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mechanochromic polymers, force respon-
sive species able to give an optical signal, 
so-called mechanophores, can be dis-
persed into[6] or covalently bound to a 
polymer matrix.[7,8] One of the most 
investigated mechanophore is spiropyran 
(SP) that, under mechanical stress, 
isomerizes to the colored merocyanine 
(MC) form.[9,10] An important challenge
that limits applications of SP-based
polymers is that the required strain to
obtain a response is typically on the
order of 100–400% and hence relatively
high, even when the mechanophore is
covalently incorporated into a polymer
main chain, as underlined by the recent
review of Li et  al.[11] In addition, macro-
scopic stress must be able to orient the
polymer chains and thus mechanophores
in the direction of the applied stress, to
finally transduce macroscopic force to
the single mechanophore at high strain,
and thus induce color change.[12,13] These

properties can be achieved with semicrystalline thermoplas-
tics and crosslinked or thermoplastic elastomers as matrix 
materials.[8,14–18] Applications related to glassy and fragile 
polymers, instead, are limited,[6,19,20] since under tension, 
device failure may occur before mechanophore activation 
takes place.[21,22] A recent study has shown Förster resonance 
energy transfer in single conjugated polymer chains in a poly-
styrene matrix to be suitable to detect very small strains as a 
change in fluorescence, but 80 °C was required to render the 
film ductile.[23]

Chain alignment facilitates mechanoactivation at low 
strain.[13] In the present study, we use an amorphous, alter-
nating spiropyran main chain copolymer that is only moderately 
ductile in films to produce nanofibers by electrospinning.[24] 
Chain orientation within electrospun fibers allows to display 
a color change after only 5% strain, which is significantly less 
compared to mechanochromic bulk samples reported so far. 
Incorporation of oriented and randomly distributed fibers into 
a polydimethylsiloxane (PDMS) matrix yield elastomeric, highly 
sensitive, and reversible stress/strain sensors with directional 
response and fast discoloration upon unloading.

The polymer used in the present work, P(SP-alt-C10), is 
potentially highly mechanoactive, since its main chain contains 
a spiropyran molecule in each repeat unit (Figure 1A). When 
compared to SP derivatives with an electron withdrawing nitro 

Mechanochromic polymeric systems are intensively investigated for real-
time stress detection applications. However, an effective stress-sensing 
material must respond to low deformation with a detectable color change 
that should be quickly reversible upon force unloading. In this work, 
mechanochromic nanofibers made by electrospinning are used to produce 
mechanochromic nanofiber/poly(dimethylsiloxane) (PDMS) composites 
with isotropic and anisoptropic response. Due to chain alignment of spiro-
pyran copolymer chains within the nanofibers, only very small strains are 
required to yield a mechanochromic response. Composites with aligned 
and isotropic nanofibers show anisotropic and isotropic mechanochromic 
behavior, respectively. Due to the special substitution pattern of spiropyran 
in the copolymer, the mechanochromic response of these nanofiber/PDMS 
composites shows fast reversibility upon force unloading. The outstanding 
benefit of using highly sensitive mechanochromic nanofibers as filler in 
composite materials allows the detection of directional stress and strain, 
and it is a step forward in the development of smart, mechanically respon-
sive materials.

Mechanochromic smart materials represent an increasing 
and interesting category, due to their capability to exhibit 
mechanically induced color or emission changes,[1,2] and 
allow usage for imaging mechanical damage and stress/strain 
distribution. Further possible applications range from tamper 
proof materials to biological or bio-inspired systems and fun-
damental studies on polymer adhesion, friction, crack propa-
gation, and plastic flow.[3–5] Changes in the optical properties, 
as a response to mechanoactivation, are very valuable due 
to their easy detection and typical high sensitivity. To obtain 



group, it allows overcoming two significant limitations that 
are typical for most reported SP copolymers. First, competing 
reactions initiated by other stimuli such as UV-light are less 
likely.[25,26] Second, the low stability of the MC form causes 
immediate back reaction and makes the MC form only stable 
under maintained stress.[27]

