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16 Abstract

17 Microactuators, capable of executing tasks typically repetitive, hazardous, or impossible for 

18 humans, hold great promise across fields such as precision medicine, environmental 

19 remediation, and swarm intelligence. However, intricate motions of microactuators normally 

20 require high complexity in design, making it increasingly challenging to realize at small scales 

21 by existing fabrication techniques. Taking inspiration from the hierarchical-anisotropy 

22 principle found in nature, we program liquid crystalline elastomer (LCE) microactuators with 

23 multimodal actuation tailored to their molecular, shape, and architectural anisotropies at 

24 (sub)nanometer, micrometer, and (sub)millimeter scales, respectively. Our strategy enables 
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25 diverse deformations with individual LCE microstructures, including expanding, contracting, 

26 twisting, bending, and unwinding, as well as re-programmable shape transformations of 

27 assembled LCE architectures with negative Poisson's ratios, locally adjustable actuation, and 

28 changing from two-dimensional (2D) to three-dimensional (3D) structures. Furthermore, we 

29 design tetrahedral microactuators with well-controlled mobility and precise manipulation of 

30 both solids and liquids in various environments. This study would provide a paradigm shift in 

31 the development of microactuators, unlocking a vast array of complexities achievable through 

32 manipulation at each hierarchical level of anisotropy. 

33 Introduction

34 Microactuators with the capability for active motion, sensing, and responsive behavior would 

35 lead to a surge of development in various fields, including energy harvesting1,2, environmental 

36 remediation3,4, object manipulation5,6, and biomedicine7,8. These miniature mechanical 

37 systems, measuring millimeters or less in size, can navigate intricate and confined 

38 environments, such as gastrointestinal systems9,10, blood vessels11, and even cells12,13. 

39 However, achieving complex motion in these small machines requires high complexity in 

40 geometric shape5,6,14,15, material composition11,14,16,17, structural orientation6,18,19, and actuation 

41 methods15,20,21. This complexity may impose higher requirements in design, manufacturing, 

42 and manipulation of microactuators, potentially leading to increased risks of mechanical 

43 vulnerability and malfunctions. Therefore, it is crucial to develop microactuators with high 

44 complexity in functions while adhering to simple rules.

45 The sophisticated architectures found in many biological systems can be attributed to the 

46 integrated anisotropies across multiple length scales22-24. In nature, complex shapes and 

47 patterns are created with simple design principles, emphasizing anisotropies at different scales. 

48 Each level of anisotropy independently and synergistically provides, optimizes, and amplifies 

49 the functionality of the system, ultimately leading to complex and functional outcomes22,25-29. 
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50 Octopuses, for instance, demonstrate intricately hierarchical anisotropic structures across 

51 scales (Fig. 1a), characterized by directional arrangement of muscle fibers in arm musculatures 

52 on a microscale and multiped shape of the body on a macroscale. These anisotropic 

53 orientations at various hierarchical levels enable the remarkable dexterity of octopuses, 

54 facilitating structural and functional changes27,28. While asymmetric or multi-material designs 

55 have been utilized in microactuators for gradient-triggered motion30-33 and actuation34, these 

56 artificial machines show limited levels of structural and/or compositional anisotropies. 

57 Applying the hierarchical-anisotropy principle found in nature to develop artificial systems 

58 with advanced functionality and enriched design remains to be fully explored. 

59 We demonstrate microactuators with multimodal actuation achieved by programming 

60 hierarchical anisotropy inspired by nature. Our strategy involves the precise engineering of 

61 anisotropic features at multiple scales using thermoresponsive liquid crystalline elastomer 

62 (LCE)35-38. Anisotropic features are tailored individually at the molecular level for directional 

63 alignment of mesogens in LCE, at the microscale for anisotropic shape of LCE 

64 microstructures, and at the (sub)millimeter scale for arbitrary construction of architected LCE 

65 microactuators (Fig. 1b). This hierarchical design is achieved through a three-step fabrication 

66 process (Fig. 1c): firstly, mesogens within LCE are aligned along predetermined directions 

67 (Fig. S1) via an external magnetic field36,39; secondly, the form of LCE microstructures is 

68 engineered by a soft manufacturing approach enabled by microfluidics32,40; and lastly, 

