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Abstract 17 

Cholesteric liquid crystal elastomers (CLCEs) change color under strain, offering attractive 18 

prospects for soft robotics and photonic devices. However, the helical structure of CLCEs 19 

averages out the exceptional anisotropy and soft elasticity of the nematic phase, leaving little 20 

scope for also using the director orientation to program their thermal or mechanical actuation. 21 

Here, we develop programmable CLCE hollow fibers with longitudinal, circumferential, or 22 

twisted alignments via the integration of dynamic boronic ester bonds and mechanical 23 

force/pressure-induced orientation, all while preserving sufficient periodicity for structural 24 

color. Upon inflation, these fibers exhibit diverse motions—expansion, contraction, elongation, 25 

twisting—with synchronous color adaptation. Accordingly, we derive a membrane balloon 26 

model based on the non-ideal neo-classical LCE energy with suitable CLCE director profiles, 27 

successfully capturing key mechanical features including non-monotonicity and sub-criticality. 28 

This study provides a new paradigm for the development of intelligent shape- and color-29 

changing systems in a bespoke and versatile way. 30 
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 31 

Introduction 32 

Liquid crystal elastomers (LCEs) are one of the most promising classes of smart soft materials, 33 

with a range of dramatic and useful properties arising from their unique combination of the 34 

mobile and switchable anisotropy of liquid crystals (LCs) and the large deformation mechanics 35 

of elastomers1-4. Most famous are nematic LCEs, which exhibit muscular contractile actuation 36 

along their alignment axis (director) upon heating through the nematic/isotropic phase transition, 37 

and also exotic “soft elasticity” in which some deformations can be accommodated by director 38 

rotation within the solid at almost zero elastic stress/energy5,6. Conversely, chiral nematic 39 

(cholesteric) elastomers (CLCEs) are known for their vivid structural colors and 40 

mechanochromism7-9. More precisely, the director in CLCEs follows the same periodic helical 41 

nanostructure as found in liquid cholesterics, leading to strong Bragg reflection of light with a 42 

wavelength λ determined by the pitch. In CLCEs, these helices are embedded in an elastic solid, 43 

which additionally enables pitch, and hence color, to be manipulated mechanically10-15. CLCEs 44 

are thus very promising for applications in various fields such as sensors16-19, information 45 

encryption20,21, and biomimetic camouflage22-24. 46 

However, since a cholesteric helix samples all planar orientation directions equally, the 47 

price paid for these dramatic colors is that mechanically, CLCEs are overall isotropic in plane. 48 

CLCEs thus lack the actuation and global soft elasticity of simple nematic LCEs, and also 49 

cannot benefit from “director design” in which director patterns are used to sculpt complex 50 

shapes25 or complex soft-elastic mechanical responses26. CLCEs are thus something of a “one-51 

trick pony”, offering color changes under mechanical strain, but little opportunity to control or 52 

produce the deformations themselves. 53 

Pneumatic actuation, with its easy implementation and dramatic mechanical/shape change 54 

performance, has rapidly established itself as a facile and effective platform for soft robotics27,28. 55 

Inflatable nematic balloons/tubes/fibers, for instance, have been shown theoretically and 56 

experimentally to exhibit versatile actuation motions depending on their initial alignment, and 57 

also exceptional work capacities29-35. In contrast, recent studies on inflatable CLCEs, while they 58 
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do exhibit attractive blue-shifts, remain confined to color changes without functional 59 

deformation, which sacrifices the versatility and designability of actuation motions22,36,37. 60 

Therefore, precisely programming the alignments of CLCEs is essential for exploring the tuning 61 

of both deformation pathways and colors guided by combining soft elasticity and pneumatic 62 

actuation. Overcoming such challenge promises unprecedented multimodal responsiveness in 63 

CLCE systems. 64 

Drawing these ideas together, here we report an anisotropic deswelling-assisted template 65 

method to fabricate CLCE fibers with hollow geometries and structural colors (Fig. 1a, 1b, and 66 

1c), then use thermo-activated exchange of boronic ester bonds, along with mechanical or 67 

pneumatic forces, to program such fibers with global nematic directors in longitudinal, 68 

circumferential, and twisted geometries (Fig. 1d). During subsequent inflation of these hollow 69 

fibers, we observe color shifts, but also a rich range of motions, including expansion, 70 

contraction, elongation, and twisting (Fig. 1e, 1f, and 1g). These phenomena can occur 71 

monotonically or non-monotonically and continuously via coupling of director rotation and 72 

ballooning instabilities. To understand our observations, we develop a mechanical model of 73 

programmed cholesteric hollow fibers, that is derived from the standard non-ideal energy of 74 

nematic elastomers, but with a suitable initial director profile that mimics the CLCE alignment 75 

after programming. This semi-analytical model successfully captures both highly non-trivial 76 

inflation mechanics of the CLCE hollow fibers, and their color changes. Taken together, this 77 

study thus demonstrates that the rich soft-elastic behaviors of nematic LCEs can be combined 78 

with the vivid colors of CLCEs to create pneumatic actuators that both shift in color and 79 

undergo bespoke and complex deformations on inflation. We hope this provides a paradigm for 80 

future work on multi-responsive CLCEs, in which the sophisticated possibilities for mechanical 81 

design opened by director programming in nematic LCEs can be combined with CLCE colors 82 

to create multi-responsive systems in which both shape and color response can be designed, 83 

optimized, or even addressed independently, advancing the development of adaptive color-84 

changing and intelligent actuation systems. 85 

 86 
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Results 87 

Fabrication and characterization of CLCE hollow fiber 88 

The CLCE hollow fiber was prepared via a template method combined with anisotropic 89 

deswelling. In a typical experiment, as shown in Fig. 2a, a mold with a hollow ring structure 90 

was assembled using an inner capillary glass tube and an outer silicone tube. The CLCE 91 

precursor, containing RM257 as the mesogen, LC756 as the chiral agent, DODT and BDB as 92 

spacers, and PETMP as the crosslinker, was filled into the mold. Notably, BDB, which contains 93 

dynamic covalent B−O bonds enabling bond exchange, was synthesized following a reported 94 

procedure (Supplementary Fig. 1)38. When the molar content of BDB relative to the total 95 

spacers was x%, the sample was denoted as xBDB (20BDB was used in the experiment unless 96 

otherwise specified). Subsequently, a Michael addition reaction was conducted to form the first-97 

step crosslinking network, accompanied by solvent evaporation. During this process, as the 98 

solvent mainly evaporated through the silicone tube, the LC molecules self-assembled into a 99 

periodic helical nanostructure39. Following this, a photo-crosslinking reaction under UV 100 

irradiation led to the formation of the second-step crosslinking network. After demolding, the 101 

CLCE hollow fiber was obtained. It is important to note that in the resulting CLCE hollow fiber, 102 

the helical arrangement of the LC mesogens was oriented radially (along the wall thickness 103 

direction), with the helical axis perpendicular to the fiber’s longitudinal and circumferential 104 

directions. Along the longitudinal direction (for example, at the surface of the fiber), however, 105 

the LC mesogens exhibited a polydomain distribution without directional arrangement. 106 

The color of the CLCE hollow fiber could be easily tuned by adjusting the content of the 107 

chiral agent. As shown in Fig. 1b and Supplementary Fig. 2, CLCE hollow fibers with red, 108 

green, and blue reflection colors were successfully obtained. The structure of the CLCE hollow 109 

fiber was characterized using scanning electron microscopy (SEM). As shown in Fig. 1c, the 110 

longitudinal section of the CLCE hollow fiber exhibited a uniform structure and a smooth 111 

surface. The cross-section revealed a concentric annular structure, with an inner diameter of 112 

~1300 μm, an outer diameter of ~2200 μm, and a wall thickness of ~450 μm. At higher 113 

magnification in SEM, a typical lamellar pattern was observed, indicating the helical alignment. 114 
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To confirm the polydomain, polarized optical microscopy (POM) and X-ray diffraction (XRD) 115 

were performed. As shown in Fig. 2b, in the POM images, the CLCE hollow fiber showed no 116 

significant changes when rotated at 45° intervals, consistently displaying a certain brightness. 117 

It was further confirmed by XRD in Fig. 2c, where the XRD pattern displayed a symmetric ring, 118 

and the azimuthal scan showed a flat line. These were consistent with the polydomain feature 119 

of the obtained CLCE hollow fiber. 120 

In summary, by utilizing an anisotropic deswelling-assisted template method, we 121 

successfully fabricated polydomain CLCE hollow fibers with significant structural colors, 122 

laying the foundation for subsequent actuation studies. 123 

 124 
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Fig. 1 Morphology and working principle of CLCE hollow fiber. a The chemical composition of CLCE 125 

hollow fiber. b Photos of three CLCE hollow fibers that show red, green and blue. c SEM images of the 126 

longitudinal direction and cross-section of CLCE hollow fiber. d Alignment programming process of CLCE 127 

hollow fiber. e The color change mechanism of CLCE hollow fiber. λ is the central wavelength of reflection. 128 

nave is the average LC refractive index. The pitch (p) is defined as the length over which the LC mesogens 129 

rotated 360° along the helical axis. f The mechanical behavior of monodomain CLCEs under loads parallel 130 

and perpendicular to the alignment. The theoretical curve is obtained by choosing the polymer anisotropy r 131 

