Bin Ni 
  
Gaoyu Liu 
  
Mengxue Zhang 
  
Michael Tatoulian 
  
Patrick Keller 
  
Min-Hui Li 
  
Customizable Sophisticated Three-Dimensional Shape Changes of Large-Size Liquid Crystal Elastomer Actuators

Keywords: liquid crystal elastomers, customizable shape design, scaling up, magnetic field, soft lithography, soft actuators, smart materials 47 alignment methods like mechanical stretching, 22 surface 48

published or not. The documents may come   L'archive ouverte pluridisciplinaire

■ INTRODUCTION

Smart materials, which are sensitive to various external stimuli like temperature change, 1 light illumination, 2 electrical field, 3 and chemicals 4 and then convert the stimulation to detectable active responses, have attracted increasing interest in recent years. [START_REF]If laboratory or 365 industry electromagnets are used, very large samples of 10 2 mm 366 or even bigger will be completely possible. Therefore, the 367[END_REF]6 Liquid crystal elastomers (LCEs) are one class of these smart materials. Interestingly, LCEs exhibit reversible deformations including contraction, 7 bending, 8 twisting, 9 and other complex deformations 10 upon external stimulations. Owing to their capacity to perform reversible, adjustable, and large-scale shape changes, LCEs stand out of many smart materials and show potential applications as artificial muscles, 11-13 smart sensors, [START_REF] Chang | Alcohol-Responsive, Hydrogen-Bonded, Cholesteric Liquid-Crystal Networks[END_REF][START_REF] Liu | Humidity-and Photo-Induced Mechanical Actuation of Cross-Linked Liquid Crystal Polymers[END_REF][START_REF] Wani | A Light-Driven Artificial Flytrap[END_REF] motors, [START_REF] Yamada | Photomobile Polymer Materials: Towards Light-Driven Plastic Motors[END_REF] actuators, [START_REF] Zeng | Self-Regulating Iris Based on Light-Actuated Liquid Crystal Elastomer[END_REF][START_REF] Jiang | Selective Decrosslinking in Liquid Crystal Polymer Actuators for Optical Reconfiguration of Origami and Light-Fueled Locomotion[END_REF][START_REF] Zeng | Light Robots: Bridging the Gap between Microrobotics and Photomechanics in Soft Materials[END_REF] and so on.

To get stimuli-responsive actuations of an LCE sample, the molecular orientation in the LCE has to be controlled up to the macroscopic scale in the whole sample so that the order-todisorder conformational variation induced by the liquid crystal phase transition, especially nematic-to-isotropic (N-I) phase transition, will lead to the macroscopic shape change of the LCE sample. [START_REF] Li | Artificial Muscles Based on Liquid Crystal Elastomers[END_REF] Large-size LCEs capable of performing programmable and customized deformations have become more and more favored in the blooming field of stimuliresponsive devices since the past decade.

The LCE actuators with required orientations of liquid crystal moieties (mesogens) were usually produced using the constructing a 3D structure; therefore, most of the results show just 2D structures or pseudo-3D structures.

