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Inspired by nature, humidity-responsive materials and devices have attracted significant interest from
scientists in multiple disciplines, ranging from chemistry, physics and materials science to biomimetics.
Owing to their superiorities, including harmless stimulus and untethered control, humidity-driven
materials have been widely investigated for application in soft robots, smart sensors and detectors,
biomimetic devices and anticounterfeiting labels. Especially, humidity-responsive liquid crystalline
materials are particularly appealing due to the combination of programmable and adaptive liquid crystal
matrix and humidity-controllability, enabling the fabrication of advanced self-adaptive robots and
visualized sensors. In this review, we summarize the recent progress in humidity-driven liquid crystalline
materials. First, a brief introduction of liquid crystal materials, including liquid crystalline polymers,
cholesteric liquid crystals, blue-phase liquid crystals and cholesteric cellulose nanocrystals is provided.

Received 15th March 2023, Subsequently, the mechanisms of humidity-responsiveness are presented, followed by the diverse
Accepted 8th May 2023 strategies for the fabrication of humidity-responsive liquid crystalline materials. The applications of
DOI: 10.1039/d3mh00392b humidity-driven devices will be presented ranging from soft actuators to visualized sensors and

detectors. Finally, we provide an outlook on the development of humidity-driven liquid crystalline
rsc.li/materials-horizons materials.

Wider impact

Liquid crystalline materials are considered one of the most promising candidates as next-generation intelligent soft materials. Especially, humidity-responsive
liquid crystal materials provide opportunities to manipulate these emerging functional materials in a harmless and instantaneous way. Thus, the design and
fabrication of humidity-responsive liquid crystal systems have become a hot topic in the development of functional soft robots, advanced optical devices and
biomimetics. However, there is no comprehensive review on this field. In this review, we provide a brief introduction on the humidity-responsive mechanism
and liquid crystal materials. Subsequently, the strategies for the fabrication of humidity-responsive liquid crystalline materials are summarized and discussed.
Based on the diverse functionalities of these materials, the applications of humidity-responsive liquid crystalline systems are introduced, including soft
actuators, light manipulators, anti-counterfeiting devices and biomimetics. Finally, the outlook and challenges of humidity-responsive liquid crystals are
presented. This review may provide inspiration for the design and preparation of soft intelligent materials and systems and give guidance for optimizing the
complex responsivity of functional systems. Furthermore, it may attract interest from researchers related to biomimetic soft materials and hydrogels, liquid
crystals, supramolecular chemistry and soft photonic crystals.

1. Introduction
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Fig. 1 (a) Lattice structure with hexagonal/elliptical-shaped cells in the dry (left) and wet (right) state. Scalebar: 0.1 mm. (b) Schematic illustration of hydration-
dependent changes in shape. Reproduced with permission. Copyright 2011, Nature Publishing Group, a division of Macmillan Publishers Limited. (c) Humidity-
responsive change shape of pine core, opening when dry (upper) and closing when rewetted (bottom). Reproduced with permission. Copyright 2009, Nature
Publishing Group. (d) Venus flytrap in its open (left) and closed (right) states. Reproduced with permission. Copyright 2005, Macmillan Magazines Ltd.

flower blooms under high humidity and closes when the humidity
decreases due to the high sensitivity of their petals to humidity
changes. The mechanism of humidity-induced biological beha-
viors in plants can be mainly ascribed to the swelling and
deswelling of their tissues under different humidity.” As shown
in Fig. 1a, the tissue cells of ice plants present a collapsed
structure in the dry state. With an increase in humidity, cells
are swollen by water. The deformation induced by the swelling of
the cells is anisotropic, and thus the reversible humidity-induced
shape changes in cells mainly occur along the Y direction, which
is essential for the stable biological motions of plants (Fig. 1b).
Based on this relatively simple principle, natural plants can
perform various and complex motions.® Pine cores have the ability
to perform reversible humidity-responsive opening and closing, as
shown in Fig. 1c.” Their humidity-induced motion originates from
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the motions of their surrounding tissues, which are composed of a
fibre layer (8-12 pm) and sclereid layer (20-30 um). Due to the large
difference in the hygroscopic expansion coefficient between these
two layers, slight changes in humidity can induce the macroscopic
motion of the whole tissues.® Another widely researched natural
humidity-responsive behavior is the snapping of the Venus flytrap.
In the normal state, the leaves of the Venus flytrap are open.
However, when an insect approaches this plant, the induced
humidity flow triggers the closing motion of its leaves (Fig. 1d).
As one of the fastest movements in nature, the closure motion is
within 100 ms due to the highly hydrated matrix of the leaf."
Taking lessons from nature, humidity-responsive artificial
materials have been designed and developed by the fabrication of
functional building blocks and construction of elaborated nano-
structures, illustrating great potentials in various applications

Huai Yang is currently a professor
at the School of Materials Science
and Engineering, PKU. He received
his PhD in engineering from Kyushu
University in Japan, where he
successively served as a visiting
research fellow at the Faculty of
Engineering. He was a research
fellow at Fukuoka Industry, Science
and Technology Foundation, as well
as the Science and Technology
Corporation in Japan (1996-2003).
His research interests focus on
liquid ~ crystal/polymer composite
materials, stimuli-responsive liquid crystalline polymers and smart
windows.

Huai Yang

Mater. Horiz., 2023, 10, 2824-2844 | 2825


https://doi.org/10.1039/d3mh00392b

Published on 09 May 2023. Downloaded by Y unnan University on 8/14/2025 2:27:02 AM.

Materials Horizons

ranging from soft actuators, sensors, and adaptive coatings to
detectors and beyond.” " Among the stimuli-responsive materials,
humidity-responsive materials possess superior advantages given
that humidity changes are harmless, mild and instantaneous in the
surrounding environment. Moreover, humidity-triggered respon-
siveness is an isothermal, untethered and silent process, suitable
for reactions in both small volume and large space.”>" To date,
various humidity-responsive materials have shown distinct
dynamic humidity-directed behaviors including graphene oxide
(GO) materials, MXene composite materials, carbon nanotubes,
metal-organic frameworks (MOFs), cellulose, polyionic liquids,
azides, and polymers."*™ Most efforts have been devoted to the
preparation of humidity-driven actuators presenting various
complex 3D motions such as bending, twisting and oscillating to
convert humidity changes to mechanical output.'”**?!

Liquid crystal (LC) materials are a class of emerging and
appealing functional materials. In recent years, humidity-
responsive LC materials such as LC polymers (LCPs), LC net-
works (LCNs) and cholesteric cellulose nanocrystals (CNCs) have
been designed and prepared. Due to the programmable and
anisotropic properties of LCs, humidity-responsive LC materials
have been used in the fabrication of not only adaptive soft
actuators but dynamic photonic crystals (PCs) with vivid color
changes, serving as potential visualized sensors, coatings and
detectors. Humidity-driven LC materials provide abundant
opportunities for the development of advanced functional
humidity-responsive materials and extend their potential appli-
cations in multiple fields. However, there is no comprehensive
review on the recent development of humidity-driven LC materi-
als. Accordingly, herein, this review provides a summary of the
preparation, mechanism, potential applications and outlooks of
humidity-responsive LC materials. Firstly, the properties of LC
materials including LCs, LCPs, LCNs and CNCs, as well as
guidelines for the preparation of humidity-responsive materials
are introduced. Then, the strategies for the fabrication of
humidity-driven LC materials are presented, which include the
construction of inhomogeneous structures, bilayer and multi-
layer strategy and modification of the material matrix. Finally,
the applications of humidity-responsive LC materials as soft
actuators, sensors, coatings and detectors are reviewed and the
outlook of the development of this emerging class of materials is
summarized. This review is expected to not only provide an
introduction and the recent progress on humidity-responsive LC
materials but deepen the understanding of the humidity-
responsive mechanism and bring new twists in the design and
fabrication of novel smart soft robots, advanced sensors and
detectors and self-adaptive actuators.

