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Among these, smart materials provide 
great opportunities to control/manipulate 
micron-sized elements by using a wire-
less approach, thus providing huge poten-
tial for technological developments of 
tomorrow.[14,15]

Plants act as a vital source of inspiration 
for novel stimuli-responsive materials.[16–19] 
Several factors dictate the plant move-
ments, such as cell growth, turgor pressure, 
cohesion forces, or swelling/shrinking 
of the cell walls.[16] In some cases, plant 
movements are triggered by mechan-
ical contact,[20] while shape morphing of 
some other plants correlates with envi-
ronmental conditions such as light level, 
temperature, and humidity. The move-
ments can be either active, in which case 
they rely on plant metabolism and require 
energy, or passive and predetermined by 
the plant structure, i.e., regulated by envi-
ronmental conditions and not requiring 
living tissue.[21] An intriguing example 
of plant movements is the opening and 
closing of flowers, in response to interplay 
between various stimuli. In many species, 

flower opening/closing is correlated with the time of day and 
temperature, and light and humidity play an important role in 
regulating the process. Flowers which bloom in the morning are 
mainly regulated by temperature and/or light, while in nocturnal 
flowers, relative humidity (RH) plays an additional role, and 
their opening correlates with both decrease in light intensity and 
increase in the RH.[22] Being based on an interplay between dif-
ferent stimuli, the opening and closing of flowers highlights the 
versatile and adaptive behavior of plant species and more gener-
ally, the complexity of plant kingdom. This depicts that for reali-
zation of manmade devices capable of mimicking the complex 
functionalities of natural species, the use of multi-responsive 
materials is one of the key design principles.

Despite the significant research effort dedicated to stimuli-
responsive materials and structures,[14,15] multi-responsive 
materials that can be triggered by light, temperature, and humidity 
(or an interplay between them) have been rarely studied. Agarose-
based hybrid materials containing acidochromic fluorophores 
or azobenzene derivatives have been demonstrated to undergo 
humidity- and light-induced deformations.[23,24] Carbon-nitride-
based polymers that are sensitive to small fluctuations in humidity 
and that can quickly lose the absorbed water through heating or 
UV light irradiation, have also been fabricated.[25] Finally, bilayer 
materials containing carbon nanotubes or reduced graphene  

Beyond their colorful appearances and versatile geometries, flowers can 
self-shape-morph by adapting to environmental changes. Such responses 
are often regulated by a delicate interplay between different stimuli such as 
temperature, light, and humidity, giving rise to the beauty and complexity 
of the plant kingdom. Nature inspires scientists to realize artificial systems 
that mimic their natural counterparts in function, flexibility, and adaptation. 
Yet, many of the artificial systems demonstrated to date fail to mimic the 
adaptive functions, due to the lack of multi-responsivity and sophisticated 
control over deformation directionality. Herein, a new class of liquid-crystal-
network (LCN) photoactuators whose response is controlled by delicate 
interplay between light and humidity is presented. Using a novel deformation 
mechanism in LCNs, humidity-gated photoactuation, an artificial nocturnal 
flower is devised that is closed under daylight conditions when the humidity 
level is low and/or the light level is high, while it opens in the dark when the 
humidity level is high. The humidity-gated photoactuators can be fueled with 
lower light intensities than conventional photothermal LCN actuators. This, 
combined with facile control over the speed, geometry, and directionality 
of movements, renders the “nocturnal actuator” promising for smart and 
adaptive bioinspired microrobotics.