On the other hand, the magnetic field alignment method is applicable to a 3D volume sample composed of aromatic LC molecules due to their particularly high and anisotropic diamagnetism. [START_REF] Buguin | Micro-Actuators: When Artificial Muscles Made of Nematic Liquid Crystal Elastomers Meet Soft Lithography[END_REF][START_REF] Ni | Thermo-Mechanical and Photo-Luminescence Properties of Micro-Actuators Made of Liquid Crystal Elastomers with Cyano-Oligo(P-Phenylene Vinylene) Crosslinking Bridges[END_REF] Aromatic rings tend to align their planes parallel to the magnetic field to minimize the energy. A magnetic field has been used to fabricate LCE pillars of micrometer size, [START_REF] Buguin | Micro-Actuators: When Artificial Muscles Made of Nematic Liquid Crystal Elastomers Meet Soft Lithography[END_REF][START_REF] Yao | Multiresponsive Polymeric Microstructures with Encoded Predetermined and Self-Regulated Deformability[END_REF] LCE films of centimeter size, [START_REF] Li | An Artificial Muscle with Lamellar Structure Based on a Nematic Triblock Copolymer[END_REF][START_REF] Petsch | Smart Artificial Muscle Actuators: Liquid Crystal Elastomers with Integrated Temperature Feedback[END_REF] and an iris-like LCE with tunable aperture. [START_REF] Schuhladen | Iris-Like Tunable Aperture Employing Liquid-Crystal Elastomers[END_REF] There are also a few reports on larger (up to 10 mm) LCEs with sophisticated 3D free forms with voxelated molecular patterning by magnetic field alignment. [START_REF] Tabrizi | Voxelated Molecular Patterning in Three-Dimensional Freeforms[END_REF] However, a complex setup equipped with a reorientable magnetic field (magnets mounted on a rotation stage) and a digital micromirror device was used to produce the sophisticated 3D LCEs. Recently, our group has developed a simple and effective way to fabricate 3D LCE actuators with large sizes and elaborate structures by using a magnetic field combined with soft lithography. [START_REF] Ni | Large-Size Honeycomb-Shaped and Iris-Like Liquid Crystal Elastomer Actuators[END_REF] We have prepared a honeycomb-shaped LCE that could act as a structure for temperature-gated separation of particles and an iris-like LCE actuator that had the capability of adjusting its aperture size with a temperature variation. [START_REF] Ni | Large-Size Honeycomb-Shaped and Iris-Like Liquid Crystal Elastomer Actuators[END_REF] Nevertheless, the alignment and the global shape change in honeycomb and iris-like LCEs were still 2D. In this paper, we report on various customized large-size LCE actuators with different conventional and exotic 3D shapes like film, cylinder, triangle, rectangle, network, cubic The homogeneous magnetic field with the magnetic flux 129 density B ≈ 0.5 T was obtained in a setup made by two 130 permanent magnets (adhesion strength of ∼60 kg and 131 remanence of 1.29-1.32 T) placed facing each other with a 132 distance of 3 cm (Figure S1), [START_REF] Ni | Large-Size Honeycomb-Shaped and Iris-Like Liquid Crystal Elastomer Actuators[END_REF] which was strong enough to 133 orientate LC mesogens. 46 134 Concretely, PDMS molds with large and precise diameters, 135 from 1 to 6 mm, were first prepared and then filled with the 136 LC mixture for alignment and photopolymerization (see 137 Experimental Section, the Supporting Information, and Figures 138 S2-S4 for details). LCE cylinder actuators with diameters 139 from 1 to 6 mm and with either parallel or perpendicular LC f2 140 orientation to the cylindrical axis were obtained (Figure 2a). 141 These LC cylinders exhibited reversible deformation when 142 heated from room temperature to the isotropic phase (130 143 °C), with the nematic (N)-isotropic (I) transition temper-144 ature being T NI = 120 °C (see Figure S5 for DSC at 10 °C/ 145 min in the Supporting Information). Note that such large 146 cylinder actuators with different orientations can hardly be 147 achieved by the previously reported mechanical stretch 148 method [START_REF] Naciri | Nematic Elastomer Fiber Actuator[END_REF][START_REF] Yu | Programmable 3D Shape Changes in Liquid Crystal Polymer Networks of Uniaxial Orientation[END_REF] or wet spinning. 49 149 The deformation behaviors of the LCE cylinders with 150 parallel or perpendicular LC orientation to the cylindrical long 151 axis are presented in Figure 2a. The LCE cylinder with parallel 152 orientation contracted its length to ∼50% of its initial value 153 upon heating to the isotropic phase (Figure 2b), while its 154 diameter increased to ∼140% of its initial value because of the 155 constant volume of LCE. [START_REF] Ni | Large-Size Honeycomb-Shaped and Iris-Like Liquid Crystal Elastomer Actuators[END_REF] On the other hand, the LCE 156 cylinder with perpendicular orientation contracted along the 157 alignment direction parallel to the cross section. Consequently, 158 an elliptic cylinder with an oval cross section and elongated 159 length was obtained, where the short axis and the long axis of 160 the cross section had their sizes at ∼50% and ∼140% of the 161 initial diameter, respectively, and the cylinder length increased 162 to ∼137% of its initial value (Figure 2c). As for the LCE 163 cylinders with different diameters, no significant differences 164 were observed regarding to the deformation behaviors as t1 165 shown in Table 1 and Figures S6-S9.