2. General considerations
2.1 Liquid crystals

LCs are self-organized soft matter. In the LC phase, the mole-
cules align anisotropically, combining the anisotropy of crystals
and fluidity of liquids.** The high mobility of LC molecules
makes them sensitive to external stimuli, and thus they are

2826 | Mater. Horiz., 2023, 10, 2824-2844

View Article Online

Review

fascinating materials as a smart matter. In general, LCs can be
classified into two categories, ie., thermotropic LCs and lyo-
tropic LCs. The former represents materials showing the LC
phase in a specific temperature range. Almost all thermotropic
LCs are composed of organic molecules, exhibiting anisotropic
shapes, such as rod shape, disc shape and banana shape.
Lyotropic LCs refer to materials showing the LC phase when
dissolved in a solvent with a certain concentration. Besides
organic molecules or polymers, some inorganic materials such
as graphene and metal oxide nanosheets can form an LC phase
when dispersed in a solvent. According to the organization of
the LC molecules, various types of LC phases are formed, such
as nematic phase, smectic phase and cholesteric phase, as
shown in Fig. 2a. In the smectic phase, the LC molecules self-
assemble in layers, which is similar to that of solid crystals.
However, the fluidity of LCs is poor in this case. LCs in the
nematic phase are less ordered given that mesogens only
present orientational ordering, as schematically illustrated in
Fig. 2b. All the molecules align preferentially to one direction
and the direction of molecular alignment is generally noted as
the director (n). By adding a chiral dopant or grafting a chiral
group on the mesogens, the cholesteric phase can be obtained,
which is also named the chiral nematic phase (Fig. 2c). In this
phase, the LC molecules gradually rotate along the direction
perpendicular to the long axis of mesogens. The distance
needed by cholesteric LC (CLC) molecules to rotate 360° is
denoted as the helical pitch (p). CLCs are widely researched due
to their ability to selectively reflect circularly polarized light
(CPL) with a specific wavelength, acting as a one-dimensional
PC. Due to their helical superstructure, the CLCs can divide
iridescent light into two CPL with opposite handedness and
reflect the CPL showing same the handedness as themselves,
while transmitting another CPL (Fig. 2d). The reflection wave-
length of CLCs is determined by p and the average refractive
index (n,) of the LC matrix, according to Bragg’s Law as follows:
A =p X n,, where A represents the reflection center. By adjusting
the helical pitch, the photonic bandgap of CLCs can be
precisely controlled, presenting an opportunity to prepare
functional PCs with dynamic optical properties. In another
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Fig. 2 Schematic illustration of mesogen alignment in (a) smectic phase,
(b) nematic phase, and (c) cholesteric phase. (d) Demonstration of left-
handed CLC and right-handed CLC and selective reflection of CLC materials.
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intriguing phase, LC mesogens simultaneously twist along two
directions, ie., helix direction and the direction perpendicular
with the helix direction, which are named blue-phase LCs
(BPLCs). This special LC phase occurs between the cholesteric
phase and isotropic state. Rather than 1D PCs such as CLCs,
BPLCs are a type of 3D PC showing a comparatively narrow
reflection band due to their 3D periodic nanostructure.”® As
emerging functional 3D soft PCs, BPLCs can be prepared via the
self-organization of building blocks without the requirement of
external alignment. Moreover, laser emission can be realized in
orthogonal three dimensions of BPLC materials, indicating the
great potential of BPLCs for the fabrication of phase modulators,
waveguiding lenses, etc.

2.2 Liquid crystal polymers and networks

Thermotropic small molar weight LCs are fluidic and only exhibit
LC properties in a specific temperature range. Polymerizing
reactive LC monomers in the LC phase can fix the ordered state
of mesogens, resulting in freestanding and highly stable
LCPs.>*2¢ Regarding the crosslinking density of LCPs, they can
be classified as linear LCP (LLCPs), LC elastomers (LCEs) and
LCNs. LLCPs represent LCPs without any crosslinking points,
which have a low melting point and poor mechanical property
unless their molecular weight is high. LCEs can be prepared by
slightly crosslinking LCPs. They combine the liquid crystalline
property, large deformation ability and resilience, presenting great
potential for the fabrication of artificial muscles. When the
crosslinking density is high, LCN materials can be obtained.
These LC materials possess similar properties to that of thermoset
polymers, showing high stiffness and tensile strength. Taking
advantage of the integration of the anisotropy of LC and elasticity
of polymers, LCPs can transfer molecular-scale disturbance into
macroscopic shape changes with a programmable and adaptive
way, enabling LCPs to be a powerful and intriguing matrix in the
preparation of advanced smart actuators and devices.
Cholesteric LCPs (CLCPs) are prepared by “freezing” the
helical superstructure of CLCs by polymer chains and networks,
which endows them with selective reflection ability and super-
ior mechanical performance. CLCP materials have attracted
intense scientific interest due to their fascinating properties as
light manipulators. For example, CLCP films that have a broad
reflection band in the near-infrared region have been used as
the cooling layer of buildings given that they decrease the
incident near-infrared light in the daytime, lowering the tem-
perature indoors. Simultaneously, they have no impact on the
incidence of visible light, providing effective temperature reg-
ulation without energy consumption.”’ By finely tuning the
photonic bandgap of CLCPs in the visible wavelength region,
freestanding CLCP films showing vivid colors have been
reported, illustrating potential for the preparation of chiropti-
cal filters, photonic labels and anti-counterfeiting devices.**?°
In the case of CLC materials, the tunability of their photonic
bandgap and superior mechanical property is contradictory.
The helical pitch of small-molar-weight CLCs is totally dynamic.
Both the length of the pitch and the handedness of the helix can
be feasibly modulated due to the mobility of mesogens.

This journal is © The Royal Society of Chemistry 2023
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To obtain freestanding CLC films, the mesogens have to be
polymerized or crosslinked, resulting in the loss of their chain
mobility and pitch tunability. Although some thermochromic
side-chain CLCPs have been reported, these materials were not
crosslinked to ensure the self-adapting of mesogens, thus they
had to be operated by coating on a matrix.>* > Fortunately, this
trade-off can be overcome by using water-swellable CLCN
materials. By endowing a CLCN film with hygroscopic property,
the freestanding film could reversibly swell and shrink, resulting
in changes in the pitch. In this case, the humidity-driven CLCN
films possessing both superior mechanical performance and
highly tunability of the helical pitch were prepared.*?

2.3 Cellulose nanocrystals

CNCs are needle-like nanorods with a length of around 1 pm
and diameter of 10 nm. Considering that they are products
from natural biomass, CNCs are renewable, abundant and
biocompatible. As typical lyotropic LCs, CNCs can form a
cholesteric phase when dispersed in a solvent with a specific
concentration. The helical superstructure of CNCs can be
retained by slowly evaporating the solvent, leading to the for-
mation of a freestanding film showing structural colors.>**” The
intrinsic helical pitch of self-assembled CNC films is tunable by
adjusting the size of the nanorods during the hydrolysis of the
source. Due to the hydrophilicity of CNCs, self-assembled helical
CNC films absorb water under high RH, enabling the swelling of
the materials and elongating the helical pitch. When the RH is
low, the material shrinks to its initial state due to water
evaporation. The helical pitch also shortens during this process.
The humidity-driven pitch changes endow CNC materials the
ability to change their reflection colors, facilitating their applica-
tion in the fabrication of humidity sensors and actuators.**™*

More importantly, CNCs are a versatile matrix to load
distinct responsive and functional elements.*” For example,
to enhance the flexibility and mechanical strength of PC films,
polymers or hydrogels can be integrated with CNCs. The resulting
materials possess both the light-manipulating property of CNCs
and superior mechanical property of polymers.**™*> The incor-
poration of thermo- or light-responsive parts with CNCs is an
emerging strategy to fabricate dynamic chiroptical devices. In this
case, the pitch or refractive index of the CNC matrix can be finely
tuned by external stimulation.*®™®

