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Abstract


Creatures in nature make extensive use of structural color adaptive camouflage to survive. Cholesteric liquid crystals, with nanostructures similar to those of natural organisms, can be combined with actuators to produce bright structural colors in response to a wide range of stimuli. Structural colors modulated by nano-helical structures can continuously and selectively reflect specific wavelengths of light, breaking the limit of colors recognizable by the human eye. In this review, the current state of research on cholesteric liquid crystal photonic actuators and their technological applications is presented. First, the basic concepts of cholesteric liquid crystals and their nanostructural modulation are outlined. Then, the cholesteric liquid crystal photonic actuators responding to different stimuli (mechanical, thermal, electrical, light, humidity, magnetic, pneumatic) are presented. This review describes the practical applications of cholesteric liquid crystal photonic actuators and summarizes the prospects for the development of these advanced structures as well as the challenges and their promising applications.






Keywords:


cholesteric liquid crystal; soft actuator; structural color camouflage












1. Introduction


Camouflage plays a vital role in the survival and thriving of organisms in nature. Organisms frequently benefit from survival advantages by blending into their natural surroundings or mimicking dangerous species, leading natural enemies to make erroneous judgments [1,2,3]. Biological camouflage specifically refers to the capacity of organisms to alter their color and texture, allowing them to adapt their camouflage in various environments, thus enhancing their survival flexibility. Camouflage in nature can be categorized as morpho-mimetic and color-mimetic. Morphological mimicry entails imitating the shapes and textures of surrounding objects to blend the biological appearance with the environment. Color mimicry represents another significant form of camouflage, wherein organisms achieve a visual effect of blending with the surrounding background by adopting colors and patterns similar to those of their environment. These camouflage strategies are widespread, not only observed among reptiles and arthropods but also extensively developed in fish and cephalopods. Swiss researchers were the first to discover the mechanism of color change that produces structural color in chameleons [4]. The skin of chameleons comprises two layers of densely overlapping cells: the upper layer contains tightly packed guanine nanocrystals, while the lower layer consists of larger, disorganized guanine nanocrystals. By altering the arrangement structure of these nanocrystals, chameleons can change their color. Upon light passage, these cells selectively reflect short wavelengths of blue light. When chameleons are tense, they actively adjust the sparseness of the crystals, causing their arrangement to become looser and reflecting light of longer wavelengths. As the gaps increase, the color changes from blue to green, yellow, orange, and red. These structured light color changes, generated using nanostructures on the surface of living organisms, represent dynamic adaptive camouflage. Likewise, Phelsuma lizards [5], squid [6], neon fish [7], and the chameleon shawfish Hoplolatilus chlupatyi [8] can achieve camouflage using similar nanostructures. Inspired by these organisms [9], liquid-crystal-based structural color soft actuators combine the deformation characteristics of soft materials and artificial muscles with real-time dynamic broadband color changes in the visible light range. They meet the requirements of both morphology mimicry and color mimicry, pushing the color boundaries of flat visuals and offering significant application prospects in the field of camouflage. In this review, we present the current state of research on cholesteric liquid crystal photonic actuators (CLCPAs) and their technological applications. As shown in Figure 1, an overview of the classification, stimulus response, and potential applications of CLCPAs is presented. First, we outline the basic concepts of cholesteric liquid crystals and their nanostructural modulation. And we present the latest progress in cholesteric liquid crystal photonic actuators responsive to various stimuli, including mechanical, thermal, electrical, light, humidity, magnetic, and pneumatic influences. Additionally, this review discusses the practical applications of cholesteric liquid crystal photonic actuators, summarizes the prospects for developing these advanced structures, highlights the associated challenges, and explores their promising applications.




2. Basic Concepts


2.1. Cholesteric Liquid Crystals


Liquid crystals (LCs) constitute a distinct state of matter, exhibiting properties characteristic of both liquids and crystalline solids [14]. They possess anisotropic properties, wherein their physical characteristics vary depending on the direction of measurement. LCs can be classified into several types based on their molecular organization, including nematic, smectic, and cholesteric phases (Figure 2a). Cholesteric liquid crystals (CLCs), also known as chiral nematic liquid crystals, constitute a subclass of LCs distinguished by a helical molecular arrangement [15]. This helical structure imbues CLCs with unique optical properties, notably selective reflection of circularly polarized light (CPL). Depending on the pitch of the helix, CLCs can display vibrant structural colors that vary in response to external stimuli such as temperature, pressure, or electric fields.



In cholesteric liquid crystals, rod-like molecules arrange themselves into layers, and molecules in each layer are aligned parallel to one another in a specific direction and referred to as alignment directors. The molecules between two neighboring layers rotate at a certain angle, forming a periodic helical nanostructure. This rotation creates a spiral-like pattern along the axis of the helix. As this pattern repeats along the helical axis, it defines the pitch of CLCs, which represents the distance between layers in one complete cycle (alignment directors rotate 360°) of the helix (Figure 2b) [16]. The oblique helicoidal state of cholesterol refers to each layer’s director forming an angle with the helical axis, and this state can be modulated by electric, heat, magnetic, or light stimuli [17].



The pitch size ranges from tens of nanometers to a few micrometers. CLCs have single helical nanostructures that can be regarded as one-dimensional photonic crystals. When waves are incident on a periodic structure with the pitch, they are reflected from different planes within the structure. When the path difference between these reflected waves is an integer multiple of the wavelength, constructive interference occurs, resulting in strong reflected waves. This condition is described by Bragg’s Law [18,19]. Thus, if the wavelength of light aligns with the optical range of the pitch (pitch multiplied by the average refractive index), incident light on CLCs will be reflected, in accordance with Bragg’s law [20,21]:


  λ = n × p × cos θ  



(1)




where  λ  is the center wavelength of selective reflection,  n  is the average refractive index,  p  is the pitch of the helical photonic nanostructure, and  θ  is the angle of incidence.



At the normal incidence, the selective reflection bandwidth   B W   is given by   B W = (  n e  −  n o  ) p = ∆ n p  , where    n o    and    n e    represent the ordinary and extraordinary refractive indices, respectively [22].



The above equation describes the relationship between the reflected center wavelength and pitch in CLCs. Helical nanostructures are typically characterized by two parameters, namely helical pitch ( p ) and chirality [23]. As the orientation of the CLC helical structures does not overlap with its mirror image, it is inherently chiral. This nano-photonic structure can exhibit either left- or right-handedness, depending on the type of chiral agent. Therefore, a CLC cannot reflect more than 50% of normally incident unpolarized light. When the incident light beam is circularly polarized with opposite handedness to that of the CLC, it reflects 0% [24]. Utilizing a multilayer system or employing wash-out/refill techniques can surpass this limit, increasing the reflectance of unpolarized incident light to typically above 50%. The use of chiral liquid crystals with thermally induced inversion of helicity has also been demonstrated to achieve this [25]. By adjusting the type and mass ratio of the chiral agent, the pitch ( p ) as well as the chirality of the helical photonic structure can be adjusted, as given by the following equation [26]:


  p =  1  c × H T P   ,  



(2)




where  c  is the doping concentration of the chiral agent in the system, and helical twisting power (  H T P  ) describes the magnitude of the spinning ability of the chiral dopant for a particular liquid crystal receptor; however, if the same chiral agent is added to different liquid crystal receptors, its spinning ability varies. With an increase in the concentration of the chiral dopant, the spinning capability in the system increases, leading to a decrease in CLC pitch and a blue shift in the initial color.




2.2. CLC Structural Color Elastomers


	(a)

	
CLC structural color elastomers







Structural color elastomers are responsive materials composed of polymers that can be triggered by an external stimulus to undergo shape and structural color changes either simultaneously or sequentially. In contrast to CLCs in cartridges, cholesteric liquid crystal elastomers (CLCEs) formed through crosslinking are small, lightweight, and capable of responding to multiple stimuli. Depending on the applied mechanical force, these elastomers can dynamically change both shape and structural color. When the elastomers are stretched and their length elongates, their thickness decreases, leading to a decrease in pitch and a shift of the reflected light towards shorter wavelengths. Conversely, when we release the stretch and allow the elastomers to contract, the pitch increases, causing the reflected light to shift towards longer wavelengths until it returns to its initial color. This process can be described by the following equation:


  ∆ λ = n × p = n (  p 0  −  p 1  ) = n (  p 0  −  p 0     d 1     d 0    ) ,  



(3)




where   ∆ λ   is the shift of the selective reflection center wavelength,    p 0    is the initial pitch when the elastomers are not stretched,    p 1    is the changed pitch,    d 0    is the initial thickness, and    d 1    is the changed thickness. This equation essentially establishes a link between the selective reflection wavelength shift and the elastomer thickness change. This unique feature makes them highly adaptable for a wide range of applications where multifunctionality and responsiveness are desired.



CLC structural color elastomers stand at the forefront of material engineering, offering a blend of compactness and lightweight design that surpasses traditional boundaries. Within the elastic limits of an object, stress is directly proportional to strain, with their ratio defined as the Young’s modulus of the material. The magnitude of the Young’s modulus reflects the rigidity of the material; a higher Young’s modulus indicates lower susceptibility to deformation. Controlling the crosslinking density can alter the Young’s modulus of an elastomer, thereby facilitating pixelated control over its structural color. For CLC elastomers, the Young’s modulus can be expressed as follows [27,28]:


  E = −    σ t     ε t    =   F / A   ∆ L /  L 0    =   F / A   (  L 0  − L ) /  L 0    ,  



(4)




where  E  is the Young’s modulus of the soft actuator,    σ t    is the tensile stress,    ε t    is the tensile strain,  F  is the mechanical force stimuli,  A  is the cross-section area,   ∆ L   is the amount of change in length,    L 0    is the initial length, and   L   is the length after stretching.



To quantify the change in thickness during elastomer deformation, which subsequently influences the helical nanostructure, Poisson’s ratio was introduced. Poisson’s ratio is defined as the ratio of the absolute value of the transverse strain to the axial strain when the material is under tension. When subjected to one- or two-dimensional stretching in the plane, the strain in the thickness direction is related to Poisson’s ratio as follows:


  ν = −    ε d     ε t    =    d 0  −  d 1     d 0  ⋅  ε t    ,  



(5)




where ν is Poisson’s ratio, and    ε d    is the strain in the thickness direction. Combining Equations (3)–(5), the following relationship is obtained:


  ∆ λ = n ⋅ ∆ p = n ⋅  p 0  ⋅ ν ⋅  ε t  =   n ⋅  p 0  ⋅ ν ⋅  σ t   E  ,  



(6)







For structural color soft actuators, it indicates that the offset of the reflection center wavelength is inversely proportional to the Young’s modulus.