= 5.5, non-ideality α = 0.05 and shear modulus µ1 = 350 kPa, µ2 = 122.5 kPa using the anisotropic model. 132 

See Reference [3] and the theory section for the mechanical model and notations. g The ensuing inflation 133 

deformation trajectory and color change of CLCE hollow fiber with different alignments under pneumatic 134 

actuation. 135 

 136 

Pneumatic response performance of polydomain CLCE hollow fiber 137 

The hollow structure of the CLCE hollow fiber facilitates its accommodation of air pressure. 138 

Since the polydomain CLCE hollow fiber was directly obtained through fabrication 139 

experiments, we first investigated its actuation behavior, selecting a red CLCE hollow fiber to 140 

allow for a larger visible color-changing range. As shown in Fig. 2d, one end of the CLCE 141 

hollow fiber was sealed and clamped, while the other end was connected to an air pump. 142 

Pneumatic actuation was carried out at 25 °C. The pressure difference between the inside and 143 

outside of the cavity was denoted as Δp. The initial fiber length is denoted as L0, the fiber length 144 

at a stated pressure as L, and the length strain is defined as the ratio of ∆L/L0, where ∆L = L − 145 

L0. The initial outer fiber diameter is denoted as D0, the outer fiber diameter at a stated pressure 146 

is referred to D, and the outer diameter expansion ratio/strain is defined as ∆D/D0, where ∆D = 147 

D − D0. It was observed that as Δp increased, the CLCE hollow fiber exhibited axial contraction 148 

and significant radial expansion. As illustrated in Fig. 2e, when Δp reached 80 kPa, further 149 

inflation caused continued radial expansion but axial elongation. The maximum axial 150 

contraction ratio reached ~17%, accompanied by a radial expansion ratio of ~44%. Regarding 151 

structural color, as shown in Fig. 2d, the color of the CLCE hollow fiber gradually underwent 152 

a blue shift as Δp increased, transitioning from the initial red to green at 60 kPa, and then to 153 

blue at 100 kPa, with its reflection wavelength changing from 608 nm to 424 nm. Further 154 

inflation to 120 kPa caused the reflection spectrum to shift to even shorter wavelengths (Fig. 2f 155 
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and 2g). The entire continuous pneumatic process was shown in Supplementary Movie 1. 156 

Moreover, it can be observed that as the pressure increased, the circular polarization selectivity 157 

of the polydomain CLCE hollow fiber disappeared (Supplementary Fig. 3 and Fig. 4), 158 

indicating the formation of directional alignment and distorted structures.11 The mechanical 159 

response of the polydomain CLCE sample is given in Supplementary Fig. 5. Additionally, the 160 

polydomain CLCE hollow fiber maintained stable deformation and color-changing 161 

performance after 100 actuation cycles under 100 kPa pressure, demonstrating its excellent 162 

cyclic performance and laying the foundation for further applications (Fig. 2h). 163 

To better understand this complex deformation trajectory theoretically, we develop a 164 

membrane balloon model for the CLCE that incorporates director rotation and its resultant 165 

(semi-)soft elasticity. We describe the CLCE as a cylindrical membrane with initial radius R0, 166 

length L0 and thickness t0. Upon inflation, the balloon stretches L0→λL0, dilates R0→ηR0, and 167 

consequently thins t0→t0/(λη) to conserve the elastomer’s volume. Working in (z, θ, ρ) 168 

cylindrical coordinates, the deformation gradient in the CLCE is thus simply F = diag(λ, η, 169 

1/(λη)), which is constant throughout the membrane. To model the elastic response to these 170 

deformations, we then use the standard non-ideal neo-classical hyper-elastic energy density for 171 

a nematic elastomer fabricated with initial director n0, then subject to a deformation gradient F 172 

that rotates the alignment to the final state director n: 173 

W(F, n0) = min
n

[
1

2
µTr(FT𝓵-1(n)F𝓵(n0) + αF(I – n0n0)F

Tnn) ],  174 

where ℓ(n) ≡ r-1/3(I + (r − 1)nn).                                          (1) 175 

The first term above describes an ideal nematic elastomer with shear modulus μ and polymer 176 

anisotropy r>1. This term alone exhibits perfect soft elasticity, in which “soft modes” of 177 

deformation of the general form F = ℓ1/2(n) ℓ-1/2(n0) can be accommodated by director rotation 178 

but without any increase in energy. The second “non-ideal” term encodes a bias for n to align 179 

with its fabrication direction, n0, causing these soft-modes to incur an energy proportional to 180 

the (small) coefficient of non-ideality, α. In our CLCEs, the initial director is planar, n0 = (cos 181 

θ, sin θ, 0), but twists through the thickness with helical pitch p, giving θ(ρ) = 2πρ/p, so the 182 

total elastic energy can be written as a thickness average Eel = π(Rout
2  − Rin

2 ) L0<W(F, n0)>ρ with 183 
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inner radius Rin and outer radius Rout. Finally, at a given pressure P, the deformation of the 184 

balloon is given by minimizing Eel − PV, (V being internal volume) over λ and η. 185 

Conducting the thickness average and minimization numerically in Mathematica (see 186 

Theoretical supplement), using the measured balloon geometry, and the three material 187 

parameters obtained independently by fitting to monodomain stress-strain curves (Fig. 1f), we 188 

obtain a theoretical prediction for the shifting shape and color of the hollow fiber (Fig. 2i). 189 

Though agreement is not perfect, the theory captures the key surprise, which is that the balloon 190 

initially shortens then lengthens, while the color blue-shifts monotonically. To rationalize this, 191 

we consider that, as ever in cylindrical balloons, the hoop stress is twice the longitudinal stress. 192 

In a region with initial longitudinal alignment, this difference induces the director to rotate 193 

toward the circumferential direction, and, in isolation, in an ideal system, this would occur via 194 

a perfect soft mode F = diag(r-1/2, r1/2, 1) that causes radial dilation and longitudinal contraction; 195 

after the director reaches circumferential, no further rotation is available, so the response is like 196 

a normal rubber balloon, with longitudinal and radial expansion. The behavior of the CLCE 197 

balloon, with modest but non-monotonic longitudinal contraction, arises as a compromise 198 

between the initially more longitudinal regions and more circumferential regions within each 199 

helix, which must all deform in the same way. Inspired by the developed theory, these observed 200 

experimental behaviors could be attributed to the fact that, although the polydomain CLCE 201 

hollow fiber exhibited overall mechanical isotropy, its internal stress distribution under 202 

inflation became anisotropic, with the hollow fiber structure experiencing doubled 203 

circumferential (hoop) stress compared to longitudinal stress under the same pressure. This 204 

anisotropy subsequently led to director reorientation toward the circumferential direction for 205 

part of the director domain, resulting in dramatic longitudinal contraction. In particular, the 206 

longitudinal strain exabits a plateau below 20 kPa, likely owing to the semi-soft behaviour and 207 

the degree of alignment. When the pressure reached around 80 kPa, the director reorientation 208 

was saturated and all the directors were circumferential. This is consistent with the result that 209 

axial contraction reached its maximum at this pressure. After that, the fiber got thinner by 210 
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further inflating, resulting in the shortening of the helical pitch because of the volume 211 

conservation during inflation. 212 

Combining all the experiments and theoretical simulations in Fig. 2, it can be concluded 213 

that the polydomain CLCE hollow fiber can simultaneously undergo deformation and color 214 

changes under pneumatic actuation, with the magnitude of these changes adjustable by pressure. 215 

During the experimental actuation process, the fiber exhibited maximum values of ~17% length 216 

strain, ~79% radial expansion, and a 223 nm reflection wavelength blue shift. The theory 217 

captures the key non-monotonic surprise of the experiment, which is attributed to director-218 

rotation towards circumferential. Unlike in our later case, the quantitative agreement here is 219 

somewhat disappointing, which we attribute to our treatment of neighboring domains as 220 

independent, neglecting the complex micro-mechanics that can arise from cooperation40. Also, 221 

our unified theoretical model performs better in the semi-soft mode regime, whereas the 222 

deformation of a polydomain sample is partly in the “hard” mode, with no director rotation, 223 

since the polydomain contains fully helical directors. Nevertheless, the model already captures 224 

several key features, including a non-monotonic and small length change, a monotonic and 225 

large diameter change, and a large monotonic blue shift. 226 
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 227 

Fig. 2 Characterization of pneumatic response performance of polydomain CLCE hollow fiber. a 228 