Photoactuators

The past decades have shown that technological advances 
often go hand in hand with the development of new mate-
rials. For seeking inspiration, material scientists and engi-
neers put great effort into learning from nature’s sophisticated 
design principles.[1–4] For example, stimuli-responsive “smart” 
materials that reversibly change their shape in response to 
external triggers, pave way for soft robotics[5–7] and self-regu-
lating devices,[8–10] and bioinspired hierarchical surfaces are 
pertinent in application in wettability control and adhesion.[11–13] 
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oxide can also exhibit light- and humidity-induced bending 
movements by controlling water absorption/desorption via 
photothermal effect.[26,27] However, these materials are either 
based on laminated bilayers, which restricts their practical utility, 
or they lack sophisticated control over the directionality of the 
movements, which is an important factor for developing biomi-
metic actuators. By using liquid crystal networks (LCNs), both 
of these deficiencies can be addressed. LCNs combine the ani-
sotropic properties of liquid crystals with the mechanical rigidity 
of polymer networks, thereby providing stimuli-responsive 
anisotropic deformation of the network with movement direction 
governed by the alignment of the constituent LC molecules.[28,29] 
As the molecular alignment can be controlled and even patterned 
during the fabrication process, LCN actuators can have many 
degrees of freedom in their deformation.[30,31] The program-
mable, reversible shape changes render LCNs attractive from 
the perspective of soft actuators/robotics.[32] By proper materials 
design, actuation in LCNs can be triggered by humidity changes, 
resulting in efficient bending with well-controlled directionality, in 
a monolithic structure.[33–35] Up to date, the only example of LCN 
actuator driven by both light and humidity is given by Liu et al.,[36] 
where they have demonstrated a dual-mode bending of LCN film 
either toward light source along the director axis, or away from 
humidity source perpendicular to the director axis. However, the 
multi-responsive LCN presented in ref. [36] was only actuated by 
either light or humidity, i.e., the two stimuli were orthogonal and 
not interconnected. Furthermore, the molecular alignment of that 
LCN was uniform throughout the sample, hence it responded 
to humidity gradient rather than to change in ambient humidity 
per se. For the creation of logical gates from multi-responsive 
actuators and evermore sophisticated bioinspired structures, it is 
pertinent to first understand the intricate interplay that may exist 
between the different stimuli, and then co-use them to introduce 
functionalities not met by the different stimuli alone. To the best 
of our knowledge, such interplay between light and humidity in 
LCN actuators has not been previously studied.

In the present work, we take inspiration from the nocturnal 
flower and devise a monolithic LCN actuator whose movements 
are controlled by a delicate interdependence between light and 
humidity, a process that we coin as humidity-gated photoac-
tuation. Alike its natural counterpart, the nocturnal actuator 
opens under dark and humid conditions, and closes when 
the humidity decreases and light level increases (Figure 1a). 
Such unconventional actuation is based on selective absorp-
tion of water on one surface of the “flower petal,” which closes 
upon photothermally-induced water desorption and resultant 
deswelling of the petals. We show that the deformation mecha-
nism underlying the humidity-gated photoactuation, which has 
not been studied in LCN actuators before, greatly increases the 
sensitivity of the deformation, allowing the use of low light 
levels to trigger fast and efficient photoactuation.

To combine the humidity sensitivity and light response into 
one LCN actuator, we incorporated a “photothermal moiety,” 
an azobenzene derivative Disperse Red 1 acrylate, into an 
LC mixture consisting of hydrogen-bonded, acrylate-based 
carboxylic acid monomers of varying chain lengths.[37] The com-
position of the mixture is given in Figure 1b (see the “Materials 
and characterization” section in the Supporting Information). 
Polymerization (365 nm, 20 mW cm−2, 5 min) was performed  

in a 20 µm LC cell at a temperature of 80 °C. The relatively 
high polymerization temperature was used in order to obtain 
high initial curvature for the LCN actuator at ambient condi-
tions, and to avoid the formation of cybotactic clusters at lower 
temperatures (Figure S1, Supporting Information).[38] The high 
initial curvature results from anisotropic thermal expansion of 
the film polymerized above room temperature: the more the 
difference between the polymerization temperature and room 
temperature, the larger the curvature (defined as the inverse 
radius).[10,39] In terms of alignment, splayed molecular orien-
tation was chosen because splay-aligned LCN actuators bend 
smoothly and to high degrees,[40] and their bending axis can be 
manipulated by changing the angle between the long axis of the 
strip and the director on the planar side.[31] The combination of 
suitable polymerization temperature and splay alignment render 
LCN strips capable of mimicking the geometry of a flower, 
together with the curvature change during flower blooming. 
After polymerization, the sample was soaked in a basic solution 
(0.1 m aq. solution of KOH) to make it humidity sensitive. 
The base treatment breaks the hydrogen bonds between the 
carboxylic acid dimers and converts them into hygroscopic 
carboxylic salt.[34] The treatment was selectively executed on 
the homeotropic side of the sample, to form a hygroscopic sur-
face (Figure 1c). This was confirmed by ATR–FTIR spectra that 
showed the loss of hydrogen bonding peak and appearance of 
a peak corresponding to carboxylates on the homeotropic side 
of the sample, while no spectral change was observed on the 
planar surface (Figure S2, Supporting Information). In addi-
tion to making the material hygroscopic, the base treatment 
also causes further shrinkage of the LCN,[34] thereby leading to 
increase in the curvature of the strip. The treated LCN strip is 
now sensitive to both light and humidity and its initial shape 
depends on the RH and the angle between the director on 
planar side and the long axis of the strip.

