form is between 5 and 6 hours, limiting its use in 

real applications. 

A particularly interesting system in which spiropyran containing prepolymers were end-capped with 

ureidopyrimidone moieties (UPy) has been recently published by Weng and coworkers.71 Their work 

shows that the force-induced activation of the spiopyran is enhanced by the supramolecular H-bonding 

interactions between UPy moieties, meaning a higher sensitivity towards mechanical stimuli of a certain 

magnitude. The fraction of mechanically activated mechanophores was around 4 to 5 times higher than in 

control polymer without the UPy moieties. The inclusion of UPys permitted the formation of stress-

hardening regions in the polymeric material, where the major colour change was observed. This 

phenomenon can occur in highly oriented polymers or in strain-induced crystallisation. Therefore, the 

orientation of the polymer chains was analysed by small angle X-ray scattering (SAXS). Before 

deformation, randomly oriented UPy stacks were observed. As strain was increased, shear caused the UPy 

stacks to rotate and fragment into smaller pieces. The SAXS patterns further revealed that the fragmented 

stacks were oriented perpendicularly to the applied force axis with highly orientated soft segments lying 

parallel to the tensile axis. These regions further nucleated to crystalize in the soft phases. The force 
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needed to break a single UPy dimer is around 100-200 pN while the strength needed to activate the 

spiropyran is between 2-3 nN. The resulting crystallites ended up acting as cross-linkers that hold a high 

quantity of the load, and therefore the force was effectively transferred to the spiropyrans, leading to their 

higher activation. 

As a general remark, hydrogen bond moieties have been extensively used in self-healing materials,100 but 

not in self-reporting materials. Due to the lability in comparison to covalent bonds (spyropirans, 

cyclobutene, cyclooctane), the threshold for the disruption of one hydrogen bond in a mechanochromic 

motif would be too low for many applications. However, two points should be considered. First, as 

mentioned above, hydrogen bond units are interesting for tuning the effectivity of other mechanochromic 

units. Second, tuning the quantity of hydrogen bonds per potential mechanophore can increase this 

threshold, thus allowing for the development of new mechanochromic groups. 

11.3.2.2.3  Ionic Interactions 

Attractive electrostatic interactions form strong noncovalent bonds between atoms or molecules. These 

interactions are weaker than covalent bonds and can be reversible. This feature can be exploited for the 

preparation of self-reporting materials. The Huck group pioneered the study of pressure-sensing surfaces 

based on electrostatic interactions. The system was based on polyelectrolyte brushes of poly([2-

methacroyl-oxy)ethyl]trimethylammonium chloride) (PMETAC) which were covalently attached to a 

PDMS surface.103 The polycationic chains adopted a completely stretched conformation in water due to 

their high local concentration and due to the repulsion between their charges. Addition of the electrolyte 

bromothymol blue (BTB), a pH-sensitive dye, led to the screening of these charges. Applying pressure to 

this kind of surface layer reduced the local volume, collapsed the polymer brushes and therefore increased 

the differential concentration of the dye and the polyelectrolyte (Figure 11.11). As a result, dye molecules 

passed from a non-ionised state, which is yellow, to an ionised state, which is blue, to compensate the new 

concentration of cations. Once collapsed, the system did not revert to the state prior to the applied 

pressure, because the polymer brushes have collapsed and strong ion pairs have formed. Apart from being 

an elegant proof of concept that demonstrates the feasibility of force transduction onto polymer brushes, 

the authors suggested that this approach could also be applied to bulk systems if nanoconfinement of the 

polyelectrolytes can be achieved.  
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Figure 11.11. Self-reporting pressure sensing surface based on polyelectrolyte brushes with embedded dye 
probe BTB. Neutral dye molecules (light circles) convert to anionic species (dark circles) within PMETAC brushes 
upon compression. Bottom left: chemical structure of cationic polyelectrolyte brush. Right: neutral (top) and anionic 
(bottom) forms of BTB. Adapted with permission from reference 103. Copyright 2006, Wiley-VCH Verlag GmbH & 
Co. KGaA. 

In a follow up study, PMETAC brushes were combined with the fluorescent dye carboxyfluorescein 

(CF).104 In this case, the dye was covalently conjugated to the polyelectrolyte. The system was compressed 

using soft colloidal probe atomic force microscopy (AFM) with an elastomeric particle. This particle was 

pushed against the composite surface and the area of contact was imaged by confocal laser scanning 

microscopy (CLSM) (Figure 11.12). The contact area between the polyelectrolyte-covered surface and the 

probe lost its fluorescence. When the particle was retracted, a fluorescent “rim” was observed around the 

area that was previously compressed. The authors explain these observations by proposing that CF 

generates electrostatic non-fluorescent complexes with the quaternary ammonium groups of the polymer 

when under pressure. Upon compression of the system, the partial concentration of ammonium groups 

increased, leading to more non-fluorescent complexes. During retraction of the colloidal probe, polymer 

adhered to the beads which induced stretching of the chains. This resulted in a lower concentration of the 

ammonium groups and increased concentration of fluorescent CF, giving a brighter fluorescence at the 

rim. The simplicity of these polymer-brush systems could be a key advantage for their utilisation, e.g., in 

low-cost mechanochromic pressure-sensing devices. 