2.4 Mechanism of humidity responsiveness

Humidity responsiveness in materials originates from the absorb-
ing and desorbing of water. The mechanism of humidity-
responsiveness is mainly based on several interactions between
materials and water molecules, including hydrogen bonding,
electrostatic interaction, and hydrophilic interaction.">*>>° Swel-
ling and shrinking of materials after combining with water or
losing water provides most fundamental driving force of the
humidity response. For instance, graphene oxide (GO) has abun-
dant oxygen containing groups on its surface. In this case, the
surface of GO absorbs water molecules by forming hydrogen
bonds. Sun and coworkers reported the fabrication of a GO-
based humidity-responsive actuator, in which one side had highly

Mater. Horiz., 2023,10, 2824-2844 | 2827
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Fig. 3 (a) Schematic illustration of the humidity-driven bending behavior of the GO/RGO bilayer film. Reproduced with permission. Copyright 2015, Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Possible mechanism for humidity-responsive bending and folding behavior of carbon nitride film. (c) Schematic
illustration and (d) real images of unidirectional walking of carbon nitride film. Reproduced with permission. Copyright 2016, Nature Publishing Group.
(e) Simulated structures of the MIL-88 framework and its forms when swelling. Reproduced with permission. Copyright 2005, the American Chemical Society.

hydrophilic property.>® As illustrated in Fig. 3a, under high
relative humidity (RH), the hydrophilic surface absorbed water,
resulting in the swelling of this side. The inhomogeneous expan-
sion made the GO film bend under high RH and recover when the
RH decreased. The amplitude of swelling-induced deformation is
partly dependent on the penetration depth of water. To drive large
amplitude motions of macroscopic materials on the micrometer
or centimeter scale, a relatively thick water-swellable layer is
required. However, in this case, the deformation rate is limited
due to the slow water diffusion in the material bulk. To date, only
when the film is ultra-thin, large amplitude and ultra-fast
humidity-induced motions can be obtained. This is because the
striking deformation of thin films can trigger ultra-fast swelling
and shrinking of the film surface by a tiny amount of water.

For example, Aida’s group reported the fabrication a
humidity-sensitive ultra-thin carbon nitride film with a thick-
ness of around 900 nm based on the hydrogen bonds between
the nitride atom and water molecules, as shown in Fig. 3b.*
This material could perform autonomous motions in air due to
the slight fluctuation in ambient humidity because the water
molecules could only be absorbed by structurally defective sites
rich in unreacted amino groups. Hence, the autonomous
actuation could be driven by a minute amount of water. By
protecting half of the film using a gold layer, a simple humidity-
driven walker was prepared, as shown in Fig. 3c and d.

In contrast to ultra-thin inorganic materials, it is not possible to
prepare large-scale and nanometer-thick LC films with consider-
able mechanical property and uniform alighment. Micrometer-
scale water diffusion and swelling of material hosts provide the
main driven force for humidity-responsive LC materials including
LCP films and CNCs. Based on the fundamental principle, several
strategies have been proposed to prepare humidity-driven LC
materials, including water-induced LC order disruption by the
hydrogen-bond of the material host and water molecules and water
swelling of hygroscopic salty networks.’* These strategies will
be introduced in detail in the following sections. Also, the
construction of micro-pores in a polymer matrix with water-
absorbing ability is an effective method."""**

2828 | Mater. Horiz., 2023,10, 2824-2844

Besides the swelling and shrinking of the whole matrix,
embedding microscale humidity-sensitive parts in an inert
material matrix is a versatile method to endow materials with
humidity responsiveness.'® In 2005, Mellot-Draznieks and co-
workers reported the synthesis of metal-organic-framework (MOF)
materials showing reversible and large-amplitude humidity-
driven volume changes by dynamically forming hydrogen bonds
between absorbed water molecules and the inner groups of
MOFs.>* This process led to volume expansion of the MOF units
(Fig. 3e). When exposed to a low RH atmosphere, the expanded
MOF units shrunk to their initial state due to the loss of water.
Maspoch’s group prepared a humidity-driven self-folding film by
doping the MIL-88A MOF in polyvinylidene difluoride (PVDF).
In their design, the composite film was prepared by mixing a
polymer solution and MOF dispersion, followed by evaporating
the solvent.”® During this process, the MOF was deposited to the
bottom side, resulting in an inhomogeneous distribution of
MOF crystals along the thickness direction of the film. Under
high RH, the bottom side of the film exhibited larger amplitude
expansion than that of the top side, resulting in the bending and
folding of the film. More recently, He and coworkers proposed
another strategy to prepare humidity-driven MOF/polymer com-
posite films with high sensitivity by uniformly dispersing MOF
crystals in a polymer matrix with gradient crosslinking density.>®
Humidity-driven LC materials could also be prepared by inte-
grating a humidity-responsive part in an ordered LC host.
Interpenetrating hygroscopic networks with anisotropic LCP
networks have been proved to be effective for the fabrication
of water-sensitive LC materials, which is the preferred method to
fabricate humidity-driven LC devices with enhanced perfor-
mances in some cases.”” For example, a water-swellable CLCN
coating prepared by interpenetrating hygroscopic networks in a
CLCN host presented wider reflection band tuning range com-
pared with that of the pure activated CLCN host.>**%>°

The mechanism of humidity-responsive materials is not
complicated, and consequently with the synthesis of new materials,
the development of advanced processing techniques and construc-
tion of novel micro-nano structures, various humidity-responsive

This journal is © The Royal Society of Chemistry 2023
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materials including organic, inorganic and composite materials
showing diverse and complex functionalities have been reported,
paving the way to fabricate novel smart materials with high
sensitivity and adaptivity to the surrounding environment.

3. Strategies for the fabrication of
humidity-responsive LC materials

Humidity-driven LC materials can be mainly classified into shape-
changeable actuators including LCNs and LCEs, color-changeable
PCs such as CLCNs and CNCs and structural color actuators,
integrating both shape changing and color changing abilities.
However, it is necessary to develop advanced fabrication techniques
and ingenious strategies to realize multifunctional humidity-driven
LC actuators and PCs with complex and on-demanded motions
and light modulation abilities. Generally, homogeneously struc-
tured LC materials respond to humidity or water by performing in-
plane contraction and expansion, while inhomogeneous-structured
LC materials perform out-of-plane movements when subjected to
humidity triggers.*® According to the structure of materials, all
humidity-responsive LC materials can be classified into homoge-
neous structures and inhomogeneous structures; however, this
classification is broad and not precise. In this section, we introduce
the strategies for the fabrication of humidity-driven LC materials by
discussing the most representative preparation methods. The
mechanism of each strategy and performance of materials pre-
pared by different fabrication methods will be provided.

3.1 Construction of inhomogeneous structure

In materials design, asymmetric local deformation can drive
complex 3D shape changes of the whole material. Materials
with an inhomogeneous structure perform out-of-plane and
designable motions under a uniform stimulation field due to the
distinct responsiveness between different domains. In the case
of LCP materials, constructing gradually changed molecular
alignment across the film thickness provides symmetry-
breaking force and drives the complex out-of-plane movement
of the LCP films (Fig. 4a).°"~** Broer’s group realized a humidity-
responsive LCN film showing reversible bending and curling
motions via the construction an alignment gradient along the
thickness of the film.®® Due to the difference in molecular
alignment, the swelling behavior of the two sides was different.
In a homogeneous humidity air environment, the twist aligned
film bent rapidly due to the synergistic deformation of the two
sides (Fig. 4b). By post-treating the uniform LCN film, an
inhomogeneous structure presenting a gradient in hygroscopic
property could be achieved.