69 architected microactuators with well-defined size, shape, and configuration are created through 

70 tunable assembly of LCE building blocks. While LCE has been widely used in multimodal 

71 actuators/robots41-48 ranging from centimeter to micrometer scales, our method offers more 

72 flexible designs and versatile actuation of LCE architectures by decoupling anisotropies at 

73 each level. We envision that our strategy is general and applicable to other stimuli-responsive 

74 materials, opening avenues for the development of sophisticated microactuators.
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75
76 Fig. 1 Nature-inspired hierarchical anisotropy strategy. (a) As a prototypical exemplar of 

77 high-performance natural architectures, the dexterous octopus exhibiting highly ordered 

78 structural orientations and anisotropies across distinct length scales. (b) Nature-inspired 

79 construction strategy. The synergy between the alignment anisotropy of mesogens, shape 

80 anisotropy of LCE building blocks, and architectural anisotropy of assembled structures 

81 enables the construction of diverse complex structures from a single material. (c) Multi-scale 

82 fabrication for independently engineering anisotropies at three distinct scales. The arrangement 

83 of mesogens is aligned in an arbitrary direction by magnetic fields; the dimension and shape of 

84 LCE microstructures are defined by the microfluidics-enabled soft manufacturing method; the 

85 configuration of high-order architectures is controlled by the assembly of LCE building blocks. 

86 Results and discussion

87 Tuning the molecular anisotropy

88 LCEs are slightly cross-linked polymer networks that combine the molecular anisotropy of 

89 liquid crystals (LCs) with the rubber elasticity of polymer networks. These materials exhibit 

90 significant, reversible shape changes when exposed to external stimuli such as heat, light, 
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91 electric and magnetic fields37,38,49-51. When heated above the nematic-to-isotropic transition 

92 temperature (TNI), LCEs undergo an order-disorder transition of the LC phase, resulting in 

93 contraction along the direction of molecular alignment and expansion in the orthogonal 

94 directions35,49,52-54. At the molecular level, aromatic mesogen units with a positive anisotropic 

95 magnetic susceptibility tend to align parallel to magnetic fields55. Thus, using magnetic field 

96 allows for the arbitrary orientation of the LC director within LCE microstructures prior to 

97 polymerization. 

98
99 Fig. 2 Tunable thermoresponsive deformation of LCE micro-rods by regulatable alignment of 

100 mesogens. (a-b) White light (left) and polarized light (right) optical micrographs of (a) 

101 anisotropic and (b) isotropic LCE micro-rods. (c) Schematics showing various deformations 

102 of LCE micro-rods determined by the mesogenic director with different alignment angles with 

103 respect to the longer axis of the micro-rod. The blue dashed outlines indicate the deformed 

104 shapes of micro-rods. (d) Optical microscopy images displaying the nematic (left column) and 

105 isotropic (right column) states of LCE micro-rods with different mesogenic alignments. (e) The 

106 change in the final stable length of the LCE micro-rod versus the heating temperature. (f) 

107 Tuning the contraction ratio of the LCE micro-rod by the alignment angle. 

Page 5 of 27 Lab on a Chip



6

108 As an example, we use high-aspect-ratio micro-rods to show a variety of LCE 

109 deformations that can be achieved by solely tuning the orientation of mesogens (Fig. 2). Fig. 

110 2a-b contrasts optical micrographs between anisotropic and isotropic micro-rods under 

111 crossed polarizers, demonstrating the molecular alignment of the anisotropic micro-rod. We 

112 define the alignment angle (θ) of the mesogenic director (n) with respect to the longer axis of 

113 the slender micro-rod (i.e., the Z-axis in Fig. 2c). Three representative deformations are 

114 anticipated with thermally actuated LCE micro-rods. At θ = 0° (Fig. 2c, i), the micro-rod is 

115 significantly compressed with a large contraction in its length along the Z-axis and a radial 

116 expansion of the cross-section in the X-Y plane. At θ = 90° (Fig. 2c, ii), the micro-rod is 

117 "squashed" when thermally actuated, with the deformation characterized by a slight increase 

118 or decrease (due to internal defects) in its length along the Z-axis, a notable contraction along 

119 the Y-axis, and an expansion along the X-axis. For intermediate orientations of mesogens (0° 

120 < θ < 90°), the deformation is a combination of the two previous modes, with the extent of 

121 deformation determined and tunable by θ (Fig. 2c, iii). Fig. 2d shows reversible thermal 

122 deformations corresponding to the aforementioned three cases. 