The excellent solubility of P(SP-alt-C10) allows electrospin-
ning from dimethylformamide/tetrahydrofuran (DMF/THF) 
mixtures to produce fiber mats (≈100 µm thick) made of 
aligned, uniform, bead-free fibers (Figure 1C) with a mean 
diameter of 0.68 ± 0.14 µm (Figure 1D). The random depo-
sition of fibers was prevented by collecting fibers on a drum 
rotating at 16 m s−1 that mechanically aligned the fibers along 
the drum circumference (Figure 1B,E). The aligned fiber mat 
was subsequently rolled-up[28] to gain a fiber bundle with a 
thickness of ≈1 mm made of fibers well-aligned parallel to the 
bundle long axis (Figure 1B). The rationale behind using fiber 
bundles made from aligned fibers to investigate their mecha-
noresponse was: i) to test the polymer in the direction of fiber 

orientation, ii) to individually strain as much fibers as possible, 
and iii) to detect by naked eye any possible color change 
induced by the stretching. After electrospinning, the glassy 
state of the polymer was confirmed by wide-angle X-ray diffrac-
tion (WAXD) analysis showing an amorphous halo (Figure S2, 
Supporting Information) and by differential scanning calorim-
etry (DSC) (Tg = 120 °C, Figure S3, Supporting Information).

To evaluate possible chain orientation within fibers, the 
temperature-dependent birefringence of fibers was investigated. 
Indeed, the fibers showed birefringence with a maximum inten-
sity at 45° with respect to the direction of the polarizer and a 
minimum intensity at 0° or 90° (Figure S4, Supporting Infor-
mation). This suggests a highly orientated glassy phase in the 
direction of the fiber axis. Electrospun fibers thermally treated 
for 10 min at different temperatures maintained their birefrin-
gence when kept at a temperature below Tg. Conversely, higher 
heating temperatures provoked a significant decrease of birefrin-
gence that gradually reached a null value at 160 °C (Figure 1F). 
Consistent results were obtained by heating the fibers under a 

Figure 1.  A) Chemical structure of P(SP-alt-C10) and its corresponding merocyanine form. B) Sketch describing P(SP-alt-C10) electrospun bundle 
fabrication: aligned fibers were collected on a high-speed rotating drum; the obtained mat was rolled-up to gain a bundle of fibers longitudinally aligned 
along bundle length. C) SEM image of the mat of aligned fibers used to produce the bundle (scale bar: 2 µm), D) The corresponding fiber diameter 
distribution and E) fiber orientation distribution. F) Birefringence of electrospun fibers thermally treated at different temperatures and G–L) gradual 
disappearance of birefringence in electrospun fibers heated at a controlled rate of 3 °C min−1 (scale bar: 20 µm).



polarized optical microscope at a controlled heating rate from 
RT up to 160 °C (Figure 1G–L). The disappearance of bire-
fringence, thus the loss of molecular orientation, occurs when 
crossing Tg, namely when molecules acquire segmental mobility 
to relax and change their conformation from a stretched to a 
more coiled conformation. A further evidence of molecular ori-
entation within P(SP-alt-C10) fibers was provided by measuring 
the dimensional change of a fiber bundle with increasing tem-
perature (Figure S5, Supporting Information). Fiber bundles 
exhibited shrinkage of more than 40% when crossing the Tg, 
which is explained by chain relaxation during the glass-rubber 
transition. The presence of molecular orientation in electrospun 
fibers is the consequence of high shear rates (100–1000 s−1) and 
high draw ratios (up to 25 000) that characterize the process,[24,29] 
as widely demonstrated for semicrystalline polymers,[30–33] but 
evidence of molecular orientation in fully amorphous polymers 
is rarely reported.[34,35] In the latter case, vitrification of polymer 
chains in an out-of-equilibrium oriented state depends on chain 
relaxation time and solvent evaporation rate, and can only occur 
when the Tg of the polymer is above the temperature used for 
electrospinning.[29] The herein used system and conditions 
for P(SP-alt-C10) with Tg = 120 °C and electrospinning from a 
solvent mixture rich in low-boiling-point THF fulfill the require-
ments for chain orientation.