Chapter 11: Self-reporting Polymeric Materials with Mechanochromic Properties



 

21 
 

 

Figure 11.12. Self-reporting pressure sensing surface based on PMETAC polyelectrolyte brushes and 
carboxyfluorescein. a) Experimental design to determine the fluorescence-based output upon mechanical 
compression of functionalised polyelectrolyte brushes using a soft colloidal probe. b) Fluorescent images obtained 
from compression experiment on fluorescently labelled PMETAC in water: i-iii – during approach, with loads of 0.7, 
2.8 and 5.6 µN; iv-vi – during retraction, with loads of 2.8, 0.7 and -1.4 µN. Scale bar: 5 µm. Adapted with 
permission from reference 104. Copyright 2011, Wiley-VCH Verlag GmbH & Co. KGaA.  

 

11.3.2.3 Mechanobiochemistry 

Mechanobiochemistry comprehends the study of mechanically responsive macromolecules of biological 

origin, such as proteins, nucleic acids and polysaccharides. The role of those biomacromolecules in 

translating mechanical signals into chemical responses is paramount in many natural processes, as 

highlighted in the introduction of this chapter and as summarised in excellent reviews.6, 105 Using 

biomacromolecules as force-responsive entities in synthetic polymeric materials has attracted particular 

interest in recent years.106 The unsurpassed degree of control over biomacromolecular structures allows to 

precisely tune the force-response of biological mechanophores and to tune their force thresholds.107 For 

example, proteins can be selectively stabilised by protein engineering methods, e.g. by introducing 

disulphide bridges108 or by tuning noncovalent interactions (e.g. hydrophobic and electrostatic) between 

protein subunits or protein domains, while DNA behaves as a molecular spring, which can be used as a 

tension gauge tether with tuneable tension threshold.109 Moreover, a growing number of 

biomacromolecules has been characterised by single force spectroscopy, so that detailed force maps are 

available that describe the threshold forces to unfold a protein along various pulling axes.110 Many 

A 
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methods have been developed over the years to synthesise hybrid materials of synthetic polymers and 

proteins, peptides, nucleic acids, etc.111-113 Therefore, it has become feasible to prepare 

mechanoresponsive materials that rely on mechanobiochemical effects. 

Bruns et al. pioneered self-reporting materials based on the mechanical perturbation of proteins within 

polymeric matrices.114, 115 The protein cage thermosome (THS), a chaperonin from the archaea 

Thermoplasma acidophilum, is composed of sixteen protein subunits that form two hemispheres with the 

ability to enclose macromolecular guests (Figure 11.13).116 THS is approx. 16 nm in diameter. The 

hemispheres of chaperonins are connected through a mechanically weak plane, so that the two halves of 

these protein cages can be separated from each other by mechanical forces, as demonstrated in AFM 

experiments.117 THS was turned into a sensor for mechanical deformation by covalently linking two 

proteins, enhanced cyan fluorescent protein (eCFP) and enhanced yellow fluorescent protein (eYFP), into 

the cavities of THS. The proximity between the two fluorescent proteins allows for fluorescence 

resonance energy transfer (FRET). FRET occurs when an excited fluorescence donor transfers energy to a 

fluorescence acceptor without emitting radiation, causing a reduction in donor emission and an increase in 

acceptor emission. FRET efficiency is highly distance-dependent and does not occur if the donor-acceptor 

distance exceeds 10 nm. Thanks to these properties, FRET has found various applications as “molecular 

rulers” in areas such as molecular imaging118 and biosensors119-121. The THS-eCFP-eYFP conjugate was 

modified with acrylamide groups and then copolymerised into polyacrylamide gels. Upon drying, 

transparent and brittle polymer samples were obtained. The samples were uniaxially strained until they 

broke and analysed post mortem with fluorescence microscopy and fluorescence lifetime-imaging (FLIM). 