123 We have experimentally varied the alignment angle to assess the thermal actuation of LCE 

124 micro-rods. The final stable length of the micro-rod is plotted as a function of temperature in 

125 Fig. 2e with θ = 0°. A small deformation occurs before 100 ℃. However, a decrease in length 

126 can be observed between 100 ℃ and 120 ℃, where the nematic-isotropic transition takes 

127 place. Above 120 ℃, the length of the micro-rod will remain almost constant. A contraction 

128 ratio (α) is used to quantify the deformation of LCE micro-rods, defined as α  = [L(RT) − 

129 L(T)]/L(RT) ×  100%, where L(RT) and L(T) indicate the length of the micro-rod at room 

130 temperature (RT = 25 ℃) and a higher temperature (T = 130 ℃), respectively. Fig. 2f shows 

131 the change of the contraction ratio α as a function of the alignment angle θ, which decreases 

132 linearly with increasing θ. For instance, the contraction ratio is ~37%, ~22%, and ~9% when 
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133 θ is 0°, 45°, and 90°, respectively. These results demonstrate that tuning the orientation of 

134 mesogens provides an additional tool to control LCE deformation.

135 Engineering the shape anisotropy

136 The fabrication of LCE microstructures with tunable anisotropic shapes further enhances the 

137 complexity of deformation (Fig. 3), as achieved by a modified microfiber-confined 

138 method32,33,40, with more details included in Note S1. We used a co-flow microfluidic device 

139 to create oil-core/hydrogel-shell microfibers, with the microfiber shell acting as a dynamic 

140 template (Figs. S2 and S3). The dehydration-induced radial shrinkage of the fiber shell 

141 compressed the spherical core droplets into an ellipsoid or elongated shape (Figs. S4 and S5). 

142 Further squeezing of the droplets resulted in rod-like shapes with higher aspect ratios (Figs. 

143 S6 and S7). After drying, the deformed oil cores were crosslinked to produce LCE 

144 microstructures with anisotropic shapes. This method allowed us to produce elongated LCE 

145 microfibers when the inner oil formed a continuous liquid jet inside the hydrogel microfiber. 

146 We fabricated a more complex spatial structure by rolling the LCE microfiber along a 

147 cylindrical rod (Fig. S3d). The cross-section of the produced LCE material can also be made 

148 anisotropic, as demonstrated by the ribbon-like microstructures (Fig. S6). These results 

149 demonstrate a wide range of anisotropic LCE materials at the microscale.

150 We created a variety of 3D LCE microstructures with synchronized anisotropies at both the 

151 molecular and microscale levels to demonstrate the increased complexity of deformation (Fig. 

152 3). The microscale shape anisotropy is characterized by the aspect ratio of the microstructure, 

153 which starts from unity for the spherical shape and increases steadily for the ellipsoidal, 

154 rod-like, and helical shapes. Note that the deformation of the isotropic microsphere is limited 

155 to only one mode with a transformation between the spherical and the pancake-like shape 

156 regardless of the mesogenic director (Fig. 3a and Movie S1). 

157 In comparison, the anisotropic LCE microstructures show more complex deformations 
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158 (Movie S2), such as expansion and contraction on different sides of the LCE micro-ellipsoid 

159 (Fig. 3b) and twisting of the LCE micro-rod (Fig. 3c) when the alignment of mesogens is 

160 changed. Furthermore, a gradient in the molecular alignment leads to heterogeneous 

161 deformation in the LCE micro-rod for bending actuation, where mesogens are well-aligned 

162 on one side of the micro-rod but have a lower order parameter on the other side (Fig. 3c and 

163 Movie S3). This bending deformation can be used to drive the movement of an LCE 

164 micro-rod when the friction between the micro-rod and the solid surface is different at the 

165 two ends (Fig. S8). 

166 The synchronized anisotropies are further demonstrated in helical microfibers with a 

167 recurrent distribution of the anisotropic mesogenic orientation along the main geometric axis 

168 of the LCE fiber, which allows unwinding deformation when actuated above TNI (Fig. 3d and 

169 Movie S4). It is worth noting that the extent of structure expansion by unwinding is 

170 significantly affected by the mesogenic director, highlighting the major role of synchronized 

171 anisotropies in designing complex shape transformations of LCE microstructures. 