	(b)

	
CLC structural color fibers







CLC structural color fibers have been intensively developed for smart fabrics. For CLC structured color fibers, due to the special shape of the cylinder, the calculation is different from that for normal CLCEs. In the context of tensile strain calculations, it is essential to account for the three-dimensional structure of CLC structural color fibers due to their cylindrical shape, unlike the planar configuration of conventional CLCEs. The cylindrical shape of the fiber leads to complex deformations in three-dimensional space under tensile strain, significantly influencing its optical properties. Therefore, it is crucial to accurately incorporate the fiber’s three-dimensional geometry into the model and utilize appropriate mathematical methods to describe the relationship between deformation and optical properties. Taking into account the response of such fiber to mechanical force, we can obtain the following relationship [11,29]:


    ( 1 +  ε z  )   −  ν f    = ( 1 +  ε r  ) = ( 1 +   ∆ r    r 0    ) =  r   r 0    =  p   p 0    =   λ    λ 0    ,  



(7)




where    ν f    is Poisson’s ratio of the fiber,  r  denotes the radius of the fiber after stretching,    r 0    denotes the initial radius,    ε r    is the strain in the radial direction along the cylinder, and    ε z    is the strain in the axial direction  z . This equation explains that for CLCE cylindrical fibers, as stress is applied, at the macroscopic level, both normal and radial strains occur simultaneously, causing a reduction in fiber radius. At the microscopic level, the pitch of the nano-helical structure decreases, leading to a blue shift in the reflected structural color spectrum as the center wavelength moves towards shorter wavelengths. According to Equation (7), we can obtain


  λ =  λ 0    ( 1 +  ε z  )   −  ν f    ,  



(8)







The relative wavelength shift   ∆ λ   is defined as


      ∆ λ =    λ 0  − λ    λ 0    =    λ 0  ( 1 −   ( 1 +  ε z  )   −  ν f    )    λ 0    = 1 −   ( 1 +  ε z  )   −  ν f         



(9)







This shows that when CLC structural color fibers are subjected to stretching, their reflected color is related to the strain as well as the Poisson’s ratio. In the same material, we assume that Poisson’s ratio is constant, and then the greater the strain, the greater the wavelength shift of the reflection.



	(c)

	
Advantages of CLC structural color elastomers







Now we have covered the law of structural color change of CLCEs under deformation conditions. CLCEs enable the fabrication of structural color patterns with a wide range of customizable shapes at significantly lower costs compared to conventional LCDs. This innovative approach not only addresses the growing demands of modern technology for miniaturization and portability but also explores new opportunities for diverse applications across various sectors. These elastomers provide a transformative solution, revolutionizing industries from healthcare to consumer electronics and from microdevices to portable gadgets. CLCEs epitomize rapid response capabilities, swiftly reacting to external stimuli to effect changes in shape and color, particularly in the field of camouflage. These elastomers provide real-time adjustability and feedback mechanisms, ensuring seamless integration into dynamic environments and meeting the evolving demands of advanced photonic camouflage.




2.3. CLC Structural Color Actuators


The combination of CLC structural color elastomers with flexible actuators opens up a lot of possibilities for achieving vibrant and dynamic stimulus-responsive structural colors. Integrating one or more layers of flexible actuators with CLCEs facilitates the attainment of a broad spectrum of actuation modes and response patterns (stretching, compression, bending, twisting, depression, etc.) [30]. The integration of flexible actuators enhances the versatility and functionality of CLC structural color elastomers by enabling precise control over shape, deformation, and response to external stimuli. This combination presents unprecedented opportunities for the development of adaptive and responsive materials and devices. The CLC structural color actuator has a highly flexible backbone with both the optical properties of an LC material and the rubbery properties of an elastomer. The CLC structural color actuator consists of a crosslinked LC backbone with main or side chains, which has the ability to withstand large mechanical deformations. By editing the CLC system, shape memory [31,32] and self-healing [33,34] can be accomplished by utilizing dynamic covalent bonding and other reactions.



CLC structural color elastomers and flexible actuators are multilayered for multiple stimulus responses. The deformation of the actuator involves various types, thereby exhibiting complex color-changing behavior. For example, changes in temperature can induce alterations in molecular alignment, resulting in shifts in both shape and color [10,35]. Likewise, exposure to different wavelengths of light can trigger distinct structural color changes through isomerization or photothermal reactions [36,37]. Additionally, fluctuations in humidity levels can cause the actuators to swell or contract, resulting in corresponding modifications in their overall shape and optical properties [38,39]. The application of magnetic fields can exert directional forces on the magnetic particles doped in elastomers, further influencing their structural configuration and color appearance [39]. Their specific syntheses and applications will be described in more detail below. This remarkable adaptability to a variety of external stimuli underscores the great potential of CLC structural color elastomers for a wide spectrum of applications, including dynamic displays [40,41], adaptive camouflage [42], and responsive sensors and actuators [43].



CLC-based adaptive planar optics have become a focal point of research due to their ability to respond to various external stimuli, such as electric fields, magnetic fields, heat, light, and mechanical stress. These stimuli induce dynamic changes in LC structures, enabling active optical functionalities. Therefore, understanding recent progress in stimuli-responsive CLCs is crucial for elucidating the mechanisms behind the dynamic manipulation of LC structures and their implications for active optics. In the following sections, we will delve into the intricacies of dynamically adjustable cholesteric liquid crystal actuators, examining their design principles, fabrication techniques, and emerging applications in adaptive optics and beyond. Through this exploration, we aim to offer a comprehensive overview of advancements in CLC-based adaptive optics and their potentials in applications.





3. Dynamically Adjustable Cholesteric Liquid Crystal Structural Color Actuators


CLC-based adaptive planar optics have gained considerable attention for their responsiveness to external stimuli, including mechanical stress [44,45,46], heat [10,47,48,49], electric fields [50,51], light [52,53], and magnetic fields [39,54]. Dynamic manipulation of LC structures is crucial for advancing active optical applications and developing more sophisticated optical functionalities. In the following paragraphs, we will explore recent progress in stimuli-responsive CLCs and their applications in active optics.



3.1. Mechanical Response CLC Photonic Actuators (CLCPAs)


Mechanical response is the most direct and straightforward method for actuating cholesteric liquid crystal actuators, particularly in complex multilayer structures such as sandwich or Janus structures [55]. Mechanical force stimulation typically results in large displacements and significant deformations and facilitates system integration, allowing CLCPAs to achieve continuous, tunable, and wide-range reflection peaks in the visible spectrum. Freestanding mechanical response CLCPAs can be obtained by perfusing CLC precursors into glass tunnel templates after UV polymerization [56]. With increasing stretching strain, a blue shift in the photonic wavelength was observed, from 695 nm to 494 nm, indicating a shift towards shorter wavelengths (Figure 3a). To simplify the modulation of reflective structural color in response to mechanical force stimuli, variable pixel units can be obtained on the same elastic substrate by designing various Young’s moduli in advance. A series of elastic modulus values were achieved by adjusting the crosslinkers and thiol chain extenders to alter the concentration of excess acrylate, thereby modifying the crosslink density (Figure 3b) [57]. CLCPAs with heterogeneous elastic moduli were simultaneously positioned on the same stretchable substrate and stretched, resulting in simultaneous color separation from a single color to multiple colors. The multicolor separation capability of the stretchable CLCEs was investigated under one- and two-dimensional stretching, and further development of CLCPAs was pursued for device applications (Figure 3c). Pixelated CLCs on a stretchable commercial substrate exhibit varying structural colors attributed to their designed elastic moduli. Additionally, this structure can be combined with other stimuli actuators to achieve pixelated structural color responses to thermal, electrical, optical, and other stimuli.



Pixelated mechanical force-responsive CLCEs with real-time color change show great potential for development in next-generation displays. The preparation method for obtaining a flexible actuator with a uniform initial color over a large area is of practical importance. The “anisotropic deswelling” method, proposed by the Finkelmann group, was the first to achieve large areas of uniformly colored CLCEs [58]. This solution involved continuous centrifugation at elevated temperatures for 10 h. During the first half, the hydrosilation reaction occurred, followed by solvent evaporation in the second half. Although this method produced a visually significant improvement, and subsequent work reduced the centrifugation time to 5 to 8 h [59], the method was very cumbersome and needs further improvement. Rijeesh Kizhakidathazhath et al. presented a concise and refined method for fabricating large-area CLCEs with uniform coloration (Figure 4a) [60]. The method relied on a two-stage thiol-acrylate Michael addition and photopolymerization reaction to produce non-chiral nematic main-chain elastomers, transitioning to CLCEs through the introduction of the diacrylate chiral mesogen LC756. Additionally, this refinement allowed the process to proceed without centrifugation and at near-room temperature, while anisotropic deswelling was utilized to control helix orientation. The procedure entailed casting the CLC precursor solution onto a substrate, where it reacted to form a CLCE film exhibiting selective reflection color in the visible spectrum. When the film was stretched uniaxially or biaxially orthogonal to the helical axis, a notable blue shift occurred, promptly returning to the original state upon strain removal, even after prolonged strain application (Figure 4b). CLCs exhibited a distinction between left- and right-handed nano-helical axes, discernible by incorporating left- and right-handed polarizers into the optical path in the reflected state (Figure 4c). The nanostructure will reflect light that is identical to its chirality and transmit light that is opposite to its chirality. Leveraging this property, it becomes possible to manufacture one or more layers of optical filters with tunable selective reflection characteristics in terms of bandwidth and central wavelength.



In order to obtain self-healing in flexible materials, structures with specific functions were designed to be incorporated into polymer systems [61]. Common dynamic covalent bond exchange reactions of CLCPAs included transesterification [62], disulfide metathesis [63], diselenide metathesis [64], Diels–Alder reaction [65], and addition–fragmentation chain transfer [66]. As shown in Table 1, common dynamic covalent bond networks are summarized.



By integrating dynamic covalent boronic ester bonds into the main-chain CLCE polymer network, a CLCE material with shape-programmable and self-healable properties was successfully designed and synthesized [71]. Also based on anisotropic deswelling, shape-programmable CLCEs were achieved utilizing the thermo-activated boronic ester B-O bond exchange [78]. This reaction not only fixed the helicoidal orientation of mechanically aligned CLCEs but also facilitated the programming of their arbitrary colors and 3D shapes. Specifically, the research unveiled remarkable dynamic mechanochromic behaviors exhibited by CLCE films at room temperature. For example, during mechanical stretching, the red-reflecting CLCE film underwent a continuous color transition from red to blue, and the entire process was fully reversible, with no discernible delay observed between mechanical relaxation and color recovery (Figure 5a). Illustrated in Figure 5c, a red-reflecting CLCE film, when cut into two pieces, could be rejoined by applying a few drops of water across the damaged interface. Remarkably, the self-repaired sample demonstrated the ability to withstand a weight of 50 g, which was approximately 1000 times the weight of the film itself. Leveraging the self-healing properties of CLCEs, additional showcases featuring cartoon man and windmill patterns with various reflection colors were investigated (Figure 5b). When the actuators were subjected to cyclic heating and cooling between 100 °C and 25 °C, they demonstrated the capability not only to change colors but also to undergo reversible transformations between 3D shapes and 1D CLCE films (Figure 5d).



Shape programming and color change control of CLCPAs could also be achieved using covalent adaptable networks [79]. Alina M. Martinez et al. employed radical-mediated addition-fragmentation chain transfer (AFT) reactions to enable the permanent programming or erasure of thermoreversible shape and color by relieving stress within the strained network through reversible bond exchange [43]. During the actuator preparation stage, the synthesis of LC diacrylate oligomers was achieved through a thiol–Michael addition reaction, introducing AFT chemistry into the main network (Figure 6a). The CLCPA was designed with the latent capability for bond exchange with light-activated AFT, enabling network reconfiguration according to the spatiotemporal control provided by light activation.



Chain-transferred CLCPAs have demonstrated a broad spectrum of applications, including beetle bionics [81] and the development of brightly colored paints [82]. To enhance the actuation properties of CLCs, composite structural materials with multiple layers of elastomers are often required. Lifan Lu et al. presented a straightforward method for preparing CLCE films by incorporating a chain-transfer agent [80]. When sandwiched between two thermoplastic polyurethane (TPU) films, the resulting TPU/CLCE/TPU sandwich films exhibited mechanochromic behaviors (Figure 6b). This approach capitalized on the property of the chain-transfer agent, which effectively reduces the molecular weights and crosslinking degrees of polymers in the composite structure. These films held promise for applications in information storage and display in wearable devices. Figure 6c demonstrates a visually recognizable knuckle flexion detector utilizing a CLCPA with a sandwich structure.