FRET efficiency of the protein cage with its fluorescent guests increased 1.5-fold in the vicinity of 

microcracks, while FRET efficiency in undeformed regions remained low (Figure 11.13).114, 115 The 

observation can be explained by the protein cage adopting a deformed conformation in the polymer 

specimen due to local stress build-up during drying. In case a force was applied that was strong enough to 

create cracks, the polymer and the chaperonin in the vicinity of the crack relaxed, causing the protein cage 

to recover its initial conformation, thus increasing FRET.  
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Figure 11.1. The protein cage THS in combination with a pair of encapsulated fluorescent proteins acts as a 
reporting system for structural deformation in a polymeric material. a) Cut away model of THS in its closed 
conformation with eCFP and eYFP covalently bound into the protein cage. b) Schematic depiction of proposed 
sensing mechanism (green thick lines: THS; black lines: polymer network). Formation of crack releases internal 
stresses of the polymer and the embedded chaperonin in the surroundings of crack, which increases FRET. c) FRET 
intensity and FLIM images of microcracks surrounding a fracture site in a polyacrylamide/THS-eYFP-eCFP hybrid 
material. Adapted with permission from references 114 and 115. Copyright 2009, Wiley-VCH Verlag GmbH & Co. 
KGaA and 2011, Swiss Chemical Society. 

 

In this system, the THS acted as a mechanoresponsive scaffold, while the fluorescent proteins were 

needed to detect the deformation of the protein cage. Their structure remained unperturbed. However, 

fluorescent proteins are mechanophores themselves, as proven by single force spectroscopy and by 

computational methods.108, 122-126 They may have their fluorescence tuned upon external stimuli, because 

of conformational changes within the protein structure. Changes in the surroundings of the chromophore 

greatly affect the protein fluorescence, making fluorescent proteins the ultimate biological mechanosensor. 

Green fluorescent protein (GFP) is the archetype fluorescent protein from which most other coloured 

fluorescent proteins were derived by genetic engineering.127, 128 The GFP structure contains eleven β-

strands displaced in order to form a β-barrel (Figure 11.14). In the centre of the barrel a helix runs that 

contains the chromophore 4-(p-hydroxybenzylidene)imidazolidin-5-one.129, 130 The chromophore is 

composed of Ser65, Tyr66 and Gly67 residues131 and stabilised through interactions (hydrogen bonding) 

between Thr203 and water molecules.132 Mutations of those residues lead to genetic derivatives. For 

example, mutation in Tyr66 to Trp originates blue fluorescent protein (BFP), whereas the conversion of 

Thr203 into Tyr creates yellow fluorescent protein (YFP).21, 132, 133 
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Figure 11.14. Green fluorescent protein (GFP) structure. β-barrel formed by 11 β-strands that contains a 4-(p-
hydroxybenzylidene)imidazolidin-5-one chromophore in its centre. 

Dietz and Rief studied the unfolding mechanism of GFP using single-molecule force spectroscopy.122 

These authors showed that mechanical unfolding of the fluorescent protein occurs through at least two 

different metastable intermediate states. The first unfolding step (detachment of the small helix at the top 

of the β-barrel) occurs at a force of approx. 35 pN. The protein can withstand a maximum load of 104 ± 

40 pN at a pulling speed of 300 nm s-1, above which the protein unfolds into the denatured state. For 

eYFP, Fernandez and coworkers determined an unfolding force of approx. 60 pN.123 As the fluorescence 

is closely linked to the native state of the protein, mechanical unfolding switches its fluorescence off.126  

Based on those findings, Bruns and coworkers implemented fluorescent proteins as mechanophores in 

polymeric materials.31, 134 In order to achieve efficient force transfer from the material onto the proteins, 

they were placed at the interface between fibres and polymer in fibre-reinforced composites. More 

specifically, eYFP was covalently linked to glass fibres134 and carbon fibres,31 which were then embedded 

in an epoxy resin. During curing, the resin reacted with functional groups on the surface of the protein, 

thus creating covalent bonds between the polymer and the protein. Low velocity impact perpendicularly 

to the fibre orientation induced the formation of microdamages within the composites while the 

composite surface remained intact. Fluorescence vanished from the fractured regions of fibres and also 

from the surrounding areas. This observation can be attributed to the debonding of the epoxy resin from 

the fibre surfaces which induced unfolding of the eYFP as depicted in Figure 11.15. A difference between 

carbon fibres and glass fibres is that carbon surfaces tend to quench the fluorescence of fluorophores. 

Fortunately, no considerable quenching was observed in eYFP-coated carbon fibres as the three-

dimensional structure of the protein kept the fluorophore sufficiently distant from the carbon surfaces. 
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Figure 11.15. Fluorescent protein as mechanophore at the fibre-epoxy resin interface in self-

reporting fibre-reinforced composites. a) The formation of microdamages promotes interfacial 

debonding between resin and fibre, therefore causing the protein to unfold and to lose its fluorescence. b) 

Confocal fluorescence microscopy image of a damaged glass fibre-eYFP/epoxy composite. c) Z-stack 

projection of confocal fluorescence microscopy images of a damaged carbon fibre-eYFP/epoxy 

composite. (F: yellow fluorescence channel, O: overlay of fluorescence and transmission images) Adapted 

with permission from references 134 and 31. Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA and 

2014, The Royal Society of Chemistry. 