172 The original shape of LCE microstructures is further adjustable by the shape memory 

173 effect (Fig. S9). When heated to a temperature T with TNI > T > Tg (Tg being the glass 

174 transition temperature of LCE), the LCE is soft enough to be temporarily reshaped into any 

175 form while keeping the molecular alignment. The temporary shape is kept by cooling the 

176 LCE below the glass transition temperature and erased by heating the LCE above Tg again, 

177 which allows for the reprogramming of the shape. Due to the unchanged mesogenic 

178 alignment, the reshaped LCE will be transformed into the same actuated shape when heated 

179 above TNI. This shape memory effect can provide a variety of shape anisotropies for LCE 

180 microstructures with numerous possibilities. 

181 Assembled anisotropic architectures

182 Leveraging the diverse deformations of LCE microstructures, we used them as building blocks 
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183 to construct higher-order architectures with more complex transformations by engineering 

184 architectural anisotropy at the (sub)millimeter scale. This allows for an additional synergy 

185 between shape deformation and mesogenic orientation of individual building blocks, even 

186 with two LCE microspheres that only have one way of deformation (Fig. S10). Utilizing 

187 anisotropic LCE building blocks significantly increases the diversity of architectural 

188 transformations. To demonstrate this, we assembled anisotropic LCE micro-rods into several 

189 types of higher-order architectures (Fig. 4). 

190 For example, square-frame machines were constructed to show various topological 

191 changes from the same initial geometry. By assembling LCE building blocks with different 

192 molecular anisotropy, the square frames can display isotropic contraction into a smaller 

193 square frame (Fig. 4a), anisotropic contraction into a rectangular frame (Fig. 4b), and even 

194 frame bending into a circular shape (Fig. 4c) when thermally actuated. The actuated square 

195 frames exhibit negative Poisson's ratio (Movie S5), where the enclosed area of the frame is 

196 decreased when the frame is heated above the TNI and restores the initial value when the 

197 frame is cooled down (Fig. 4d). Notably, this negative Poisson's ratio is achieved with a 

198 simple geometric configuration instead of complex structural designs of metamaterials. Fig. 

199 4e illustrates the remarkable stability of the actuation for assembled structures after multiple 

200 deformation-recovery cycles. 
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201
202 Fig. 4 Thermoresponsive LCE architectures demonstrating diverse deformation. (a-c) 

203 Square-frame LCE architectures with three different configurations, exhibiting isotropic 

204 contraction (a), anisotropic contraction (b), and bending actuation (c). (d) Variations of the 

205 square-frame encompassed area (normalized by the initial area) with time by heating and 

206 cooling. (e) Area of the LCE frame with ten actuation cycles, demonstrating the robust stability 

207 and full reversibility of the shape change of assembled LCE architectures. (f) An assembled 

208 square-wave structure displaying a transformation with varied amplitude but constant period. 

209 (g) An assembled hexagonal wheel demonstrating a shape change from a 2D to a 3D 

210 configuration. 

211 Similarly, a square-wave-shaped structure was created by alternating LCE micro-rods with 

212 well-aligned and poorly-aligned mesogens, demonstrating the ability to produce local 

213 deformations (Fig. 4f and Movie S6). When actuated, the amplitude of the square-wave 
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214 architecture is altered while the periodicity of the architecture remains nearly constant (Fig. 

215 4f), which can be further customized by engineering the mesogenic alignment and the spatial 

216 arrangement of LCE building blocks. 

217 Lastly, we demonstrated the transformation from 2D to 3D configurations by constructing 

218 a hexagonal wheel with six spokes (Fig. 4g and Movie S7). The assembled architecture 

219 consists of twelve LCE micro-rods, six of which form spokes without deformation, and 

220 another six constitute edges with contraction deformation along the longer axis. As edges 

221 contract in length, the spokes are forced to undergo an out-of-plane reconfiguration due to the 

222 limited degree of freedom. As a result, the architected wheel bulges up vertically from the 

223 initial 2D flat shape to form a final 3D hexagonal pyramid with the bottom hexagonal frame 

224 shrinking homogeneously when heated from 25 ℃ to 130 ℃ (Fig. 4g). Note that the 

225 transformation of assembled architectures can be further diversified by independently 

226 customizing anisotropies at the three hierarchical levels. 