Multilayer structures play a crucial role in biomimetics, especially in emulating the complex structures found in biological organisms. This characteristic mirrors the regulatory abilities of biological organisms and their responsiveness to their environment, serving as a model for designing adaptive optical materials [83]. Using metal–organic framework (MOF)-based composite films as rigid actuation substrates enabled the support and mechanical guidance of spatial configurations for flexible CLCE sheets [84]. The components mainly consisted of two layers: the CLC sheet and the MOF-based actuation substrate (Figure 7a). Direct structural color programming of the CLCE sheet was facilitated by adjusting the thickness distribution, thus eliminating the need for cumbersome chemical modifications. Figure 7b depicts a red CLCPA photo along with a POM image. The deformation of the released flowers caused a shift in the CLCPA selective reflectance spectra, as depicted in Figure 7c.



A CLC fibroid is a type of raw material for smart textiles with intelligent responsive characteristics, enabling color changes or transparency adjustments based on external conditions [85]. Embedding CLCPAs into textiles enables smart temperature regulation to be achieved [86]. As the environmental temperature rises, alterations in the arrangement of liquid crystal molecules result in shifts in the fabric’s color or adjustments in transparency. CLC fibroids can also find applications in the field of intelligent health monitoring. By monitoring the wearer’s physiological parameters, such as biomolecule analysis [87], humidity [88], sweat [89], and pressure [90], smart textiles can dynamically adjust color or transparency, providing timely health alerts and monitoring functions. Additionally, liquid crystal smart textiles offer environmental benefits and energy savings by reducing energy consumption and waste generation, aligning with the concept of sustainable development.



Recently, mechanochromic CLCE fibers were successfully fabricated using an innovative method [11]. An extruded oligomeric CLCE precursor solution was deposited onto a rotating mandrel and subsequently subjected to photo-crosslinking after annealing to form CLCE fibers (Figure 8a,b). However, this approach had inherent limitations: the fiber cross-section generated by the production method is strip-shaped rather than cylindrical. The subtle balance of the process occurring before crosslinking makes it sensitive to any deviation from the optimal processing parameters. Consequently, expanding core-based processes to meet industrial output expectations is challenging. To address these constraints, a novel strategy was devised wherein the CLCE fiber synthesis took place within the core of a low-density polyethylene tube, which could be readily dissolved after post-process completion [29]. This method not only facilitated the templating of cylindrical shapes and mitigated breakage due to capillary forces but also ensured confinement within the tube, thus promoting tangential alignment along the tube wall. This confinement promoted tangential alignment along the tube wall, enforcing the desired radial alignment as the cholesteric structure of the precursor liquid crystal developed within the fiber (Figure 8c).




3.2. Thermal Response CLC Photonic Actuators


Thermal response CLC actuators are intelligent material devices capable of changing their shape in response to heat stimuli [91]. These devices utilize CLCs as the base material, and they exhibit characteristics of shape change with temperature variation, making them suitable for precision control in mechanical devices at the nanoscale. Thermal stimulus-responsive CLC actuators find wide applications in the field of non-contact control. Controlling the temperature allows the precise adjustment of the helical structure of CLCs, enabling nanoscale control of structural color and morphology.



Cellulose is now an emerging chiral liquid crystal spiking material that self-assembles nematic liquid crystals into cholesteric liquid crystals [92]. Cellulose nanocrystals play the role of a rigid backbone and have the same optical property of birefringence as liquid crystals. By incorporating cellulose nanocrystals into liquid crystal systems, CLCs with bright structural colors can be obtained after complete evaporation of the solvent [93]. It has been shown that cellulose nanocrystals exhibit left-handedness, selectively reflecting left-handed CPL and transmitting right-handed CPL [94], and that the resulting color can be altered by the addition of glucose [95] or sodium chloride [96] or by applying an electric [97] or magnetic field [98] to a suspension of cellulose nanocrystals to induce a change in pitch value. Xiaoxiang Wen et al. presented a methodological advancement in the fabrication of a thermochromic and circularly polarized cholesteric phase cellulose composite (CPCC) [99]. Drawing inspiration from the color-shifting and polarizing attributes observed in beetles, the CPCC is synthesized by combining hydroxypropyl cellulose with a cholesteric liquid crystal structure and a crosslinked PNIPAM network. Importantly, the density of crosslinking affects the thermochromic response, which can be finely adjusted by modulating the UV exposure duration during PNIPAM synthesis. As the temperature rises, the CPCC exhibits a red shift in color, indicating an expansion in the pitch of the CLC structure. As anticipated, when the temperature increases, the pitch increases, which causes a red shift in the reflected colors, as depicted in Figure 9a. With the increase in temperature, the color of CPCC experiences a redshift, indicating an expansion in the pitch of the CLC structure in response to the rising temperature (Figure 9b).



Recently, CLCs featuring intra-mesogenic supramolecular bonds were synthesized to enhance tunability and accelerate the response rate three-fold [101]. These materials incorporate LC monomers derived from dimerized oxy-benzoic acid (OBA) derivatives. Increasing the concentration of OBA comonomers amplifies the red-shifting thermochromism of selective reflection in the CLCPAs. Beyond a critical concentration threshold, selective reflection in the CLCPAs can be extinguished upon heating, akin to an on-off “switching” behavior. At room temperature, intact OBA groups dimerize via hydrogen bonding, forming a liquid crystalline diacrylate, resembling conventional LC monomers. High concentrations of 6-OBA lead to cleavage, reducing birefringence and enabling reversible clearing of selective reflection. The shape memory properties enabled by hydrogen bonding mesogens preserve deformed helical architectures, amplifying the thermochromic response.



Thermally responsive CLCPAs can be precisely controlled by Joule heat for deformation and structural color adaptive camouflage. Hyeonseok Kim et al. introduced a chameleon-inspired robot designed to actively sense its surroundings and dynamically adjust its surface coloration to seamlessly blend with the environment, achieving an advanced level of artificial camouflage [100] (Figure 9c). The robot integrates color adaptation through a closed-loop feedback system comprising a color sensor, a power controller based on proportional–integral–derivative (PID) control, and an artificial chameleon skin. The skin serves as an active color-displaying component, comprising a multilayer flexible film with patterned Ag nanowire heaters, black absorption ink, and thermochromic LC ink. The LC ink used is a commercially available cholesteric liquid crystal, which remains transparent at temperatures below 20 °C. Thus, in its native state, the CLCPA exclusively displays the inherent color of the black ink. Precise and independent temperature control can be achieved over each heater by individually connecting the input nodes of different heater layers to external electrodes, allowing distinct patterns to be transferred onto the CLC layer. As a result, diverse colors can be manifested in various patterns within the CLCPA.



A demonstration highlighted the control over the color and shape reconfiguration of an AFT-capable CLCPA, showcasing spatiotemporal control over the material’s programmability and resulting in intricate patterns within the CLCPA [43]. Using a photomask with striped patterns of varying line spacings, the CLCPA was selectively patterned to create lines seemingly shifted towards blue. Upon heating, the patterned regions experienced a red shift; however, due to incomplete reversal, the lines appeared yellow/green in contrast to the red unpatterned regions (Figure 10a). Likewise, a chameleon skin display was created by patterning the CLCE with a uniquely shaped photomask to mimic the pattern of a chameleon’s skin. In the “relaxed” state, the pattern appeared blue and yellow, resembling the coloration of a chameleon’s skin. However, upon heating the material to its isotropic phase, it displayed green and red hues, akin to the coloration of a chameleon’s “excited” state (Figure 10b). Apart from being responsive to solvents, the reduced crosslink density imparted adequate flexibility to the coating, enabling it to undergo reversible color changes upon reaching the temperature for the cholesteric to isotropic phase transition [102]. This phenomenon was evidenced by the disappearance and subsequent reappearance of color upon exposure to elevated temperatures (Figure 10c).



To achieve significant shifts in the reflection band within a narrow temperature range, one strategy involves capitalizing on the transition from smectic A to cholesteric phases. This transition induces a remarkable and reversible unwinding of the helix, often termed the “pre-transitional effect” [103]. CLCPAs responsive to temperature changes based on this principle were synthesized [104,105,106,107]. A cholesteric liquid crystal exhibiting a temperature-dependent phase transition from smectic to cholesteric was synthesized [10]. Blade coating enabled the planar alignment of the cholesteric phase. When it is stabilized with a 3 wt.% crosslinked LC network, the photonic coating exhibits a color shift from red to blue when heated. The coating maintains high transparency, and the structural color alterations are fully reversible. At ambient temperature, the coating displays a subdued red hue due to decreased red reflection (partially in the infrared range) and slight scattering effects (Figure 10d). Upon heating, the coating undergoes a progressive thermochromic transition, shifting from 700 nm at room temperature (22 °C) to 480 nm (greenish-blue) at 53 °C, displaying a spectrum of colors in between.



The coloration of 3D-printed biomimetic structures can be adjusted by modulating the helical pitch through variations in chiral dopant concentration or temperature. When heated to the isotropic phase, the oblate liquid crystal droplets, previously opaque and colored, transition to transparency and lose color in the biomimetic systems. At the same time, the isotropic liquid crystal droplets tend to assume a spherical shape, leading to volume contraction within the film plane and expansion perpendicular to it. This internal strain, combined with the gradient distribution of the oblate isotropic liquid crystal droplets, causes corresponding changes in shape (Figure 11a).



Inspired by the adaptive camouflage mechanisms observed in octopuses, CLC droplets were dispersed in a polymer solution and subsequently 3D-printed to create biomimetic structures [42]. During water evaporation, spherical CLC droplets changed into oblate shapes, selectively reflecting light through Bragg reflection in the central region. Similar to the pigment cells in octopuses, these oblate CLC droplets displayed structural coloration, modifiable by adjusting the chiral dopant concentration or temperature. Transitioning from oblate CLC droplets to oblate isotropic liquid crystal droplets causes changes in molecular alignment and droplet morphology, leading to simultaneous alterations in coloration and shape deformation (Figure 11b). Utilizing the unique characteristics of oblate CLC droplets, a variety of bioinspired stimuli-responsive systems have been developed, including intelligent logos and anti-counterfeit barcodes. Moreover, diverse biomimetic functionalities have been achieved, such as mimicking the camouflage of an octopus and the blooming of a flower. When oblate liquid crystal droplets were heated from the smectic phase, the gradual development of helical structures ensued, resulting in a reduction in helical pitch. This led to a blue shift in color, transitioning from red to blue, as depicted in Figure 11c.



Low-molecular-weight CLCs can be encapsulated within a polymer matrix, leading to the formation of polymer-dispersed CLC systems [49]. These systems display reflective color shifts in response to temperature changes, which are attributed to the thermotropic nature of CLCs leading to variations in pitch length. Thermal response CLC droplets can be heated using a heater. The heater comprises a thin electrically conductive layer that efficiently generates rapid, controlled Joule heating by applying an electric current or potential to the surface area [108]. Arne A. F. Froyen et al. introduced multifunctional structural-colored electronic skins developed using scalable solution-processed methods, providing simultaneous monitoring of skin temperature and body motion through optical and electrical responses, respectively [109]. These multimodal photonic wearables integrated a temperature-responsive, freestanding photonic film with a thin, flexible conductive layer. The electrical output was established using silver nanowire (AgNW)-based ink, while photonic emulsions were employed to fabricate the freestanding structural-colored film (Figure 12a). Gradual heating of the photonic wearable induced a blue shift across the entire visible spectrum within a narrow temperature range, surpassing the smectic–cholesteric phase transition point of the thermosensitive CLC mixture. Notably, distinct colors were discernible for every 1 °C change in temperature, enabling these photonic wearables to detect subtle variations in body temperature through optical feedback.