Longo et al. developed a GFP-based material with mechano-responsive surface.106 In this approach, 

modified GFP was covalently linked to PEG brushes grafted onto functionalised PDMS. Unidirectional 

stretching of the GFP-modified PDMS surfaces by 10 to 30% resulted in a decrease in fluorescence of 23 

to 60%, respectively. Interestingly, materials were able to recover fluorescence when relaxed to 0% strain. 

These results suggest that changes in fluorescence upon stretching are due to small and reversible 

conformation changes of the GFP molecules. 

Not only stretching, but also pressure has an effect on the structure of YFP. A shift in the fluorescent 

peak of YFP from 527 to 510 nm was observed as pressure in protein solutions was increased from 

ambient to values above 350 MPa.135 In YFP, the chromophore undergoes π-π interactions with the 

phenol group of Tyr203, which results in a shift of the fluorescence to longer wavelengths (compared to 

GFP).128 Pressure resulted in conformational changes which reduced the influence of the phenol group 

over the chromophore. In order to better understand that phenomenon, Gruner et al. evaluated the 

motion of the chromophore residues upon application of high pressures.136 As such, protein crystals were 

obtained at different pressure, cooled down to 77 K to retain their structures and characterised using a 

custom microspectrophotometer. The YFP β-barrel is composed of two atomic clusters (Figure 11.16), 
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whose positions were observed to vary with pressure. Tyr203 and the main chromophore attach to 

different clusters and therefore motion and rotation under pressure cause perturbation within the protein 

structure, thus resulting in the fluorescence shift. The pressure response of YFP was exploited in 

polymeric materials by Brantley et al. YFP was embedded into PMMA to obtain mechano-responsive 

biocomposites.137 Compression of the biocomposites resulted in a gradual shift in fluorescence from 539 

nm (at 0 MPa) to 534 nm (at 360 MPa). Again, distortion of the interaction between the chromophore and 

Tyr203 were most likely the cause of the hypsochromic shift.  

 

Figure 11.16. Structural clusters in the YFP β-barrel are responsible for the protein’s response to pressure. 
Tyr203 is attached to cluster 1, whereas the main chromophore is attached to cluster 2. Pressure deforms the protein 
so that the relative position of the two clusters changes, which results in a hypsochromic shift of the fluorescence 
Reprinted with permission from reference 136. Copyright © 2009, Biophysical Society. 

Recently, Watanabe et al. developed a circular permuted variant of YFP (cpYFP) capable to sense and 

report intramolecular strain in solution.133 YFP was split into two parts, one containing the chromophore 

and the other containing Tyr203. These fragments were linked with a flexible peptide linker (on the top of 

the β-barrel), which resulted in changes of the emission spectrum. Inclusion of a peptide bridge pair (β-

hairpin) between N and C termini of the protein, which were initially apart, recovered the yellow 

fluorescence that resembled that of the wild-type YFP (Figure 11.17). Application of force to the protein 

increased the distance between the two termini. Therefore, it also increased the space between 

chromophore and Tyr203, promoting changes in fluorescence. The split-YFP provided an interesting tool 

to measure intramolecular strain. Fusion of the modified cpYFP with kinesin, a microtubule-associated 

motor protein, resulted in a chimera that showed a shift in the excitation spectrum when exposed to 

adenosine tri-phospate (ATP). This was credited to variations in the YFP conformation due to the 

external forces that were exerted by the motor protein during hydrolysis of ATP. This system elegantly 
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demonstrates how advanced protein engineering can be used to create novel biomechanophores. It was, 

however, not yet employed as a force or deformation sensor in solid materials. 

 

 

Figure 11.17. Strategy to report intramolecular strain with a fragmented YFP. a) Construction of YFP strain 
sensor: YFP is split into two parts by circular permutation, one containing the chromophore and the other 
containing Tyr203. The fragments are linked together with a flexible linker (emission spectrum shifts) and N and C 
termini are fused (yellow fluorescence is recovered). b) Strain-sensing: Tyr203 is displaced relative to the fluorophore 
under force causing hypsochromic shift in fluorescence. Adapted with permission from references 133 and 21. 
Copyright 2012 and 2013, The Royal Society of Chemistry. 

