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Fig. S1. Diverse morphing modes generated by HAFMS-TSAs. (A) Experimental 

photographs showing 7 morphing modes of HAFMS-TSAs upon bilateral symmetrical 

face stimuli. (B) Experimental photographs showing 4 morphing modes of HAFMS-

TSAs upon unilateral face stimuli. The red arrows indicate the incident direction of the 

light. The red dashed frames denote the initial shape and size of the HAFMS-TSAs 

before external stimuli. The colored bar at the top of the HAFMS-TSAs was used to 

clearly display the twisting motion of the morphing HAFMS-TSAs. 

 

 



 

Fig. S2. Preparation of the fibrous precursors for modular fabrication of HAFMS-

TSAs. (A) Experimental photographs showing the processing procedures using the 

screw mold to produce the fibrous precursors. (B) Experimental photographs displaying 

the fabrication procedures using the tubular mold to gain the fibrous precursors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S3. Tunable 3D helix of LC director fields. Experimental photographs showing 

the morphologies and 2D-WXRD patterns for HAFMS-TSAs with θ = 16° (A), 47° (B), 

61° (C), and 76° (D), respectively. 

 

 

 

 

 

 

 

 

 



 

Fig. S4. Tunable 3D geometries of HAFMS-TSAs. (A) A coiled HAFMS-TSA. (B) 

Pearl-chain-shaped HAFMS-TSA. (C) A self-standing football-gate-shaped HAFMS-

TSA. (D) A wall-hollowed-out HAFMS-TSA. (E) Multi-level structured HAFMS-

TSAs. (F) Multi-level, multi-materials structured complex HAFMS-TSAs. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S5. The volume of the fiber units upon light irradiation with different 

intensities. The volume of the fibrous building blocks maintains constant when 

deformed, which means any decrease in one dimension will simultaneously lead to a 

compensatory increase in at least on one other dimension. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S6. Active and tunable pumping functions of HAFMS-TSAs. (A) Controlled 

Experiment showing that tubular LCE with simple orientation along their long axis fails 

in pumping fluids via its photodeformation. (B) Experimental photographs showing 

fluid pumping driven by leveraging the light-driven cavity volume change of a 

HAFMS-TSA. (C) Large ejection fraction achieved by wringing motion, which is 

induced by the twisting motion of a HAFMS-TSA. The intensity of the NIR light is ~ 

2.5 W cm-2, the length and the inner diameter of the HAFMS-TSA are 3 cm and 3 mm, 

respectively. Periodic light irradiation (cycles of light-on 10 s and light-off 10 s) was 

used to drive the pumping of the HAFMS-TSA. 

 

 

 

 



 

Fig. S7. Powerful Pumping functionality of HAFMS-TSAs. (A) Experimental 

photographs showing fluid pumping driven by the photodeformation of the HAFMS-

TSA. (B) Wringing motion enables the system to generate powerful force to overcome 

gravity to pump and lift fluid upward. Periodic NIR light generated by light on 10 s and 

off 10 s alternatively was employed to drive the pumping of the system. The intensity 

of the NIR light is ~ 2.5 W cm-2, the inner diameter of the HAFMS-TSAs is 3 mm. 

 

 

 



 

Fig. S8. HAFMS-TSA serves as a small-scale soft-robotic tentacle. (A) 

Experimental photographs showing a HAFMS-TSA grabbing a bolt through photo-

driven radical contraction and unscrewing it via the photo-driven twisting motion. (B) 

Experimental photographs showing a HAFMS-TSA grabbing and exerting torque to a 

bolt even in its curved state. The red marker on the wall of the HAFMS-TSA is used to 

indicate the twisting motions in its straight state and the curved state upon light 

irradiation, respectively. The intensity of the NIR light is ~ 2 W cm-2.  

 

 



 

Fig. S9. Reorientation motion of a HAFMS-TSA in response to directional light 

with varying azimuth angles. (A) Top-view snapshots showing the HAFMS-TSA 

(θ=21o) continuously, autonomously phototropic reorientating to the direction of the 

incident light with varying azimuth angles. (B) Top-view snapshots exhibiting adaptive 

photophobic reorientation of the HAFMS-TSA (θ=83o) driven by directional light with 

varying azimuth angles. The intensity of the NIR light is ~ 1.5 W cm-2, The inner 

diameter of the HAFMS-TSA is 1 mm. 

 

 



 

Fig. S10. Reorientation motion of a HAFMS-TSA in response to directional light 

with varying zenithal angles. (A) Adaptive phototropic reorientation of the HAFMS-

TSA (θ=21o) upon the light irradiation with varying zenithal angles. (B) Adaptive 

photophobic reorientation of the HAFMS-TSA (θ=83o) upon light irradiations with 

varying zenithal angles. The intensity of the NIR light is ~ 1.5 W cm-2, the inner 

diameter of the HAFMS-TSAs is 1 mm. 