Schematic of fabrication process for CLCE hollow fiber via an anisotropic deswelling-assisted template 229 

method. b POM of polydomain CLCE hollow fiber viewed between crossed polarizers. The fiber-axes were 230 

aligned parallel to and at 45° to the polarizer, respectively. c XRD pattern and intensity of azimuthal scan of 231 

polydomain CLCE hollow fiber. d Images of a red polydomain CLCE hollow fiber inflated at different 232 

pressures. e Axial and radial deformation ratios of the polydomain CLCE hollow fiber as a function of 233 

pressure. f Reflectance spectra of the CLCE hollow fiber corresponding to d. g The reflection wavelength of 234 

the polydomain CLCE hollow fiber at different pressures. h Cyclic performance of deformation and color 235 

change of the polydomain CLCE hollow fiber under pneumatic actuation at 100 kPa. The length strain of the 236 

first cycle is denoted as ε0, and the length strain of the x-th cycle is denoted as εx. The stability of the 237 

contraction ratio is characterized by εx/ε0. The difference in reflection wavelength before and after inflation 238 
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is denoted as Δλ. i Theoretical simulation results of the mesogen director field, deformation, and color change 239 

for the polydomain CLCE hollow fiber under different pressures. 240 

 241 

Pneumatic response performance of longitudinally aligned CLCE hollow fiber 242 

The intrinsic mechanical anisotropy and (semi-)soft elasticity endow LCE materials with 243 

diverse pneumatic actuation motions29,30,34,35,41, which also holds potential for CLCE systems. 244 

To achieve this functionality, it is necessary to impart directional arrangements to CLCEs. 245 

However, the CLCE hollow fiber obtained through the aforementioned experiments lacked an 246 

overall orientation. To address this issue, we introduced boronic ester molecules into the 247 

chemical system, aiming to program an overall alignment of the CLCE hollow fiber through 248 

thermo-activated exchange of dynamic covalent B−O bonds. The effect of dynamic B−O bonds 249 

on the performance of the CLCE hollow fiber was investigated by varying the content of BDB. 250 

Differential scanning calorimetry (DSC) curves indicated that the LC-to-isotropic transition 251 

temperature (Tni) of the CLCEs with different BDB contents was approximately 84.5 °C 252 

(Supplementary Fig. 6). Stress relaxation tests of the CLCEs showed that the 20BDB sample 253 

relaxed approximately 80% of the stress within 60 minutes, while the 50BDB sample achieved 254 

complete stress relaxation (Fig. 3b), demonstrating the thermo-activated exchange capability of 255 

the dynamic covalent B−O bonds. 256 

To obtain longitudinally aligned CLCE hollow fibers, the polydomain CLCE hollow fiber 257 

was stretched to twice its original length and maintained at 65 °C (20 °C below Tni) for 6 h. Due 258 

to the thermo-activated B−O bond exchange, the polymer network of the CLCE hollow fiber 259 

formed a new topological structure to adapt to the aligned state. After cooling to room 260 

temperature and removing the fiber from the clamp, longitudinally aligned CLCE hollow fibers 261 

were obtained (Fig. 3a). Notably, since stretching reduces the wall thickness of the hollow fiber 262 

and causes a blue shift in the reflection color, polydomain fibers with an initial reflection 263 

wavelength in the near-infrared (NIR) range were selected to ensure that the resulting 264 

longitudinally aligned CLCE hollow fibers exhibited a red color. As shown in Supplementary 265 

Fig. 7, in this experiment, the reflection wavelength of the CLCE hollow fiber before 266 

longitudinal alignment programming was 920 nm, which blue-shifted to 682 nm after 267 
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programming. The alignment state of the CLCE hollow fiber before and after programming 268 

was investigated using POM and XRD. As shown in Fig. 3c and Supplementary Fig. 8, the 269 

CLCE hollow fiber was bright under POM before programming, with no significant changes 270 

when rotated at 45° intervals. In contrast, after programming, the sample appeared completely 271 

dark when its long axis was parallel to one of the polarizers, and reached maximum brightness 272 

when rotated 45° relative to the polarizer, indicating that the programmed CLCE hollow fiber 273 

achieved almost homogeneous longitudinal alignment, while maintaining enough residual 274 

wobble alignment to preserve the structural color (same for other programmed alignments). As 275 

shown in Fig. 3d, the XRD patterns changed from a ring to a pair of diffraction arcs, consistent 276 

with the fact that the CLCE hollow fiber transitioned from a polydomain to an aligned 277 

monodomain structure after programming. The order parameter f of the longitudinally aligned 278 

CLCE hollow fiber was 0.63, as determined by the Hermans–Stein orientation distribution 279 

function42-44, indicating good alignment along the long axis. The above results demonstrated 280 

that a red, longitudinally aligned CLCE hollow fiber can be obtained through programming 281 

using thermo-activated B−O bond exchange. 282 

Next, pneumatic actuation was performed on the longitudinally aligned CLCE hollow 283 

fiber. As shown in Fig. 3e, when Δp reached 60 kPa, the CLCE hollow fiber exhibited almost 284 

no deformation. When Δp reached 80 kPa, a clear and sudden expansion occurred, accompanied 285 

by substantial axial contraction, indicating a sub-critical instability. This sudden deformation 286 

contrasted with the gradual deformation observed in the polydomain CLCE hollow fiber. The 287 

critical pressure Δp at which the CLCE hollow fiber began to undergo abrupt deformation was 288 

defined as Δpc. Based on these observations, it can be concluded that the instability occurs 289 

between 60 kPa and 80 kPa. It was also observed that when Δp exceeded Δpc, the CLCE hollow 290 

fiber began to exhibit slight reverse elongation along with further radial expansion. Throughout 291 

the process, the maximum axial contraction ratio of the longitudinally aligned CLCE hollow 292 

fiber was ~50%, with a corresponding radial expansion ratio of ~130% (Fig. 3f). In terms of 293 

color change, as shown in Fig. 3e, the CLCE hollow fiber remained red as Δp increased, with 294 

a slight blue shift in its reflection spectrum (Fig. 3g and 3h). Although a drastic contraction 295 
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occurred at 80 kPa, the reflection wavelength shifted only from 655 nm to 605 nm and remained 296 

within the red region. This is because, in the ideal case, pure director rotation does not alter 297 

either the fiber thickness or the photonic reflection band. Once the directors had fully rotated 298 

into the circumferential direction, further increases in pressure induced the thickness thinning, 299 

causing the reflection color of the CLCE hollow fiber to gradually shift from red to blue (from 300 

605 nm to 497 nm). These results demonstrated that although the CLCE hollow fiber underwent 301 

large deformation at Δpc, its wall thickness did not decrease substantially. The entire continuous 302 

pneumatic process was shown in Supplementary Movie 2. Moreover, it can be observed that 303 

the CLCE hollow fiber exhibited no circular polarization selectivity—neither in its initial 304 

longitudinally aligned state nor after reaching the Δpc and transitioning to a circumferential 305 

alignment—indicating that the aligned samples possess a distorted structure (Supplementary 306 

Fig. 9 and Fig. 10). Additionally, 100 pneumatic actuation cycles at 120 kPa confirmed the 307 

actuation stability of the CLCE hollow fiber, demonstrating its potential as a dual-deformation 308 

and color-changing component for future applications (Fig. 3i). 309 

We notice that several previous studies have examined how soft-elasticity and inflation 310 

are expected to combine in cylindrical nematic balloons with initially longitudinal alignment29-311 

32. The key mechanics are that, since inflation always generates a hoop stress that is twice the 312 

longitudinal stress, the balloon initially inflates via a soft-mode, in which the director rotates to 313 

the circumferential direction. As observed experimentally30, the balloon actually gets shorter. 314 

Furthermore, during director rotation, the soft elastic modes of deformation demand shears that 315 

must twist the balloon. In strictly longitudinal balloons, rotation and twist are equally likely to 316 

occur in either sense, likely leading them to cancel out macroscopically29,31. However, these 317 

phenomena have not been analyzed in CLCEs. 318 

To quantitatively understand the experiments, we use the same energy form but with the 319 

anchored director pointing towards the axial direction superposed by a small oscillation, θ(ρ) = 320 

0.05 sin(2πρ/p). The oscillation is caused by the incompatibility of the director rotation through 321 

the thickness during the mechanical programming, yielding the programmed director pointing 322 

almost but not perfectly along the longitudinal direction through the thickness, and allowing 323 
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the structural color to survive programming. Again, the theoretical model is solved numerically 324 

for the pressure-controlled ballooning problem. As shown in Fig. 3j, using the same material 325 

parameters, our model successfully captured the main mechanical response. In particular, both 326 

the length and the diameter have a large jump at a critical pressure, with length shortening and 327 

diameter increasing. Meanwhile, the thickness change is also calculated which predicts the 328 

color change accurately (see the theoretical manifestations in Fig. 3j), showing that blue shift 329 

largely arises above the critical pressure. As previewed in the polydomain case, an ideal (α = 0) 330 

longitudinal balloon would jump to a circumferential alignment at zero pressure via a soft mode, 331 

F = diag(r-1/2, r1/2,1), with radial dilation, longitudinal expansion, and interior volume increasing 332 

by r1/2. In CLCEs, this transition is delayed by non-ideality and the initial director fluctuation, 333 

but as anticipated in previous work29, it remains a subcritical jump. To confirm this mechanism, 334 

we plot the director rotation implied by our theory versus pressure in Fig. 3k. We see that the 335 

director rotation and the jump emerge simultaneously, confirming the jump is associated with 336 

the soft mode, and thus fundamentally different from a usual neo-Hookean balloon. Taken 337 

together, the experimental results and theoretical simulations demonstrated that the 338 

longitudinally aligned CLCE hollow fiber responded to air pressure, achieving maximum 339 

values of ~50% axial contraction, ~165% radial expansion, and a reflection wavelength blue 340 

shift of up to 176 nm. Inspired by the theory, this anomalous inflation behavior was primarily 341 

attributed to the simultaneous director reorientation and ballooning instability, under the 342 

dominant hoop stress5,45. This caused the circumferential direction to deform more easily during 343 

inflation, resulting in radial expansion and simultaneous axial contraction. In addition, due to 344 

the semi-soft elasticity of CLCEs, the LC mesogens of the CLCE hollow fiber exhibited almost 345 

no rotation below Δpc
46-49. Upon reaching Δpc, a slight increase in Δp induced significant 346 

rotation of the LC mesogens. The simultaneous rotation of all mesogens from the longitudinal 347 

to the circumferential direction macroscopically manifested as a sudden axial contraction of the 348 