The second strategy to construct an inhomogeneous structure is
based on imbalance chemical treatment. Schenning et al. prepared
a hydrogen-bonded LCN film using carboxylic acid, as presented in
Fig. 4c. By soaking one side of the film with KOH solution, the
hydrogen bonds broke due to the conversion of carboxylic acid to
carboxylic salt.”® The resulting film adopted a bending shape
because of the collapse of the treated side. Under high RH, the
hygroscopic side absorbed water and swelled, while the other side

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) lllustration of mesogen alignment in twist-aligned LCN film.
(b) Humidity-responsive shape changes in twisted LCN film under different
RH. Reproduced with permission. Copyright 2005, the American Chemical
Society. (c) Chemical structures of LC monomers used in ref. 65 and 66.
(d) Schematic illustration and (e) real images of humidity-induced motions
of film with the molecular director at a 45° angle with respect to the
long axis of the film. Reproduced with permission. Copyright 2014, the
American Chemical Society.
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was unchanged, causing a change in bent to unbent shape. When
the RH decreased to the initial state, the reverse shape change
occurred. Due to the highly tunable mesogen alignment in the LCN
matrix, different humidity-driven motions including curling and
twisting were programed (Fig. 4d and e). This method relies on
the breakage of the hydrogen bonds and collapse of the ordered
LC structure, making the prepared LCN film present curling or
bending shape in a normal atmosphere. Recently, Kim and
coworkers reported a new class of dimethylamino-function-
alized humidity-driven LCE films (Fig. 5a and b). The film could
be activated using acidic solution due to the formation of ionic
groups on the treated side, as schematically illustrated in Fig. 5¢.®”
The ionized side of the film became hygroscopic (Fig. 5d). By
increasing the RH, the acidified side absorbed water and
expanded, while the other side was hydrophobic, resulting in
the directional bending of the whole film. By activating specific
regions of one side of the film, arbitrary shapes of the LCE film
were achievable by increasing the RH due to the reversible
humidity-driven swelling of the hydrophilic regions (Fig. 5e).
Typically, the amplitude of the shape change of LCN materi-
als is hindered by their crosslinking density. Accordingly,
Katsonis’s group prepared a humidity-driven LCN film with
large amplitude deformation by construct a crosslinking density
gradient in the LCN film.%® By activating the film using a base
solution, the loosely crosslinked side of the film underwent larger
amplitude swelling compared with that of densely crosslinked
side when exposed to high RH. This phenomenon led the film
undergoing reversible humidity-driven shape transformation. By
further controlling the molecular alignment, diverse humidity-
responsive actuation modes of the LCN film were realizable.

3.2 Bilayer strategy

Although inhomogeneous humidity-responsive LC materials can
perform complex deformations under uniform RH changes, they
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suffer from several limitations including tedious fabrication
and moderate sensitivity. Fabricating highly sensitive humidity-
driven devices via a facile process employing the bilayer strategy
has distinct advantages such as programmability and superior
compatibility.*® Bastiaansen et al. proposed the fabrication of a
humidity-driven bilayer actuator by coating a hydrogen-bonded
LCP layer on an oriented polyimide-6 (PA-6) substrate (Fig. 6a).”°
The prepared composite film presented a bending shape due to
its shrinkage after polymerization. After breaking its hydrogen
bonds, the film adopted a more bent shape due to the collapse of
the LC structure. With an increase in the RH, the LCP side
absorbed water and expanded, driving the whole film deforma-
tion from bending shape to flat shape because of the joint effects
of water-swelling of the LCP layer and higher expansion coeffi-
cient of the splay-aligned LCP layer compared with that of the PA-
6 layer, as illustrated in Fig. 6b. One of the merits of the bilayer
strategy is its high programmability, Schenning and coworkers
proposed a highly programmable bilayer humidity-responsive
LCP actuator by spray-coating a chiral nematic LCP film on a
hydrophilic PA-6 substrate.”" In this case, the activation of LCP by
a base solution was not required because the helically organized
LCP layer only tuned the mechanical anisotropy. By changing the
RH, the hydrophilic PA-6 substrate absorbed or desorbed water,
providing actuating force for deformation. More importantly, the
deformation modes of the bilayer film were adjusted by changing
the twisting angle of the LC mesogens across the thickness of the
LCP film. As presented in Fig. 6¢c, the prepared humidity-driven
bilayer actuator presented high programmability, where not only
the types of motions such as bending and twisting but the
twisting pitch of the film could be tuned by changing the twisting
angle of the mesogens. Due to the superior compatibility provided
by the bilayer strategy, our group prepared a humidity-responsive

2830 | Mater. Horiz., 2023, 10, 2824-2844

composite film showing synergistic shape and fluorescence
changes.”” The hydrogel layer of the hybrid film was hygroscopic
and could swell or shrink with a change in the RH, actuating the
humidity-responsive motions of the bilayer film. Simultaneously,
the hydrogel film acted as a loading matrix for functional fluores-
cence molecules, avoiding the disturbing effect when doped in the
LCN matrix.

Water-responsive CNC materials have a uniform helical
structure, and thus perform out-of-plane deformation only
when one side is swollen by water.”* In this case, the construc-
tion of a bilayer structure using a CNC layer as the active layer
has been proven to be effective to realize programmable and
large amplitude motions of films under uniform RH changes.”*
Zhang’s group reported that a CNC-based bilayer film exhibited
synergistic humidity-driven motions and structural color
changes.”> By incorporating a polyurethane (PU) layer in a
CNC layer, the hybrid film performed humidity-driven motions
due to the swelling ability of the CNC layer. Besides, the low
thermal expansion coefficient of the CNC layer enabled the film
to undergo near-infrared light driven bending by thermal
expansion mismatch of the two layers (Fig. 6d). Moreover, the
helically aligned CNC film endowed the bilayer film vivid
structural color and obvious color changes during its actuation
process, illustrating the potential of this novel CNC film in the
anti-counterfeiting and information storage fields, as shown in
Fig. 6f.

3.3 Interpenetrated networks

Interpenetrating polymer networks (IPN) represent two interwo-
ven polymer networks without covalent bonding between them,
which is a straightforward method to combine the functional-
ities of multiple components into a single material system.

This journal is © The Royal Society of Chemistry 2023
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Copyright 2013, the American Chemical Society. (c) Shape changes of bilayer actuators in response to RH changes. Reproduced with permission.
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creeper flower” and a “palm” grasp and transfer an object to the destination. Scale bars, 1 cm.

LCP-based IPNs are attractive and intriguing because they can
endow intrinsic anisotropy to diverse polymer matrices.”®”°
IPNs are homogeneous structures, which are not advantageous
in the preparation of actuators with complex deformation
modes. Thus, the IPN strategy is often used in realizing color-
changing CLC materials. Stumpel and coworkers interpenetrated
a water-swellable poly(acrylic acid) hydrogel in a CLCN film,
realizing dynamic reflection bands of the composite film stimu-
lated by pH and humidity.>” The reversible swelling and deswel-
ling hydrogel network triggered the elongation and shrinkage of
the helical pitch of the helically organized CLCN layer (Fig. 7a).
By introducing a non-swellable network in specific regions,
water-responsive colorful patterns could be constructed, as
shown in Fig. 7b. The water and pH-responsive structural color
changes of the CLCN layer were coincident with the changes in
the thickness of the film, as presented in Fig. 7c and d. To
improve the stability of humidity-responsive LCP-based IPN
materials, de Haan and coworkers used poly ionic liquids as
components and prepared humidity-driven CLCN coatings,
showing wide band-shifting range and high stability without
the requirement of base activation.®® In the preparation process,
the small-molar-weight LC 5CB was used to occupy volume
during the polymerization process. After the removal of 5CB in
polymerized film, the ionic liquid could fill it, making it possible
to regulate the water response of the IPN film by changing the
content of 5CB (Fig. 7e). Accordingly, the humidity-driven CLCN

This journal is © The Royal Society of Chemistry 2023

coating prepared using this method presented a stable water
response and no fatigue after one month usage (Fig. 7f). The IPN
strategy provides opportunities to functionalize humidity-driven
LCP systems.®! For example, a humidity-responsive poly(acrylic
acid) and CLCN interpenetrating network enabled the fabrica-
tion of visualized biosensors due to the interaction between
acrylic acid and various species including urea, glucose, biotin
and uric acid.*” As schematically illustrated in Fig. 7g, the
mechanism of the biosensor relied on the internal pH changes
due to bioreactions, leading to the swelling or deswelling of the
CLCN matrix. Due to the visible color changing behavior, this
biosensor was versatile in detecting various biochemicals and
their concentration (Fig. 7h and i).