 

Proteins that change their fluorescence wavelength, intensity, or FRET efficiency upon mechanical 

deformation are versatile entities for the creation of self-reporting materials, and the examples that are 

discussed herein highlight their potential. For instance, the utilisation of fluorescent proteins as 

mechanophore in fibre-reinforced composites can be implemented as a safety feature capable to report 

and monitor damage propagation and stress distribution, thereby preventing materials failure. However, 

processing should be carefully conducted as proteins can denatured upon contact with solvents and at 

high temperatures. Nevertheless, fluorescent proteins are robust proteins and stable up to 70 °C in 

aqueous solution. For instance, the midpoint for the unfolding and denaturation transition of GFP was 

measured to be 78 °C.138 When embedded into a solid polymers, the stability of proteins increases 

substantially.139 Thus, biohybrid materials that are stable to at least 100 °C should be possible.  
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Biological mechanophores should not only be considered as functional additives in polymeric materials, 

but also as concept generators for the design of novel chemical mechanophores. For example, it appears 

to be feasible to synthesise a supramolecular mechanophore whose fluorescence emission shifts upon 

displacement of a neighbouring functional group, similar to YFP and the circular permutated YFP.  

11.3.2.4Mechano-responsiveness on the Microscopic Level 

A bruise forms when a blunt object hits the skin. Similarly, tissue starts to bleed when it is cut. Both 

processes are caused by liquid blood flowing out of damaged blood vessels into or onto the surrounding 

tissue, starting a healing process and inducing a clearly visible colour change. These mechanisms can be 

mimicked in synthetic materials by embedding reservoirs into the solid material that are filled with liquid 

healing and colour-forming reagents. The most common approaches are liquid-filled microcapsules, 

microchannels and hollow fibres, which will be reviewed in detail in the following sections. When the 

composite material is damaged, e.g. by an impact or by a cut, the liquid is released from these reservoirs 

into the site of damage, thus causing self-healing and a mechanochromic response.  

11.3.2.4.1 Composites Containing Dye-filled Microcapsules 

Microcapsules have become tremendously popular ever since White, Sottos, Moore and coworkers 

published their ground-breaking report on self-healing composites based on microcapsules filled with 

healing agents.140 The field is summarised in good reviews,26, 141 so that we will only highlight some 

important work that demonstrates the underlying principles and current trends, with a focus on self-

reporting materials. Before going into details, it should be noted, however, that the concept of force-

triggered dye-release from microcapsules is not new. For instance, water-soluble microcapsules consisting 

of gel-like polymers have been used for carbonless copy paper since 1957.142 These microcapsules are 

filled with a leuco dye, which is liberated and gets in contact with a developer when pressure is applied. As 

paper consists of biopolymers, writing on carbonless copy paper can be considered as one of the oldest 

applications of self-reporting polymeric materials.  

In their initial report, White et al. encapsulated a monomer for ROMP into urea-formaldehyde 

microcapsules.140 The capsules were dispersed into an epoxy resin containing Ruthenium-based Grubbs 

catalysts. Upon infliction of damage, the microcapsules broke and released their content into the cracks, 

where the monomers got into contact with the catalyst. Polymerisation formed a polymer within the crack. 

The self-healed specimen recovered up to 75% of their original toughness. Although the focus of this 

study was on the recovery of the mechanical properties after damage, the authors also added a dye to 

visualise the release of the capsule content into the microcracks, thus also creating a self-reporting 

material. However, the dye had the same colour while in the capsules and when released into the material. 

Therefore, the colour contrast between damaged and non-damaged areas was low. In order to increase the 

contrast, recent developments aim at inducing a colour change when the capsule content is released.  
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This can be achieved by encapsulating a dye that reacts with some component of the polymer matrix, in 

analogy to the principle of carbonless copy paper. For example, pH responsive dyes that are nearly 

colourless within the capsules can develop colour when getting in contact with acidic or basic groups in 

the polymer matrix. Such “bruising coating” have been described in the patent literature,143 and were 

considered as impact detection coating for aircrafts.144, 145 Moreover, Vidinejev et al. reported self-reporting 

acrylic coatings in which impact damage caused microencapsulated crystal violet lactone to get into 

contact with methyl 4-hydroxybenzoate or silica gel in the bulk of the polymer.146 The developers 

provided an acidic environment, so that the leuco dye transformed from the colourless form to its blue 

isomer. The same concept was applied to render composites of nylon fabric and epoxy resin self-reporting 

for impact damage.147  

White, Sottos and coworkers managed to greatly enhance the colour contrast and the colour stability in 

such pH-switchable systems.27 2’,7’-dichlorofluorescein (DCF) reacts with amines to form a colourful 

derivative, passing from yellow to bright red (Figure 11.18). DCF was dissolved in ethyl phenyl acetate and 

then encapsulated into double-walled polyurethane/poly(urea-formaldehyde) microcapsules. They were 

dispersed in an epoxy resin containing an amine-based curing agent. Upon mechanical damage of the 

cured films, the microcapsules broke and the DCF solution spread along the crack or cut. A colour change 

was observed thanks to the proton exchange between DCF and the amine containing matrix, which 

resulted in the formation of the red basic form of DCF. As it is strongly photoluminescent, the colour 

contrast between damaged and intact areas was high. Moreover, the damage-indicating colour was highly 

stable. Even after eight months of storage, no change in colour intensity was observed.  
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Figure 11.18. Microcapsule-based self-reporting material: Amine cured epoxy coating mixed with 
microcapsules that contained 2’,7’-dichlorofluorescein (DCF). a) Schematic of the release of DCF solution 
from broken microcapsules into a crack or scratch where the dye encounters amine groups of the resin, resulting in 
colour change. b) Colour change of a DCF solution in the presence of an amine. c) Self-reporting properties of the 
described material. Adapted with the permission from reference 27. Copyright 2016, John Wiley and Sons. 