CLCE hollow fiber. Moreover, when the pressure was increased beyond Δpc, the mesogen 349 

rotation was saturated and this led to further axial elongation and radial expansion as normal 350 

balloon. 351 
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From the results shown in Fig. 3, it can be concluded that the CLCE system containing 352 

B−O bonds exhibits effective dynamic bond exchange capability. Thermo-activated 353 

programming of polydomain CLCE hollow fibers can yield longitudinally aligned CLCE 354 

hollow fibers. The simultaneous shape and color changes of the longitudinally aligned CLCE 355 

hollow fiber under pneumatic actuation are attributed to its mechanical anisotropy and soft 356 

elasticity, during which the LC mesogens rotate from longitudinal to circumferential alignment. 357 

Notably, the distinct “plateau-then-jump” response presents opportunities for designing 358 

functional devices, such as threshold-type optical sensors and multi-stage soft actuators. By 359 

leveraging the pneumatic actuation-induced adaptability alongside the dual deformation and 360 

color-changing capabilities, the practical application scope of CLCE materials is expected to 361 

be further expanded. 362 



  

16 

 

 363 

Fig. 3 Characterization of pneumatic response performance of longitudinally aligned CLCE hollow 364 

fiber. a Schematic diagram of the programming process for obtaining CLCE hollow fiber with longitudinal 365 

alignment. b Stress relaxation behavior of CLCEs with 0, 10, 20, and 50 BDB content at 65 °C. c POM 366 

images of CLCE hollow fibers with longitudinal alignment. d XRD patterns (left) and intensity of azimuthal 367 

scan (right) of CLCE hollow fiber before and after programming with longitudinal alignment. The arrow 368 

indicates the orientation direction. e Images of a red CLCE hollow fiber with longitudinal alignment inflated 369 

at different pressures. f Axial and radial deformation ratios of the CLCE hollow fiber with longitudinal 370 

alignment as a function of pressure. g The reflection wavelength of the longitudinally oriented CLCE hollow 371 

fiber at different pressures. h Reflectance spectra of the CLCE hollow fiber corresponding to e. i Cyclic 372 

performance of deformation and color change of longitudinally aligned CLCE hollow fiber under pneumatic 373 

actuation at 120 kPa. j Simulation results of the mesogen director field, deformation, and color change for 374 



  

17 

 

the CLCE hollow fiber with longitudinal alignment under different pressures. k Director rotation angle as a 375 

function of pressure. 376 

 377 

Pneumatic response performance of circumferentially aligned CLCE hollow fiber 378 

Different directional programming of LC mesogens may lead to distinct actuation behaviors. 379 

Longitudinally aligned CLCE hollow fibers can be obtained through simple axial stretching and 380 

polymer network rearrangement. However, achieving circumferential alignment in fibrous 381 

materials by applying circumferential force remains a challenge. Surprisingly, pneumatic 382 

actuation, as a unique method of applying mechanical force, provided an opportunity to obtain 383 

circumferentially aligned CLCE hollow fibers. As mentioned in the previous section, 384 

longitudinally aligned CLCE hollow fibers undergo a transition where the LC mesogens rotate 385 

from the axial to the circumferential direction upon reaching Δpc. If this oriented state is fixed, 386 

circumferentially aligned CLCE hollow fibers can be obtained. As shown in Fig. 4a, 387 

circumferential alignment programming of the CLCE hollow fiber was achieved by combining 388 

pneumatic actuation and dynamic covalent B−O bond exchange. Dynamic mechanical analysis 389 

(DMA) revealed that the Young’s modulus of the monodomain CLCEs decreased with 390 

increasing temperature (Fig. 4b)35,50. Therefore, in the experiment, circumferential alignment 391 

of the CLCE hollow fiber was programmed at 65 °C under a lower pressure of 70 kPa. Heating 392 

for 6 h allowed sufficient rearrangement of the topological network, resulting in 393 

circumferentially aligned CLCE hollow fibers. Notably, since the CLCE hollow fiber was 394 

inflated around Δpc, its color remained in the red state. Thus, samples with reflection 395 

wavelengths in the red range were selected for programming, and the resulting 396 

circumferentially aligned CLCE hollow fibers also exhibited a red color. To verify the 397 

orientation state, POM and XRD tests were conducted. Fig. 4c shows that when the long axis 398 

of the CLCE hollow fiber was parallel to one polarizer, the POM image appeared dark, whereas 399 

when the long axis was at a 45° angle to the polarizer, the POM image appeared bright, 400 

indicating a directional arrangement. The XRD pattern displayed a pair of distinct diffraction 401 

arcs, with the orientation direction perpendicular to the axial direction of the CLCE hollow fiber 402 

(The long axis of the fiber sample during testing was perpendicular to the beam stopper). The 403 
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order parameter f was calculated to be 0.60, indicating that the circumferentially aligned CLCE 404 

hollow fiber was well-oriented (Fig. 4d). These experimental results demonstrate that by 405 

inflating the longitudinally aligned CLCE hollow fiber to rotate the LC mesogens into a 406 

circumferential state, while heating to induce bond exchange reactions, red circumferentially 407 

aligned CLCE hollow fibers were successfully obtained. 408 

Under pneumatic actuation, as shown in Fig. 4e and Supplementary Movie 3, the CLCE 409 

hollow fiber exhibited a gradual axial elongation accompanied by radial expansion as the 410 

inflation pressure increased. When the pressure reached 200 kPa, the maximum axial elongation 411 

ratio was ~14%, and the maximum radial expansion ratio was ~25% (Fig. 4f). The color 412 

gradually changed from red to blue, with the corresponding reflection spectrum shifting from 413 

611 nm to 453 nm, showing an approximately monotonic linear relationship with the change in 414 

pressure (Fig. 4g and 4h). This behavior is consistent with the pneumatic response of 415 

longitudinally aligned CLCE hollow fibers after reaching Δpc, as shown in Fig. 3. Additionally, 416 

the circumferentially aligned CLCE hollow fiber exhibited excellent stability over 100 cycles 417 

of pneumatic actuation (Fig. 4i), demonstrating its reliability for practical applications. 418 

The actuation is theoretically predicated by the same method, with the programmed 419 

anchored director pointing circumferentially superposed by a small oscillation: θ(ρ) = 0.5π + 420 

0.05 sin(2πρ/p). As shown in Fig. 4j, the main features of the length change, diameter change, 421 

and color change are captured by the theory. In contrast with the longitudinal alignment case, 422 

the length and diameter changes exhibit no jumps, because the director is already 423 

circumferential which gives no room for further director reorientation (Fig. 4k). However, the 424 

length change predicted by our model is noticeably smaller than that observed in experiments. 425 

We attribute this discrepancy to the isotropic modulus assumed in our original neo-classic 426 

energy model, whereas in reality the modulus is anisotropic along and perpendicular to the 427 

director. To address this, we also employ a modified model (Theory-2 in Fig. 4f) that 428 

incorporates soft elasticity and modulus anisotropy51, which yields improved predictions (see 429 

the theoretical supplement for details). Nevertheless, we primarily retain the original model, as 430 

it already captures the main features with satisfactory agreement. 431 
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 From the results shown in Fig. 4, it can be concluded that the method of applying force 432 

through inflation enables the formation of circumferentially aligned CLCE hollow fibers, and 433 

the oriented state can be fixed using thermal exchange of dynamic B−O bonds. The 434 

circumferentially aligned CLCE hollow fibers can respond to pneumatic actuation, producing 435 

simultaneous axial elongation of ~14%, radial expansion of ~25%, and a blue shift of 158 nm 436 

in color under a pressure of 200 kPa. During pneumatic actuation, circumferentially aligned 437 

CLCE hollow fibers exhibit both elongation and expansion, achieving a large wavelength shift 438 

within a small strain range, which shows great potential for applications in strain sensors, 439 

information displays, and other fields. 440 
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 441 

Fig. 4 Characterization of pneumatic response performance of circumferentially aligned CLCE hollow 442 

fiber. a Schematic diagram of the programming process for obtaining CLCE hollow fiber with 443 

circumferential alignment. b The Young’s modulus of the monodomain CLCEs at different temperatures. 444 

