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a b s t r a c t 

Liquid-crystal-elastomer (LCE) fiber actuators capable of reversible, large-scale, programmable deforma- 

tion in response to external stimuli have great potential in many applications, including artificial muscles, 

robotics, and wearable devices. Despite their exciting prospects, limitations -such as few modes of shape 

transformation in a single actuator due to limited degree of freedom (DOF), difficulty to concurrently 

gain large length change and powerful stress, lack of scalable manufacturing method - seriously restrict 

their engineering applicability. Here we present bioinspired self-winding LCE fiber actuators that possess 

diverse controllable shape transformations (bending, twisting, coiling, and shortening), a combination of 

high contraction ratio (1750%) and high stress ( ∼3.4 MPa), long term photomechanical robustness (over 

10 0 0 photodeformation cycles without obvious fatigue), and readily, scalable manufacture. Our fiber actu- 

ators can simultaneously conduct two or three kinds of deformation and thus enables complex morphing 

behaviors to manipulate objects (grabbing, dragging, lifting, and winding), and even drive gear set. We 

envision that these self-winding fiber actuators combined with high DOF, tunable actuation, photome- 

chanical robustness, and mass production could be developed as high-performance artificial muscles for 

broad engineering applications. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

The development goal of man-made fiber actuators (artificial 

uscle) is to mimic structures and performances of human mus- 

le which are organized in bundles of fibers and enable the gen- 

ration of smooth motions and tunable strain/stress via control- 

able deformation of muscle fibers [1–3] . In the past decades, sci- 

ntists have made considerable efforts to develop artificial muscles, 

nd a broad range of soft active materials that resemble the defor- 

ation performance of human muscle has been reported such as 

esponsive gels [4–7] , shape memory polymers [ 8 , 9 ], conducting 

olymers [ 10 , 11 ], dielectric elastomers [ 12 , 13 ], liquid crystal elas-

omers (LCEs) [14–19] . Among them, LCEs that enable reversible, 

iant deformation (contraction up to 40 0 −50 0%) [20] have been 

egarded as compelling soft active materials for artificial muscle, 

hich was suggested by de Gennes as early as 1969 [21] . Since 
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hen, LCE fiber actuators (LCEFAs) have been prepared by vari- 

us processing methods, including melt-drawing [22] , microflu- 

dic method [16] , direct ink writing printing (DIWP) [23] , and 

lectrospinning [15] . Processing methods are responsible for not 

nly just molding LCE materials into fiber shapes, but also in- 

ucing and regulating macroscopic liquid crystal (LC) orientation 

n the fiber, which is critically important to determine deforma- 

ion and morphing behaviors of fabricated LCEFAs. However, the 

bove-mentioned processing methods are only suitable for produc- 

ng LCEFAs with uniform and simple LC director profiles in which 

C mesogens are uniaxially aligned along the fibers’ long axis with- 

ut spatial difference of LC orientation. As a result, these uniaxial- 

riented LCEFAs with uniform LC orientation usually only gener- 

te simple deformation of linear contraction or bending, exhibit- 

ng morphing behaviors with a low degree of freedom (DOF). Lin- 

ar contraction arises from the uniform reduction of LC order of 

he uniaxial-oriented LCEFAs upon external stimuli (e.g. light, heat- 

ng) [ 15 , 22 ], whereas bending deformation is generated through 

he formation of an uneven distribution of LC order over the fiber’s 

ross-section, which is triggered by local or directional stimuli 

 24 , 25 ]. In recent years, to gain complex motions that require high

OF, twist insertion has been exploited to endow LCEFAs with 
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http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:lvjiuan@westlake.edu.cn
https://doi.org/10.1016/j.apmt.2022.101449