First qualitative investigations of the mechanochromic 
response of fiber bundles were done using stress–strain 
measurements. Figure 2A compares the stress–strain curves of 

a bundle and a solvent cast film and shows the corresponding 
images of samples acquired at different strain values. A first 
important result is the evident dramatic change of mechanical 
properties of the film compared to the fiber bundle. While the 
film shows brittle behavior and only reaches 10% strain before 
failure without exhibiting any color change, the same polymer 
displays a remarkably different behavior in electrospun fibers. 
The fiber bundle shows plastic deformation after 5% strain and 
can be deformed up to 70% before failure. Concomitantly, the 
bundle shows a strain-dependent intensity increase of the char-
acteristic blue color of the MC form. By the naked eye, the color  
change appeared at ≈10% strain and was observed until failure. 
This transition from brittle to ductile behavior was previously 
observed for other polymers and is pivotal to reach sufficient 
deformation for mechanophore activation. Papkov et al. ascribed 
the toughness improvement in electrospun polyacrylonitrile 
fibers to low crystallinity that enhances the sliding mobility of 
long chains in the amorphous regions of the semicrystalline 
polymer.[36] The same hypothesis was proposed by Lu et  al. 
to explain the surprisingly high elongation of semicrystalline 
polyoxymethylene electrospun fibers.[37] However, the sharp 
rise in toughness was also reported for completely amorphous 
polymers such as polymethylmethacrylate[38] and polystyrene.[39] 
In these cases, the improvement in toughness was ascribed 
either to the presence of molecular orientation along the defor-
mation, favoring interchain slippage and plastic deformation 
over tearing of covalent bonds,[40] or to size-effect-driven defect 

Figure 2.  A) Stress–strain curves of film (blue dashed line) and electrospun bundle (black solid line) together with sample pictures at specific strain 
values. B) Stress–strain curve of electrospun bundle (black solid line), the observed intensity ratio of blue/red (blue dashed line) and sample pictures 
at specific strain values. C) Stress versus time curve of electrospun bundle (black solid line) during a stress–strain measure carried out at 5 mm min−1 
up to 30% of strain, the intensity ratio of blue/red (blue dashed line) that was monitored up to 2 min after releasing the force, and sample pictures 
at specific times.



removal in fibers with sub-micrometric diameters.[36,39] For the 
presently investigated rather brittle polymer, the improvement 
of strain at break after electrospinning allows SP activation at 
low tensile strain, previously achieved for brittle polymers only 
when approaching Tg or after plasticization.[21,41]

A quantitative measure of color change was carried out by 
monitoring the ratio of blue/red colors of a defined area of the 
sample subjected to the stress–strain test. Figure 2B reports 
the blue to red ratio of the bundle as recorded by a CCD camera 
together with the corresponding stress–strain curve. During 
stretching, the blue color continuously increased until sample 
breaking. This phenomenon can be directly correlated to the 
increasing amount of mechanically isomerized merocyanine in 
the backbone of the copolymer chain. It can be noted, that at 
strain values below 5% (in the elastic regime) the blue/red ratio 
remained constant and increased only after overcoming the 
yield point (around 5% strain), with the occurrence of plastic 
deformation. Mechanoactivation at such a low value of strain is 
very uncommon for polymers based on the SP-MC transition. 
Typically, high deformations are required to align macromol-
ecules and to transduce mechanical force to SP, being thus acti-
vated at strains higher than 100–200%,[17,42] often even higher 
than 300%[8,13,14,41] and sometimes demanding pre-strain.[16,18] 
For P(SP-alt-C10), the high SP content combined with the high 
degree of chain orientation enhance the mechanoresponse 
of the material remarkably and allow unprecedented results  
in terms of mechanoactivation to be achieved, especially if we 
consider that a brittle polymer was used.