During the test, the load direction was perpendicular to the alignment. c POM images of CLCE hollow fibers 445 

with circumferential alignment. d XRD pattern and azimuthal scan intensity of the CLCE hollow fiber with 446 

circumferential alignment. To avoid the influence of the beam stopper on the results, the circumferentially 447 

aligned sample was placed horizontally during testing. Samples with other alignment modes were placed 448 

vertically relative to the instrument, at a 90° difference. As a result, the diffraction arc direction of the 449 

circumferential sample in the XRD pattern was consistent with that of, for example, the longitudinally aligned 450 

sample. e Images of a red CLCE hollow fiber with circumferential alignment inflated at different pressures. 451 

f Axial and radial deformation ratios of the CLCE hollow fiber with circumferential alignment as a function 452 
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of pressure. g The reflection wavelength of the circumferentially oriented CLCE hollow fiber at varying 453 

pressures. h Reflectance spectra of the CLCE hollow fiber corresponding to e. i Cyclic performance of 454 

deformation and color change of circumferentially aligned CLCE hollow fiber under pneumatic actuation at 455 

160 kPa. j Simulation results of the mesogen director field, deformation, and color change for the CLCE 456 

hollow fiber with circumferential alignment under different pressures. k Director rotation angle as a function 457 

of pressure. 458 

 459 

Pneumatic response performance of twisted CLCE hollow fiber 460 

By controlling the direction of the alignment, the mechanical anisotropy of CLCE hollow fibers 461 

could be programmed, thereby generating distinct pneumatic actuation motions and 462 

performances, such as the contraction of longitudinally aligned CLCE hollow fibers and the 463 

elongation of circumferentially aligned CLCE hollow fibers. However, the aforementioned two 464 

alignments are orthogonal to the long axis of the fiber. If the alignment of mesogens in CLCEs 465 

forms a certain angle with the long axis of the fiber, i.e., a twisted alignment, what kind of 466 

pneumatic actuation behavior would occur? We conducted an investigation into this matter. 467 

First, to achieve twisted alignment, during the programming process, we simultaneously 468 

stretched and twisted the polydomain CLCE hollow fiber, causing the LC mesogens to rotate 469 

at a certain angle along the long axis of the fiber (Fig. 5a). Heating was then applied to activate 470 

dynamic B−O bond exchange to fix the alignment. The degree of twisting was quantified by 471 

the twist density τ0, which is given by: τ0 = ∆θ/L0, where ∆θ is the torsional angle introduced 472 

into the CLCE hollow fiber and L0 is the length of the CLCE hollow fiber. Through thermal 473 

programming, we successfully fabricated CLCE hollow fibers with τ0 of 9° mm⁻¹ and 18° mm⁻¹. 474 

It should be noted that the hollow structure would flatten if τ0 exceeded 18° mm⁻¹, which was 475 

the maximum value investigated in this study. Additionally, twisting in clockwise and 476 

counterclockwise directions resulted in opposite chirality. Notably, to ensure the twisted CLCE 477 

hollow fiber exhibited a red color, we selected samples with reflection spectra in the NIR range 478 

for programming. Fig. 5b shows POM images of the left-handed twisted CLCE hollow fiber 479 

with τ0 of 9° mm⁻¹ and 18° mm⁻¹, respectively. It can be observed that the surface of the CLCE 480 

hollow fiber exhibited twisted textures, which can be attributed to the torsional stretching during 481 

preparation. The bias angle θ between the alignment direction of the twisted textures and the 482 
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long fiber axis can be calculated as: θ = tan⁻1(Routτ0), where Rout is the outer radius of the CLCE 483 

hollow fiber. The theoretical bias angles calculated for the CLCE hollow fibers in Fig. 5b were 484 

7.6° and 15.2°, which closely matched the experimentally measured average values of 6.4° and 485 

14.7°. Moreover, when the long axis was parallel to one of the crossed polarizers, the POM 486 

image of the CLCE hollow fiber appeared bright, and the transmitted light intensity reached its 487 

maximum when the long axis was at a 45° angle to the polarizer. The right-handed twisted 488 

CLCE hollow fiber with τ0 of 9° mm⁻¹ and 18° mm⁻¹ exhibited the same phenomenon 489 

(Supplementary Fig. 11). This differed from the previously investigated polydomain CLCEs, 490 

which exhibited birefringence at all angles, as well as from the longitudinally and 491 

circumferentially aligned CLCE hollow fibers, which both appeared completely dark when the 492 

long axis of the fiber was parallel to one of the polarizers. These results indicate that the 493 

mesogens in the twisted CLCE hollow fiber possessed a twisted alignment along the long axis. 494 

The twisted alignment of mesogens within the left-handed CLCE hollow fiber with τ0 of 9° 495 

mm⁻¹ and 18° mm⁻¹ was further confirmed by XRD, as shown in Fig. 5c. Compared to uniaxial 496 

alignment, the spot pattern gradually transformed into a wider arc as τ0 increased in twisted 497 

CLCE hollow fibers. The order parameter of the CLCE hollow fiber decreased to 0.61 and 0.58 498 

when the twist density τ0 increased to 9° mm⁻¹ and 18° mm⁻¹, respectively. The reduction in the 499 

degree of orientation along the long axis of the fiber may be attributed to the alignment of 500 

mesogens along the torsional direction, deviating from the uniaxial alignment31,32,52. From the 501 

results above, it can be concluded that a CLCE hollow fiber can be programmed with a designed 502 

twisted alignment by controlling the twist density and chirality. 503 

We further investigated the pneumatic actuation behavior of twisted CLCE hollow fibers. 504 

Fig. 5d shows images of the left-handed CLCE hollow fiber with τ0 of 18° mm⁻¹ during inflation. 505 

It can be observed that, as Δp increased, the CLCE hollow fiber demonstrated rotation, which 506 

became more pronounced due to the rotation of the clamp. The rotation angle ϕ was calculated 507 

as the angle between the clamp axis (black dashed line) and its initial position (gray dashed line) 508 

at different pressures Counterclockwise angles are recorded as negative (−), while clockwise 509 

angles are recorded as positive (+). Combining Fig. 5d and Supplementary Movie 4, when the 510 
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pressure ranged from 0 to 60 kPa, the left-handed CLCE hollow fiber rotated counterclockwise 511 

(from the top view). When the pressure increased to 80 kPa, the fiber rotated counterclockwise 512 

to its maximum angle and then jumped backwards in rotation. After stabilization, further 513 

inflation caused the CLCE hollow fiber to rotate clockwise. During this process, the fiber 514 

rotated counterclockwise to a maximum angle of approximately 163°, then rotated clockwise 515 

by approximately 330° to +167° at 80 kPa, and reached a maximum rotation angle of 516 

approximately +185° at 140 kPa (Fig. 5e). Simultaneously, under pneumatic actuation, the 517 

CLCE hollow fiber also exhibited axial contraction and radial expansion, as shown in Fig. 5f. 518 

The magnitude of length contraction significantly increased at 80 kPa (Δpc), with a maximum 519 

contraction ratio of ~48%. Beyond this point, as Δp increased, the fiber exhibited axial 520 

elongation and radial expansion, similar to the deformation trend of longitudinally aligned 521 

CLCE hollow fibers. This rotation and deformation behavior can be attributed to the uniaxial 522 

and helical orientation of mesogens along the twisted CLCE hollow fiber. During inflation, the 523 

internal pressure increased, and the circumferential expansion force caused the mesogens to 524 

deflect toward the circumferential direction, resulting in length contraction and torsional 525 

deformation. 526 

The left-handed CLCE hollow fiber with τ0 of 9° mm⁻¹ was also investigated (Fig. 5e and 527 

Supplementary Fig. 12). It exhibited counterclockwise rotation and axial contraction before 528 

reaching 80 kPa, rotating to a maximum angle of approximately 213° at 80 kPa before reversing 529 

its rotation by approximately 206° to −7°, with a maximum contraction ratio of ~48%. Beyond 530 

80 kPa, the CLCE hollow fiber continued to rotate counterclockwise but exhibited axial 531 

elongation. Compared to the left-handed sample, the right-handed CLCE hollow fiber exhibited 532 

opposite rotation directions but similar rotation angles and deformation trends under pneumatic 533 

actuation. In terms of color, as shown in Fig. 5g and 5h, the reflection wavelength of the twisted 534 

CLCE hollow fiber gradually blue-shifted as the pressure increased. After reaching 80 kPa, due 535 

to simultaneous radial expansion and axial elongation, the pitch length decreased more 536 

significantly, increasing the color-changing sensitivity. To demonstrate the reliability of the 537 
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pneumatic actuation of twisted CLCE hollow fibers, as shown in Fig. 5i, we conducted 100 538 

cycles of inflation at 140 kPa, laying a foundation for its further applications. 539 