Bending and color changes responsive to near-infrared light can be achieved through the utilization of a bilayer hydrogel comprising an inverse opal scaffold or a cellulose nanocrystal/polyurethane bilayer [111]. Pei Zhang et al. have successfully developed a pigmented structural color actuator utilizing CLCEs, demonstrating a lower actuation temperature and tunable responses to both temperature and near-infrared light for both actuation and coloration [110]. At 22 °C, the resulting CLCE film appeared green (Figure 12c), due to the combined effect of reflection by the cholesteric structure and light absorption by the embedded dye. To differentiate between the temperature-responsive reflection and absorption contributions, they fabricated a CLCEs film devoid of the near-infrared dye and a liquid crystal elastomer film lacking cholesteric order. At 22 °C, the resulting film exhibited a greenish-blue color due to reflection, appearing brighter compared to pigmented CLCEs. Upon heating to higher temperatures, the color shifts to red, a reversible process upon cooling (Figure 12b).




3.3. Electrical Response CLC Photonic Actuators


Electro-stimulated CLC actuators constitute a novel category of smart material devices capable of responding to external electric fields or electrical signal-driven devices, inducing shape or color changes. These actuators offer advantages such as rapid response, exact controllability, and low power consumption [112]. The electrical response CLC photonic actuator holds significant application prospects across fields such as information display and optical communication, thereby fostering new opportunities for the advancement of optoelectronic devices [113,114,115].



Electrically controlled liquid crystals serve as a transformative force in modern technology, reshaping various fields with their dynamic capabilities, particularly in displays and optical devices. In conventional liquid crystal displays (LCDs), electric fields are utilized to alter the orientation of liquid crystal molecules, thereby modulating the passage of light and generating high-resolution, high-contrast images [116]. Liquid crystal display devices utilizing electric field modulation have mature supporting systems, whereas CLC real-time structured color display devices do not rely on artificial light sources and can be employed in soft, low-power displays. Under the influence of an electric field, CLCs can not only undergo structural color changes but also adjust their transparency. In the fingerprint texture, the helical axis of the liquid crystals aligns parallel to the substrate, preventing selective reflection of incident light wavelengths and rendering the device transparent. In the homeotropic texture, liquid crystal molecules align in a directional order perpendicular to the substrate, facilitating transitions to other textures and rendering the CLC device transparent. Conversely, in the focal conic texture, the random distribution of CLC helical axes scatters incident light, resulting in non-transparency of the device. Bistable or multistable liquid crystal devices can be formed by utilizing electrically driven CLCs to transition between the aforementioned textures [50,117]. Their energy consumption is low, and they can be controlled within milliseconds. Alexey Bobrovsky et al. investigated the effects of electric fields and ultraviolet light on photochromic liquid crystal mixtures, analyzing their impact on the structure and performance of composite materials [13]. When subjected to an electric field, liquid crystal molecules aligned along the field direction, causing deformation of the helical structure [22,118]. Conversely, ultraviolet light induced the isomerization of azobenzene-containing molecules in a photochromic mixture (Figure 13a). These changes were reversible, with the initial state being restored upon deactivation of the electric field or exposure to visible light. The study also observed that the degree of polymer network swelling in a photochromic liquid crystal mixture is relatively low. Polarizing optical microscopy revealed the coexistence of planar oily streaks and marbled nematic textures, as shown in Figure 13b. After electric field-induced network swelling, the selective reflection band of the composite becomes switchable with high-frequency electric field application. Additionally, the electric field induced a shift of the center of the selective reflection peak to the shorter wavelength range, resulting in a change in color from red to green. This shift significantly affects only the long-wavelength shoulder of the selective reflection band, reducing the bandwidth approximately three-fold.



Synthesizing bent-shape flexible dimer molecules led to the experimental realization of a new cholesteric state characterized by an oblique helicoidal CLC structure, known as OHCLCs [119]. When a material is subjected to an electric or magnetic field, and its axis is parallel to the magnetic field [120], an OHCLC state is formed. The primary advantage of OHCLCs is that the pitch changes in response to the field, yet the single harmonic helical structure remains intact (Figure 14a). Without an electric field, the spiral directors rotate vertically with a specific pitch. When an electric field is applied, the spiral directors form an inclination angle. As the applied electric field decreases, both the pitch and the inclination angle of the helix increase [17]. In 1968, P.G. de Gennes [121] and R B. Meyer [122] predicted the unique response of CLCs to an external field, where the molecules rearrange from perpendicular to the helical axis θ = π/2 to a certain angle θ < π/2. A unique oblique helical CLC structure is formed by birefringent liquid crystals under the influence of an electric or magnetic field. This field modifies the pitch and cone angle of OHCLCs without altering the single harmonic modulation of the pointing vector. As a result, OHCLCs demonstrate remarkable effects, including electrically or magnetically tunable structural colors and lasers. The tunable range is extensive, allowing a single cell to shift its selective reflection wavelength from ultraviolet to visible light and further into the infrared spectrum.
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Figure 14. Oblique helicoidal cholesteric liquid crystals and electrically tunable structural colors. (a) Comparison diagram between CLC spiral nanostructures and oblique helicoidal CLC nanostructures [123]. (b) OHCLCs selectively shift their reflection wavelength towards a longer wavelength range under a reduced electric field [123]. (c) Electric field controlled selective reflection of light in DCM-doped CLC mixture, photos under ambient light conditions and corresponding polarized optical microscopy photos of DCM sample pool [124]. 
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Olena S. Iadlovska et al. demonstrated that the wavelength and bandwidth of selective light reflection on a tilted helical surface in OHCLCs can be controlled by surface alignment. When the alignment was vertical, the wavelength of Bragg reflection shifted to blue, and when it was planar, the wavelength shifted to red [125]. Mateusz Mrukiewicz et al. reported that by simultaneously irradiating the structure with ultraviolet light and applying an electric field, the structure color can be adjusted [126]. With newly designed rod-shaped, chiral, and curved azo photosensitive materials, doping cholesterols with oblique helical structures is characterized by a very low thermal back cis–trans isomerization rate. Under ultraviolet light, the cis–trans isomerization of photoactive compounds leads to a red shift in selective light reflection in cholesterol mixtures. Vitalli Chornous et al. induced helical distortion of the mixture of CB7CB/CB6OCB using the novel photosensitive chiral dopant ChD-3816 (an azo compound containing 4-hexyloxyphenyl and 2-isopropyl-5-methylcyclohexylbenzoate), and they added 5CB to reduce the phase transition temperature of the oblique helicoidal state of a twist–bend nematic doped with a chiral azo-compound [123]. Through experiments, they found that the CLC mixture can form OHCLCs under an AC electric field at temperatures higher than the phase transition. Molecules were observed to twist around the helical axis at a certain tilt angle, distinct from traditional CLCs. When subjected to an external electric field surpassing the threshold, the tilted helical structure transforms towards a vertically arranged helical structure. The dynamics of the transmission spectrum of OHCLCs as the applied electric field decreases are depicted in Figure 14b.



Jie Xiang et al. prepared a sample as a cell with an OHCLC plate with a thickness of 50 μm, which was confined between two glass plates with a transparent electrode coating [124]. Above a critical threshold, a strong electric field with an amplitude of ~2.0 V/µm unfolds the OHCLC into a uniform vertical texture, aligning its direction vector parallel to the electric field. This state appears dark between the cross polarizers. It does not have a photonic bandgap for laser emission. In a smaller field, the directional vector twists into an OHCLC structure, exhibiting selective reflection of light. This structure is electrically tunable across the near-UV to visible to near-IR range (Figure 14c).



In fact, the nanostructure tuning of OHCLCs is also related to the frequency of the applied electric field. Binghui Liu et al. established a frequency-driven helical soft structure, which is significantly different from common frequency-responsive soft materials [127]. Achieving reversible modulation of the photonic bandgap over a wide spectral range, they coupled frequency-dependent thermal effects, field-induced dielectric torque, and elastic equilibrium (Figure 15a). It is worth noting that continuously increasing the frequency while maintaining the electric field strength causes a significant redshift in the reflection band, exceeding 300 nm. This shift almost spans the entire visible light band, converging at the center wavelength of 760 nm, at a frequency of 116.0 kHz (Figure 15b).



When current passes through the pre-designed resistive circuit, Joule heat is generated and radiated to the ambient environment, thereby driving the thermally responsive CLCPAs. Su Seok Choi et al. introduced an electrically tunable color filter utilizing a heterogeneous CLC structure. This innovation enabled the tuning of transmitted light across different colors (red, green, and blue) with voltages as low as 1.2 V [12]. Furthermore, analog pixel binning with a heterogeneous CLC color filter was investigated. Actual operational images of the fabricated voltage-induced CLC color filter devices, featuring the letter ‘P’ on the back sides of the devices, are depicted in Figure 16a. Each device could switch between red, green, and blue colors within the visible spectrum based on the applied voltage. In the actual operational images of the binning operation (Figure 16b), all color filters, initially displaying different colors, were adjusted to transmit red light based on changes in the applied voltage. Notably, devices placed at the top-right and bottom-left corners could simultaneously switch colors from green or blue to red based on the applied voltage.



An alternative method for electrically controlling the structural color change involves utilizing motors or signals to drive elastomers or actuators, inducing overall or regional deformation of a CLCPA. By precisely controlling the magnitude and direction of electric fields, researchers can fine-tune the helical structure of CLCs, thereby altering the wavelength of reflected light and producing vivid color changes [128]. Investigations were conducted on the optical characteristics of stretchable cholesteric liquid crystal elastomers (CLCEs) under out-of-plane stretching using a circular pop-up pillar, as illustrated in Figure 16c. The potential applications of stretchable CLCEs in conveying meaningful information were explored. This demonstrated successful control over the display of informative letters “LC” through the manipulation of equivalent out-of-plane stretching modes, as depicted in Figure 16d. This achievement was made possible by inducing a color change in the CLCEs from red to green during the out-of-plane stretching process.



A dielectric elastomer actuator (DEA) comprises an elastomer layer sandwiched between two flexible electrodes. The elastomer deforms in response to an applied voltage due to Maxwell stress induced by an electric field [129]. DEAs, as emerging next-generation flexible actuators, have demonstrated applications in micro-robotics [130,131], wearable haptic devices [132,133], and vibration isolation devices [134,135]. Controlling the vibration frequency and amplitude of a DEA enables directional control of the structural color pixel points of a CLCPA [56,57]. Figure 16h illustrates a multilayer drive structure for commercial elastomers/DEAs/CLCPAs, where the structure color was dynamically changed by applying AC power to the motor. Throughout a vibration cycle, the CLC displayed a reversible continuum of selective reflections shifting from red to blue (Figure 16g). Simple electrical tuning involved integrating CLCPAs with different elastic moduli onto the same commercially available elastomer substrate to create chunked display pixel blocks, as depicted in Figure 16e,f.