4. Applications of humidity-responsive
LC materials
4.1 Soft actuators

Humidity changes provide signals and driving force for some
biological behaviors of natural plants, such as the blooming
and closing of flowers. Advanced artificial materials that can
convert humidity changes to mechanical output are appealing
in the development of next-generation intelligent systems. As
emerging humidity-driven soft actuators, LC-based materials
possess programmable property and mechanical anisotropy,

Mater. Horiz., 2023,10, 2824-2844 | 2831
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Fig. 7 (a) Schematic of the mechanism of the poly(acrylic acid)-CLCN IPN. (b) Optical micrographs of a patterned IPN coating at RH of 15% and 85%.
(c) Surface topography of the patterned humidity-responsive IPN coating at RH = 15%, 50%, and 80% at room temperature. (d) Optical micrographs of the
patterned IPN polymer film at pH of 3 and 9. Reproduced with permission. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
(e) Humidity-responsive band shift of IPN coating of poly(ampholyte) and CLCN based on various amounts of 5CB. (f) Stability test of IPN coating of
poly(@ampholyte) and CLCN with 50 wt% of 5CB. The inset images show the colors of coating in the wet and dry states, respectively. Reproduced with
permission. Copyright 2019, the American Chemical Society. (g) Schematic of the sensing mechanism of the CLC-hydrogel-IPN biosensor. Images of
CLC-hydrogel biosensor (h) when interacting with different concentrations of urea and (i) after dropping human serum buffer solution with different

concentrations of urea. Reproduced with permission. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

enabling the on-demand design of functional actuators with
complex motions and self-adaptivity. The use of humidity as a
trigger to motivate motions in LC-based soft actuators generally
involves two approaches.

One is wetting only one side of the material. For example,
Yu’s group found that an azobenzene-crosslinked LCN film
performed unidirectional motions when one side of the film
was treated by moisture.’” The humidity-driven deformation
always occurred along the direction perpendicular to the mole-
cular director because of the joint effect of water swelling and
loss of molecular order due to the hydrogen bonds between
the water molecules and C-O-C groups. Exposing the film to
UV light excited the isomerization of azobenzene, leaving the
film bending along the aligned direction, as demonstrated in
Fig. 8a. The orthogonal humidity and photo dual responsive-
ness facilitated the preparation of a multifunctional soft switch
to control the on-off of two light-emitting diode (LED) lights.
As shown in Fig. 8b, two electrical circuits responsible for
yellow LED and red LED were controlled by the LCN film.
Exerting moisture to one side of the film or illuminating the
film by UV light could turn on the yellow LED and red LED,
respectively, illustrating the potential of this humidity-driven
LCN film in touchless electronic devices.

Helically structured cholesteric CNC materials are intrinsi-
cally humidity responsive, providing opportunities to fabricate
adaptive soft actuators showing vivid structural colors. Guo’s
group sandwiched a stretching-aligned PA6 film by two CNC
layers, realizing reversible and programmable humidity-
directed motions of the structural colored film (Fig. 8c).*®

2832 | Mater. Horiz., 2023,10, 2824-2844

Although the chirality of both of CNC layers were left-handed,
the composite film presented hyper-reflection at a specific
wavelength due to the half-wave retardation effect provided
by the inner PA6 layer. By modulating the alignment of the PA6
layer by changing the cutting direction, bending and twisting
motions could be observed by treating one side of the actuator
using moisture, as shown in Fig. 8d. Another type of humidity-
driven soft actuators can be motivated by changing the envir-
onmental RH, which is regarded as a more convenient and
efficient approach. Since the method to prepare humidity-
responsive LCN actuators by alkalizing one side of the
hydrogen-bonded LCN film was put proposed in 2014, several
works have been done to extend the applications and function-
ality of novel LCN actuators.®® Integrating photothermal dyes in
the LCN matrix can build interplays between light-heating
and humidity-responsiveness. A humidity-driven LCN actuator
was obtained by alkalizing the homotropic side of a hydrogen-
bonded splay-aligned LCN film.®® The actuator changed
between bending shape and less bending shape due to the
expansion of the homotropic side of the film under different
RH. Moreover, due to the doped photothermal dyes, the film
became inert to the humidity when exposed to light because
water evaporated from the film rather swelling the matrix, as
illustrated in Fig. 8e. Using the dual-responsive LCN actuators,
a humidity-responsive nocturnal flower that only bloomed in
the dark was achieved, as illustrated in Fig. 8f.

Besides their adaptivity to different triggering methods,
humidity-driven LC-based soft actuators can also be feasibly
functionalized to realize complex and on-demanded motions.

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (a) Schematic representation of the humidity- and photo-responsive deformation principle of azobenzene-crosslinked LCN films. (b) Dual-mode

actuator that controls two LED lights of different colors and its working mechanism. Reproduced with permission. Copyright 2017, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. (c) Illustrations of various actuation modes of a sandwich film of CNCs and oriented PA-6. (d) Humidity-driven bending
and twisting deformation of sandwich film of CNCs and oriented PA-6. Reproduced with permission. Copyright 2016, The Royal Society of Chemistry.
(e) Schematic illustration and (f) real images of stimuli-responsive blooming and closing of humidity and light-dual responsive artificial nocturnal flower.
Reproduced with permission. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) Blooming and closing of natural Confederate
Jasmine and petals. (h) Artificial fluorescent flower that imitates Confederate Jasmine and petals. Reproduced with permission. Copyright 2021,

Wiley-VCH GmbH.

Our group realized the first example of a humidity-driven LCN
actuator showing synergistic fluorescence changes by incorporat-
ing a hydrophilic hydrogel layer and hydrochromic aggregation-
induced emission (AIE) luminogens in an LCN matrix.”> With
changes in RH, the hydrophilic layer contracted or expanded,
actuating the deformation of the composite film. Meanwhile, the
fluorescence color reversibly changed simultaneously due to the
interaction of the AlEgens with water molecules. The mechanical
anisotropy provided by the LCN layer converted the simple
contraction and expansion of the hydrogel layer into complex
and programmable motions of the film. As shown in Fig. 8g and
h, the programmable humidity-responsive LCN actuator showing
synergistic fluorescence color change has potential to mimic
complex biological motions, such as synergistic blooming and
color changing of Confederate Jasmine and petals. More recently,
a novel reprogrammable humidity-driven LCN actuator was pre-
pared by introducing ionic crosslinks in an ordered LCN matrix.®
The hygroscopic carboxylic salty network could be locked by ions,
losing its water absorbing ability. In this case, the water swellable
regions could be arbitrarily controlled, resulting in diverse and
programmable deformation of the LCN film with a change in RH.