To rationalize this rich twisting behavior, we again used our mechanical model, now with 540 

a director profile θ(ρ) = θ0+0.05 sin(2πρ/p), that describes a small residual thickness oscillation 541 

superimposed on the main director making fixed angle θ0 with longitudinal. Importantly, in this 542 

case, the balloon deformation is also allowed to include a shear component, Fθz = γ, which is 543 

included in the minimization and, when non-zero, describes the pneumatic twisting of the 544 

balloon. In contrast with the longitudinal balloons, the initial bias angle in the helical balloons 545 

drives the choice of a single sign of γ, meaning that the shears turn into the macroscopic twists 546 

that we observe32, enabling another mode of deformation. In the theoretical prediction, we 547 

choose the twist density τ0 close to the experimental values. The main direction θ0 of the 548 

anchored director can be calculated according to τ0. The geometric parameters Rout, Rin, L0, the 549 

polymer anisotropy r, and the non-ideality parameter α are chosen to be the experimental values 550 

or fitted from the monodomain experiment independently (or close). Due to the inherent 551 

symmetry of our model, the theoretical solutions for left- and right-handed twists are symmetric 552 

as well. As shown in Fig. 5e, 5f, 5h, and 5k, the numerical predictions from our model closely 553 

match the experimental pneumatic actuations, particularly capturing the twist/reverse-twist 554 

transitions and the jumps in length. Additionally, the predicted thickness changes enable 555 

computation of the resulting color shifts, which show good agreement with experimental 556 

observations. A further examination based on the theoretical model shows that the director 557 

reorientation caused by the hoop stress fundamentally governs the twist/reverse twist behavior 558 

and the length jump. From the above results, it can be concluded that upon inflation, the twisted 559 

CLCE hollow fiber first underwent torsional rotation and axial contraction. At Δpc, it untwisted 560 

and reversed its rotation, exhibiting both axial contraction and radial expansion. Beyond Δpc, 561 

the fiber exhibited axial elongation, accompanied by a blue shift in color. 562 

In summary, by utilizing dynamic covalent bonds, CLCE hollow fibers with designed 563 

twisted structures can be achieved. Under pneumatic actuation, due to the twisted alignment of 564 

mesogens, the CLCE hollow fiber exhibited not only length contraction but also torsional 565 
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deformation. Notably, the entire process involved two-directional motion, including twisting 566 

and untwisting rotations, with higher twist densities resulting in greater overall rotation angles. 567 

Additionally, the pneumatic actuation process was accompanied by a blue shift in structural 568 

color, providing responses in both shape and color. This twisted CLCE hollow fiber enriches 569 

the deformation modes of CLCE fibers as actuation units and expands the application scenarios 570 

of CLCEs as stimulus-responsive materials. 571 

  572 
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 573 

Fig. 5 Characterization of pneumatic response performance of twisted CLCE hollow fiber. a Schematic 574 

diagram of the programming process for obtaining CLCE hollow fiber with twisted alignment. b POM 575 

images of left-handed twisted CLCE hollow fibers with τ0 of 9° mm⁻1 (top) and 18° mm⁻1 (down), 576 
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respectively. c XRD patterns (left) and intensity of azimuthal scan (right) of left-handed twisted CLCE 577 

hollow fibers with τ0 of 9° mm⁻1 and 18° mm⁻1. d Images of a red CLCE hollow fiber with 18° mm⁻1 left-578 

handed twisted alignment inflated at different pressures. e The rotation angle of the twisted CLCE hollow 579 

fiber as a function of pressure. f The axial deformation ratio of the twisted CLCE hollow fiber as a function 580 

of pressure. g Reflectance spectra of the CLCE hollow fiber corresponding to d. h The reflection wavelength 581 

of the twisted CLCE hollow fiber at varying pressures. i Cyclic performance of rotation and color change of 582 

CLCE hollow fiber with 18° mm⁻1 left-handed twist under pneumatic actuation at 140 kPa. The rotation 583 

angle of the first cycle is denoted as ϕ0, and the rotation angle of the x-th cycle is denoted as ϕx. The stability 584 

of the rotation angle is characterized by ϕx/ϕ0. j Simulation results of the mesogen director field, deformation, 585 

and color change for the CLCE hollow fiber with 18° mm⁻1 left-handed twisted alignment under different 586 

pressures. k Director rotation angle as a function of pressure. 587 

 588 

Discussion 589 

In this study, polydomain CLCE hollow fibers with periodic helical nanostructures were 590 

fabricated using an anisotropic deswelling-assisted template method. By introducing dynamic 591 

covalent boronic ester bonds, the CLCE hollow fibers could be programmed with designed 592 

alignments in three dimensions—longitudinal, circumferential, and twisted orientations. 593 

Thanks to the intrinsic mechanical anisotropy, the CLCE hollow fibers could respond to 594 

pneumatic actuation, not only generating specific motions such as expansion, contraction, 595 

elongation, and twisting, but also exhibiting dynamic color changes across the entire visible 596 

spectrum. More surprisingly, most of these motions are non-monotonic, which are observed in 597 

some LCE systems53,54 but rarely seen in conventional soft material systems. The non-598 

monotonicity arises from a sub-critical instability associated with the director rotation in 599 

CLCEs, in contrast to the super-critical instability for inflating a normal balloon. Through a 600 

unified theoretical model and the corresponding numerical simulations, the mechanism of the 601 

pneumatic actuation response of the CLCE hollow fibers was deeply elucidated, visually 602 

demonstrating the relationship between the rotation of the LC director and the actuation 603 

behavior. It can be concluded from the theory and the experiment that the coupling of director 604 

programming, director reorientation and elastic (ballooning) instability governs the multimodal 605 

actuations together. This is of significant importance for understanding the properties arising 606 

from the intrinsic characteristics of LC materials. Overall, this work advanced the alignment 607 
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techniques for CLCE fibers. By combining mechanical/pneumatic force induction with 608 

dynamic covalent B−O bonds, CLCE fibers could be easily programmed with multiple designed 609 

alignments. Notably, the successful achievement of circumferential alignment in CLCE fibers, 610 

which had never been achieved before, marks a breakthrough in the field of CLCEs, and even 611 

LCEs more broadly. In addition, this work revolutionized the actuation mechanism of CLCEs. 612 

We introduced the intrinsic properties—mechanical anisotropy and soft elasticity—into the 613 

mechanochromic process of CLCEs. Adaptive deformation and color change were achieved 614 

through force-induced reorientation of the LC mesogens, rather than relying on the traditional 615 

thermally induced LC-to-isotropic phase transition. Furthermore, this study realized new 616 

functionality. Leveraging programmed alignments and pneumatic actuation, multimodal 617 

actuation with synchronized color response was achieved. This enables CLCE fibers to 618 

transition from single-function optical devices to multifunctional actuators, providing an ideal 619 

platform for the development of smart textiles and soft robotics55-62. Moreover, on the theory 620 

side, this study deepens our understanding of the interaction between the mechanical response 621 

and the CLCE material property. Therefore, the study of pneumatic CLCE hollow fibers 622 

promotes the development of CLCEs as an advanced stimulus-responsive material in fields 623 

such as flexible devices, smart actuation, and adaptive systems63-68. 624 

 625 

Methods 626 

Materials 627 

1,4-bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM257) (97%) was 628 

purchased from Chemfish Co., Ltd. The chiral dopant LC756 (95%) was purchased from 629 

Nanjing Xinyao Technology Co., Ltd. 3,6-dioxa-1,8-octanedithiol (DODT) (98%), 630 

pentaerythritol tetra(3-mercaptopropionate) (PETMP) (95%), 1-hydroxycyclohexyl phenyl 631 

ketone (I-184) (99%), benzene-1,4-diboronic acid (98%), 1-thioglycerol (99%), and ethanol 632 

(99.5%) were purchased from Adamas. Dipropylamine (DPA) (98%) was obtained from TCI. 633 

Toluene was purchased from TGREAG. Magnesium sulfate and heptane were obtained from 634 

Greagent. Tetrahydrofuran was purchased from Energy Chemical. UV-curable adhesive (8500 635 
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Metal) was purchased from Ergo. The silicone tube and capillary glass tube are commercially 636 

purchased products. The aforementioned materials were used as received without any 637 

additional purification. 638 

 639 

Synthesis of 2,2’-(1,4-phenylene)-bis[4-mercaptan-1,3,2-dioxaborolane] (BDB) 640 

BDB was synthesized following a previously reported method38. Benzene-1,4-diboronic acid 641 

(1.5 g, 9 mmol) and 1-thioglycerol (2.0 g, 18.5 mmol) were dissolved in a mixture of 642 

tetrahydrofuran (40 mL) and water (0.1 mL). Magnesium sulfate (4.0 g) was then added. After 643 

stirring at room temperature for 24 h, the mixture was filtered and concentrated. The resulting 644 

solid was subsequently purified by repeated cycles of filtration and washing with abundant 645 

heptane, followed by concentration to afford the target compound as a white solid. 646 

 647 

Fabrication of CLCE hollow fiber 648 

In the first step, 0.6025 g of RM257 and 0.0174 g of LC756 were weighed into a glass vial, 649 

with LC756 accounting for 2.8 wt% of the total mass of the LC monomers. Then, 450 μL of 650 

toluene was added, and the mixture was heated to 80 °C to dissolve completely. After cooling 651 

to room temperature, 0.1265 g of DODT, 0.0527 g of BDB, 0.0386 g of PETMP, and 0.0041 g 652 

of I-184 were added. Finally, 0.100 g of a DPA solution diluted with toluene at a volume ratio 653 

of 1:50 was added and thoroughly mixed to form the precursor. 654 

In the second step, a mold was assembled by fitting silicone tube I (Фin: 2.2 mm, Фout: 3.2 655 

mm) over a capillary glass tube (Фin: 0.6 mm, Фout: 1.3 mm). Approximately 1 cm of silicone 656 

tube II (Фin: 1.4 mm, Фout: 2.2 mm) was inserted at one end of the mold as a spacer to align the 657 

centers of silicone tube I and the capillary glass tube, ensuring uniform wall thickness of the 658 

resulting hollow fiber. The LC precursor was then vacuum-filled into the mold from the other 659 

end. Upon completion, another silicone tube II was inserted at this end. The mold was placed 660 

in a fume hood for 12 h to allow solvent evaporation and the proceeding of the first-stage 661 