Yuanyuan Shang et al. investigated the utilization of non-polymerized CLCs, blended with the main liquid crystal E7, axially chiral azobenzene-based molecules (ACAMP), and S-type chiral dopants (S5011), for generating photonic patterns with multimode memory effects [136]. The spatial photonic patterns were created by combining a PVA alignment layer with the photoisomerization of ACAMP. The patterns could be gradually erased by applying an electric field or raising the temperature to the isotropic state. Upon cooling or removing the electric field, the erased patterns reappeared with a vague hue. The electric memory mode was demonstrated through reversible electrical erasure, transitioning the molecular alignment from an orderly oriented planar state to a randomly aligned scattering focal conic state. Upon the removal of the electric field, the pattern retained a slight green hue due to the molecular transition from the randomly aligned scattering focal conic state to an imperfect planar texture (Figure 17b). Additionally, a pattern was generated by exposing the LC cell to 365 nm light, inducing reversible trans–cis photoisomerization of ACAMP, which altered the helical twisting power value and resulted in a red shift in the reflective stopband (Figure 17c). Reversal from cis–cis to trans–cis and trans–trans states could be achieved through visible light irradiation at different wavelengths, which produced distinct photostationary states (PSSs) and enabled wide photonic bandgap tuning of the CLCs.
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Figure 16. Electrical response CLC photonic actuator. (a) Actual operation images of the device [12]. (b) Pixel binning of the tunable color filter using heterogeneously structured CLCs [12]. (c,d) Electrically driven sensing/recognition/driven smart electronic skin system [137]. By (i) changing the height of the CLCE and (ii) lowering the substrate, (iii) changing the letters on the pop-up column of the substrate, (iv) when the changed substrate is raised again, and (v) reducing the height of the CLCE, different letters can be displayed. (e–h) CLCPA color changer driven on dielectric elastomers and chunked drive with multiple elastic moduli [56]. 






Figure 16. Electrical response CLC photonic actuator. (a) Actual operation images of the device [12]. (b) Pixel binning of the tunable color filter using heterogeneously structured CLCs [12]. (c,d) Electrically driven sensing/recognition/driven smart electronic skin system [137]. By (i) changing the height of the CLCE and (ii) lowering the substrate, (iii) changing the letters on the pop-up column of the substrate, (iv) when the changed substrate is raised again, and (v) reducing the height of the CLCE, different letters can be displayed. (e–h) CLCPA color changer driven on dielectric elastomers and chunked drive with multiple elastic moduli [56].



[image: Micromachines 15 00808 g016]





Masters of disguise in nature rely not only on special skin structures that mimic anthropomorphic color changes but also on strong environmental perception, decision-making, and cognitive abilities. This coordination is reflected in artificial systems through sensor–processor–actuator integration. Weitian Zhang et al. aimed to develop a new intelligent material that mimics the color adaptation mechanism observed in chameleons [138]. The material comprised a photonic crystal film, liquid crystal elastomer, and carbon nanotube coatings, enabling various functionalities such as structural coloration, deformation, and sensing. When subjected to low voltage, the intelligent material underwent deformation, enabling the switching between red and blue hues (Figure 17a). The carbon nanotube coatings detected the deformation and provided feedback by changing resistance. These functionalities were leveraged to introduce a camera and controller system for constructing an active tunable structural color system. The system emulated the active tunable color mechanism observed in chameleons by utilizing an intelligent material integrated with structural coloration, sensing, and actuation functionalities. Furthermore, an image acquisition unit (to simulate eyes) and an information processor (to mimic brain function) were incorporated to enable autonomous color modulation in response to environmental stimuli (Figure 17d).



Throughout our exploration of electrically driven color-changing technologies, we have examined a diverse array of mechanisms and materials, each providing unique pathways for dynamic optical modulation and adaptive responses. Reflecting on the insights gained from our exploration, it becomes evident that electrically driven color-changing technologies hold immense promise for revolutionizing not only displays, robotics, and optics but also other fields. Such technologies offer unprecedented opportunities for creating interactive and responsive devices capable of adapting to evolving environmental conditions, user preferences, and functional requirements.
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Figure 17. System-integrated bionic color change/deformation camouflage control. (a) Electro-joule thermally driven sensing/driven intelligent systems [138]. The structural color changes during the voltage on stage (i–iii) the voltage off stage (iv,v). (b) Images demonstrate the electro-optic response variation of the double-layered cell under a high-frequency (1 kHz) AC field [136]. (c) Isomerization of ACAMP [136]. (d) Electrically driven sensing/recognition/driven smart electronic skin system [138]. (i) is the initial state. (ii) and (iii) simulate color camouflage in a red environment. (iv) and (v) simulate color camouflage in a green environment. 
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3.4. Light Response CLC Photonic Actuators


The increasing demand for multidimensional and dynamic control of light has driven the advancement of stimulus-responsive, reconfigurable, and programmable optical systems [139]. The core of optically controlled color change in CLCs resides in their intrinsic sensitivity to external light stimuli, especially in the visible and near-infrared spectral regions. The non-contact nature of light manipulation renders them suitable for designing optical devices that respond to visible/infrared light, exhibit tunable behavior, and modulate light [140].



One approach for light-controlled actuation of CLCPAs is through a photothermal method [141,142,143]. Photothermal agents can selectively absorb specific wavelengths of light and efficiently convert them into internal energy. Typical photothermal agents comprise carbon nanotubes (CNTs) [144,145,146], metallic nanoparticles [147,148,149], plasmonic nanostructures [150,151], and reduced graphene oxide (RGO) [152,153,154]. The photothermal agent IR788 has been previously reported [155]. Pei Zhang et al. reported a CLC-based near-infrared light-driven 4D tinted structural color actuator that showed complex deformation [110]. Consequently, the CLC film displayed a spiral morphology with a green hue. Upon illumination with halogen light, the spiral structure transitioned to a red color and began to unwind, returning to its original state as the sample temperature reached 95 °C. By utilizing a 780 nm NIR light, localized unwinding of the spiral structure was achieved, attributed to a peak temperature of 72 °C. Moreover, a three-dimensional “cuttlefish” structure was fabricated by combining flat spiral and cone-shaped CLCE elements (Figure 18). Adhesive tape was used to attach the spiral arms of the CLCEs to the cone-shaped body. Upon activation of the halogen lamp, the spiral arms unwound, the straight arms contracted and turned red, and the body flattened and changed to a red color, reaching a temperature of 134 °C. Enhanced local control of the cuttlefish was demonstrated using a 780 nm NIR light. When the “head” of the cuttlefish was exposed to the NIR light, it promptly sensed the light and initiated contraction and localized color modification. Photocontrol based on the photothermal effect is fundamentally a form of thermal control, as described earlier. In this mechanism, the driving force behind the structural color change relies on both the conversion efficiency of the photothermal agent and the response time of the actuator.



Certain photochemically light-responsive substances can undergo photoisomerization upon exposure to specific wavelengths of light. This remarkable reaction enables CLCs to become photo-tunable. Several photoisomerized substances, including spiropyran [156,157,158,159], diarylethenes [160,161,162], and azobenzene [163,164,165,166,167,168], have been reported to undergo reversible changes in geometry. Table 2 describes a selection of commonly used photoisomer substances. Spiropyrans can be converted from closed to open rings under UV irradiation conditions, and this isomerization is stable and can be reversibly transformed by visible over-irradiation or heating [169]. Diarylethenes and their derivatives can also accomplish open- and closed-loop transitions under UV light irradiation [161]. The presence of cis–trans photocontrol molecular heterostructures in azobenzene [170] and its derivatives makes them ideal media for light-driven soft actuators as well as chiral optical switches [171,172]. Under UV irradiation, azobenzene can be converted from the trans isomer to the cis isomer and can be transistorized by thermal reversal or visible light irradiation. Yuanyuan Shang et al. realized versatile photonic structured color patterns using axially chiral azobenzene molecules mixed with CLCs [136]. The irradiation of light initiated the photoisomerization of azobenzene, inducing changes in HTP and providing the opportunity to generate colorful patterns through controlled adjustment of CLCs’ structural color. The reflection color of the samples continuously shifted towards the desired hue upon irradiation with 365 nm light for varying durations, resulting in a transition from blue to red in the exposed regions, while the unexposed areas retained their blue color (Figure 19a). Upon irradiation with 365 nm light, the reflection color of the sample transitioned from blue to green within 0.8 s, and further to red within 2.7 s. Subsequently, the red sample underwent a complete and reversible shift to blue within 500 s upon irradiation with visible light at 645 nm. Notably, irradiation with 520 nm light induced a blue-to-green color shift within 5 s, while irradiation with 460 nm light prompted a similar shift within 45 s. However, minimal change in reflection color was observed under 420 nm irradiation. Figure 19b shows the structural color reflections of patterns as well as text under different specific wavelengths of light stimulation. Azobenzene provides the potential for pattern memorization in its response to light and heat, while the photoisomerization effect enables patterns to be erased and rewritten repeatedly, presenting novel possibilities for the utilization of photonic materials.



Designs utilizing azobenzene and its derivatives can be combined to achieve sophisticated light control designs. Lang Qin et al. introduced intricate patterns comprising three primary red, green, and blue (RGB) colors against a black background, achieved through the segmented reflection tuning of CLCs using a newly developed photoresponsive tristable chiral switch [177]. By integrating two distinct photoswitches into a single chiral structure, they established a novel chiral switch. Notably, the significant variation in HTP across the three configurations of the chiral switch enables the CLCs to exhibit two continuous and adjacent tuning periods of reflection (Figure 20a). These periods could be independently controlled by light of different wavelengths (Figure 20b). While maintaining the RGB reflection colors within the visible spectrum, the reflection was extended into the near-infrared region to produce a black background (Figure 20c). This unprecedented piece-wise reflection tuning of self-organized helical superstructures in the CLC, driven by the twistable chiral switch, introduced a novel concept for RGB and black reflective displays.



Light control serves as a cornerstone across various domains, encompassing scientific inquiry, engineering endeavors, and everyday technological applications. Within this expansive landscape, the capability to manipulate light (intensity, wavelength, polarization, etc.) opens the door to a myriad of functionalities crucial for advancing research and facilitating innovative technologies. This precise manipulation facilitates the tailored engineering of CLC structures, enabling dynamic color tuning and adaptive optical responses customized to specific application requirements.




3.5. Humidity/Magnetic/Pneumatic Response CLC Photonic Actuators


Humidity sensors play a vital role in measuring the relative humidity of air, offering valuable insights into moisture content under specific temperature and pressure conditions [178,179]. Given the rising demand for gas monitoring across industrial sectors and daily activities, advancements in humidity sensor technology are crucial [180]. Traditional inorganic semiconductor-based sensors face limitations such as slow response times, limited selectivity, and high operating temperatures [181,182]. In response to these challenges, CLCPA humidity sensors have emerged [183,184,185,186], utilizing intricate periodic structures. These optical sensors have become popular due to their high sensitivity, low power consumption, and ease of manufacturing. Wenzhu Cao et al. devised a straightforward, efficient, and battery-free visual humidity sensor by blending CLCs with acrylic acid and subsequently curing them to create an interpenetrating polymer network (IPN) film, capable of changing color with relative humidity [187]. Polyacrylic acid (PAA) is renowned for its humidity sensitivity, often integrated into liquid crystal film networks, thereby imparting the resulting interpenetrating polymer network (IPN) with the remarkable capability to undergo optical transformation in response to humidity changes. The fundamental mechanism of this IPN involves the absorption of moisture by the PAA, leading to its swelling, and the subsequent exertion of a force that triggers a corresponding swelling within the LC film [188].



Interpenetrating polymer networks (IPNs) and semi-interpenetrating polymer networks (SIPNs), comprising two distinct yet intertwined polymer networks, thereby amalgamating the advantages of both components, have been regarded as strategies for the preparation of novel CLCPAs [189,190,191]. Wei Feng et al. introduced an innovative approach for fabricating a dual-responsive elastic cholesteric polymer material by establishing a semi-interpenetrating network (SIPN) comprising a cholesteric main-chain polymer and a hygroscopic poly(ampholyte) [39]. This material demonstrated a redshift in reflected color upon water swelling and a blueshift under mechanical strain. Leveraging the mechanochromic behavior of CLCEs and the water-absorbing/desorbing capabilities of the poly(ampholyte) network, the film underwent color changes not only during stretching and relaxation but also due to volume changes induced by water swelling. Out-of-plane actuation of the colorful actuators and decoupling between deformation mode and shape/pattern were demonstrated using a five-petal artificial flower with one side treated at the base (Figure 21a). In the dry state after the base treatment, the artificial flower curled due to asymmetric base processing and shrinkage. Upon exposure to moisture, the hygroscopic LC network layer underwent swelling and expansion, causing the curled flower to “bloom” and flatten, resulting in a color change from green to red. Integrated with magnetic control, the mobile sensor could navigate through open and confined spaces, aided by friction, to detect local relative humidity (Figure 21b).