This journal is © The Royal Society of Chemistry 2023

More importantly, the ionic crosslinks are physical bonds that can
break by other treatments, enabling the reversible modification of
the LCN film and reprogrammable humidity-driven motions.
The performance of humidity-driven soft actuators is also
related to their fabrication process. CNC materials with a peri-
odic helical structure can be formed via evaporation-induced
self-assembly (EISA). By controlling the concentration of CNC
nanorods in solution, the helical pitch of the obtained CNC film
could be finely tuned. MacLachlan’s group prepared a humidity-
responsive bilayer structural colored film using a CNC layer as
the template.*® As illustrated in Fig. 9a, the reflection bands of
the two layers could be individually modulated by changing the
concentration of the CNC nanorods or doping salts in the
precursor solution. Consequently, a colorful film showing
humidity-directed 3D motions was obtained due to the mis-
match in the expansion between the two layers (Fig. 9b). At a
suitable concentration, the CNC nanorods aligned directionally
to form a nematic phase. By depositing the nematic CNC layer
on a soft and porous substrate with different water swelling
ability, Zhu and coworkers reported a humidity-driven actuator
with high response speed and high sensitivity. It was found that

Mater. Horiz., 2023, 10, 2824-2844 | 2833
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Fig. 9 (a) Synthesis of mesoporous chiral nematic bilayer PF resin films,
which includes EISA process of two CNC layers and etching by alkaline
solution. (b) Humidity-driven curling and uncurling of the bilayer PF film
with concomitant color change. Reproduced with permission. Copyright
2014, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Different
modes of actuations of nematic CNC-based bilayer film. (d) Humidity-
responsive mechanism of the nematic CNC-based bilayer film. (e) Collapse
process of true (top) and biomimetic device (bottom) of Mimosa pudica
leaf after touching. Reproduced with permission. Copyright 2018, the
American Chemical Society. (f) CLCN film and protonated CLCN film
prepared by direct ink writing in the dry and wet state. (g) Design principle
of structural colored actuator by direct ink writing. (h) Demonstration of
the heat and humidity-driven actuation of structural colored actuator by
direct ink writing. Scale bar: 10 mm.

the bending and twisting deformation of the film could be
realized by adjusting the tilt angle between the length of film
and director of CNC nanorods because the nematic CNC layer
provided mechanical anisotropy to the composite film (Fig. 9¢
and d).”* Due to the mechanical anisotropy provided by the
uniform-aligned CNC, diverse 3D motions could be triggered
only by moisture of the palm and fingers of a human, as
presented in Fig. 9e, enabling the CNC-based film to imitate
biological motions of natural plants such as leaves of Mimosa
pudica. 4D printing is an emerging technique to prepare stimuli-
responsive materials by the 3D printing method, which is

View Article Online
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considered a versatile strategy to fabricate functional soft matter
via the bottom-up approach.®”***® Debije and coworkers reported
the fabrication of a humidity-responsive CLCN actuator using the
4D technique via an “aza-Michael” addition reaction.®” The
structural colored actuator was prepared by directly writing CLC
oligomer inks on a plate, followed by warming the ink for a period
of time to allow the mesogens to self-organize into a helical
structure. The humidity-responsiveness was achieved by proto-
nating the pendant amine groups in the matrix of CLCN by acid
solution, as presented in Fig. 9f. Acidifying the whole CLCN film
caused the matrix, as well as the helical pitch, to reversibly
change, while acidifying only one side of the film endowed the
with film humidity-responsive actuation ability (Fig. 9g and h).
The material hosts, structure and actuation modes of LC-based
humidity-responsive soft actuators are summarized in Table 1.
The delicate material and structure design diversify the function-
alities and application prospects of humidity-driven LC actuators.

4.2 Sensors and detectors

Taking advantage of the self-organized helical superstructure
and hydrophilic property of CNC films or coatings, they can act
as humidity sensors or indicators without further modification.
Under different RH, the swelling ratio of CNC films is different,
driving the change in the helical pitch of CNC according to the
change in RH.**®° In this case, the environmental RH is
feasibly visualized by detecting the reflection band of the
CNC film. Especially, finely tuning the reflection band over the
visible wavelength range builds a relationship between structural
colors and RH. However, pure CNC materials exhibit a poor
mechanical performance and humidity-responsiveness.”* Thus, to
broaden the practical applications of CNC materials, several pio-
neering works have been reported to prepare high-performance
humidity-driven CNC materials by integrating functional elements
in the CNC matrix. For example, Wang’s team used glycerol as a
plasticizer and hygroscopic agent to improve the structural color
tunability and mechanical toughness of the CNC matrix.”> Conse-
quently, the iridescent color of the CNC film was totally modulable
based on the doping concentration of glycerol. Moreover, obvious
changes in the structural colors of the CNC film could be observed
by changing the RH due to the water absorbing hygroscopic
glycerol. An improvement in the mechanical properties and humid-
ity sensitivity of CNCs could also be realized by incorporating
hydrophilic polymer chains such as poly(ethylene glycol) (PEG),

Table 1 Representative soft actuators based on humidity-driven LC materials

Types Structure/component Actuation modes Preparation Ref.
LCN  Inhomogeneous alignment of hydrogen-bonded LC ~ Bend, curl Radical polymerization 64 and 65
LCN  Inhomogeneous structure of hydrogen-bonded LCN  Bend, curl, twist Radical polymerization 66 and 85

LCN  Inhomogeneous structure of amine-grafted LCN

Bend, curl, twist

Aza-Michael addition and radical polymerization 67 and 89

LCN  Bilayer of PA6 and LCN Bend, twist Radical polymerization 70 and 71
LCN  LCN with crosslink density gradient Bend, twist, curl Radical polymerization 68
LCN  Homogeneous azobenzene-doped LCN Bend Radical polymerization 83
LCN  Bilayer of hydrogel and LCN Bend, twist Radical polymerization 72
CNC  Sandwich structure of CNC layers and inner PA layer Bend, twist Evaporation-induced self-assembly 84
CNC  Bilayer of two CNC layers Bend Evaporation-induced self-assembly 42
CNC  Bilayer of CNC and porous polymer Bend, twist Evaporation-induced self-assembly 73
CNC  Bilayer of CNC and inverse opal structure Bend, twist Evaporation-induced self-assembly 74
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poly(acrylic acid) and poly(vinyl alcohol) (PVA).*”**°* Also, the
humidity-responsive structural changes of the composite CNC film
could be adjusted by the doping concentration, indicating the
potential to fabricate usable humidity sensors with designable
color changes. MacLachlan’s group prepared a mesoporous and
chiral nematic ordered phenol-formaldehyde (PF) resin film using
a CNC template. As schematically illustrated in Fig. 10a, the film
was obtained through the EISA process of CNC nanorods in PF
solution, followed by etching the CNCs using alkaline solution.
The flexibility and porosity of the polymer matrix made the film
sensitive to humidity by presenting structural color changes.”* As
shown in Fig. 10b, due to the distinct swelling properties of the PF
film in solvent, a visualized sensor was realized to detect the water
content in ethanol. To improve the cycling stability of CNC photo-
nic sensors, Lu and coworkers chemically linked polyacrylamide
with CNC nanorods by glutaraldehyde through the reaction
between the double aldehyde groups of the glutaraldehyde amino
groups of polyacrylamide and hydroxyl groups of CNCs.”” Due to
the humidity sensitivity of the polyacrylamide chains, the CNC
sensor was responsive to RH changes. As concluded in Fig. 10c, by
suitably adjusting the doping ratio of polyacrylamide, the reflection
band of the CNC film could change over 100 nm, and the
corresponding colors varied from green to red when the RH
changed from 11% to 97%, respectively. More importantly, the
humidity-responsiveness of the CNC film was highly stable, which
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Fig. 10 (a) Illustration of the preparation of mesoporous chiral nematic PF
resins. (b) Schematic representation of the swelling behavior of the
mesoporous PF film and its reflective colors in mixtures of water and
ethanol. Reproduced with permission. Copyright 2013, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. (c) Reflectance spectra of CNC/polyacry-
lamide composite films with different polyacrylamide contents. Cycling
tests of humidity-driven behavior of (d) CNC/polyacrylamide composites
film and (e) pure CNC film. Reproduced with permission. Copyright 2019,
the American Chemical Society. (f) Schematic illustration of preparation
and humidity and heat dual responsive CNC/poly(N-isopropylacrylamide)
composite film. Reproduced with permission. Copyright 2017, the American
Chemical Society.
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could operate for 10 times without fatigue (Fig. 10d and e). To
endow the humidity-driven CNC film with extra functionality, the
thermo-responsive poly(N-isopropylacrylamide) (PNIPAM) was inte-
grated in the CNC matrix and a humidity and heat dual responsive
CNC film was realized.”® The resulting CNC film not only presented
humidity-responsive structural color changes due to the reversible
changes of its helical pitch but was sensitive to the temperature due
to the hydrophilic transition of PNIPAM around the lower critical
solution temperature (LCST), as demonstrated in Fig. 10f. PNIPAM
could be swollen when the surrounding temperature was lower
than the LCST. By heating the material to a temperature above the
LCST, shrinkage of PNIPAM occurred, driving shortening of the
pitch of the CNC film, which endowed the dual-responsive CNC
film potential for sensing and detecting RH and temperature.
Humidity-responsive LC materials are promising candidates
for the fabrication of advanced sensors and detectors because
of their superior advantages including easy preparation, high
designability and programmability.””®® Saha and coworkers
reported the fabrication of a small-molar-weight CLC-based
humidity sensor by doping a hydrolytically labile chiral mole-
cule in the nematic LC E7.'°® After exposing the prepared CLC
coating to humid air, the reflective color of CLC changed from
blue to red within 5 min due to the decrease in the helical
twisting power (HTP) of the chiral molecules after hydrolyza-
tion. Different from the somewhat tedious EISA process
required for the preparation of most of CNC films, polymeric
LCN materials are suitable for diverse processing techniques
and have high potential in wide application fields, ranging
from humidity sensing to ion detection, gas detection and
steam sterilization indication."®*"** Broer and coworkers
reported the fabrication of a printable visualized humidity
sensor based on hygroscopic CLCN coatings, which was capable
of detecting RH within the range of 3% to 83%.* The carboxylic
salty CLCN film was subsequently utilized for the detection of
methanol and ethanol in a mixed solution.'"” As shown in
Fig. 11a, in a solvent mixture of methanol, ethanol and water,
the film presented reflective color changes when the ratio of
methanol and ethanol varied due to the different affinities of the
CLCN film with these two alcohol molecules. The affinity
difference in the salty network and alcohols resulted in a distinct
swelling ratio of the CLCN matrix when methanol or ethanol
penetrated it. Based on the neutralization reaction between
amine base and carboxylic acid, the same group prepared a
gaseous trimethylamine detector, which functioned based on the
synergistic effects of saltation of the hydrogen-bonded LCN and
water-swelling of the salty network. The reflection band, as well
as the reflective color of the CLCN detector changed when it was
exposed to gaseous amine base under high RH.'°® More recently,
our group prepared two acidic gas sensors based on an LCN
actuator and CLCN film, respectively. The mechanism of the
sensors was based on the reversible interaction between the LCN
matrix and water and irreversible reaction between carboxylic
salt with acid.’®” As shown in Fig. 11b, the LCN actuator showed
reversible bending and unbending motions according to the
changes in RH in the normal atmosphere. However, in an SO,
atmosphere, the film remained still even with changes in RH.
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(a) Reflection band changes of CLCN films as produced after breaking of the hydrogen bridges in alcohol solutions with different ethanol-