227 Tetrahedral microactuators for controllable locomotion

228 We developed magnetic LCE microactuators by equipping the assembled architectures with 

229 magnetically controllable locomotion. The microactuator is in the shape of a regular 

230 tetrahedron, which makes it naturally suitable for effective motion in different directions. Fig. 

231 5a shows a prototype of the microactuator composed of LCE edges (with a characteristic 

232 length of ~850 μm) and Fe3O4 microbead vertices. When a continuously rotating magnetic 

233 field is applied, the force on the four magnetic vertices can cause the entire structure to rotate, 

234 allowing it to move. The motion of the tetrahedral microactuator has two modes, depending 

235 on the interaction between its geometric features and the terrain: rolling around an edge and 

236 spinning around a vertex (Fig. 5b). 
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237
238 Fig. 5 Architected LCE microactuators with well-controlled mobility. (a) Tetrahedral LCE 

239 microactuators incorporating magnetic microbeads at vertices for the motion actuated by a 

240 rotating magnetic field. (b) Rolling and flipping modes of locomotion. (c and d) Schematic (c) 

241 and experimental observation (d) showing the process of self-regulated locomotion by a switch 

242 from the rolling to the flipping mode. (e) Magnetically guided motion of the microactuator 

243 along predetermined trajectories. (f) The microactuator climbing over obstacles. (g) The 

244 three-stage variation in the locomotion distance and velocity of the microactuator with time. (h) 

245 Controlling the motion velocity of the microactuator by the rotation speed of the magnetic 

246 field. (i) A schematic showing the microactuator’s response to a static magnetic field. (j) Top: 

247 The translational motion of the microactuator actuated by a static magnetic field. Bottom: The 

248 manipulation of the microactuator along designed locomotion paths by changing the direction 

249 of the static magnetic field. (k) The microactuator flying over an obstacle in silicone oil under 

250 magnetic control.
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251 The microactuator can spontaneously adjust its motion trajectory by combining the rolling 

252 and flipping modes (Fig. 5c and Movie S8). Usually, the axis of symmetry of the triangular 

253 base of the tetrahedral microactuator is not parallel to the direction of motion, but instead 

254 forms a deflection angle θd (Fig. 5c), which causes the motion trajectory to deviate from the 

255 expected direction. However, the deflection angle gradually decreases with the continuous 

256 rolling motion, eventually reaching zero or a value close to zero, at which point the motion 

257 mode switches to flipping (Fig. 5c). The change in the motion mode causes the motion 

258 trajectory to be corrected spontaneously, which has been confirmed by experimental 

259 observation (Fig. 5d). This self-regulated locomotion endows the tetrahedral microactuator 

260 with robust motion stability and improved resilience to changes that may cause trajectory 

261 deviations, such as disturbances from the environment, uneven terrains, and defects in the 

262 symmetry of architecture design.

263 Fig. 5e shows that the self-adaptive switch between the two motion modes enables the 

264 tetrahedral microactuator to move along predefined complex trajectories, such as a 

265 square-shaped path and an "S"-shaped path (Movie S9). The two motion modes also allow 

266 the microactuator to climb over obstacles with a height comparable to its size (Fig. 5f and 

267 Movie S10), making it adaptive to environments with complicated terrains. The motion speed 

268 of the microactuator displays a three-stage variation (Fig. 5g): acceleration (I), constant speed 

269 (II), and deceleration (III). The average speed is controlled by the rotation speed of the 

270 magnetic field, which is on the order of millimeters per second (Fig. 5h). 

271 Compared to a rotating magnetic field, a static magnetic field offers simpler and more 

272 effective manipulation of the microactuator with superior directional control, especially when 

273 it is positioned on a smooth surface (Fig. 5i-k). As shown in Fig. 5j and Movie S11, when 

274 subjected to a static magnetic field in the horizontal direction, the microactuator readily slides 

275 in a translational manner, resulting in more precise motion along various trajectories than 
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276 those achieved by a rotating magnetic field. Moreover, microactuators are maneuverable in a 

277 liquid environment as well as in air. For example, placing the magnetic field above a 

278 microactuator allows for controlling its height and guiding it to fly over an obstacle much 

279 larger than its size (Fig. 5k and Movie S12).