 

The same group designed a simultaneously self-healing and self-reporting material based on reagent-filled 

core-shell microcapsules.30 A catalyst and a ROMP-based colorimetric assay were selected to obtain the 

desired properties. ROMP of 1,3,5,7- cyclooctratetraene (COT) results in a colour change. The reaction 

yields polyacetylene which is an intensely coloured conjugated polymer (Figure 11.19). COT was 

incorporated into poly(urea-formaldehyde) via emulsification condensation polymerisation to form 

substrate-filled core-shell microcapsules. These capsules were then dispersed, together with Grubbs-Love 

catalyst, into poly(acrylic acid) films. The reaction started when the film was scratched with a razor blade. 

A red-orange colour was observed when the film was damaged, indicating the progress of the chemical 

reaction. After more time, the damaged region became purple-black. In addition to this visual indication 

of damage, the formation of the polymer healed the damaged area. 
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Figure 11.19. Formation of polyacetylene as a means to visually indicate damage in microcapsule-based self-
reporting and self-healing films. a) The colourless COT monomer undergoes ROMP in the presence of the 
Grubbs-Love catalyst to yield purple polyacetylene. b) Photographs of damaged poly(acrylic acid) films containing (i) 
no catalyst or microcapsules, (ii) only COT-filled microcapsules, (iii) only Grubbs-Love catalyst and (iii) both COT-
filled microcapsules and Grubbs-Love catalyst. All the films were cut in the centre and only D showed the expected 
colour change. Adapted with permission from reference 30. Copyright 2011, American Chemical Society. 

 

The Turri group showed another approach towards mechanical sensing based on dye-filled 

microcapsules.148 In this case, the mechanical damage became visible when UV-A light was applied. For 

this purpose, polyurea microcapsules with the ability to screen UV light were employed. These 

microcapsules were filled with a solution of a spiropyran-based dye in sunflower oil and then embedded 

within a poly(pentaethyleneglycol monomethacrylate) matrix. Upon a local mechanical damage, the 

microcapsules released their content. Because of the ability of the sunflower oil to diffuse through the 

cracks of the polymer matrix, the entire damaged surface was covered with the spiropyrane. No colour 

change was observed until the material was irradiated with UV-A light inducing the electrocyclic ring 

opening to the merocyanine form (Figure 11.20). The photoreaction was concluded within seconds, 

passing from yellow to purple, and only occurred in the damaged areas where the dye was not screened 

from UV light within intact capsules. 
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Figure 11.20. UV-responsive self-reporting polymer based on spiropyrane-filled microcapsules. a) Scheme 
showing the release of dye/sunflower oil solution from damaged microcapsules into cracks and subsequent colour 
development induced by UV light. b) Image of intact poly(pentaethyleneglycol monomethacrylate) with spyropyrane-
filled microcapsules. c) Scratched film. d) Colour change in damaged area after irradiation with UV-A light. e) UV-vis 
spectra showing the increase in absorbance around 550 nm which results from the electrocyclic ring opening of the 
spiropyran to its merocyanine form. Adapted with permission from reference 148. Copyright 2013, American 
Chemical Society. 

Another example for microcapsule-based self-reporting materials involved the use of charge-transfer 

complexes (CTCs).149 CTCs form between an electron donor and an electron acceptor. The transfer of 

charge results in the attraction between the two species and a change in colour. Poly(urea-formaldehyde) 

microcapsules were filled separately with a donor, hexamethylbenzene (HMB), and with an acceptor, 

chloranil (CA) (Figure 11.21). Both dyes were dissolved in toluene. The capsules were embedded into a 

PDMS matrix. They ruptured and released the dyes upon mechanical stimulus. This resulted in the 

formation of CTCs which changed the colour of scratches and of deformed areas from yellow to red. 
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Figure 11.21. Charge-transfer complexes (CTCs) as indicators for damage and deformation in microcapsule-
filled PDMS. a) A mixture of microcapsules containing HMB (donor) or CA (acceptor), respectively, is embedded 
in PDMS films. Mechanical perturbation of the capsules releases the two species, which then form CTAs in the 
materials. b) Local colour change after cutting a PDMS film with a razor blade. c) PDMS films before and after 
uniaxial tensile tests with different proportions of donor capsules and acceptor capsules. d) UV-vis spectra showing 
changes in absorbance corresponding to the formation of CTCs after stretching of the films. Adapted with 
permission from reference 149. Copyright 2015 American Chemical Society. 