methanol ratios. Reproduced with permission. Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Humidity-responsiveness of LCN
film in normal atmosphere (top) and SO, atmosphere (bottom). (c) Schematic illustration and (d) real images of an artificial flower that mimics blooming
and withering of natural flowers. Reproduced with permission. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Changes in
(e) reflection center and (f) reflective color of humidity-responsive CLCN film in normal atmosphere and SO, atmosphere. Reproduced with permission.

Copyright 2022, the American Chemical Society.

The humidity and SO, gas dual-responsive LCN actuator was
prepared by alkalizing one side of a hydrogen-bonded LCN film,
enabling inhomogeneous expansion between both sides of the
film when the RH changed. When the film contacted SO, gas,
the carboxylic salty group would be acidified and converted to
non-hygroscopic carboxylic acid, terminating the humidity-
responsiveness of the film. Thus, the concentration of SO, in
the atmosphere could be estimated by the conversion time and
RH. Using the SO,-gated humidity-responsive LCN actuator, a
biomimetic sensor that could detect acidic gas was prepared, as
shown in Fig. 11c and d. The artificial flower bloomed and
closed according to RH reversibly. When it detected SO, gas, the
flower could not deform again, mimicking the wither of natural
flowers. The SO, detector was further optimized by using a
structural-colored CLCN matrix.'”® Consequently, the CLCN film
showed reflection color changes from blue to red when the RH
changed from 20% to 85%, while it became inert to humidity
and remained blue when treated by SO, gas, indicating a
visualized and power-free detector for acidic gas (Fig. 11e and f).

The design and synthesis of new building blocks by molecular
engineering and improvement of material processing techniques
have facilitated the advancement of humidity-driven LCN sensors.
One of the main limitations of CLCN materials is the requirement
of high-quality alignment techniques, seriously impeding their
large-scale production and simplification of their preparation.
BPLC possesses a 3D periodic nanostructure and reflective colors,
which can be obtained by self-assembly without external aligning
induction. Therefore, BPLC materials are considered promising
candidates for the development of functional photonic devices.
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However, due to the poor stability of the double-twisted cylinder
(DTC) structure, BPLCs are generally formed in a narrow tem-
perature range. Thus, to solve this challenge, Hu and coworkers
synthesized a series of fluorinated LC monomers that showed an
ultrawide BPLC temperature range.'%® By integrating a fluorinated
BPLC with carboxylic acid dimer LC, a humidity-driven BPLC
polymer was judiciously prepared.''® After alkalizing the BPLC,
the matrix became hygroscopic. As shown in Fig. 12a, the
reflective color of the BPLC was changeable from blue to red
due to the dynamic lattice periods resulting from reversible water
swelling, enabling the preparation of rewritable paper using water
as ink. Moreover, the reflection wavelength of the BPLC changed
over a wide range when the surrounding pH changed, indicating
its potential in the fabrication of recyclable pH detectors
(Fig. 12b). By incorporating a stretchable CLCN matrix with
water-swellable polymer, the applications of CLCN-based humid-
ity sensors can be extended to wearable devices. Shi et al. prepared
a visualized strain and humidity sensor by interpenetrating CLCN
and hygroscopic poly(ampholyte)."** As shown in Fig. 12c-e, the
optical sensor could be integrated with cloth and detected
motions in an easy-to-read way. Specifically, when it was directly
attached to human skin, both motions of the human body and
sweating of human skin could be detected by the obvious color
changes. Besides molecular design and material preparation, the
process technique is also important in the exploration of novel
humidity-driven devices. Florea and coworkers fabricated a
humidity-driven LCN micro-actuator using the direct laser writing
technique."'> As shown in Fig. 12f, the micrometer-scale LCN
actuator was prepared by direct laser writing of a CLC photonic

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (a) Schematic representation of mechanism of the humidity-responsiveness of a BPLC film and its reflective colors under different RH.
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photonic micro-actuators. (g) Micrographs of the micro flower upon exposure to breath (top) and after (bottom). Reproduced with permission. Copyright

2020, the American Chemical Society.

precursor, followed by alkalizing the actuator to make it hygro-
scopic. Consequently, the cholesteric actuator exhibited obvious
structural color changes from blue to orange when treated with
moisture (Fig. 12g). The color changing behavior was totally
reversible after water evaporation, indicating that the dynamic
changes of helical pitch could be realized even on the microscale.

Although reversibility and stability are important to evaluate
the potential of functional materials, irreversible responsiveness
is preferred in some application aspects such as monitoring
handling history and conditions of preparation and transporta-
tion of materials."™® Schenning’s group prepared a humidity-
responsive CLCP coating that could to evaluate steam steriliza-
tion by irreversible color changes."'* The crosslink-free CLCP
was prepared by polymerizing mono-acrylate hydrogen-bonded
monomers. When it was treated by steam at 120 °C for 20 min,
the hydrogen bonds cleaved and the polymer turned from the
ordered CLC state to isotropic state, causing the disappearance
of the reflective color. The color change in the CLCP coating was
irreversible due to the absence of a crosslinking network. This
indicates that the CLCP coating retained the colorless state after
cooling to room temperature. However, its color remained if the
steam temperature and treating time did not reach a critical
point. In this case, effective steam sterilization could be ensured

This journal is © The Royal Society of Chemistry 2023

by simply observing the disappearance of the color in the CLCP
detectors.