The utilization of gas-driven CLCPAs for structural color camouflage represents an innovative approach. A novel approach was introduced to modify the color response of thin membranes consisting of CLCEs through pneumatic inflation [192]. Strategically designing the size and layout of enclosed air channels within these membranes enables color modulation spanning from near-infrared to ultraviolet wavelengths, with minimal biaxial transverse strain not exceeding 20%. Each channel serves as a controllable “pixel”, enabling precise color adaptation to surrounding environments, regardless of whether the patterns are periodic or irregular (Figure 22). The principle behind inflation-induced pixelated camouflage relies on the ability of CLCPAs to bend or swell in response to external stimuli, such as changes in pressure or mechanical forces. Introducing microfluidic channels or compartments filled with a CLCPA-containing fluid allows researchers to manipulate the inflation and deflation of individual pixels within a camouflage system, enabling precise control over color and pattern transformations.



This section is summarized in Table 3. Discoloration behavior in humidity-responsive CLCPAs can be achieved through bending or swelling caused by uneven humidity or moisture absorption. By capitalizing on the unique properties of CLCPAs, researchers can continue to innovate and develop new technologies that leverage humidity-responsive materials [193,194] for a variety of practical applications. Besides their humidity-responsive behavior, cholesteric liquid crystal photonic actuators (CLCPAs) can also demonstrate responsiveness to magnetic fields, presenting intriguing possibilities for dynamic modulation and control [195]. Introducing magnetic substances into the CLC system enables the engineering of CLCPAs to respond to specific magnetic field environments, thereby broadening their utility in various applications. The magnetic field-responsive behavior of CLCPAs shows promise for various practical applications, such as magnetic field sensing, actuation, and manipulation. Leveraging the responsiveness of CLCPAs to magnetic fields, researchers can develop innovative magnetic field sensors and actuators capable of detecting and responding to changes in magnetic field intensity and orientation. Researchers are exploring novel strategies to achieve pixelated camouflage through controlled inflation and deflation processes, harnessing the unique properties of CLCPAs.





4. Advanced Optical Applications


Having elucidated the surprising structural color change ability of CLCs as well as multiple conditional actuator deformations and their fabrication techniques, our attention shifts to an in-depth study of their advanced optical applications. CLCPAs’ unique color change has great potential for application development in colorimetric sensing, smart wearable fabrics and devices, advanced color filters, novel 3D printing, optical cloaking, and camouflage.



4.1. Colorimetric Sensing


In the realm of sensing technologies, the advent of visually interpretable colorimetric sensing has marked a significant paradigm shift, offering a compelling alternative to traditional sensor approaches. Naked-eye recognizable colorimetric sensing uses the human eye’s ability to perceive color to enable the perception or amplification of other physical quantities. In such systems, no microscope or signal processing equipment is required, but rather the structural color changes produced by the sample are analyzed by direct observation with the naked eye. Compared to complex instruments, colorimetric sensors that are recognizable to the naked eye are simple to operate and suitable for non-precise daily life scenarios and do not require specialized training to use. The real-time feedback feature of a CLCPA makes it important in time-sensitive scenarios that require fast feedback and real-time monitoring.



Structural color changes caused by changes in the helical nanostructures of CLCs subjected to external mechanical forces are the most direct form of sensing stress–strain. In the military and security field, CLCPAs can be used to monitor and assess the destructive force of explosives strikes on military equipment. Applying CLC photonic coatings to the surface of military equipment and facilities can allow the forces on the equipment to be checked in real time, especially for destructive tests with limited repeatability or high cost, such as directional blasting, to improve the efficiency of research and development of military equipment and facilities. Zhao Xu et al. proposed that shockwave and debris impacts on unmanned aerial vehicles (UAVs) could be recorded by applying a CLC photonic polymer coating [44] (Figure 23a). Collecting information about blast-exposed impacts made point-to-point protection of UAVs possible. CLCPAs’ short-term storage of mechanical information and unique polarized spinning properties could be applied to optical information storage [45,196] as well as information encryption [197]. Since a CLCPA, which changes color due to stress–strain stimulation, could be subjected to various forms of deformation such as stretching, bending, and torsion, it could be used for the detection of body and joint movements [80] (Figure 23b). CLCPAs’ vibrant structural colors could be used for a wide range of temperature detection up to 50 °C [10,99,109] (Figure 23c). Visible shape/color changes could be observed during temperature changes. These temperature measurements were sensitive in real time, but were non-precise and could be made into alarm tags to detect reaction temperatures in the production process. These close-to-human-temperature applications were also promising for medical and health testing, biomedical instrumentation, and other fields. In addition to a single physical quantity such as temperature, simultaneous colorimetric detection of multiple stimuli could be achieved by doping the CLC system with azobenzene and other stimulus-corresponding agents and combining it with a multifunctional actuator [136] (Figure 23d). This feature empowers CLCPAs to write soft sensors for complex and specialized environments that are expected to be lightweight and customizable.




4.2. Smart Wearable Fabrics and Devices


The design and development of wearable sensor systems based on flexible fibers for measuring physical and chemical signals from the human body as well as from the environment offers applications for disease diagnosis, treatment, health monitoring, and safety [198,199,200]. Wearable smart fibers and devices have been used in a variety of flexible wearable platforms such as clothing, bandages, belts, and gloves (Figure 24b) to monitor important body characteristics such as temperature, perspiration, and pressure [190,201,202,203,204]. Flexible CLCPAs have multiple response modes to motion, temperature, and humidity, with small size and portability, providing opportunities for safety monitoring, disease diagnosis, and physical condition monitoring. Md Mostafa et al. developed cholesterol liquid crystals dispersed in commercial water-based latex varnish coated on fibers and fabrics [205] (Figure 24a). The color of CLC latex coatings varies with temperature and could be applied to wearable temperature monitoring. This ingenious design enabled rapid and uniform color changes, maintaining stability over extended periods. Mingfei Sheng et al. presented an electrochromic liquid crystal cladding (ECLCC) optical fiber, which was the incorporation of various electrochromic materials, notably cholesteric liquid crystals, within a unique coaxial double-reverse electrode sandwich structure [206]. Through innovative weaving techniques, long-sized ECLCC fibers were seamlessly integrated into textiles, opening up a plethora of possibilities for wearable flexible displays. Celina Jones et al. reported on a solution for inkjet printing of CLC onto hydrophobically pretreated textiles as an alternative to existing chemical dyeing techniques [207]. The resulting colored films showed a greater degree of color than those on untreated textiles. In addition, the inkjet printing process allows the printing of a predefined dose of CLCs in a precise location, and it is possible to digitally print designs containing a variety of high-precision color patterns using a solution that changes the structural color simply by varying the amount of chiral dopants. Smart fabrics composed of smart soft fibers based on CLCs can intuitively display vibrant patterns and sense temperature through changes in structural color, making them an eye-catching class of materials.



In addition to their role in colorimetric sensing, CLCPAs are ushering in a new era of innovation in flexible wearable devices. Pressure sensors based on sensitive force deformation represent a promising avenue for leveraging CLCPA technology in wearable devices [44,209]. These sensors have been explored for various applications, including exercise monitoring, healthcare diagnostics, and positional detection [210,211]. By incorporating CLCPA elements into pressure-sensitive materials, such as thin films or gels, researchers can develop wearable sensors capable of accurately detecting and quantifying external forces.



In the realm of human pressure sensing, the configuration and placement of sensors play a crucial role in determining their efficacy. For instance, gloves equipped with CLCPA sensors can be utilized for finger curvature detection in postoperative rehabilitation settings, providing valuable feedback on range of motion and joint flexibility. Similarly, CLCPA-integrated shoe soles can measure the distribution and magnitude of forces during walking, enabling the diagnosis of abnormal gait patterns indicative of underlying health conditions. The versatility of CLCPA technology lends itself to the development of highly customizable and adaptable wearable devices tailored to specific applications and user needs. By combining colorimetric sensing capabilities with flexible and wearable form factors, CLCPA-enabled devices have the potential to revolutionize healthcare monitoring, athletic performance tracking, and rehabilitation therapy. In addition, CLCPAs can be used in smart wearable fabrics and devices for temperature, sweat, motion, and gas detection.



It should be noted that most applications of wearable flexible CLCPAs have been used to monitor user body parameters, but functions such as precise measurement and early warning of these parameters remain under-explored. Indeed, we predict promising developments in flexible sensor platforms for CLCPA-based sensing as well as response actuation system integration.




4.3. Advanced Color Filter


Novel optical filters can extract useful information from massive optical signals on demand and are widely used in spectroscopy, complex imaging, and optical communications. Conventional color filters use the absorbance properties of pigments to selectively transmit incident light, which affects their optical quality [212]. CLC templates have emerged as promising candidates for addressing these needs, offering a host of advantages over traditional filtering devices. CLC templates exhibit enhanced reflectivity compared to their counterparts, making them well-suited for applications requiring high optical efficiency. The unique photonic properties of CLC structures enable the generation of multiple reflection bands, allowing for precise control over the transmission spectrum. This flexibility enables the customization of filters to specific wavelength ranges, accommodating the diverse needs of modern optical communication systems. Additionally, CLC templates offer the flexibility to adjust reflection bands by refilling with different materials. This versatility allows for dynamic tuning of filter characteristics to adapt to changing requirements or optimize performance for specific applications. Geonhyeong Park et al. reported a CLC prepared using the uniaxial alignment method and a photopolymerization process that can be used in dichroic filters, bimodal circular polarizers, and chiral detectors [213] (Figure 25a). Wongi Park et al. proposed an optical rotation-based color tuning method, a cost-effective and non-destructive approach that controlled CLCs as chiral photonic crystals and two polarizers to provide a wide range of structural color tunability [214]. Tunable color filters are shown to attenuate accidental light sources and provide better visibility. Su Seok Choi et al. presented an electrically tunable CLC color filter using a heterogeneous helical nanostructure in which the transmitted light can be tuned between different colors with a voltage not exceeding 1.2 V [12] (Figure 25c). In order to obtain the electrical controllability of the transmitted color, the chiral liquid crystal was electrothermally tuned.



Single-layer LC filters are simpler to fabricate than multilayer LC filters. Zhikang Zhu and colleagues have demonstrated the fabrication of single-layer LC filters capable of generating multiple reflection peaks [215] (Figure 25b). This innovative approach involved filling CLCs with chiral spacings differing from those of the target template into a blue phase liquid crystal (BPLC) template. By leveraging this method, researchers could achieve a diverse range of reflection peaks within a single filter structure. The use of multiple templates and a refilling process offered the potential for further increasing the number of reflection peaks, enhancing the versatility and functionality of the filters. The sequential filling of CLCs with specifically designed chiral pitches into CLC templates enabled the fabrication of bandwidth-scalable single-layer CLC filters. This approach allowed for the precise control of filter characteristics, including bandwidth and spectral response, facilitating the optimization of filter performance for various optical communication applications.



CLC color filters have the advantages of low power consumption, low cost, various driving methods, and a simple fabrication process and have a broad application prospect. Due to the periodic helical structure, CLCs exhibit selective reflection of incident light. A CLC color filter has a sub-micron pitch, which makes it a great potential for application in mid-wave infrared filters. A CLC color filter is optically isotropic, does not require a polarizer or a dielectric layer, and has the advantage of sub-millisecond response time.