2D wide-angle X-ray scattering (WAXS) was then performed to characterize LC alignment in the LCE cylinders. Figure 2d shows the cylinder with D = 6 mm and alignment parallel to its long axis. The pair of crescents perpendicular to the magnetic field B (parallel to the cylinder long axis) corresponds to the scattering signals of parallel mesogens in the nematic phase, and an average lateral distance of 0.435 nm is measured. The angular distribution of the crescent intensity allowed one to calculate the mesogen order parameter S = 0.5 according to the Maier-Saupe method (see Figure S10 and Table S1). [START_REF] Davidson | The Measurement of the Nematic Order Parameter by X-ray Scattering Reconsidered[END_REF] The pair of lines in the smaller angles near the beam trap is caused by the aligned mesogens set in a single file with a certain coherent length, from which the mesogen length of 2.25 nm can be calculated.

Moreover, 2D WAXS patterns of the LCE cylinder actuator (D = 1 mm) at different temperatures are presented in Figure 2e. The pair of crescents changed to a continuous ring that was much less anisotropic when heated up to 130 °C. This means that the orientation of the mesogenic units was lost and the LCE actuator entered the isotropic state. The order parameters had a steep change near the N-I transition and the final values of S decreased to ∼0.13. The final value of S at 130 °C was not 0, because some order persisted in the LCE in the isotropic phase due to the crosslinked network. This phenomenon, referred to as "paranematic", was observed previously in mechanically oriented LCE systems. [START_REF] Schätzle | Nematic Elastomers: the Influence of External Mechanical Stress on the Liquid-Crystalline Phase Behavior[END_REF] In addition, thick LCE film actuators with adjustable thicknesses from 160 μm to 1 mm were also prepared by combining magnetic field alignment and soft lithography. The deformation behavior of these thick LCE films was checked.

Heating from room temperature to the isotropic phase (130 °C), the LCE films contracted to around 50% of their original lengths (Figures S11 andS12). The value of L rt /L iso was 2 for the LCE film with thickness e = 160 mm; L rt /L iso was 1.9 for LCE films with e = 550 and 1 mm, remaining almost constant (Figure S12). This indicates that the magnetic field can be effectively used to orient thick films. In addition, patterned monodomain-polydomain dual microstructures could also be built easily with these LCE films aligned in a magnetic field by using two-step photopolymerizations (see Figure S4 3b. 231 Simultaneously, the length of the cylinders exhibited variations 232 from contraction to expansion with the alignment angle 233 increasing. Meanwhile, the round cross section of the cylinders 234 changed to ellipsoidal one upon heating. When the alignment 235 angle changed from 15°to 45°, the bending curvature 236 increased, while the cylinder length contracted and the 237 contraction extent decreased (Figure 3c). When the alignment 238 angle changed from 45°to 75°, the bending curvature 239 decreased, while the cylinder length expanded and the 240 expansion increased. Thus, the alignment angle θ = 45°was 241 the inflection point for the deformation behavior of the LCE 242 cylinders, at which the maximal bending and the transition 243 from length contraction to expansion were observed. Cylinders 244 with all these orientation stats have also been prepared in a 245 single piece of specimen as shown in Figure S14a. Upon 246 thermal stimulation, this LCE actuator specimen exhibited a complex deformation with simultaneous bending, contraction, and expansion of each cylinder component (Figure S14b).