4.3 Other functional devices

Compared to freestanding materials, coatings are generally thin
layers attached to a substrate. For stimuli-responsive shape-
morphing coating, the confinement of the substrate limits the
in-plane deformation, leading to striking shape changes in coating
thickness.’">™""” Humidity-responsive CLCN coatings operate by
reversible swelling and shrinking due to water absorbing and
desorbing, accompanied with an alteration in the topography of
the coatings. Stumpel and coworkers investigated the thickness
changes in a humidity-responsive hydrogen-bonded CLCN
coating."'® Due to the thermochromic property of the hydrogen-
bonded CLC matrix, a patterned coating could be prepared via the
stepwise polymerization of different regions at distinct tempera-
tures. As shown in Fig. 13a and 14b, water swelling resulted in a
micrometer-scale thickness change in a specific region. Also, the
reflection color was totally related to the film thickness due to the
changes in the helical pitch. In this case, a water-responsive
colorful display was realized (Fig. 13c). Schenning’s group achieved
humidity-directed colorful paint using ions as physical
crosslinks.”® As shown in Fig. 13d, treating the film with different

Mater. Horiz., 2023, 10, 2824-2844 | 2837
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(a) Optical image of a patterned CLCN coating. The scale bar represents 3 mm. (b) Thickness of the coating under different RH and the

corresponding reflective colors. (c) Humidity-responsive color changeable “F"-patterned CLCN coating. Reproduced with permission. Copyright 2015,
The Royal Society of Chemistry. (d) Schematic of the preparation and working principle of the ion-crosslinked CLCN coating. (e) Changes of reflection
center of CLCN coating when immersed in solution with different concentrations of Ca®* ions. (f) Reflective color of CLCN coating when treated by
different concentrations of Ca®* ions. (g) Reversible appearance and disappearance of ion-crosslinked CLCN coating. Reproduced with permission.

Copyright 2018, the American Chemical Society.

concentrations of ions led to tunable humidity responsiveness.
The color-changing ability was adjustable due to the degree of
ionic crosslinking (Fig. 13e). By controlling the regional cross-
linking degree, words or pictures could be written on the CLCN
film. The information only appeared under high RH, while it
disappeared under low RH, indicating its potential applications in
smart decoration and information encryption, as shown in
Fig. 13f. Given that the humidity-driven color-change ability is
similar to that of some biological behaviors, Wang’s team
exploited creature-like camouflage devices using humidity-
responsive BPLC coatings.'" The coating presented green reflec-
tion color under low RH, while showed red color when the RH
increased. Acting as artificial skin, the color changing behaviors of
the natural longhorn beetle could be intimated. Also, a colori-
metric sensor for fruits was realized by simply attaching the
coating on a package, providing real-time testing of the freshness
of the fruits.

Although the visible color changing behaviors of CLCN and
CNCs have been widely researched and utilized in diverse
application fields, a single functionality is not sufficient to
satisfy the requirements of complex systems. Fluorescence
can only be observed by excitation from external light irradia-
tion, presenting potential in information encryption and anti-
counterfeiting. Recently, the incorporation of fluorescence in
humidity-driven LC systems has been considered as an intri-
guing and effective strategy for the fabrication of advanced

2838 | Mater. Horiz., 2023, 10, 2824-2844

humidity-driven LC materials. Interestingly, there are plenty of
interactions between chiral LC materials and fluorescence. For
example, chiral LCs including CNCs, CLC and CLCN have been
widely researched as a soft template to induce circularly polarized
luminescence.””® Deng’s team reported a humidity-responsive
fluorescent dansyl-grafted polymer co-assembled CNC film with
dynamic circularly polarized emissions."*" A change in RH caused
the film to show a structural color change in the full visible light
wavelength range due to the reversible swelling and shrinking of
the CNC matrix. The dynamic pitch changes led to the corres-
ponding wavelength variation in the CPL emissions. More
recently, our team prepared a new CLCN film showing visible
and fluorescent dual patterns controlled solely by humidity
changes.>® The CLCN coating was prepared by chemically bond-
ing hydrochromic fluorescent molecules in a humidity-responsive
CLCN film. By ionic locking, the CLCN matrix became non-
hygroscopic and water molecules could not penetrate in the
network, providing chances to construct arbitrary patterns in
the CLCN film by partially crosslinking the matrix. As presented
in Fig. 14a, the ionically crosslinked CLCN coating showed
uniform structural color and fluorescence under a normal atmo-
sphere. By wetting the film by human breath, both of a visible
pattern and fluorescent pattern appeared simultaneously
(Fig. 14b). However, only one set of information could be
written in the film using this method. Thus, to explore free-
standing materials that present distinct visible and fluorescence

This journal is © The Royal Society of Chemistry 2023
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information, very recently, a polymerizable hydrazone photo-
switch was designed and synthesized.'** By bonding a hydrazone
photo-switch in a humidity-driven CLCN film, two distinct sets of
information could be encrypted in a single film, which could be
read out in reflective mode and emissive mode, respectively. As
presented in Fig. 14c, a hydrochromic pattern and a distinct
fluorescent pattern could be integrated in a single CLCN film
without interference. Using this novel responsive film, informa-
tion encryption was realized, as shown in Fig. 14d. The film
exhibited a panda pattern in visible light. However, the encrypted
information as a number 8 could only be read using UV light.

5. Conclusion and outlook

Humidity-driven LC materials are a class of emerging functional
materials for the design and fabrication of harmlessly controlled
soft robots and humidity sensors. The development of advanced
humidity-responsive LC materials is meaningful for the explora-
tion of autonomous shape-shifting actuators that continuously
convert environmental RH changes into mechanical output given
that humidity changes are instantaneous. The programmable
molecular alignment and sensitivity of self-organized LC host
allow the adaptive functionality of humidity-driven LC actuators,
facilitating the construction of power-free smart robots and
intelligent systems. Moreover, these materials also present oppor-
tunities for the construction of usable sensors and detectors that
can sense the surrounding conditions such as humidity, tempera-
ture and other chemicals in a power-free way. The sensing and
detecting results are easily read out by performing visible color
changes, indicating the potential of these materials in industrial
applications. Compared to some conventional actuators and
sensors, which are only sensitive to harsh stimulations including
UV light, high temperature, metal ions and strong acid or base,
the harmlessness of moisture makes these emerging materials
highly desirable in biomedical applications, such as drug delivery,
wound healing and even tumor therapy.

This journal is © The Royal Society of Chemistry 2023

In this review, we provided a comprehensive summary of the
development and recent progress of humidity-driven LC materials.
To date, efforts have been devoted to exploiting high-performance
humidity-driven LC materials based on various mechanisms
including hydrogen bonding, electrostatic interaction, and hydro-
philic effect. To broaden the application prospects and complexify
functionalities of these intriguing materials, diverse fabrication
strategies have been developed, such as construction of inhomo-
geneous structures, bilayer strategies and IPN methods. The
humidity-driven LC materials have been proven to be effective in
application fields ranging from self-adaptive soft robots, visualized
sensors and detectors to dynamic surface and biomimetic devices.

However, based on the current status, most humidity-driven
LCP and CNC films operate only under high RH (higher than
50% RH) due to their poor water-absorbing ability under low
RH. Thus, improving the sensitivity of humidity-responsive LC
materials to RH changes especially under low RH is desirable for
the development of next-generation functional devices. Further-
more, integrating multiple functionalities into a single material to
mimic complicated creature-like behaviors is still in its infancy.
This obstacle should be overcome by systematic design from
molecular engineering to hierarchical construction because it is
rarely possible to add extra functions to existing humidity-driven
LC systems by simply physical mixing of distinct components or
moieties. Thirdly, the enhancement of the stability and robustness
of humidity-responsive LC devices is the next goal to facilitate their
real applications. To achieve this, exploring new material matrices
and optimizing the fabrication techniques are both required.
Finally, challenges are opportunities, and thus it is believed that
humidity-responsive LC materials have potential and can inspire
the fabrication of next-generation functional smart matter.
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