 

 



 

Fig. S11. Omnidirectional reorientations driven by phototropic movements or 

photophobic movements. (A) Adaptive phototropism and omnidirectional light-

tracking performance of phototropic HAFMS-TSA with θ =21o. (B) Lateral-view 

snapshots exhibiting a HAFMS-TSA (θ = 21o) continuously tracking the light that 

revolves azimuthally or zenithally around the HAFMS-TSA. (C) Adaptive and 

omnidirectional away-from-light reorientations of HAFMS-TSA with θ =83o. (D) 

Lateral-view snapshots exhibiting a HAFMS-TSA (θ = 83o) continuously reorientating 

away from the light that revolves azimuthally or zenithally around the HAFMS-TSA. 

The red arrows denote the incident directions of the light. The dashed blue lines and the 

dashed green lines indicate the change of the azimuth angles and the change of the 

zenith angles of the incident light, respectively. The inner diameter of the HAFMS-

TSAs is 1 mm. The intensity of the NIR light is ~ 1.5 W cm-2. 

 

 

 

 

 

 



 

Fig. S12. Adaptive and automatic shape transformations of intelligent artificial 

plants (ILPAs) in response to environmental stimuli. (A) Opening behavior induced 

by photonastic twisting motion. (B) Directional opening of IPA upon light irradiation 

with varied incident direction. The red arrow indicates the incident direction of the light. 

The light intensity is ~ 2 W cm-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S13. The axial and radius change rate of the fiber as function of temperature. 

The temperature in here is a dummy variable, and only relates to the intensity of light. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1. The summary of deformation modes and active soft materials for 

reported tubular soft actuators. 

Active soft materials Stimuli Deformation modes Ref. 

Hydrogels Heat Bending, Twisting, Shrinkage [4] 

Hydrogel Heat Contraction [46] 

Liquid crystal polymer Light Contraction [1] 

Liquid Crystal Polymers Light Contraction [47] 

Liquid crystal polymers Light Contraction [48] 

Liquid crystal polymer Heat Contraction [19] 

Polyethylene Heat Twisting [31] 

Liquid Crystal Elastomer Hot water Contraction [49] 

Liquid Crystal Elastomer Heat Contraction [50] 

Liquid Crystal Elastomer Light Bending [15] 

Liquid Crystal Elastomer Light Contraction，Bending [20] 

Liquid Crystal Elastomer Electrical Contraction, Bending [14] 

Liquid Crystal Elastomer Heat or light Contraction, Bending [38] 

Liquid Crystal Elastomer Heat Contraction [51] 

Liquid Crystal Elastomer Light 

Twisting, Shortening, 

Elongation, Expansion, 

Contraction, Phototropic 

Bending, Photophobic Bending 

This work 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. Fitted Fung-Orthotropic material parameters 

Fung-Orthotropic material parameters 

b1111 0.1805 

b1122 -0.1496 

b2222 0.1552 

b1133 -0.0664 

b2233 0.0430 

b3333 0.0567 

b1212 1 

b1313 1 

b2323 1 

C (N/mm2) 128.115 

D (mm2/N) 0.01 

 

 

Table S3. The orthotropic thermal expansion coefficients 

Temperature Thermal expansion coefficients 

𝛼1 (1/oC) 𝛼2 (1/oC) 𝛼3 (1/oC) 

30 -0.00325333 0.00175623 0.00175623 

60 -0.00325333 0.00175623 0.00175623 

90 -0.00284667 0.0016362 0.0016362 

120 -0.00366 0.0024572 0.0024572 

150 -0.00325333 0.00233991 0.00233991 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary movie descriptions 

Movie S1. Seven morphing modes of HAFMS-TSAs upon bilateral symmetrical face stimuli. 

Mode 1: Fiber angle 0o, Axial Shortening & Radial Expansion. 

Mode 2: Fiber angle 31o, Axial Shortening & Radial Expansion & Twisting. 

Mode 3: Fiber angle 52o, Axial Shortening & Constant Diameter & Twisting.  

Mode 4: Fiber angle 56o, Axial Shortening & Radial Contraction & Twisting.  

Mode 5: Fiber angle 60o, Constant length & Radial Contraction & Twisting.  

Mode 6: Fiber angle 75o, Axial elongation & Radial Contraction & Twisting.  

Mode 7: Fiber angle 86o, Axial elongation & Radial Contraction. 

The intensity of the NIR light is ~ 1.5 W cm-2, and the inner diameter of the HAFMS-TSAs is 2 mm. 

Movie S2. Four morphing modes of HAFMS-TSAs upon unilateral face stimuli. 

Mode 8: Fiber angle 0o, Phototropic Bending. The inner diameter of the tubular actuator is 1 mm. 