Through the cylinder samples, we showed that 3D deformations of LCE actuators could be realized by adjusting the sample position in the magnetic field. Of course, the sample shape is not only limited to the cylinder, but also other shapes are also applicable. This strategy provided a new simple way to prepare LCE actuators with complex 3D deformation behaviors with the merit of being "one step" and easy to control when compared to the double heterogeneous layer structures developed to obtain a bending behavior. 53 LCE Actuators with Complex Shapes and Deformations. Besides films and cylinders, the strategy of soft lithography allowed one to prepare a multitude of sample shapes with a spatial resolution of 10 2 μm by simple customized mold design, while the same mold containing the LC mixture could also be placed differently in the magnetic f4f5 field to get various orientation states (Figures 4 and5). Finally, the photopolymerization locked the shape and the alignment to achieve LCE actuators with customized shapes that can be conventional or exotic and difficult to obtain with other strategies reported in the literature.

LCE actuators with frame structures in regular triangle shape (Figure 4b), rectangular shape (Figure 4c), grid pattern (Figure 4d), and cubic frame (Figure 4e Further, LCEs with unconventional and exotic large-size 3D 301 shapes, such as tube, ellipsoid, hemispheroid, and pyramid shapes, have been built, and all of them exhibited reversible deformation behaviors under thermal stimulation (Figure 5 and Figure S18). Upon heating to the isotropic phase, the tube shortened its length and increased its internal radius, the ellipsoid became a spheroid, the hemispheroid increased its radius and flattened, and the pyramid adjusted its height and shape to change from a pointed shape to a flatten shape.

Moreover, the pyramid could also be tilted upon heating by controlling the alignment directions (Figure S19). Here, a lens made of LCE hemispheroid with adjustable focal length is shown as an example. To remove the yellow f6 color in the LCE actuators described above (Figure 6), the photoinitiator Irgacure 369 was replaced by 2-hydroxy-2methylpropiophenone (HMP). The obtained hemispheroid LCE lens (diameter: 4 mm; thickness: 2 mm) with LC alignment perpendicular to the round cross section was colorless (Figure 6a). The LCE lens was placed at a 2 mm upper letter "P". The LCE lens was not completely transparent because of the nonperfect alignment along the 2 mm thickness; therefore, the "P" was not seen clearly. "P" was put beside the LCE to show its original size. Upon heating up to 100 °C near the T NI , the LCE lens became transparent, and the "P" appeared bigger. From 100 °C to 130 °C, the "P" was further magnified as shown in Figure 6a. These observations The temperature control during the alignment process was ensured 400 by an oven from Bioblock Scientific. Photopolymerization was carried out by 365 nm UV light produced by an ELC-4001 light curing unit (Electro-Lite Corporation) with an intensity of 30 mW/cm 2 .

The images of thermally activated shape changes were captured by a smartphone camera fixed on a tripod. A Mettler FP 80 hot stage was used to control the sample temperature.

Alignment Process of the LC Monomer Mixtures and

Preparation of LCEs with Various 3D Shapes. A home-designed magnetic field setup, which is composed of two permanent magnets separated by an aluminum frame as shown in Figure S1a, was used to align the LC monomer mixtures. A strong and homogeneous magnetic field (B = 0.5 T) was obtained in the center of the setup, in which the PDMS mold filled with the LC mixture will be placed (Figure S1b). Poly(dimethylsiloxane) (PDMS) molds with different 3D shapes were prepared via soft lithography using PDMS-Sylgard 184. Their preparation details are described in the Supporting Information (Figure S2). The obtained PDMS molds were filled with the LC mixtures heated to the isotropic liquid phase. The alignment processes of the LC mixture in the magnetic field and the photopolymerization details to obtain LCEs with various shapes and alignment states are presented in the Supporting Information (Figures S3 andS4). Briefly, the LC mixture-filled mold was positioned at the center of the home-designed magnetic field setup that was placed in the oven. After heating up to 110 °C to bring the LC mixture to the isotropic state, the oven was turned off to let the LC mixture cool down to room temperature naturally and slowly (this process would take almost 2-2.5 h). This process resulted in the alignment of the nematic phase of the LC mixture. Finally, photopolymerization was carried out at room temperature to obtain the designed LCEs.