An additional remarkable aspect in the mechanoresponse of 
the bundle is the sudden disappearance of the blue color upon 
force release. Figure 2C shows the results of another experiment 
where the bundle was deformed at a constant strain rate up to 
30% strain. Then, the stress was released and the ring-closing 
reaction from MC to SP was followed by monitoring the blue 
to red ratio during time. After stress release the blue intensity 
drops in few seconds to a still positive value that, however, is no 
more distinguishable by the naked eye. This transient mecha-
nochromic behavior is caused by the SP substitution pattern 
(Figure 1A) that lacks the MC stabilizing nitro group,[27,43] 
and is ideally suited for dynamic real-time detection of stress 
and strain in, for example, elastomers.[17,25]

To further exploit the unique mechanochromic behavior of 
oriented fibers, nonwoven mats were used as fillers in an elas-
tomeric PDMS matrix, given its importance for a variety of 
applications including, for instance, flexible electronics, micro-
fluidic devices, and soft robotics. Using a simple procedure 
(Figure 3A,B), we prepared PDMS samples filled with either 
randomly oriented (Figure 3C) or aligned P(SP-alt-C10) fibers 
(Figure 1C). An excellent matrix-fiber a dhesion ( Figure 3 D) 
enabled the effective transfer of the mechanical force from 
the matrix to the fibers. Figure 3E shows that PDMS fi lled 
with aligned fibers exhibited a remarkable increase of blue 
color at small strain values (around 5% strain), in line with the 
mechanochromism displayed by the bundle (see Figure 2B). 
The same plot also reports the stress–strain (and the corre-
sponding color change) of the same type of composite heated 
above P(SP-alt-C10) Tg. After thermal treatment, a remarkable 
intensity decrease of the blue/red ratio was detected: at 40% 
of strain the color change was only one-third of the original 

composite. Moreover, albeit the heated composite withstood 
higher deformations before breaking (up to 100%), it could 
not reach the same color change displayed by the original one. 
This less sensitive mechanochromism after thermal treatment 
can be ascribed to P(SP-alt-C10) chain relaxation occurring 
above Tg and confirms the hypothesis that chain orientation 
in electrospun fibers is responsible for the high sensitivity of 
mechanochromism displayed by this material.
A significantly different mechanochromic behavior was observed 
in the composite depending on fiber orientation. In particular, the 
use of randomly oriented fibers conferred mechanochromism 
to the composite in all stretching directions (Figure 3F,G, 
Figure 4A and Video S1, Supporting Information) whereas, with 
aligned fibers, the composite turned blue only when stretched 
in the direction of fiber alignment (Figure 3H,I, Figure 4A and 
Video S2, Supporting Information). Interestingly, quantitative 
assessment of color change as a function of strain (Figure 4A) 
yields a similar value of blue color for randomly oriented fibers 
and for aligned fibers stretched at 45° with respect to the fiber axis 
(with a threshold strain to detect the increment of color of 10%), 
which is also approximately the mean value between aligned 
fibers stretched perpendicular (almost zero color variation) or par-
allel to fibers axis (largest color variation with a threshold strain 
of 5%). This indicates that the emergence of blue color is pro-
portional to the alignment of the stress with respect to the fibers, 
and that such trend is approximately linear. Other authors have 
already proposed ad hoc synthetized responsive PDMS obtained 
by covalently bonding mechanophore units in the polymer net-
work.[15,18,44] However, the simple incorporation of highly mecha-
noresponsive fibers to produce mechanochromic PDMS-based 
composite brings a unique benefit: we can control the degree of 
fiber orientation, thus produce, for the first time to the best of our 
knowledge, materials with anisotropic mechanoresponsiveness. 
Remarkably, this impressive and clearly visible color change was 
achieved with only a 3 and 4.5 wt% of fiber content for random 
and aligned fibers, respectively.