 

As these examples show, dye-filled microcapsules offer the advantage of the self-reporting signals being 

permanent and highly localised. A key factor for the translation of such technology into practical 

applications will be a high stability of the systems also under outdoor conditions (e.g. long exposure to 

sunlight, changes in humidity, temperature range between -30 °C and 60 °C or more) in order to prevent a 

premature release of the dye/healing agent and to avoid that the encapsulated reagents lose their reactivity 

and colour over time.  

11.3.2.4.1 Microvascular and Hollow Fibre Composites 

A drawback of dye-filled microcapsules is that once released, their content cannot be refilled. Therefore, it 

is not possible to indicate or heal damage a second time in the same area, e.g. after repetitive impacts or 

scratches. An already bruised or cut skin, however, can take another blow, simply because blood will again 

flow to the damaged site through a network of blood vessels. This observation served as inspiration to 

create composites with a network of microchannels through which healing agents or dye solutions can be 

transported to the site of damage. White, Sottos, Moore and collaborators created such microvascular 

architectures for repairing microfractures in epoxy based composites (Figure 11.22).150, 151 As such, an 

epoxy coating mixed with solid catalyst particles was deposited on a three-dimensional microvascular 

substrate filled with a liquid healing agent. The formation of cracks induced by mechanical forces caused 

the microchannels to rupture. The healing agent that was released from the channels polymerised upon 

interaction with the catalyst particles in the coating, thus rebonding the crack faces. 
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Since these early reports, the design of vascularised structural composites has been greatly refined and the 

reader is referred to an excellent review on this topic for an overview over the field.152 It should be 

mentioned that dyes are often added to the healing agents as a means to investigate the efflux of healing 

agents from the microchannels.153 For example, three-dimensional microvascular networks were integrated 

into fibre reinforced composites by stitching sacrificial poly(lactic acid) filaments into woven glass fibre 

fabric.154 Embedding of these fabrics into epoxy resin, followed by vaporization of the sacrificial filaments 

resulted in a vascularised composite. When the two interwoven channels were filled with two components 

of a healing chemistry, the composites could be healed several times after interlaminar delamination. The 

mixing of the two healing agents at damaged sites was visualised by adding two fluorescent dyes, nile red 

and fluorescein, to the healing agents. With this method, it could be shown that a herringbone pattern of 

the channels was more effective to deliver and mix the two components at a damaged site than a parallel 

layout of the channels.  

 

 

Figure 11.22. Self-healing material mimicking the function of skin. a) Schematic diagram of skin, showing 
capillary network and a cut in the epidermis layer. b) Optical image of self-healing structure upon formation of 
cracks in the coating; excess of healing fluid can be observed on the surface of the coating (scale bar = 5 mm). 
Adapted from reference 151. Copyright 2007, Nature Publishing Group. 

Also in the context of bleeding materials, efforts have been made to detect and repair barely visible impact 

damage (BVID) in fibre-reinforced composites. Such damage is caused by low velocity impact, e.g. by a 

dropped tool during service and maintenance of a composite structure. It often results in delamination 

and matrix cracking, leading to reduction in local strength and eventually catastrophic failure.24 It is 

therefore of ultimate importance to detect and repair these damages at early stages.155 In light of this, 

bleeding fibrous composite were developed which mimic the self-reporting and self-repairing properties 

of skin (Figure 11.23).23, 24, 156 In the original approach by Bond and Pang, epoxy-based plies containing 

glass hollow fibres filled with either uncured resin or a mixture of hardener/UV fluorescent dye were 

alternately stacked together through a hand lay-up process to form laminates.23, 24 The authors theorised 

that, upon damage, BVIDs would be easily visualised by bleeding of the fluorescent dye whereas 

mechanical properties would be restored by a self-activated healing process. Impact tests and flexural tests 

revealed that the UV fluorescent dye was released from the fractured hollow fibres and bled into the 

damaged area. Simultaneously, cracks were healed by interaction of uncured resin with hardener that was 

released from damaged hollow fibres. While it is clear that the bleeding agent allows for rapid visualisation 
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of damage at the composite surfaces upon irradiation with UV light, the healing mechanism may not 

eradicate the effects of damage permanently but rather inhibit further crack propagation. 