4.4. Novel 3D Printing


Three-dimensional printing technology, a bottom-up manufacturing process that builds various structures and complex geometries by printing layer by layer, has been widely used to realize patterned CLCPAs. With the help of 3D printing technology, CLCPAs can be constructed not only in pre-designed 3D models but also with controlled stimulus response. As a result, actuated shape deformations obtained by 2D–3D or 3D–4D transformations of external stimuli can also be precisely controlled, providing an easy manufacturing tool for engineers in different fields. Three-dimensional printing technologies in use today include direct ink writing (DIW) [216,217,218,219], fused deposition modeling (FDM) [220,221,222], stereolithography (SLA) [223,224], and selective laser sintering (SLS) [225,226] (Figure 26). Printing inks for 3D printing can be prepared by reacting CLC oligomers with chain extenders and crosslinking agents. The printing ink behaves as an adjustable viscous liquid and is stacked in layers on a carrier table after being ejected through a nozzle. Using the direct ink writing (DIW) technique, the print size can reach a centimeter scale, and the actuation properties of CLCPAs can be well controlled. Ran Bi et al. proposed a simple method to fabricate structural color patterns with wider resolution and enhanced scalability by solvent-cast direct ink writing (SC-DIW) technique under mild conditions [227]. Shear flow and anisotropic desolvation were utilized to form regular nanospiral structures. Printable inks were prepared by adding a volatile solvent to the synthesized CLC oligomers to form a viscous solution. Jihye Choi et al. found that the helix axis was skewed in the printing direction due to a combination of shear-induced alignment caused during extrusion and elongation forces generated during deposition onto the substrate [228]. This unusual spiral axis distortion caused blue and red shifts in the reflected colors, depending on the viewing direction relative to the print axis. Jeroen A. H. P. Sol et al. prepared reactive CLC oligomer inks that generated complex, spatially defined photonic patterns that produced intuitive visual effects [229].



To achieve untethered and fully controllable shape-shifting, researchers have integrated CLC ink with various additives, enhancing their responsiveness to external stimuli. Azobenzene CLCPAs are synthesized by introducing supramolecular interactions, reversible covalent crosslinking, and azobenzene into the same system [230]. Furthermore, there is a growing demand for real-time feedback mechanisms to monitor shape deformation and other properties during printing processes. Materials for 3D printing by doping CNT [231] and carbon black [232] have also been reported to have a controlled and sensitive response to embedded stimuli. Recently, liquid metals have been widely doped with CLC inks because of their high electrical and thermal conductivity [233,234]. Overall, 3D printing of CLC structures represents a convergence of materials science, engineering, and design, offering new possibilities for innovation and creativity in a wide range of applications. With continued research and development, these technologies hold the potential to transform the way we perceive and interact with color, enabling the production of dynamic and adaptive systems that respond to environmental stimuli and user interactions.



Liquid crystal polymer particles can be prepared using classical polymerization methods such as suspension polymerization, miniemulsion polymerization, dispersion polymerization, and precipitation polymerization [235]. Liquid crystal polymer particles, prepared using classical polymerization techniques, may find application in various fields including microactuators, structurally colored objects, and 3D printing. Gabriella Cipparrone et al. proposed new solid chiral microparticles, which are produced through a very simple soft matter self-assembly process [236] (Figure 27a). By varying the type of dopants in the precursor LC emulsion, it is possible to control the internal helical geometry, enabling the creation of solid microspheres with helical structures in radial, conical, or equatorial configurations. These structures can exhibit either global optical isotropy or anisotropy. Alberto Belmonte et al. fabricated micron-sized polymer particles with reversible shape and optical changes that respond to both light exposure and temperature variations [237] (Figure 27b). They selected a CLC mixture containing a small amount of crosslinker and synthesized the particles using suspension polymerization. During the emulsification process, they added an ionic surfactant to the water to impose homeotropic anchoring, resulting in a globally anisotropic arrangement of the helical structures. The rotational dynamics of solid chiral birefringent microparticles induced in optical tweezers have been studied [238]. Yera Ye. Ussembayev et al. experimentally and theoretically investigated the rotation of these polymer particles in optical traps [239] (Figure 27c). Due to their chirality, the polymer particles respond to the handedness of circularly polarized trapping laser beams, exhibiting unidirectional or bidirectional rotation depending on their alignment within the optical tweezers. The resulting optical torque induces rotation at rates of several hertz. Small structural changes induced by UV light absorption enable control over the angular velocity.




4.5. Optical Cloaking and Camouflage


In nature, the structural colors of living organisms usually have a bright and distinctive appearance that contrasts with the common coloring of dull conventional colors. The microstructure of organisms that have evolved over millions of years, filtered by nature’s law of survival of the fittest, has been repeatedly tested and optimized in the process to obtain the most suitable color mimicry. Animals can use shading or color information to perceive depth and 3D shape [240,241]. Cuttlefish [242], praying mantises [243], and honeybees [244] can use stereo vision to optimize shading camouflage to attack prey or avoid damage [245]. In the optical camouflage being applied today, patterned or pixelated blocks of dark color are used to simulate shadows because the camouflage coating is non-dimensional. Research has shown that spatial color mixing is one of the main features of digital camouflage and the key to improving the deception effect of the human eye [246]. Unlike the pseudo-3D visual deception in the two-dimensional plane, CLCPAs can not only achieve the visual–spatial illusion of color mixing but also simulate the real 3D shape through the pre-designed movements of the actuator, such as curling and bumping [247]. Optical cloaking and camouflage, which mimic the CLCPA structural colors of natural organisms, reveal new applications in military, communication, and remote sensing. By leveraging CLC-based camouflage materials, objects can seamlessly blend into their surroundings, evading detection by adversaries or surveillance systems. CLC-based camouflage materials have the potential to enhance urban camouflage, enabling urban infrastructure or equipment to seamlessly integrate into the surrounding urban environment.



One of the key features of structural color camouflage is its ability to dynamically adapt to changing environmental conditions and background textures. By incorporating responsive materials into camouflage structures, researchers can create adaptive systems capable of altering their appearance in real time. Hyeonseok Kim et al. integrated a thermochromic CLC layer with a patterned silver nanowire heater into a multilayer structure, combined with an active control system and sensing unit, to create a complete biomimetic chameleon system. This model has successfully imitated the background color of the environment and can quickly achieve dynamic matching [100]. Dongpeng Sun et al. fabricated a bionic flower with a metal–organic skeleton (MOF) and a CLCE multilayer structure to realize a blossoming action and structural color change [84]. Chang Sun et al. demonstrated a bionic model of cephalopods, showing color changes in CLC tentacles with length and environmental camouflage [248] (Figure 28). Structural color camouflage represents a cutting-edge approach to concealment and optical manipulation, offering unprecedented levels of adaptability, functionality, and security. By harnessing the principles of structural coloration, researchers are poised to unlock new frontiers in camouflage technology and optical engineering, paving the way for a future where invisibility and deception are achieved through the power of light and materials.





5. Conclusions and Outlook


This paper provides an overview of the different structures of CLCPAs and their structural color response to different stimuli, including mechanical force, heat, electricity, light, humidity, magnetism, and gas pressure. This paper also provides an overview of the emerging optical applications of CLCPAs. With their vibrant structured colors and controlled optical properties, CLCPAs are a landmark in applications such as colorimetric sensing, smart wearable fabrics and devices, advanced color filters, novel 3D printing, optical cloaking and camouflage, and many others.



Cholesteric liquid crystal photonic actuators (CLCPAs) present remarkable capabilities in structural color response and optical modulation. However, despite their significant advancements, several challenges and limitations remain, posing hurdles to their widespread adoption and further development. Although CLCPAs can exhibit vibrant color changes in response to multiple stimuli, the complex multilayer structure often takes a relatively long time to produce transitions between different color states. As a result, CLCPAs may not be suitable for applications requiring rapid color modulation, such as high-speed displays or fast-acting optical devices. The multilayer structure of CLCPAs lacks the overall stability of the elastomer and may exhibit limited actuation stability and durability over time, particularly when prolonged exposure to temperatures above Tg or stresses sufficient to initiate material fatigue. CLCPAs play a very important role in flexible sensing and smart wearable systems, but the integration requires addressing compatibility issues with existing ports and processors. And these silicon-based computing and processing devices in the system are often not soft materials. As a result, the development of efficient driving and control systems for CLCPAs is essential for enabling their seamless integration into wearable intelligent systems.



Despite all these challenges, ongoing research efforts continue to address these issues and advance the capabilities of CLCPAs. Innovations in material design, fabrication techniques, and device engineering hold the potential to overcome existing limitations and unlock new opportunities for CLCPAs in diverse fields, including displays, sensors, smart textiles, and optical devices. With the exploration of CLC polymer systems, CLCPAs promise to go beyond the boundaries of structural color and open new avenues for dynamic and responsive optics. Optimizing the stimulus responsiveness of CLCs by doping rich functional materials will increase shape memory and adaptive self-repair and achieve faster color switching and dynamic reconfiguration capabilities. Furthermore, the integration of CLCPAs with soft electronics technologies, such as flexible electronics and wearable devices, offers exciting prospects for novel applications. CLCPA-based smart textiles and wearable sensors could revolutionize fields such as healthcare, sports performance monitoring, and augmented reality, providing users with real-time feedback and personalized experiences. In terms of applications, CLCPAs are poised to make significant contributions to various fields, including displays, signage, camouflage technology, and optical communication. The vibrant and customizable color palette offered by CLCPAs can enable the creation of next-generation displays with enhanced color accuracy, brightness, and energy efficiency. Additionally, CLCPA-based camouflage materials could find utility in military operations, wildlife conservation, and architectural design, offering adaptive concealment solutions tailored to specific environments and requirements. Through continued research and innovation, CLCPAs will play a pivotal role in shaping the future of advanced optical technologies and transformative applications.
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Figure 1. An overview of the classification, stimulus response, and potential applications of cholesteric liquid crystal photonic actuators [10,11,12,13]. 
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Figure 2. Illustration of LC molecules, alignment, and chiral pitch. (a) LC molecular arrangement of nematic, sematic A, and sematic C. (b) The arrangement of CLC molecules (where one molecule represents the molecular arrangement direction of the entire layer) and the pitch of CLCs are shown here as two cycles. To visually display the number of cycles, a virtual interval space is added. And two types of CLC nanostructures: helicoidal structure and oblique helicoidal structure. 
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Figure 3. Mechanical response liquid crystal color actuator. (a) Mechanical stretching induces reflective color change in CLCPA samples [56]. (b) Structural color changes of CLCPA under stress with different elastic modulus [57]. (c) Observation of multicolor separation in a 3 × 3-pixel arrangement under biaxial strain, yielding corresponding macroscopic images [57]. 






Figure 3. Mechanical response liquid crystal color actuator. (a) Mechanical stretching induces reflective color change in CLCPA samples [56]. (b) Structural color changes of CLCPA under stress with different elastic modulus [57]. (c) Observation of multicolor separation in a 3 × 3-pixel arrangement under biaxial strain, yielding corresponding macroscopic images [57].



