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The rapid color variation displayed by some insects or
animals, such as the amazing color changes of chameleons, is
a natural phenomenon where the modulation of light
absorption or reflection causes visual blending with the
surroundings and secures the animalÏs survival. These impres-
sive transformations are usually driven by chemical or
morphological modifications of pigments in the cytoplasm
that occur in response to external stimuli.[1–5] If applied to the
design of artificial, biomimetic smart materials, the mecha-
nistic principles of this phenomenon could contribute to
specific applications that require optical camouflage, for
instance within the context of security and defense.[6–9] Rapid
changes in color (chromism) can be induced by changes in
temperature, pressure, pH, or ionic strength, or by interaction
with light.[10–19] Acidochromism, that is, pH-induced color
modulation, is of importance in the design of pH sensors.[20–26]

However, practical obstacles, such as difficulties with the
handling and fabrication of macroscopic devices as well as
safety concerns, limit the usefulness of liquid acidochromic
materials. Embedding pH-responsive components into poly-
mer matrices is a convenient approach to sensing materials
that are devoid of fatigue and have reasonably short response
times.[13, 15, 20–26]

A fast-forward strategy to high capacities in the rapid and
reversible uptake of water could be the use of hydrogels as
swelling matrices.[27, 28] Here, the acidochromic fluorophore
1,4-bis(para-hydroxystyryl)benzene (BHSB) was incorpo-

rated into agarose (AG) as a biogenic hydrogel matrix with
a strong propensity for water absorption. Anisotropic and
reversible absorption and desorption of water by the hybrid
material results in an impressive mechanical response. With
a simple actuator, it is demonstrated that this smart hybrid is
capable of converting the chemical potential stored within
a humidity gradient into motion over a moist surface, which
can be further converted into electricity. The material is also
photoresponsive, strongly fluorescent, and acidochromic, thus
providing multiple means for control over its optical,
mechanical, and chemical properties.

The acidochromic guest (BHSB; Figure 1A) was synthe-
sized according to a variant of a previously published
method.[29, 30] BHSB undergoes a clear color change from
colorless to yellow under white-light irradiation in response to
changes in the pH value. The discoloration is due to changes
in its electronic structure caused by deprotonation/protona-
tion of the hydroxy groups.[29] By embedding BHSB into an
agarose matrix in a one-pot process, a hybrid composite
(BHSB@AG) that contains 1.0% (w/w) BHSB was prepared
(for details, see the Supporting Information). The composite
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Figure 1. Structure and acidochromic response of a BHSB@AG hybrid
film. A) The film responds to variations in pH value by protonation
and deprotonation of BHSB. B) Reversible changes in fluorescence
color induced by consecutive exposure of the film to acidic and
alkaline aqueous solutions (SUV-4 UV lamp, lex = 254 nm). C) UV/Vis
spectral changes of the hybrid film that mirror the pH-dependent color
change. The film was immersed in aqueous solutions of various
pH values for 2 s before the spectra were recorded (moist film of pure
agarose was used as a reference). D) Emission spectra of BHSB in
MeOH/H2O (2:1, v/v) at different pH values (lex =373 nm). E) Writing
on the acidochromic film using alkaline solution (pH 10.40) as the ink.
In the top and bottom images, the films were exposed to white light
and UV light (l=254 nm), respectively.
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was cast onto pre-cleaned microscope slides and dried in air to
prepare hybrid films of variable thicknesses.

Dry films of BHSB@AG were colorless and displayed
strong blue fluorescence (lem = 432 nm; Figure 1B) when
excited with weak UV light (ca. 3 mWcm¢2). When soaked in
alkaline aqueous solution (pH 10.40), the hydroxy groups of
BHSB were deprotonated, which led to an instantaneous
change in the emission color from blue to yellow (lem =

530 nm; Figure 1B,D, see also the Supporting Information,
Movie S1).[29, 31] The original blue fluorescence (lem = 432 nm)
was restored by short immersion of the film in acidic solution
(pH 1.10; Figure 1B) for fluorophore reprotonation. The
emission color could be switched between yellow and blue
many times without apparent distortion or damage; the film
remained elastic, yet mechanically self-supporting. As shown
in Figure 1E, the reversible acidochromism with a high
contrast in the fluorescence of the two protonation states
can be used for erasable writing (Movie S2). Using an alkaline
aqueous solution (pH 10.40) as the ink, information can be
written on a tablet made of the material. The text is readable
with visible light or under UV light. Furthermore, the tablet is
reusable, as the text can be erased by brief exposure to an
acidic solution (pH 1.10).