Z. Hu, Y. Li, T. Zhao et al. Applied Materials Today 27 (2022) 101449 

s

a

v

t

i

e

c

s

l

i

f

a

i

v

t

b

k

D

i

c

i

o  

g

i

m

s

w  

c  

s

f

c

2

i

o

t

r

t

t

a

t

a

fi

t

a

(

h

e

a

m

s

t

w

u

c

w

a

i

t

g  

I

c

l

p

i

f

t

m  

f

t

a

c

d

I

b

F

a

w

p

t

T

i

d

p

i

s

f

l

D  

r

i

i

m

g

d

b

w

d

S

w

d

r

p

t

i

t

f

h

d

s  

f

t

c

c

o

i

t

a

l

t

h

p

o

t

e

l

l  
piral LC director profiles, this asymmetrical alignment of LC en- 

bles rotating motion [ 26 , 27 ]. Despite these efforts, LCEFAs de- 

eloped so far are still plagued with problems of few deforma- 

ion modes and the inability to combine multiple deformations 

nto a single actuator, due to their uniform and simple LC ori- 

ntations. Moreover, large-scale manufacturing and difficulty con- 

urrently gaining high length change and powerful stress repre- 

ent great challenges in this area. Here, we show that those chal- 

enges can be tackled by a bioinspired screw-mold-based process- 

ng method. This versatile method not only possesses large-scale 

easibility, but more importantly also enables inducing nonuniform 

nd well-defined LC director profiles through a twistless strategy 

nspired by helix formation of plant-tendrils, which leads to di- 

erse modes of deformation and tunable actuation achieved in 

he fabricated fiber actuators and thus enables high-DOF morphing 

ehaviors. 

High-DOF shape-changing materials are ubiquitous in the plant 

ingdom. Tendril is one of such materials that shows diverse high- 

OF morphing behaviors (e.g. bending, twisting, coiling, and wind- 

ng), when it changes shape from a linear structure into a helically 

oiled structure. The formation mechanism of the helix structure 

n plant tendrils can be explained by a simplified physical model 

f a filament with the bilayer structure. As shown in Fig. 1 a, faster

rowth of top layer and slower growth of bottom layer result in 

nternal strain/stress mismatch over the cross-section of the fila- 

ent and leads to the intrinsic curvature that makes the filament 

elf-winding to form a helical structure to avoid steric interactions 

hen L 0 > 2 πR ( Fig. 1 b, L 0 denotes the filament’ length; R indi-

ates the radius of the arc of the curved filament) [28] . Here, it

hould be noted that the helix transformation in tendril is arising 

rom the asymmetrical distribution of strain/stress over the plant’s 

ross-section. 

. Results and discussion 

Inspired by this biological mechanism, we created a process- 

ng method that enables facile, scalable, sustainable manufacture 

f self-winding LCE fiber actuators (SWLFAs) with high DOF and 

unable actuations. We designed the method based on three crite- 

ia: (1) the fabricated fiber actuator must realize reversible shape 

ransformation between a straight structure and a helix structure, 

hus providing high-DOF morphing behaviors; (2) length change 

nd actuation stress must be tunable in a wide range in real- 

ime; (3) the method must be easily conducted in materials lab 

nd readily allow mass-production of fiber actuators. To meet the 

rst requirement, asymmetrical distribution of strain/stress over 

he fiber’s cross-section must be established. To that end, first, 

 screw-shaped mold was used to mold liquid crystal elastomer 

LCE) oligomers into a helix-shaped precursor (soft spring) that 

as a length differential between its outer and inner circumfer- 

nce ( Fig. 1 d). Next, the soft spring precursor was straightened 

nd stretched 50%, this stretching operation can induce the asym- 

etrical distribution of strain/stress over the cross-section of the 

tretched spring fiber (detail see Supplementary information). Af- 

er maintaining the stretching for 24 h, the SWLFA with high-DOF 

as obtained ( Fig. 1 e). Unlike most previous reports that directly 

se the biological principle of plant tendril, relying on the pre- 

ise design of the bilayers with mismatching strain to gain self- 

inding actuators, our approach makes use of a single phase with 

symmetrical structure (soft spring precursor), thus avoiding del- 

cate bilayer design [29–31] . To satisfy the second criteria, a pho- 

onic muscle made of a main-chain LCE mechanically enhanced by 

raphene was designed and used to prepare SWLFAs [ 20 , 32 , 33 ].