Michael addition reaction. 662 
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In the third step, the mold was exposed to 365 nm UV light at an intensity of 1.0 mW cm−2 663 

for 0.5 h to complete the second-stage photocrosslinking. After this, the sample was soaked in 664 

ethanol for 4 h to facilitate its removal from the mold. Finally, the ethanol was completely 665 

evaporated to obtain the CLCE hollow fiber. 666 

The CLCE hollow fibers fabricated using the proportions outlined in the above 667 

experimental process exhibited reflection wavelengths within the NIR range. To obtain red 668 

CLCE hollow fibers, the LC756 content was adjusted to 4.0 wt% of the total LC monomer mass. 669 

For green and blue CLCE hollow fibers, the LC756 content was 4.9 wt% and 5.3 wt%, 670 

respectively. 671 

 672 

The orientation process of CLCE hollow fiber 673 

(i) For longitudinally aligned CLCE hollow fiber: The obtained polydomain CLCE hollow fiber 674 

with a NIR wavelength was stretched to twice its original length and fixed, at which point it 675 

showed a red color. It was then placed in an oven at 65 °C for 6 h to allow for the exchange of 676 

dynamic B−O bonds, fixing the orientation state of the fiber. After cooling to room temperature 677 

and removing from the fixture, a red, longitudinally oriented CLCE hollow fiber was obtained. 678 

(ii) For circumferentially aligned CLCE hollow fiber: The longitudinally oriented CLCE hollow 679 

fiber was placed in an oven at 65 °C and connected to an air pump for inflation at increments 680 

of 10 kPa. As the air pressure increased to a certain value, the length of the CLCE hollow fiber 681 

decreased. When the length of the CLCE hollow fiber reached its minimum, the air pressure 682 

was maintained, and it was left in the oven at 65 °C for 6 h to allow for the rearrangement of 683 

the dynamic covalent network and fixation of the orientation of the LC mesogens. After cooling 684 

to room temperature, a circumferentially oriented CLCE hollow fiber was obtained. (iii) For 685 

twisted CLCE hollow fiber: The obtained polydomain CLCE hollow fiber with a NIR 686 

wavelength was stretched to twice its original length while being twisted. In this work, samples 687 

with a length of 2 cm were subjected to 180° and 360° left-handed twists, as well as 180° and 688 

360° right-handed twists. After being placed in an oven at 65 °C for 6 h to program the 689 
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orientation, twisted CLCE hollow fibers with varying twist densities and chiralities were 690 

obtained. 691 

 692 

Characterization of CLCE hollow fiber 693 

1H NMR of BDB was collected by a nuclear magnetic resonance apparatus (Ascend TM 400 694 

MHz, Bruker) with samples dissolved in CDCl3. POM images of CLCE hollow fiber were 695 

obtained using a Nikon Eclipse Ti microscope equipped with a digital camera (Nikon DS-U3), 696 

captured between crossed polarizers in transmission mode. DSC was performed using a TA 697 

Q2000 DSC system. Samples were heated from −40 to 140 °C at a heating rate of 20 °C min⁻1. 698 

XRD patterns of CLCE hollow fiber were recorded using a Bruker D8 Discover diffractometer. 699 

The stress-strain test was conducted using an Instron 3342 tension tester at a tensile rate of 5 700 

mm min⁻1. DMA tests were conducted on a TA Q800 DMA system. The samples were stretched 701 

at a force rate of 1.0 N min⁻1 until failure to obtain stress-strain curves at temperatures of 25, 702 

45, 65, and 85 °C. The near-linear portion within 10% strain was used to calculate the Young’s 703 

modulus. For stress relaxation tests, samples with different BDB contents were rapidly 704 

stretched to a strain of 5% and held at 65 °C. Reflection spectra were recorded using a Wyoptics 705 

PC2000 spectrometer. The SEM images were obtained by a field emission SEM (SU-8010, 706 

Hitachi). 707 

 708 

Characterization of the pneumatic response performance 709 

One end of the CLCE hollow fiber sample was inserted into a needle (19G or 21G, selected 710 

based on the sample size) and fixed with UV-curable adhesive. The needle was connected to an 711 

air pump. The other end was sealed with UV-curable adhesive, and a 0.6 g iron clamp was 712 

attached to the tip. The sample was pneumatically actuated by applying the pressure in 713 

increments of 10 kPa, with the maximum pressure adjusted according to the sample’s condition 714 

to prevent bursting. After each pressure adjustment, the sample was allowed to stabilize, and 715 

its shape and color were recorded using a camera. 716 

 717 
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Theory 718 

Here we model the CLCE hollow fiber in (z, θ, ρ) cylindrical coordinates, with initial inner 719 

radius Rin, outer radius Rout, length L0 and thickness t0. Upon inflation, the balloon stretches 720 

L0→λL0, dilates R0→ηR0, and consequently thins t0→t0/(λη) to conserve the elastomer’s volume. 721 

The deformation gradient F in the CLCE is thus given by 722 

F = [
λ 0 0

γ η 0

0 0 1/(λη)

],                                                        (2) 723 

in the cylindrical coordinates, where the shear γ is cancelled out in the polydomain, longitudinal 724 

and circumferential cases but survives in the helical case. 725 

We then adopt the non-ideal neo-classical hyper-elastic energy density3, shown in 726 

Equation (1), to simulate the ballooning of CLCE fibers, where μ is the shear modulus, r>1 is 727 

the polymer anisotropy and α is the small non-ideality. In the following simulations, μ, r and α 728 

are the only three material parameters employed. Here, n0 is the anchored director during 729 

programming. In our programmed CLCE case, n0 remains on the (z, θ) plane but twists through 730 

the thickness, given by n0 = (cos θ(ρ), sin θ(ρ), 0). The rotation angle θ(ρ) is set to be θ(ρ) = θ0 731 

+ δ sin(2πρ/p), where θ0 is determined by the second crosslink (e.g. θ0 = π/2 for the 732 

circumferential pattern), δ in the second term is a small number indicating the director 733 

oscillation through the thickness, and p is the pitch of the twisted director in CLCEs which is 734 

given by h/Np (thickness/number of pitches). In the twist alignment case, the angle θ0 is obtained 735 

by the measured bias angle as mentioned in the main text. 736 

Applying the homogeneous deformation gradient F across the thickness, the overall elastic 737 

membrane energy per unit area is given by an integral over the thickness ρ: 738 

W̃(λ, η, γ) = ∫ W(F, n0)
Rout

Rin
dρ.                                              (3) 739 

Since the thickness is an integer multiple of the pitch, the integration cancels out the pitch 740 

dependence and depends only on the thickness. Accordingly, the total energy, including the 741 

elastic energy and the pressure-volume work, is given by 742 

Wtotal(P, λ, η, γ ) = π(Rout
2  − Rin

2 )L0W(F, n0) − πRin
2 L0λη2P.                                (4) 743 
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The inner radius Rin, outer radius Rout, and initial length L0 are obtained from experiments (Table 744 

1). We then fix the pressure P and minimize the total energy to obtain (λ, η, γ) and the 745 

corresponding deformation gradient F. The twisting angle ϕ in Fig. 5 can be obtained from γ as 746 

ϕ = 
γL

0

ηRout
. The color change is directly related to the thickness change. According to the reported 747 

literature3,69, the measured wavelength λRT is a linear function of the thickness t by λRT = nave 748 

t/Np, where nave is the average refractive index and Np is the number of pitches. Thus, the 749 

theoretical wavelength is given by λRT ∝ t0/(λη) . With all the deformation parameters and 750 

wavelength shifts obtained, the theoretical configurations during inflation can be obtained (e.g. 751 

Fig. 2j, 3j, 4j, 5j). 752 

In the four experiments, we perform the similar minimization with different distribution 753 

of θ(ρ) to obtain λ, η, γ for a given pressure P, and then plot the length strain, diameter strain 754 

and twist angle against pressure. It should be noted that, in our simulations, the geometrical 755 

parameters Rout, Rin, L0 are obtained from the experimental data (Table 1) and the material 756 

parameters (the polymer anisotropy r, non-ideality parameter α and shear modulus) are fitted 757 

from the monodomain experiment independently (or close). As shown in the figures, our 758 

methods successfully capture the key features of the experiments, indicating that they are 759 

grounded in the correct underlying physics. 760 

The geometric data of the fibers are given in Table 1. The distribution θ(ρ) for the four 761 

experiments and the material parameters are 762 

1. Polydomain. θ(ρ) = 2πρ/p, r = 5.5, α = 0.05, µ = 350 kPa. 763 

2. Longitudinal alignment. θ(ρ) = 0.15 sin(2πρ/p), r = 5.5, α = 0.05, µ = 350 kPa. 764 

3. Circumferential alignment. θ(ρ) = π/2 + 0.05 sin(2πρ/p), r = 5.5, α = 0.05, µ= 350 kPa. 765 

4. Twist alignment. 766 

(a) 18-Right. θ(ρ) = π/12.2+ 0.2 sin(2πρ/p), r = 5.5, α = 0.05, µ = 370 kPa. 767 

(b) 9-Right. θ(ρ) = π/28.1+ 0.2 sin(2πρ/p), r = 5.5, α = 0.05, µ = 400 kPa. 768 

 To better account for the anisotropic modulus—which is expected to yield improved 769 

predictions in the circumferential and the monodomain case—we adopt a new model (Theory-770 
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2 in Fig. 4f) that captures both semi-softness and modulus anisotropy51. The corresponding 771 

hyper-elastic energy density is formulated as 772 

W(F, n0) = min
n

[
1

2
µ

1
Tr(FT𝓵-1(n)Fℓ(n0)+αF(I – n0n0)F

Tnn) 773 

+ 
1

2
µ

2
(Tr(𝓵1/2(n0)F

T𝓵-1(n)F𝓵1/2(n0)n0n0) – 1)2],                          (5) 774 

where the first term is the same as the previous model, while the second term incorporates the 775 

anisotropy (a smaller µ2 corresponds to a smaller modulus perpendicular to the director). 776 