Another remarkable property of the here presented PDMS-fiber 
composites is the reversible color change. As already discussed for 
polymer bundles, also in composites the SP-MC isomerization is 
reversible, and the blue color observed upon stretching the com-
posite disappears when the stress is released and re-applied, even 
though some hysteresis is seen (Figure 4B). When the composite 
is stretched until forming a crack, a sudden decrease of the blue 
color is observed, which further decreases with crack propaga-
tion. Blue color disappears to the initial value when the material 
is completely broken (Figure 4B). The kinetics of coloration and 
decoloration is fast and allows for monitoring crack propagation 
in the material in real-time and in real-space, thus probing stress 
peaks and their release with high precision (Video S4 in true color 
and Video S5 in false color, Supporting Information).

In summary, we have demonstrated highly sensitive and direc-
tional stress/strain sensors from mechanochromic fiber/PDMS 
composites. What distinguishes the mechanochromic fibers 
from their bulk behavior is their higher sensitivity in terms of the 
required strain for color evolution enabled by chain orientation, 
which in turn is caused by the electrospinning process. Moreover, 
fiber bundles exhibit increased toughness, hence larger defor-
mations are possible also for originally brittle polymers. These 
aspects render the concept of mechanochromic fiber composites 



Figure 3.  A,B) Sketches describing the fabrication of PDMS-fiber composites with a nonwoven mat of random and aligned fibers, respectively: the 
liquid mixture of PDMS precursors was gently poured on the nonwoven mats of P(SP-alt-C10) and cured at 90 °C for 1 h. C) SEM image of P(SP-alt-
C10) random fibers used to produce the composite and D) SEM image of the composite section showing fibers embedded in the PDMS elastomeric 
matrix (scale bars: 2 µm). E) Stress–strain curves (black lines) of a composite filled with aligned fibers before (solid line) and after a thermal treatment 
at 150 °C (dashed line) together with the corresponding observed intensity ratio of blue/red (blue lines). F,G) Pictures of the random fiber-composite 
manually stretched in two perpendicular directions (see Video S1, Supporting Information). H,I) Pictures of the aligned fiber-composite manually 
stretched perpendicularly to fiber direction (H) and parallel to fiber direction (I) (see Video S2, Supporting Information). Red arrows indicate the 
direction of the applied force.

Figure 4.  A) Color evolution of PDMS-fiber composites (expressed as the ratio between blue and red channels of an RGB CCD camera) as a function 
of the elongation in different directions: PDMS-fiber composites with randomly oriented fibers elongated in two perpendicular directions (black and red 
circles respectively) and with aligned fibers elongated along fiber axis (0°), at 45° and perpendicular with fiber axis (90°) (black, green and red empty 
squares, respectively). B) Real-time evolution of the blue color (expressed as blue/red ratio) in a PDMS-fiber composite with aligned fibers during first 
elongation cycle (black and white circles for elongation and release, respectively) and during sixth elongation cycle which was continued until fracturing 
the composite and finally breaking it and corresponding sample pictures (1–6, see also Video S3, Supporting Information).



unique and highly useful for other mechanochromic systems 
that, if properly processed by electrospinning, could show simi-
larly beneficial behavior.

Undoubtedly, electrospun mechanochromic materials are 
highly attractive for a variety of applications in which fibers can 
be used as self-standing materials such as textiles or filtration 
membranes. Applications in the area of mechanobiology where 
electrospun, mechanoresponsive scaffolds can be used to inves-
tigate mechanotransduction phenomena are also possible.[3] 
Of outmost interest is also their usage as fillers in composites 
where the possibility to control the directionality and the ani-
sotropy of the strain-detection is expected to open further pos-
sibilities in the field of stress-sensing materials.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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