280 Manipulation of solids and liquids

281 We now focus on applications of tetrahedral LCE microactuators in the manipulation of 

282 different materials under various conditions. The shape memory ability imparts foldability to 

283 the microactuator for fitting into confined geometry (Fig. 6a); the reversible shape 

284 transformation endows the microactuator with negative Poisson's ratio for cargo capture and 

285 release, mimicking the function of fingers (Fig. 6b); the magnetic-driven locomotion allows 

286 the microactuator to deliver and process different materials. 

287 We demonstrate the manipulation of a solid cargo using the tetrahedral LCE microactuator 

288 placed in a chamber with a geometrically confined microchannel (Fig. 6c and Movie S13). 

289 The microactuator is folded into a squashed structure with a reduced dimension to pass 

290 through the microchannel (Fig. 6c, i). After that, the microactuator is unfolded to recover the 

291 initial structure when heated above Tg (Fig. 6c, ii). The microactuator is designed to reduce 

292 the size of the tetrahedral cage when actuated above TNI, which captures and firmly traps the 

293 solid cargo in the shrunken cage (Fig. 6c, iii). The cargo is released by the microactuator via a 

294 reversible transformation after the delivery to the destination (Fig. 6c, iv). The microactuator 

295 has the capacity to traverse rough terrains and climb over obstacles (Fig. S11). It can also 

296 accurately capture, deliver, and release cargos, allowing it to carry out complex tasks in 

297 complex environments, such as the gastrointestinal system and blood vessels for biomedical 

298 applications. 
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299
300 Fig. 6 Manipulation of matters by architected LCE microactuators. (a) Temporary 

301 transformation of the microactuator by the shape memory effect of LCE. (b) Schematics of 

302 cargo capture and release by the thermally actuated change in the volume of the microactuator. 

303 (c) The microactuator performing complex tasks of passing through a narrow channel (i), 

304 recovering the initial shape (ii), capturing a solid cargo (iii), and releasing the cargo after 

305 delivering it to the target (iv). (d and e) Schematics (d) and snapshots (e) showing the 

306 on-demand chemical reaction enabled by the microactuator capable of manipulating liquid 

307 microdroplets. 

Page 15 of 27 Lab on a Chip



16

308 Furthermore, the tetrahedral microactuator can manipulate liquid droplets to complete 

309 chemical reactions for material synthesis (Fig. 6d). As an example, Fig. 6e and Movie S14 

310 show the chemical reaction between AgNO3 and KCl microdroplets in the cage-like LCE 

311 tetrahedron. The two microdroplets are sequentially captured by the thermally-actuated 

312 microactuator and then coalesce to mix the two reagents. The product is then collected at the 

313 bottom of the droplet microreactor by rotating the microactuator magnetically for 

314 centrifugation. When exposed to light, the initially generated AgCl decomposes to form silver 

315 nanoparticles as the final product (Fig. 6e). This tetrahedral microactuator combines multiple 

316 functions, such as deft transport of droplets, efficient mixing of reagents, and rapid 

317 centrifugation of products, which could be beneficial for chemical/biological applications.

318 Conclusion

319 We have shown how complexity can be derived from simple design principles to create 

320 advanced artificial systems. Leveraging this concept, we have designed architected 

321 microactuators with complex transformations and functions by programming their molecular, 

322 shape, and architectural anisotropies at the nanometer, micrometer, and (sub)millimeter 

323 scales, respectively. Combining the anisotropies from different levels leads to a substantial 

324 increase in shape transformations. Altering the synergy between levels provides a simple 

325 route for re-programming the shape and structure of the designed architectures. 

326 We have created tetrahedrally architected LCE microactuators with shape memory effect, 

327 magnetic responsiveness, and thermal actuation, allowing them to keep temporary shapes, 

328 self-regulate their motion trajectories, and undergo programmable shape transformations, 

329 respectively. These microactuators can perform complex tasks such as on-the-fly capture, 

330 targeted delivery, and on-demand release of solid cargos while navigating in confined spaces. 