Comparison of the photomechanical properties of the 
LCN actuator before and after the base treatment is shown in 
Figure 2. As expected, the untreated sample is indifferent to 
humidity change, but responds to light. Upon exposure to 
450 nm (100 mW cm−2), the strip opens (curvature decreases) 
due to photothermal expansion of the homeotropic surface 
caused by decrease in order in the LCN network (Figure 2a). 
After the base treatment, the curvature of the strip increases 
with humidity, due to absorption of water toward the homeo-
tropic side of the strip. This humidity-induced shape-change is 
fully reversible upon variation in the RH. Under simultaneous 
stimuli of humidity and light irradiation, such dual-responsive 
LCN behaves in an interesting manner. At low RH, the base-
treated strip slightly opens up and the curvature decreases, 
due to light-induced expansion of the homeotropic surface 
(Figure 2b). This is the normal photoactuation mechanism in 
splay-aligned LCNs.[30] We note here that we observe a decrease 
in molecular order in the splay films after the base treatment, as 
evident from the polarized UV–vis absorption spectra shown in 
Figure S3 in the Supporting Information. This explains the fact 
that the photoactuation is less efficient in the base-treated films 
as compared to non-treated films when the humidity is low. At 
high RH, the light response of the base-treated film becomes 
totally opposite. As illustrated in Figure 2b, the curvature of 
the strip increases (the strip closes), even upon low-intensity 
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irradiation (450 nm, 30 mW cm−2). In other words, given proper 
humidity level, the light-induced bending in the splay-aligned 
LCN takes place toward the homeotropic side of the film. Such 
unconventional photoactuation, gated by humidity, forms the 
basis for mimicking the behavior of nocturnal flower. As we will 
show, the mechanism behind the humidity-gated photoactua-
tion is completely different than in conventional photoactuators.

We next studied the effect of RH on the curvature of the 
multi-responsive LCN strip and its shape-change upon light 
exposure in more detail. The curvature of the strip decreased 
linearly with increasing RH (Figure 3a).[34] When the strip is 
exposed to light under 80% RH, the curvature increases with 
increasing light intensity and saturates at 50–60 mW cm−2 
(Figure 3b,c). We attribute the efficient photoactuation in  

Adv. Mater. 2019, 31, 1805985

Figure 1. Realization of artificial nocturnal flower. a) Schematic representation of the nocturnal actuator: the flower opens at high humidity level in 
absence of light and closes in the presence of light or when the humidity is low. b) Composition of the LC mixture used in fabrication of the nocturnal 
actuator. c) The fabrication process: i) the mixture is polymerized in splay molecular alignment inside an LC cell, ii,iii) the cell is opened from the 
homeotropic side and dipped in 0.1 m KOH solution for 30 s, to perform base treatment selectively on the homeotropic side, and iv) the sample is 
rinsed with water and then dried in air. The insets in (c–ii) and (c–iv) show the schematic representation of the LCN strips, cut along the director on 
the planar side, at corresponding stage of fabrication under ambient conditions.
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base-treated films to water desorption from the hygroscopic 
(homeotropic) surface, which results in selective shrinkage and 
bending toward the homeotropic surface. Such process is highly 
light-sensitive, much more so than conventional photothermal 
actuation (Figure 2b,c). Thus, the coupling between light and 
humidity leads to a thermodynamically favored actuation mode 
driven by photothermally-induced water loss. The rate of water 
desorption is affected by the light intensity. Therefore, the 
irradiation power dictates the speed of actuation. This is dem-
onstrated in Figure S4 in the Supporting Information, which 
reveals an enhanced actuation speed upon increasing intensity: 
the response time drops from 9 to 1.8 s when changing the 
intensity from 60 to 160 mW cm−2. The higher sensitivity of 
the base-treated samples to low-intensity irradiation may also 
be somewhat affected by decrease in storage modulus of mate-
rial after base treatment (Figure S5, Supporting Information).

To confirm the mechanism of light-induced closing of the 
humidity-sensitive LCN strip, we used infrared spectroscopy 
to probe the loss of water inside the sample. The sample was 
kept under high humidity inside the spectrometer and the 
NIR absorption spectra were recorded at different tempera-
tures (Figure S6, Supporting Information). The intensity of 
water absorption peak at around 1900 nm was used to probe 
the water content, alike in previous studies.[41,42] The water 
content absorbed by the LCN decreased with increasing tem-
perature within initial 10 °C temperature change (from 20 to 

30 °C), after which the water content saturated. Photothermal 
temperature rise in LCN strip, as measured by IR thermal 
camera, together with the curvature change upon increasing 
light intensity, is plotted in Figure 4a. Water loss upon increase 
in temperature, as estimated by NIR absorption, is plotted in 
Figure 4b. In addition to the fact that most of the water is evap-
orated within 10 °C temperature increase, the data shows that 
major change in curvature occurs with light intensity below 
50–60 mW cm−2. Infrared camera measurements reveal that 
50–60 mW cm−2 irradiation causes the temperature of LCN 
strip to rise by 7–10 °C ,which, based on probing the water loss, 
is enough for efficient reduction of water content and thereby, 
saturation of the photo-induced change in curvature.