n contrast to sidechain LCEs, mainchain LCEs show the stronger 

hain anisotropy and allow for generating both strong force and 

arge length change at the transition from the nematic to isotropic 
2 
hase [ 34 , 35 ]. Moreover, graphene, which has excellent mechan- 

cal properties and photothermal effects [36] , was selected as a 

unctional dopant to enhance mechanical properties and endow 

he LCE with NIR response. The graphene owns a high Young’s 

odulus up to 1 Tpa [37] , and a small amount of doping can ef-

ectively improve Young’s modulus of the soft LCE substrate and 

hus enhance the mechanical output of the composited LCE. In 

ddition, graphene is a photothermal material with high thermal 

onductivity up to 5300 W m 

−1 K 

−1 [38] , which can rapidly con- 

uct thermal energy to trigger the doped LCE to change shapes. 

n addition, to gain large length change, we take advantage of the 

ioinspired helix transformation. During this transformation, SWL- 

As make use of self-winding motion to transform from a long 

nd straight structure to a stacked and compact coils structure, 

hich can effectively am plify the length change [39] . Moreover, 

hotoactive SWLFAs allow temporal and magnitude control of ac- 

uation strain/stress in real-time by modulation of light stimuli. 

he last requirement was satisfied by using simple screw mold- 

ng and mechanical stretching to shape and align LCEs. Our method 

oes not require delicate extrusion equipment, UV curing and tem- 

erature control equipment, the processing operation of the shap- 

ng LCEs by homemade screw molds plus following mechanical 

tretching at room temperature is enough to complete the fiber 

abrication, which is convenient to be operated in any materials 

ab. 

From these principles, we can mass-produce SWLFA with high 

OF ( Fig. 1 f, SWLFA with a length of tens of meters can be

eadily prepared), which exhibits five distinct deformation behav- 

ors ( Fig. 1 g): contracting, bending, twisting, coiling, and shorten- 

ng. SWLFA’s deformation behaviors can be remotely controlled by 

odulating incident NIR light beam. Bending deformation can be 

ained by point illumination using a thin NIR beam with a small 

iameter (2 mm), while contraction deformation can be induced 

y using a thick light beam with a diameter of 15 mm. Twisting, 

inding, and shortening deformations can also be controllably pro- 

uced by a thick light beam but with different light intensities (Fig. 

3c). Shortening deformation requires the strongest light intensity, 

inding deformation needs medium light intensity, and twisting 

eformation requires relatively lower light intensity (Fig. S3a). The 

esponse time of these deformations is on the scale of seconds de- 

ending on light intensity. 

To figure out the actuation mechanisms of these five deforma- 

ion modes, the shape-changing process of the SWLFA upon NIR 

rradiation was analyzed. Driven by liquid crystal phase transi- 

ion and shape memory effect, the irradiated SWLFA can trans- 

orm from a straight structure to a helix structure. During this 

elix transformation, the SWLFA exhibits three distinct stages of 

eformation (Fig. S6): stage 1 , the SWLFA contracts and twists; 

tage 2 , it bends and coils to form a coil spring; stage 3 , the

ormed coil spring shortens the distance between the coils and 

urn to a compact spring. The light-induced shape-changing pro- 

ess of the SWLFA resembles the reverse of the morphing pro- 

ess of the soft spring precursor during the bioinspired stretching 

peration (Fig. S4). Contracting deformation is induced by light- 

nduced reduction of LC order in the axial direction which leads 

he irradiated SWLFA to contraction along its long axis direction 

nd expansion in the radial direction. Twisting arises from the 

ight-trigged shape memory of the SWLFA that tends to return its 

wisted state (Fig. S7). Bending deformation is driven by the in- 

erent curvature analogous to that of plant tendril. Owing to the 

resence of the gradient in order parameter over the cross-section 

f the SWLFA (Figs. S5 and S8a), the strain/stress difference be- 

ween the inner side and the outer side of the SWLFA can be gen- 

rated by light irradiation, which induces intrinsic curvature and 

eads to bending deformation (Fig. S8b). When the size (D) of the 

ight beam is greater than 2 πR’ (R’ denotes the radius of the arc of
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Fig. 1. Bioinspired design of self-winding fiber actuators. (a) Schematics showing a plant tendril transforming from a straight shape (top) into a helically coiled structure 