2D WAXD Measurement. An LCE cylinder actuator with a diameter of 6 mm was too thick to be analyzed by X-ray. Therefore, it was cut along its long axis into three parallel pieces of the same thickness. The center piece (thickness, ∼2 mm) was used to perform the 2D WAXS measurement, and the result is shown in Figure 2d. 

  92 frame, spring, ellipsoid, tube, pyramid, and hemispheroid 93 shapes, in which the 3D character has been achieved both in 94 shape and in alignment. By accurately controlling the mesogen 95 alignment in these polymorphic LCEs, various deformation 96 behaviors such as contraction, expansion, bending, twisting, or 97 complex spatial structure change have been achieved. Finally, 98 the LCE actuator with hemispheroid shape has been explored 99 for its possible applications in dynamic Braille displays or 100 lenses with adjustable focal length. 101 ■ RESULTS AND DISCUSSION 102 Large-Size LCE Cylinder and Film Actuators. The LCE 103 cylinders and films with diameters and thicknesses much larger 104 than those reported in the literature were first prepared. The 105 LC monomer mixture for LCE preparation was composed of 106 the LC monomer 2-methyl-1,4-phenylene bis(4-(4-(allyloxy)-107 butoxy)benzoate) (C4), 42 the chain extender 2,2′-108 (ethylenedioxy)diethanethiol (EDDET), the LC crosslinker 109 2-methyl-1,4-phenylene bis(4-((6-(acryloyloxy)hexyl)oxy)-110 benzoate) (RM82), and the photoinitiator 2-benzyl-2-111 dimethylamino-1-(4-morpholinophenyl) butanone-1 (Irgacure 112 f1 369) (Figure 1a). The molar ratio of LC monomer, chain 113 extender, and crosslinker was kept at 1:1:0.4 in all the 114 experiments. Meanwhile, the concentration of the photo-115 initiator was kept at 2 wt %. The LC mixture exhibited 116 nematic-isotropic transition T NI = 80 °C on heating and T IN = 117 77 °C on cooling (peak value in DSC curves at 5 °C/min) and

Figure 1 .

 1 Figure 1. Chemical structures of components in the LC mixture.

Figure 2 .

 2 Figure 2. (a) Reversible deformation of LCE cylinders (diameter D = 6 mm) with two different LC alignments, either parallel or perpendicular to the long axis of the cylinder. The double arrow in red indicates the alignment direction of mesogens. (b, c) Contraction and expansion of cylinders in panel (a) represented by the variation of L/L iso as a function of temperature, where L iso is the cylinder length in the isotropic phase and L is the cylinder length at temperature T in the nematic phase. (d) 2D WAXS pattern of the LCE cylinder (D = 6 mm) with LC aligned along the long axis of the cylinder at room temperature. (e) LC order parameter variation upon heating of the LCE cylinder (D = 1 mm) with LC aligned along the long axis of the cylinder. The insets are their 2D WAXS patterns at 25 and 130 °C.