331 They can also manipulate liquid droplets, enabling complex chemical reactions. These results 

332 show that the architected microactuators can manipulate different materials in various 
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333 complex environments due to their tailorable hierarchical anisotropy, making them suitable 

334 for a variety of applications.

335 This strategy promises even more advances in artificial systems by increasing the number of 

336 hierarchical levels. For example, photoresponsive LCEs not only facilitate dynamic anisotropy 

337 for extended deformations and applications36,56,57 but also offer a solution to the 

338 high-temperature requirements demonstrated in the thermal deformation, making them suitable 

339 for biomedical applications20,58. Additionally, the incorporation of multiple materials and/or 

340 multi-stimuli-responsive materials will enable architectures with complex structures and 

341 configurations6,16. Furthermore, the deformation of architectures can be accurately predicted 

342 through numerical modeling, providing proactive guidance for the customized implementation 

343 of specific functionalities36,56,57. Our strategy of hierarchically engineering anisotropy is 

344 general and has broad applicability to other systems, opening up vast opportunities for the 

345 development of advanced actuators and materials in the near future.

346 Materials and methods

347 Materials

348 The LC monomer, 4 ″ -acryloyloxybutyl 2,5-di(4 ′ -butyloxybenzoyloxy) benzoate, was 

349 synthesized using a procedure described in a previous study35. The following materials were 

350 purchased and used upon received: 1,6-hexanediol diacrylate, 

351 2-hydroxy-2-methylpropiophenone, dichloromethane (DCM, Dieckmann, AR), sodium 

352 alginate (Aladdin), paraffin oil (Macklin), tetrasodium ethylenediaminetetraacetate dehydrate 

353 (EDTA-4Na, Macklin), calcium chloride (CaCl2, Aladdin), poly(vinyl alcohol) (PVA, 87–89 

354 % hydrolyzed, Aladdin), bonding agent (Ergo 8500, Kisling), distilled water (Watsons), 

355 fluorinated oil (Krytox GPL-105, DuPont), silicone oil (viscosity of 1 mPa·s, Aladdin), Fe3O4 

356 microbeads (Zhong Hang Zhong Mai Materials), AgNO3 (Acros), KCl (Meryer), and 

357 Rhodamine 6G (95%, Aladdin). 
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358 Fabrication of Microfluidic Devices

359 Co-flow microfluidic devices were fabricated by coaxially aligning a cylindrical glass capillary 

360 (with an inner diameter of 100 μm) in an outer one (with an inner diameter of 900 μm). The 

361 outlet of the outer glass capillary was inserted into a plastic Petri dish filled with a 6 wt% 

362 aqueous solution of calcium chloride.

363 Fabrication of droplet-encapsulating microfibers

364 A mixture of LC monomer 4 ″ -acryloyloxybutyl 2,5-di(4 ′ -butyloxybenzoyloxy) benzoate, 

365 cross-linker 1,6-hexanediol diacrylate (5% wt/wt based on LC monomer), and photo-initiator 

366 2-hydroxy-2-methylpropiophenone (2% wt/wt based on LC monomer) was dissolved in DCM, 

367 which was used as the inner phase liquid. A red dye (Rhodamine 6G, 0.1 wt%) was added to 

368 the inner phase liquid for better visualization. The outer phase liquid was an aqueous solution 

369 of sodium alginate (NaAlg, 2 wt%). The two liquids were pumped into the microfluidic device 

370 by high-precision syringe pumps (Longer Pump, LSP01-1A). The inner phase liquid was 

371 disintegrated into oil droplets by the outer phase liquid in the co-flow microchannel and then 

372 spontaneously ordered into a one-dimensional (1D) droplet array. Hydrogel microfibers, which 

373 encapsulated the oil droplet array, were generated by solidifying the NaAlg with CaCl2 via 

374 ionic crosslinking when the outer phase liquid flowed out of the capillary outlet into the Petri 

375 dish. The produced hydrogel microfibers were then hung vertically to dry in the air and shrunk 

376 radially, thus deforming the encapsulated oil droplets into anisotropic shapes. During the 

377 drying process, DCM gradually evaporated out of the oil droplet, which transformed liquid 

378 droplets into solid particles containing only the LC monomer mixture. By tuning the flow rates 

379 of the two liquids, the inner phase liquid can form continuous liquid jets instead of discrete 

380 droplets, which were used as templates to produce LCE microfibers after polymerization. 