(bottom). The inset in the top photo shows that the cross-section of the straight tendril has a uniform distribution of strain/stress while the inset in the bottom image shows 

the coiled tendril possesses an asymmetrical distribution of strain/stress over its cross-section. (b) A simplified physic model with bilayer structure explains the generation 

of intrinsic curvature that leads to the shape transformation from a linear structure to the helix structure. (c) Chemical structures of the materials used for the preparation 

of the fiber actuators. (d) Experimental photographs showing how to use a screw mold to shape a liquid crystal elastomer (LCE) oligomer into the soft spring precursor. 

(e) Experimental photographs exhibiting the bioinspired stretching of soft spring precursor to prepare self-winding fiber actuator. (f) Photographs showing SWLFA with a 

length of tens of meters prepared in our lab. (g) Experimental photographs and corresponding schematics showing five different deformation behaviors in a self-winding 

fiber actuator. Black arrows show the contraction direction of the actuator. Red arrows indicate incident NIR light, and the shade of red arrows schematically indicates the 

intensity of the light (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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ending SWLFA), the intrinsic curvature can induce self-coiling be- 

avior to form a coil-spring structure to avoid steric interactions 

Fig. S8). Furthermore, the continuous light radiation with suffi- 

ient intensity can trigger a strong shape memory effect to reduce 

he distance between the coils, generating shortening deformation 

Fig. S5). 

By regulating the size of the light spot as well as light intensity, 

e can effectively tune deformation modes and morphing behav- 

ors of SWLFA. A small-sized light spot ( D = 2 mm) illuminates 

he SWLFA, producing bending motion. The degree of bending can 

e well-defined by light intensity (Fig. S3b). Using a large light 
3 
pot ( D = 15 mm), we can regulate deformation modes of twist- 

ng, coiling/winding, and shortening by adjusting light intensity. 

hen irradiated by the large spot with a relatively low intensity 

f 0.75 W cm 

−2 , the SWLFA only undergoes stage 1 of deforma- 

ion and displays contracting and twisting behaviors featured in 

his stage. When the light intensity is increased to 1.0 W cm 

−2 , 

he SWLFA can undergo stage 1 and stage 2 , producing more de- 

ormation modes ( contracting, twisting, and coiling ) . As the light 

ntensity further increases to 2.0 W cm 

−2 , the SWLFA can undergo 

ll three stages, exhibiting all the five deformation modes (con- 

racting, twisting, coiling, bending, and shortening). The light in- 
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Fig. 2. Experimental photographs showing SWLFA simultaneous generation of multiply deformations. (a) Combination of twisting and bending. (b) Combination of coiling 

and twisting. (c) Combination of tightening and bending. (d) Combination of twisting and tightening. (e) Combination of coiling and bending. (f) Combination of coiling and 

tightening. (g) Combination of twisting, tightening, and bending. (h) Combination of coiling, tightening, and bending. (i) image shows the initial shape of SWLFA. Red arrows 

indicate incident NIR light. The shades of red arrows denote the intensity of used NIR light. A long rod was hung at the end of the SWLFA to help clearly show light-induced 

deformation behaviors of the SWLFA (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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ensity determines how many stages of deformation the SWLFA 

an go through, so it can be leveraged to regulate deformation 

odes. It is worth noting that the diversity of deformation modes 

hown by SWLFAs is also related to the weight of the load. The 

eavy load can suppress the SWLFAs to generate high-DOF mo- 

ions (e.g. coiling, winding), decreasing the diversity of deforma- 

ion modes. Furthermore, when multiple light sources with tun- 

ble intensities and spot sizes are used to illuminate different parts 

f one SWLFA, complex deformations that combine controllable 

ultiple modes can be achieved simultaneously in the single fiber 

ctuator. 