[image: Micromachines 15 00808 g003]







[image: Micromachines 15 00808 g004] 





Figure 4. CLCE obtained by a method based on anisotropic deswelling. (a) CLCE with initial color red and its image through the left/right-hand polarizer [60]. (b) Structural color changes of CLCE under different stretching lengths [60]. (c) Polarizing optical microscopy (POM) images in transmission or reflection (with or without left/right-hand polarizer) [60]. 
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Figure 5. Shape-programmable, and self-healable CLCPA. (a) Stretching by mechanical force at room temperature [71]. (b) Self-healing demonstration of cartoon (i) and windmill (ii) patterns [71]. (c) Self-healing process of CLCPA with red initial color (i–iii) and its mechanical properties (iv,v) [71]. (d) Demonstration of motion through photonic actuator deformation driven by temperature difference [71]. Each actuator can reversibly change the 3D shape (i–iii, i’–iii’) and color (i–i’, ii–ii’, iii–iii’) at temperatures of 25 °C and 100 °C. 
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Figure 6. CLCPA with a mechanical force response to chain transfer. (a) Schematic of the polymerization and programming process [43]. (b) Structural color shift of multilayered CLCPA and its pitch changing by SEM [80]. (c) Knuckle flexion detector with flower pattern indication [80]. 
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Figure 7. CLCPA for bionic flowers. (a) Stretching by mechanical force at room temperature [84]. (b) Photograph of a red-reflecting CLCE sheet and POM image of CLCPA in reflection mode with crossed linear polarizers [84]. (c) Normalized reflection spectra of the CLCPA sheet during stretching [84]. 
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Figure 8. CLC structured color fibers with real-time response. (a) The reflection-mode POM images depict the initial red-reflection CLCE fiber under elongational strain, with a scale bar of 200 μm [11]. (b) The reactive liquid crystal monomer RM257 and chain extender EDDET react to form nematic liquid crystal oligomers with the chiral dopant LC756 added to induce a cholesteric phase. Large-scale views of uniaxial and biaxial mechanochromic responses under ambient light are observed in a simple weave of CLCE fibers and a single long CLC fiber sewn into a passive elastic cloth in the shape of a ‘C’ [11]. (c) Schematic representations illustrate the development of cholesteric order with radial helices within the tube and depict the state after crosslinking and tube removal. Macroscopic views display a 2.5 m long CLCE fiber with blue-green color collected on a flat winder, along with several fibers with red, and green colors respectively, randomly placed on a black table [29]. 
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Figure 9. Thermal response CLC photonic actuators. (a) The scanning electron microscope (SEM) image depicts the CLC structure of the cholesteric phase cellulose composite (CPCC) [99]. (b) Temperature-responsive structural color photographs showcase the CPCC’s diverse response degrees to temperature variations [99]. (c) The arrangement and adaptive camouflage capabilities of a typical artificial chameleon robot [100]. 
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Figure 10. Patterned camouflage of thermal response CLCPA. (a) The images depict the CLCPA material at two different temperatures: at room temperature in the LC phase and 120 °C in the isotropic phase. The left side image illustrates a photonic pattern in the LC phase at 25 °C, while the right side image shows the same pattern in the isotropic phase at 120 °C. In the right section, the CLCPA material is wrapped around plastic tubing to demonstrate strain mapping [43]. (b) CLCPA temperature–color indication at 25 °C and 120 °C respectively [43]. (c) Reversible color change behavior of flower-patterned CLCPA under thermal stimulation [102]. (d) Structural color changes of bar-coated CLCPA during a warming–cooling cycle [10]. 
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Figure 11. A 3D-printed biomimetic octopus exhibits synergetic responses in both color and shape. (a) Utilizing 3D printing technology, a CLC-droplet-dispersed polyvinyl alcohol (PVA) solution is printed into the shape of an octopus. Upon heating, the opaque and colored octopus becomes transparent and colorless [42]. (b) The process involves writing and erasing on oblate CLC-droplet-dispersed PVA films, enabling the creation of logos and anti-counterfeit barcodes [42]. (c) As the temperature increases, the structural color of CLC-dispersed droplets shifts to blue [42]. 
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Figure 12. Thermal response CLC photonic actuator. (a) Illustrations of the temperature-responsive structural-colored CLCPA demonstrate color tuning within a small temperature interval (scale bar: 1 cm). Reflection spectra of the free-standing PDCLC/AgNW film upon heating, along with POM images (crossed polarizers) of the structural-colored CLCPA depicting the temperature-responsive color shift inside the spherical CLC microdroplets (scale bar: 50 μm) [109]. (b) Schematic illustration of reversible actuation and structural color change of the CLCE film, accompanied by photographs of a CLCE film without dye at different temperatures [110]. (c) Photographs of the CLCE film doped with IR 788 at different temperatures [110]. 
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Figure 13. Images depict the behavior of liquid crystal cells under alternating current (AC) electric fields at different frequencies. (a) Photos illustrate the liquid crystal cell before and after the application of an AC electric field at 1 kHz frequency [13]. (b) Images demonstrate the electro-optic response variation of the double-layered cell under a high-frequency (1 kHz) AC field [13]. 
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Figure 15. Schematic diagram of frequency-driven spiral soft structure at relatively low electric field intensity. (a) Schematic diagram of the influence model of frequency on nanostructures. (I) In the absence of an external electric field, LC molecules are perpendicular to the helical axis. (II) Increase the electric field signal with initial frequency and intensity, and the LC molecule revolves around the helical axis with an inclination angle of θ. The helix pitch length P and slope angle θ (II–V) increase with increasing frequency, resulting in tunable spectral range of wide reflection spectra. (b) At a fixed electric field intensity, as the frequency increases from 1.0 kHz to 116.0 kHz, the textures of helical and electro-induced helical microstructures exhibit different reflection colors [127]. 
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Figure 18. Cuttlefish irradiation under NIR produces morphological and color changes that mimic the behavior of organisms that tend to avoid hazards [110]. 
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Figure 19. Light response CLC photonic actuator. (a) Under POM, the reflection color changes upon irradiation with 365 nm light at various durations, followed by the reverse process upon irradiation with visible light at different wavelengths: 645 nm, 520 nm, 460 nm, and 420 nm, as depicted in (A–E). Corresponding real LC cell images are provided in (A’–E’) to illustrate the red, blue, green, green, and red photostationary colors of the light-driven CLCs at PSS365 nm, PSS645 nm, PSS520 nm, PSS460 nm, and PSS420 nm, respectively [136]. (b) Schematics and photographs of the patterns demonstrate precise control of reflection color programmed by 365 nm/645 nm light irradiation [136]. 
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Figure 20. Under polarizing optical microscopy. (a) Schematic illustration showing the optimized molecular structures of three configurations of the chiral switch [177]. (b) Optical images showing the disclination lines of 0.19 mol% chiral switch in LC host E7 at different states [177]. (c) Reflection color images of 2.0 mol% chiral switch in LC host E7 in a 5 μm thick antiparallel aligned cell [177]. 
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Figure 21. The coordination of an artificial flower in the humid air environment. (a) The shape curling and color displacement of artificial flowers in dry/humid environments (scale: 3 mm) [39]. (b) With the help of fluctuations and friction in the rotating magnetic field, the actuator facilitates forward translational motion inside the tube and the color change caused by humidity in a robot used to sense humidity in a restricted tube (scale: 10 mm) [39]. 
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Figure 22. Pixelated artifacts of micro airway-controlled CLCPA. (a) Multilayer micro-airway model to escape gas-pressure-controlled CLC membrane deformation [192]. (b) Example of pixelated camouflage based on micro-airway control [192]. 
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Figure 23. Colorimetric sensing in equipment impact recording and body extension/bending/motion sensing as well as single- and multiple-stimulus detection. (a) Colorimetric sensing for mechanical recording: the impact of explosives and shock waves on UAVs [44]. (b) The bending of finger joints causes the colorimetric sensor to change the structural color, thereby determining joint flexibility [80]. (c) Temperature induced significant structural color changes in CLCPA [10,99,109]. (d) CLCPA responds to color changes in multiple physical quantities such as light, heat, electricity, and pressure [136]. 
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Figure 24. Smart wearable fabrics and devices. (a) Structural color response of smart CLC fibers to strain, temperature, and electrical signals [205,206,207]. (b) Wearable CLC fabrics and devices: clothing, bandages, belts, and gloves can detect sweat, temperature, and pressure [208]. 
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Figure 25. Advanced color filter. (a) CLCs are used in dichroic filters, bimodal circular polarizers, and chiral detectors [213]. (b) The basic structure of single-layer LC filters, which are simpler to fabricate than multilayer LC filters [215]. (c) The structure of multilayer LC optical color filters [12]. 
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Figure 26. Typical 3D printing technology: direct ink writing (DIW), fused deposition modeling (FDM), stereo-lithography (SLA), and selective laser sintering (SLS) [216,217,218,219,220,221,222,223,224,225,226]. 
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Figure 27. CLC micrometer-sized droplets and actuators. (a) Optical microscopy images of chiral microspheres from precursor long-pitch LC droplets (obtained in pure distilled water and mixtures of water and surfactants) [236]. (i) Images of microspheres with 1 μm spacing obtained in pure distilled water using lotion. (ii–iv) Image of microspheres obtained in a mixture of water and surfactants. (iv) Microspheres are organized into parallel layers of cholesterol. (b) POM images of large-pitch particles [237]. (c) Schematic illustration of the developed optical setup (see the main text and methods for the details). Inset image: schematic representation of an optically trapped CLC microparticle [239]. 
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Figure 28. Camouflage in nature and CLCPA for optical cloaking and camouflage (butterfly [39], octopus [248], flower [84]). 
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Table 1. Summary of common dynamic covalent bond networks.
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	Dynamic Covalent Bonding
	Stimuli
	Mechanism
	Actuation
	Ref.





	Transesterification reactions
	Heat
	Exchange of ester and alcohol groups in the presence of acid/base catalysts at elevated temperatures
	Reversible shape memory
	[62,67,68]



	Disulfide bond exchange
	Heat/UV
	Dissociation and reforming in specific environments
	Reversible shape memory
	[63,69,70]



	B−O bond dynamic chemistry
	Heat/water
	Reversible B-O bonds with self-healing properties and crosslinkable units
	Self-healing
	[71,72,73]



	Thiol-anhydride bond exchange
	Light/heat
	The ring-opening reaction of anhydrides with thiols
	Programmable shape editing
	[74,75]



	Carbon radical exchange
	Force
	Under mechanical stimulation, selectively cleaves unstable bonds, exhibiting fluorescence
	Force-induced luminescence
	[76,77]










 





Table 2. Summary of common photoisomerization chromophores.






Table 2. Summary of common photoisomerization chromophores.





	Material
	Mechanism
	Ref.





	spiropyran
	The C-O bond breaks and opens the ring, causing local molecular rotation
	[156,157,158,159]



	diarylethenes
	Under UV excitation, the compound rotates to form a colored closed loop, which can undergo opposite changes under visible light irradiation.
	[160,161,162]



	azobenzene
	The cis–trans isomerism formed by –N=N–
	[163,164,165,166,167,168]



	spirooxazine
	Two orthogonal planes connected by a spiral carbon atom as the center rotates under ultraviolet light
	[173,174]



	naphthopyran
	C-O bond breaks and opens the ring, extending the planar and conjugated structure
	[175,176]










 





Table 3. Summary of humidity/magnetic/aerodynamic response CLC photonic actuators.






Table 3. Summary of humidity/magnetic/aerodynamic response CLC photonic actuators.





	Material
	Stimuli
	Mechanism
	Structural Color
	Ref.





	CLC/PEG
	Humidity
	Interpenetrating polymer network (IPN)
	Green to red
	[183]



	CLC polymer film
	Humidity/temperature
	H-bonded supramolecular CLC resulting in swelling/deswelling
	Red to green
	[185]



	BPLC
	Alkaline solution
	Manipulating the lattice parameters of the nanostructures
	459–653 nm
	[186]



	CLCN/magnetic composites
	Humidity/magnetic
	Hygroscopic carboxylate salt groups
	Green to red
	[39]



	CLC/PDMS
	Aerodynamic
	Gas-pressure-controlled CLC deformation produces structural color
	680–460 nm
	[192]
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