Specifically, the material parameters in the new model (Theory-2 in Fig. 4f) are r = 5.5, α = 777 

0.05, µ1 = 350 kPa, µ2 = 122.5 kPa, and for the circumferential case θ(ρ) = π/2 + 0.05 sin(2πρ/p). 778 

 779 

Data availability 780 

The data supporting the findings of this study are available within the Article and its 781 

Supplementary Information. Source data are available on Figshare: 782 

https://doi.org/10.6084/m9.figshare.31417376. All data are also available from the 783 

corresponding author upon request. 784 
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Table 1. The approximate initial dimensions of the CLCE hollow fiber samples. 966 
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Samples 
Inner diameter 

(mm) 
Outer diameter 

(mm) 
Wall thickness 

(mm) 
Length 
(mm) 

Polydomain 1.3 2.2 0.45 16 

Longitudinal 
alignment 

1.0 1.7 0.35 18 

Circumferential 
alignment 

2.3 3.0 0.35 13 

Twist alignment 1.0 1.7 0.35 15 

 968 

Figure legends 969 

Fig. 1 Morphology and working principle of CLCE hollow fiber. a The chemical composition of CLCE 970 

hollow fiber. b Photos of three CLCE hollow fibers that show red, green and blue. c SEM images of the 971 

longitudinal direction and cross-section of CLCE hollow fiber. d Alignment programming process of CLCE 972 

hollow fiber. e The color change mechanism of CLCE hollow fiber. λ is the central wavelength of reflection. 973 

nave is the average LC refractive index. The pitch (p) is defined as the length over which the LC mesogens 974 

rotated 360° along the helical axis. f The mechanical behavior of monodomain CLCEs under loads parallel 975 

and perpendicular to the alignment. The theoretical curve is obtained by choosing the polymer anisotropy r 976 

= 5.5, non-ideality α = 0.05 and shear modulus µ1 = 350 kPa, µ2 = 122.5 kPa using the anisotropic model. 977 

See Reference [3] and the theory section for the mechanical model and notations. g The ensuing inflation 978 

deformation trajectory and color change of CLCE hollow fiber with different alignments under pneumatic 979 

actuation. 980 

 981 

Fig. 2 Characterization of pneumatic response performance of polydomain CLCE hollow fiber. a 982 

Schematic of fabrication process for CLCE hollow fiber via an anisotropic deswelling-assisted template 983 

method. b POM of polydomain CLCE hollow fiber viewed between crossed polarizers. The fiber-axes were 984 

aligned parallel to and at 45° to the polarizer, respectively. c XRD pattern and intensity of azimuthal scan of 985 

polydomain CLCE hollow fiber. d Images of a red polydomain CLCE hollow fiber inflated at different 986 

pressures. e Axial and radial deformation ratios of the polydomain CLCE hollow fiber as a function of 987 

pressure. f Reflectance spectra of the CLCE hollow fiber corresponding to d. g The reflection wavelength of 988 

the polydomain CLCE hollow fiber at different pressures. h Cyclic performance of deformation and color 989 

change of the polydomain CLCE hollow fiber under pneumatic actuation at 100 kPa. The length strain of the 990 

first cycle is denoted as ε0, and the length strain of the x-th cycle is denoted as εx. The stability of the 991 

contraction ratio is characterized by εx/ε0. The difference in reflection wavelength before and after inflation 992 

is denoted as Δλ. i Theoretical simulation results of the mesogen director field, deformation, and color change 993 

for the polydomain CLCE hollow fiber under different pressures. 994 

 995 

Fig. 3 Characterization of pneumatic response performance of longitudinally aligned CLCE hollow 996 

fiber. a Schematic diagram of the programming process for obtaining CLCE hollow fiber with longitudinal 997 
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alignment. b Stress relaxation behavior of CLCEs with 0, 10, 20, and 50 BDB content at 65 °C. c POM 998 

images of CLCE hollow fibers with longitudinal alignment. d XRD patterns (left) and intensity of azimuthal 999 

scan (right) of CLCE hollow fiber before and after programming with longitudinal alignment. The arrow 1000 

indicates the orientation direction. e Images of a red CLCE hollow fiber with longitudinal alignment inflated 1001 

at different pressures. f Axial and radial deformation ratios of the CLCE hollow fiber with longitudinal 1002 

alignment as a function of pressure. g The reflection wavelength of the longitudinally oriented CLCE hollow 1003 

fiber at different pressures. h Reflectance spectra of the CLCE hollow fiber corresponding to e. i Cyclic 1004 

performance of deformation and color change of longitudinally aligned CLCE hollow fiber under pneumatic 1005 

actuation at 120 kPa. j Simulation results of the mesogen director field, deformation, and color change for 1006 

the CLCE hollow fiber with longitudinal alignment under different pressures. k Director rotation angle as a 1007 

function of pressure. 1008 

 1009 

Fig. 4 Characterization of pneumatic response performance of circumferentially aligned CLCE hollow 1010 

fiber. a Schematic diagram of the programming process for obtaining CLCE hollow fiber with 1011 

circumferential alignment. b The Young’s modulus of the monodomain CLCEs at different temperatures. 1012 

During the test, the load direction was perpendicular to the alignment. c POM images of CLCE hollow fibers 1013 

with circumferential alignment. d XRD pattern and azimuthal scan intensity of the CLCE hollow fiber with 1014 

circumferential alignment. To avoid the influence of the beam stopper on the results, the circumferentially 1015 

aligned sample was placed horizontally during testing. Samples with other alignment modes were placed 1016 

vertically relative to the instrument, at a 90° difference. As a result, the diffraction arc direction of the 1017 

circumferential sample in the XRD pattern was consistent with that of, for example, the longitudinally aligned 1018 

sample. e Images of a red CLCE hollow fiber with circumferential alignment inflated at different pressures. 1019 

f Axial and radial deformation ratios of the CLCE hollow fiber with circumferential alignment as a function 1020 

of pressure. g The reflection wavelength of the circumferentially oriented CLCE hollow fiber at varying 1021 

pressures. h Reflectance spectra of the CLCE hollow fiber corresponding to e. i Cyclic performance of 1022 

deformation and color change of circumferentially aligned CLCE hollow fiber under pneumatic actuation at 1023 

160 kPa. j Simulation results of the mesogen director field, deformation, and color change for the CLCE 1024 

hollow fiber with circumferential alignment under different pressures. k Director rotation angle as a function 1025 

of pressure. 1026 

 1027 

Fig. 5 Characterization of pneumatic response performance of twisted CLCE hollow fiber. a Schematic 1028 

diagram of the programming process for obtaining CLCE hollow fiber with twisted alignment. b POM 1029 

images of left-handed twisted CLCE hollow fibers with τ0 of 9° mm⁻1 (top) and 18° mm⁻1 (down), 1030 

respectively. c XRD patterns (left) and intensity of azimuthal scan (right) of left-handed twisted CLCE 1031 

hollow fibers with τ0 of 9° mm⁻1 and 18° mm⁻1. d Images of a red CLCE hollow fiber with 18° mm⁻1 left-1032 

handed twisted alignment inflated at different pressures. e The rotation angle of the twisted CLCE hollow 1033 

fiber as a function of pressure. f The axial deformation ratio of the twisted CLCE hollow fiber as a function 1034 

of pressure. g Reflectance spectra of the CLCE hollow fiber corresponding to d. h The reflection wavelength 1035 
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of the twisted CLCE hollow fiber at varying pressures. i Cyclic performance of rotation and color change of 1036 

CLCE hollow fiber with 18° mm⁻1 left-handed twist under pneumatic actuation at 140 kPa. The rotation 1037 

angle of the first cycle is denoted as ϕ0, and the rotation angle of the x-th cycle is denoted as ϕx. The stability 1038 

of the rotation angle is characterized by ϕx/ϕ0. j Simulation results of the mesogen director field, deformation, 1039 

and color change for the CLCE hollow fiber with 18° mm⁻1 left-handed twisted alignment under different 1040 

pressures. k Director rotation angle as a function of pressure. 1041 