381 Magnetic alignment of mesogens

382 The alignment of mesogens was conducted along with the polymerization of LC monomer. 
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383 The dried hydrogel microfibers were first heated to 90 °C for 30 mins so that the encapsulated 

384 LC-monomer particles were in the isotropic phase to clear any memory effect. Then the 

385 temperature was decreased to 60 °C for the alignment of mesogens under a magnetic field 

386 generated by a permanent magnet (~316 mT, NdFeB), during which polymerization was 

387 carried out by the UV light irradiation (light intensity = 95 mW cm-2, wavelength λ = 365 nm) 

388 for 60 mins. The axial direction of the hydrogel microfibers was tuned in the magnetic field to 

389 tailor the mesogenic director of LCE microstructures. The whole process was conducted by 

390 immersing the hydrogel microfibers in paraffin oil in a glass container. After polymerization, 

391 an aqueous solution of EDTA-4Na (2 wt%) was used to dissolve the alginate shell of the 

392 hydrogel microfibers for releasing the encapsulated LCE microstructures, which were then 

393 washed, dried, collected, and stored for experiments.

394 Assembly of LCE building blocks

395 To create LCE architectures, individual LCE building blocks were glued with each other by a 

396 bonding agent (Ergo 8500). Before assembly, the building blocks were temporarily stuck on a 

397 glass substrate to form predetermined 2D patterns by depositing a small amount of the aqueous 

398 PVA solution (2 wt%) on the contact area between LCE and the substrate. Next, a tiny drop of 

399 Ergo 8500 was gently dripped to the joint gap between neighboring LCE building blocks. The 

400 bonding agent spontaneously filled the gap by the capillary effect and then was cured by 

401 exposure to a UV light for 3 mins. Finally, PVA was washed with distilled water to release the 

402 assembled architecture. To construct 3D architectures, 2D structures were first assembled and 

403 then folded into the desired 3D structures, followed by gluing all remaining joint gaps.

404 Thermal actuation

405 To observe the shape changes the LCE samples were tempered on a hot plate at 130 ℃ and 

406 cooled down from the isotropic to the nematic state by natural convection cooling. A 

407 high-density fluorinated oil was employed as matrix to ensure uniform heating over the 
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408 whole structure and prevent hindered deformation caused by surface friction. 

409 Magnetic actuation

410 The tetrahedral cage-like microactuator was navigated in a PDMS chamber filled with 

411 fluorinated oil or silicone oil to reduce the friction between the microactuator and the substrate 

412 for better locomotion (Fig. 6). A permanent magnet was connected to and rotated by an electric 

413 motor to generate a rotating magnetic field in the working space, which was used to actuate the 

414 rolling and flipping motions of microactuators. Besides, the magnet was also horizontally 

415 moved to control the translational motion of microactuators. 

416 Characterization

417 Optical microscopy images and videos were captured by a stereomicroscope (SOPTOP 

418 SZM7045) equipped with a CMOS camera (SOPTOP OD-300). Polarized optical images were 

419 captured by an inverted microscope (Nikon ECLIPSE Ts2) equipped with crossed polarizers.
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For a special issue of Advanced Materials dedicated to George’s 65th anniversary, I 
contributed a paper “Crystallization in patterns: A bio-inspired approach” (Adv. Mater. 2004, 
16, 1295), into which I encoded an acrostic with first letters of paragraphs reading “To 
George with affection”. Honestly, the word ‘affection’ is insufficient to capture the impact that 
George had, has, and will continue to have on his scientific family. Being a post-doc with 
George in the mid 1990-ies left an immeasurable imprint on me as a scientist; I learned a lot 
about how a huge group can be managed effectively, how to spend your own precious time 
on the problems worth exploring, not just on extensions of already existing research, and 
how to remove from manuscripts “all the potent and novel words”.  The Whitesides Group 
has always been a wonderful eclectic mix of highly talented people, and I have been in 
contact with many of them, all these years.  What unites us is our shared experience with 
George, a brilliant scientist and mentor, and a very generous person. We are all deeply 
grateful to him.  And I am sure everyone loves his humor, which is as great as his science! – 
Joanna Aizenberg
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