 

Figure 11.23. Bleeding of fluorescent dye from hollow glass fibres into a damaged fibre-reinforced 
composite allows for visualization of damage. a) Fluorescent microscopy image of a bleeding composite after 
flexural bending that led to fracture of the specimen (45x magnification). b) Photograph of a self-reporting 
composite after impact events. Photo taken from the opposite side of impacts under UV-C light illumination. 
Reprinted with permission from references 24 and 156. Copyright 2004 and 2014, Elsevier Ltd. 

 

11.4. Conclusions and Future Perspectives 

In nature, self-reporting events can indicate that a natural structure (e.g. tissue, skin, organs) has 

experienced mechanical stress or damage. Frequently, the response of natural systems to mechanical 

perturbation is accompanied by visual indicators, such as changes in colour, fluorescence, or 

chemoluminescence. This chapter shows how these natural processes can serve as inspiration for the 

development of a wide range of polymeric self-reporting materials with mechanochromic properties. Such 

artificial materials respond to mechanical stimuli by either chemical or physical means. In these systems, 

mechanical forces cause bond scission of mechanophores, the disaggregation of molecules in 

supramolecular systems, perturbation of the structure of proteins, or rupture of microcapsules, hollow 

fibres and microchannels. These events result in new chemical entities, supramolecular conformations, or 

the release of dye into damaged areas, which cause optically detectable changes in colour, fluorescence or 

chemoluminescence. Such signals allow to map and quantify damage, stress and strain distributions within 

the materials and some of the examples reviewed herein show how useful this can be, e.g. to guide the 

design of soft robotics, for the non-destructive damage evaluation in composite materials or the 

preparation of impact-detection coatings. As self-reporting materials autonomously report mechanical 

stress without the need for sophisticated equipment such as ultrasound probes, X-rays or micro CT 

scanners, they represent a “first-line defence” in the detection of critical microdamage in materials and can 

serve as a tool to monitor the evolution of stress and crack growth in real time under load. The future use 

of self-reporting materials will have deep impact at two levels. The most obvious effect will be as a safety 

measure. Materials with mechanochromic properties are promising for the manufacture of devices in 

which, due to the extensive use, a certain part or area will be continuously subjected to a mechanical 

stress. When the mechanical stimulus achieves a threshold for the material to show its self-reporting 

properties, we know it is the moment to replace it. Changing a material at the right moment, before 

A B 
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catastrophic failure, can save lives in critical situations, such as in airplanes or in the automotive industry. 

The second implication is economical. The introduction of a molecular mechanism which visually 

indicates damage or wear and tear permits to use a material until it has reached its actual end of life, i.e. 

until it has accumulated a certain threshold of micodamages or until its mechanical properties fall below a 

threshold value. Compared to the current praxis, where most materials are assigned a theoretical lifetime, 

the self-reporting approach would avoid the replacement of components based on regular service intervals 

and lifetime assumptions, thus allowing to use them for a longer time.  

To achieve the practical implementation of self-reporting materials in real-world products, several key 

factors have yet to be addressed. For example, it has to be made sure that the self-reporting mechanisms 

are stable over long periods of time and that they do not produce false positive or false negative results. 

Moreover, in many cases the threshold forces to trigger mechanochromic events in materials have not yet 

been determined in detail, as they depend on a complex interplay of the properties of the 

mechanochromic reporter, the mechanical properties of the material, and the efficiency of force 

transduction from the material onto the mechanophores, proteins, microcapsules, etc. Given the current 

vibrant dynamic of the research field, it can be expected that such questions will be addressed in future 

research. This will also require the refinement of known mechanophores and the development of new 

mechanochromic systems.  

Another interesting application field of the self-reporting approach would be biomedical materials. 

However, to the best of our knowledge, mechanochromic polymer-based materials have not yet been 

designed for such applications. For example, the synthesis of mechano-responsive nanoparticles, which 

would exert their biomedical function in response to a mechanical stimulus and simultaneously generate a 

change in colour, would permit to develop new theranostics tools. Such systems could lead to a better 

understanding of mechanical processes within tissue and cells. Another useful application of self-reporting 

materials could be their implementation in artificial heart valves or, if some day realised, artificial hearts. 

These manufactured organs are continuously submitted to mechanical stress which could finally end in 

failure of the material. If a self-reporting mechanism could be included in these components, they could 

indicate that these organs are damaged, e.g. by releasing a colourful compound to physiological fluids, or 

by increasing their X-ray or ultrasound contrast. This would be the indicator for a replacement surgery. 

In conclusion, we believe that specificity to mechanical stimuli, long term stability and control of the 

threshold at which they start to show their self-reporting properties are the key features that will bring 

self-reporting materials into real life applications. In the coming years, we expect to see more research 

efforts geared towards filling this knowledge gap. Furthermore, the possibility of manufacturing these 

materials based on polymers will permit the scientific community to develop low-cost materials for the 

sensing of critical situations. 
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