Light has been employed as a convenient energy source to
trigger photochemical or mechanical response.[32, 33] BHSB
embedded in an AG matrix can be used as a chromophore to
harvest light and elicit a mechanical response. When slices of
a thin film of BHSB@AG were exposed to UV light
(20 mW cm¢2), they visibly deformed (Figure 2 A–C).
Depending on several factors, such as the aspect ratio (see
below), the reshaping occurred as three kinematic effects:

curling (Figure 2A; size: 6 cm × 3 mm × 40 mm), twisting (Fig-
ure 2B; 4 cm × 10 mm × 40 mm), and bending (Figure 2C;
4 cm × 0.5 mm × 40 mm). With continuous illumination, the
spring-like ribbons formed within 48 s from the onset of
excitation (Movie S3), and the twisted structure evolved
within 20 s (Movie S4). With long strips, the films bent only
slightly during exposure to UV light, but continued to bend
even after the excitation had been stopped (Movie S5). This
observation indicates that the mechanical response is not
a direct consequence of the photoexcitation, but due to
relaxation of the matrix following much faster photoexcita-
tion/de-excitation processes of the chromophore. The
mechanical reconfiguration of the film accommodates the
latent strains that develop in the AG matrix in response to
photoisomerization. To assess the eventual contribution of
photothermal effects, a film of BHSB@AG was exposed to
UV light (20 mW cm¢2), and the change in the surface
temperature was recorded with an infrared thermographic
camera. Upon irradiation with UV light, the temperature of
the film increased by < 6 88C, and did not exceed 33 88C
(Figure S14 and Movie S10). In a second experiment, the
same film was heated with a heated metal rod (Figure S14,
Movie S11). The film did not bend even at a temperature of
approximately 36 88C. This result confirmed that the bending
of the film was induced by light and not by photothermal
effects.

Closer inspection of the motion tracked by the deflection
of the film tip (Figure 2D) revealed that a typical mechanical
effect proceeded as a sequence of four stages (a detailed
discussion of the kinematic analysis is provided in the
Supporting Information): I) The film initially harvests the
excitation energy; in this “light stage”, the accumulation of
strain determines the maximal degree of bending. II) After
the excitation has been stopped, in the “dark stage”, the film
bends to relieve the strain by converting the accrued elastic
energy into kinetic energy. During the bending, the kinetic
energy is converted into potential energy, until the film
reaches its maximal deflection. III) After the kinetic energy
has been exhausted, the film starts to straighten whereby the
potential energy is converted back into kinetic energy.
IV) Finally, the film relaxes to restore its original shape, and
its tip returns to the initial position. The thickness affects the
rigidity of the strip and the spatial uniformity of photo-
conversion; therefore, it determines the maximal deflection
and rate of bending. The responses from strips of various
thicknesses (40, 60, and 100 mm) but identical lengths and
widths are shown in Figure S13 and Movie S12. The thinnest
strip bent the most, and the effect decreased with thicker
strips. An increase in thickness improved the mechanical
strength, but led to a decrease in the flexibility and the
response to light.

In a series of experiments using different film strips, we
could not detect any consistency in the directionality of the
UV-induced spiraling, twisting, or bending. However, we
noticed that each strip underwent only one kinematic effect
(for instance, a strip that underwent spiraling did not twist or
bend). This behavior indicates that the type of kinematic
effect is determined by the orientation of the guest molecules
in the matrix. To verify this hypothesis, several strips were cut

Figure 2. A–C) Kinematic analysis of the motility of a BHSB@AG
hybrid film driven by UV light. Spiraling (A), twisting (B), and bending
(C). “UV” and “vis” denominate exposure to ultraviolet and visible
light, respectively. D) Typical trace of the film tip extracted from
a video recording of its deflection. The film was exposed to light for
18 s, and maximal deflection was reached within 32 s. I–IV in panels C
and D demarcate the four stages of bending in the process of light/
kinetic/potential energy conversion performed by the film.
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in different directions from the same film, and their motion
was analyzed. They exhibited different responses, in line with
the anisotropic distribution of the fluorophores in the matrix.
We assume that this directionality is spontaneously acquired
during the preparation of the film as a consequence of the
prolate shape of the all-trans isomer of BHSB (Figure 1A),
although this hypothesis requires additional verification.