To use the interplay between light-sensitivity and humidity-
sensitivity, and to demonstrate the nocturnal flower, we fabri-
cated a monolithic piece of LCN having predesigned molecular 
alignment. The artificial flower consists of four petals, each 
bending toward the same central point. The alignment control 
was done using a substrate coated with polyimide alignment 
layer rubbed in two directions, using a steel-foil mask, to 
obtain the molecular orientation depicted in Figure 4c. Alike  

Adv. Mater. 2019, 31, 1805985

Figure 2. Humidity-gated photoactuation. a) Before base treatment, 
the LCN strip is insensitive to humidity and photoactuation results in 
expansion of homeotropic surface owing to decrease in molecular order. 
b) After base treatment, photoactuation is gated by humidity. At low RH, 
the curvature decreases due to similar mechanism as mentioned in (a). 
However, at high RH, the curvature increases owing to entirely different 
mechanism, i.e., light induced water desorption. All scale bars correspond 
to 5 mm. Strip dimension: 20 mm × 3 mm × 20 µm. Light source: 450 nm.

Figure 3. Curvature changes with variation in RH and light intensity. 
a) Change in curvature of treated LCN strip with increasing RH, under 
dark conditions. b) Effect of light intensity on curvature of LCN strip held 
at 80% RH (room temperature). c) Curvature changes of LCN strips in 
response to increasing RH in the dark (blue triangles), and the photo-
induced curvature change of treated (red circles), and untreated (red 
squares) LCN strips held at 80% RH in response to increasing light inten-
sity. All scale bars correspond to 5 mm.
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the night flowers, the nocturnal actuator remains closed at 
low RH or upon high light level, and only opens at high RH 
in the darkness (Figure 4e; Video S1, Supporting Information). 
To demonstrate the versatility of LCN materials compared to 
other stimuli-responsive materials in terms of controlling the 
directionality of deformation, a task very difficult to achieve 
in conventional hygroscopic materials,[43] we made another 
nocturnal actuator having an offset angle of 10° between 
director and the long axis of the flower petal (Figure 4d). Like 
some nocturnal flowers such as moon plant,[44] this artificial 
“flower” opens and closes in a twisted manner (Figure 4f; 

Video S2, Supporting Information). By varying the offset angle, 
the pitch of the twisting can be easily controlled, highlighting the  
strength of LCN actuators in devising biomimetic structures. 
Due to this advantage of LCN materials, even complex plant 
movements can be mimicked, providing a route for advanced 
and adaptive shape morphing.

In conclusion, we have demonstrated an artificial “nocturnal 
actuator” made of a monolithic multi-responsive liquid crystal 
network, which can mimic the opening and closing of night 
flowers. Similar to their natural counterparts, the movements 
of this LCN actuator are dictated by delicate interplay between  

Adv. Mater. 2019, 31, 1805985

Figure 4. Demonstration of artificial nocturnal flower. a) Change in temperature and curvature of LCN strip upon illumination with increased light 
intensity. b) Plot of water loss upon increased temperature, as estimated from infrared spectroscopy. c,d) Representation of molecular alignment in 
four petals of monolithic LCN flowers and their corresponding initial shape under ambient conditions. In (c), the director on the planar side is parallel 
to the long axis of the petal, while in (d), the director has an offset of 10° with respect to the long axis. e,f) Closure of LCN flower, in straight (e) and 
twisted (f) ways, respectively, upon illumination with light, as dictated by their molecular alignment. All scale bars correspond to 5 mm.
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light and RH. The demonstrated flower-like device closes when 
it is exposed to light or when the humidity level is low. It opens 
only in the dark, assisted by high humidity level in the environ-
ment. The method that drives the shape morphing, humidity-
gated photoactuation, is based on photothermally-induced water 
desorption from the LCN films. We foresee that the proposed 
bioinspired humidity- and light-responsive actuator, due to its 
fast response time and control over directionality, is promising 
for the realization of smart biomimetic systems and soft robots 
that can be manipulated remotely by low levels of light.

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