Mode 9: Fiber angle 40o, Controllable Twisting & Phototropic Bending. The inner diameter of the 

tubular actuator is 2 mm. 

Mode 10: Fiber angle 75o, Controllable Twisting & Photophobic Bending. The inner diameter of 

the tubular actuator is 2 mm. 

Mode 11: Fiber angle 86o, Photophobic Bending. The inner diameter of the tubular actuator is 2 mm. 

The intensity of the NIR light is ~ 1.5 W cm-2. 

Movie S3. Local tunable LC order, materials, and actuations in a single HAFMS-TSA. 

Part 1: Graded LC order enables a HAFMS-TSA to transform from a symmetric (cylindrical) shape 

into an asymmetric (tapered) shape when exposed to light irradiation. 

Part 2: Locally-varied LC orders allow the generation of five regions with different shape changes 

in a single HAFMS-TSA. 

Part 3: A material-programmed HAFMS-TSA made of NIR-responsive material and UV-responsive 

material shows locally-tunable photodeformation. Under the irradiation of either NIR or UV light, 

the local change in the diameter of the composited actuator can be induced, while the overall change 

of the diameter can be generated upon the simultaneous irradiation of NIR and UV light. 

Part 4: A material-programmed HAFMS-TSA composed of alternating non-photoresponsive and 

photoresponsive LCE materials reversibly transformed between a cylinder structure and a pearl-

necklace-liked structure by light. 



The intensity of the NIR light is ~ 1.5 W cm-2. The intensity of the UV light is ~ 550 mW cm-2. The 

inner diameter of the HAFMS-TSA is 4 mm. 

Part 5: Locally tune the actuation strain of a HAFMS-TSA to effectively avoid stress-concentration-

induced detaching. HAFMS-TSA without changing local actuation strain/stress, glued on a glass 

substrate, detaching from a glass substrate upon light irradiation whereas the HAFMS-TSA with 

locally-reduced actuation strain/stress still stayed attached to the substrate. The intensity of the NIR 

light is ~ 2.5 W cm-2. The mass of the steel ball is 5 g. 

Movie S4. Fluid pumping driven by leveraging the cavity volume change of HAFMS-TSA 

upon light irradiation. 

Fluid pumping driven by leveraging the cavity volume change of HAFMS-TSA upon alternating 

NIR light irradiation (NIR on: 10 s, NIR off: 10 s). The intensity of the NIR light is ~ 2.5 W cm-2. 

The inner diameter and length of the tubular actuator are ~3 mm and ~3 cm, respectively. 

Movie S5. Fluid pumping driven by the twisting motion of the HAFMS-TSA.  

The wringing deformation driven by the twisting motion of the HAFMS-TSA, and it causes 

torsional buckling of the elastic tube, leading to its collapse and squeezing the most fluid out of the 

wrung tube. The length and the inner diameter of the HAFMS-TSA are is 3 cm and 3 mm, 

respectively.  

Part 1: Alternating NIR light (NIR on 25 s, NIR off: 25 s). The intensity of the NIR light is ~ 2.0 W 

cm-2.  

Part 2: Alternating NIR light (NIR on 10 s, NIR off: 10 s). The intensity of the NIR light is ~ 2.5 W 

cm-2. 

Movie S6. HAFMS-TSA serve as a small-scale soft-robotic tentacle. 

Part 1: HAFMS-TSA grabs a bolt through photo-driven radical contraction and unscrew it in a 

straight state. 

Part 2: Even in curved states, HAFMS-TSA can exert torque on a bolt. 

Part 3: HAFMS-TSA adapt to a meandering pipe to unscrew a bolt through photo-driven twisting 

motion. 

The intensity of the NIR light is ~ 2.0 W cm-2. The inner diameter and length of the tubular actuator 

are ~3 mm and ~8 cm, respectively. The mass of the screw is 5.2 g. 

Movie S7. Omnidirectional reorientation driven by phototropic movements or photophobic 



movements. 

Part 1: Phototropic movements vs photophobic movements. 

Part 2: Phototropic movements and photophobic movements when the incident direction of the light 

was maintained but the HAFMS-TSA was continuously rotating. 

Part 3: Photonastic-twisting-driven opening behaviors. 

The intensity of the NIR light is ~ 1.5 W cm-2, The inner diameter of the HAFMS-TSAs is 1 mm. 

Movie S8. Intelligent artificial plants constructed by HAFMS-TSAs with varied light-

reorientation movements. 

The lower part (length 15 mm, inner diameter 2 mm) is made of the HAFMS-TSA with θ = 85° to 

enable photophobic movements, and the upper part (length 40 mm, inner diameter 2 mm) consists 

of tubular LCE with θ = 40° to produce phototropic movements and large photonastic twisting. The 

branches are made of the HAFMS-TSA with a large θ of 85°. The intensity of the NIR light is ~ 2 

W cm-2.   
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