To further demonstrate the potential practical application
of the mechanical response in biomimetic devices, we crafted
a ribbon of BHSB@AG into a spring-like device (for details
on the fabrication procedure, see the SI). When exposed to
UV light, the ribbon visibly expanded to unwind (Figure 3B,
Movie S6). This motion visually resembles that observed with
the coiling and overwinding of plant tendrils, which occurs by
orthogonal shrinking and expansion of cell walls.[34] However,
in the system described here, the strain anisotropy is achieved
by photoinduced strains that are generated by isomerization
at a molecular level rather than by changes in the cell turgor
at a microscopic level (Figure 3A).[34,35]

The trans-to-cis isomerization of BHSB was monitored by
UV/Vis spectroscopy, by exposure of a dry film of
BHSB@AG to UV light. Assuming similar molar absorption
coefficients for the BHSB isomers, the absorption spectra in
Figure 3C indicate that before excitation with UV light, the
BHSB moieties in the AG matrix exist mostly as the
energetically most stable all-trans isomer, with a small con-

tribution from the cis–trans isomer. The photoexcitation
decreased the intensity of the all-trans band at approximately
330 nm with a simultaneous blue-shift and intensification of
the cis–trans band at about 300 nm and evolution of a new
band at approximately 260 nm. The variations of the concen-
trations of the three species (all-trans, all-cis, cis–trans) follow
complex kinetics determined by two parallel processes,
namely the direct conversion of the all-trans isomer into the
all-cis isomer and indirect conversion via a cis–trans inter-
mediate.[36–38] This behavior resembles that observed in
solution (Figure 3E); however, the isomerization is expect-
edly decelerated by steric constraints (Figure 3C, E). To
investigate the reversibility of the isomerization of BHSB,
the all-trans form was initially converted into the all-cis form
by exposure to UV light for ten minutes, which resulted in
a blue-shift of the main absorption band to approximately l =

260 nm. The film was subsequently exposed to visible light
(l> 400 nm) to induce cis-to-trans isomerization. However,
this process was very slow (Figure 3D). We surmised that
some of the BHSB molecules could form [2++2] photodimers
in the matrix during UV irradiation. To verify this hypothesis,
1H NMR spectra of BHSB@AG were recorded before and
after UV irradiation for ten minutes. The spectrum after
irradiation (Figure S11) did not contain new peaks between
3.5 and 5.5 ppm, which would be characteristic for the dimeric
products. The increase in intensity of the peak at d = 6.6 ppm
further supports the hypothesis that the trans-to-cis isomer-
ization is induced by UV light. The absence of fatigue upon
repeated cycling (Figure S12 and Movie S11) is in line with
these conclusions.

Being composed of approximately 99% hydrogel, the
hybrid film BHSB@AG was expected to respond to environ-
mental humidity by exchange of water with the surroundings.
Indeed, when the film was placed on a paper that was pre-
moistened with D2O, it quickly curled up by swelling owing to
the non-uniform absorption of D2O. In the ATR-IR spectrum
(for details, see the Supporting Information), the band at
approximately 2500 cm¢1, which corresponds to the n(OD)
mode of D2O absorbed by the film, was more intense for the
lower than for the upper face of the film (Figure 4 A). This
result indicates that water absorption is faster on the lower
face of the film (which is in contact with water) than on the
upper face. During this process, simultaneous water absorp-
tion and desorption occur between the film and the paper,
which induces anisotropic swelling, whereby the film is
quickly deformed. This dynamic D/H exchange between the
D2O-saturated film and the air is reflected in the IR spectra of
the film that was saturated with D2O (Figure 4B). The
decrease in the intensity of the band at 2500 cm¢1 and
evolution of the bands at 3400 cm¢1 with time indicates
continuous exchange of D2O and HDO with aerial H2O.