  for details). The two distinct monodomain-polydomain regions exhibited different thermally stimulated shrinking. Such inhomogeneity of shrinking eventually induced 3D bending or twisting of the LCE actuators as shown in Figure S13. 9,52 LCE Cylinder Actuators with Various 3D Deformations. The LCE cylinders described above have parallel or orthogonal LC alignments relative to the cylinder long axis. Their thermoresponsive deformation did not change the basic shape of the straight cylinder. At this stage, it seemed appropriate to study the possibility to build LCE cylinder actuators exhibiting 3D deformation capabilities, for example, with bending. Effectively, the magnetic alignment gave an easy access to various orientation directions of mesogens in the f3 cylindrical sample. As shown in Figure 3a, the cylindrical mold containing the nematic LC mixture (highlighted in red color) was placed in the plane YZ and the angle between its long axis and the magnetic field B (parallel to Y axis) was adjusted from 15°to 75°. Consequently, the final LCE cylinders had different LC orientations inside with θ = 15°, 30°, 45°, 60°, and 75°as demonstrated in Figure 3b, while the cylinders described in the previous section corresponded to θ = 0°and 90°. Thermoresponsive deformations of LC cylinder actuators (D = 1.5 mm) with different alignment angles were studied.

  ) with different LC orientations have been easily prepared. Upon thermal stimulation, various deformation behaviors were observed depending on the alignment directions. For instance, the regular triangle LCE could change its geometry to an enlarged triangle obtuse triangle or acute triangle when the alignment direction was perpendicular to the triangle plane and perpendicular or parallel to one edge, respectively. Indeed, some other deformations like the triangle with curved edges could also be obtained by adjusting the alignment directions as shown in Figure S15. Similar phenomena were observed for rectangular LCE actuators. Rectangles with expanding or

Figure 3 .

 3 Figure 3. (a) Schematic illustration of the sample position for the preparation of the LCE cylinder in the plane YZ with different angles θ. (b) Schematic illustration of the orientation of mesogens in LCE cylinders (diameter D = 1.5 mm) at different alignment angles from 15°to 75°. (c) Thermoresponsive deformation behaviors of these LCE cylinders.

Figure 4 .

 4 Figure 4. (a) Schematic illustration of the alignment directions of LCE actuators with different shapes. (b-e) Various deformation behaviors of LCE actuators with different shapes and different alignment directions.

Potential

  Applications of LCE Actuators with Customized Shapes. The LCE preparation method presented here is suitable for the design of 3D LCE devices with precise stimuli-responsive deformations. It would enhance the achievable shape-morphing complexity and flexibility to meet the development of LCEs in different fields. For example, in the case of an LCE tube, its internal diameter changes with temperature variation could help regulate the flow inside the tube. In the case of an LCE hemispheroid, its height and diameter modulation by temperature change might have potential applications in tactile (haptic) systems, 54 including dynamic Braille displays (see Figure S20 for demonstration) or lenses with adjustable focal length.

Figure 5 .

 5 Figure 5. Different 3D large-size LCE actuators with reversible deformations upon thermal stimulation. (a) Tube-, (b) pyramid-, (c) ellipsoid-, and (d) hemispheroid-shaped LCE actuators. The alignment directions (shown by the red double arrow) of the tube, pyramid, and ellipsoid were along their long axis; that of the hemispheroid was perpendicular to its bottom cross section.

Figure 6 .

 6 Figure 6. (a) Images of the letter "P" seen through the LCE lens at different temperatures. The LCE lens was placed at 2 mm over the letter "P" with PDMS as the support structure. The size of "P" was magnified with the temperature increasing. (b) Mechanism of magnification of the "P". The decrease in the thickness of convex LCE lens caused the increase in its focal length. (c) Size variation of the letter "P" as a function of temperature.
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Table 1 .

 1 Length Variation of LCE Cylinder Actuators from Room Temperature to the Isotropic Phase along Their Long Axis a,b

		LCE cylinder length variation (L rt /L iso × 100%)
	alignment relative to cylinder				
	long axis	D = 1 mm 1.5 mm 3 mm	6 mm
	parallel	205%	195%	192%	196%
	perpendicular	71%	74%	71%	73%

a LCE cylinders have different diameters and different alignments. b L rt represents the cylinder length at room temperature. L iso represents the cylinder length at the isotropic phase (130 °C). C 229 Interestingly, significant bending was clearly observed, 230 especially with θ = 45°as presented in Figure