When the hybrid film was placed on a moist substrate, the
uneven swelling of the two largest faces induced instanta-
neous curling (Figure 4C). The rapid deformation induced
mechanical instability, causing sliding and rolling, whereby
the two opposite faces were alternatively and repeatedly
brought into contact with the base. As a result, the film
underwent a six-step kinematic process (I–VI in Figure 4C)
and dramatic locomotion, which appeared as self-actuated

Figure 3. Mechanism of the mechanical response of the BHSB@AG
film to excitation with UV light. A) Double trans-to-cis isomerization of
BHSB moieties accounts for the anisotropic contraction of the
fluorophore and causes a mechanical deformation of the film.
B) Light-induced expansion of a spring-like strip of BHSB@AG mim-
icking the coiling of a plant tendril. C) Time-dependent UV/Vis spectra
of the film recorded during continuous UV irradiation against pure AG
as a reference. D) Evolution of the UV/Vis spectrum recorded after the
film had been irradiated with UV light for 10 min (“UV”) and then kept
in visible light (“Vis”). E) Time-dependent UV/Vis spectra of BHSB
irradiated with UV light in dimethylformamide.
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creeping over the substrate (Movie S7). As opposite sides are
exposed to different relative humidities, this dynamic element
effectively converts the chemical potential of the humidity
gradient into kinetic energy, which drives its motility. When
exposed to a flow of humid air at approximately 35 88C, long
strips of BHSB@AG rapidly coiled in a manner that
resembles the coiling of cucumber tendrils, which bend and
twist to find a support and lift the plant upwards (Figure 4D,
Movies S8 and S9).[34] In line with our intuitive expectations,
the coiling speed depended on the thickness of the film;
thinner films were more flexible and coiled faster than thicker
films (Figure 4D).

When the film was placed on a moist substrate in a sealed
environment-controlled chamber at constant humidity, it only
rolled up into a tubular shape and remained static (the curling
is due to the contact with the moist surface). Thus, similar to
another actuating material,[39, 40] the motility of the film
requires a gradient in humidity rather than a high relative

humidity. To determine the effect of photoexcitation on
motility as well as to better visualize the motion trajectory, the
creeping film was exposed to very weak UV light (power
density ca. 3 mWcm¢2, l = 254 nm). The effect of UV
irradiation on the deformation and motion of the film was
negligible, and we were not able to detect any effects of light
on its locomotion (Movie S7).

The perpetual deformation of the BHSB@AG film driven
by exposure to non-uniform humidity could be utilized for
transduction of the energy stored within the humidity
gradient into mechanical energy, which can further be
converted into electrical energy. As a demonstration of the
capability of this material to generate electricity, the film was
coupled with a bending sensor as a piezoelectric transducer,
which converts the mechanical force into electrical power
(Figure 5A). Subjecting this energy-harvesting device to
humidity generates a bending moment in the BHSB@AG
film that is transferred to the generator, causing an alternating
current to pass through the resistor (Figure 5 B–D).[39,41]

When a 0.3 MW resistor was loaded onto a generator that
included a 20 mg strip of BHSB@AG as the actuator, the peak
output reached approximately 80 mV (Figure 5 B). This
device is capable of harvesting humidity to generate an
average power output of approximately 0.5 nW and a power
density of 25 mWkg¢1 (relative to the mass of the actuator).
These values were significantly higher than the background
(0.014 nW, Figure S10). It should be noted that the necessity
to overcome the external force related to the stiffness of the
generator inevitably alleviates the efficiency of the actuator in
this experiment. Direct coupling of the composite with
a piezoelectric material to design a monolithic actuator–
generator conjugate should alleviate this energy dissipation.
The results presented here highlight the potential of mechan-
ically responsive smart hybrid materials for applications in
biomedical devices, soft robotics, and energy harvest-
ing.[34, 42–46]

Figure 4. Mechanical motility of the hybrid film BHSB@AG in
response to humidity. A) ATR-IR spectra of the film recorded after it
had been placed on a paper saturated with D2O (ca. 30 % D2O, w/w)
for 10 s. B) ATR-IR spectra of a small piece of the film that was soaked
in D2O for 20 s (the excess D2O on the surface was removed carefully
using dry filter paper). The first spectrum (t =0 min) was recorded
immediately after the sample was removed from the paper. C) Loco-
motion of the film on a moist filter paper under irradiation with weak
UV light (power density ca. 3 mWcm¢2, l =254 nm). D) Coiling of
a film with helical shape and a thickness of 40 mm (left) or 200 mm
(right) in response to a change in the humidity gradient.

Figure 5. Harvesting of the energy of the humidity gradient to generate
electricity. A) Schematic representation of the humidity-driven energy-
harvesting device. As the moist air reaches the actuator, the bending
moment is transferred to a piezoelectric transducer, where the
mechanical energy is converted into electrical energy. B) Voltage
generated across a 0.3 MW resistor. C) Instantaneous power and
D) electrical energy delivered to the resistor.
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