We demonstrate that SWLFA possesses the capability to si- 

ultaneously exert different deformation modes. As shown in 
4 
ig. 2 , two or even three deformation modes can be simultane- 

usly achieved in one SWLFA. As a result, various compound op- 

rations that combine bending, rotation, and lifting can be real- 

zed. This high-DOF actuation feature is of great significance for 

obotic arm and micromechanical systems [40] . In nature, tenta- 

les of the octopus, biological soft actuators - possess remarkable 

orphing capabilities that both allow to respectively generate di- 

erse deformation behavior at any part along their length, such as 

wisting, changing length, bending, and winding, and enable simul- 

aneous producing two or more deformation behaviors at desired 

arts along one tentacle [ 41 , 42 ]. However, simultaneous generation 

f various controllable deformations in a synthetic soft actuator 

as been proved challenging, whereas as demonstrated in Fig. 3 , 
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Fig. 3. Functionalities arising from high-DOF deformation of SWLFA. (a) Snapshots showing photomanipulation of SWLFA-made soft arm to grip, drag, lift up, lift down, 

and then release a ring-shaped object with the weight of 58 mg (Supplementary Movie 1). (b) Snapshots showing SWLFA self-winding to grasp a rod-shaped object, lifting 

upwards, and finally releasing it (Supplementary Movie 2). (c) Snapshots showing photocontrol of SWLFA mimicking the biological behavior of tendril (Supplementary Movie 

3). The SWLFA first employs the winding motion to attach to the plant stem, then it self-coils to shorten and pull itself close to the stem. (d) Diagram showing 3D loop- 

shaped moving trajectory of the free end of SWLFA under one cycle of on-and-off illumination. (e,f) schematics (top) and experimental photographs (bottom) showing 

photocontrol of SWLFA to generate non-planar bending to drive gearwheel rotation (Supplementary Movie 4). (g) 10 0 0 cycles of non-planar bending of SWLFA without 

obvious fatigue. 

5 
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Fig. 4. Versatile Functionalities arising from the unique combination of powerful actuation stress with large length change. (a) Photographs showing SWLFA fast, reversible 

light-driven shape transformation between a linear structure and a helix structure with large length change (Supplementary Movie 5). The intensity of 808 nm light is 2.0 W 

cm 

−2 , and the length of the straight fiber actuator is 99 mm. (b) Photographs showing SWLFA loaded with a heavy object exhibiting fast reversible helix transformation 

(Supplementary Movie 6). The intensity of 808 nm light is 2.0 W cm 

−2 , the length of the straight fiber actuator is 95 mm. The mass of the fiber and the load are 5.6 mg and 

5.1 mg, respectively. (c) A loop-shaped microlifter translating winding into vertical lifting (Supplementary Movie 7). The length of the fiber actuator is 32.3 cm. The mass of 

fiber and load is 19.4 mg and 52 mg, respectively. (d) SWLFA can curve along splines to lift a load (Supplementary Movie 8). The intensity of 808 nm light is 2.5 W cm 

−2 , 

the length of the fiber is 18.8 cm. The mass of the fiber and the load is 11.3 mg and 52 mg, respectively. (e) Photographs showing the area change of a mesh-shaped actuator 

woven by SWLFAs (Supplementary Movie 10). Upon light illumination, this actuator can change its area from 36 cm 

2 to 3.3 cm 

2 , and the area change is up to 1090%. The 

size of the mesh is 6 cm × 6 cm, and the net hole size is 2 cm × 2 cm. The intensity of 808 nm light is 3 W cm 

−2 . (f) Multiple SWLFAs are used to enhance light-induced 

force (Supplementary Movie 9). The intensity of 808 nm light is 3.5 W cm 

−2 . The mass of the load is 2 g. (g) Photographs showing the mesh-shaped actuator loaded a 

container with yellow-colored liquid were manipulated to lift and tilt the container, and then pour out the yellow liquid into a targeted vial (Supplementary Movie 11). The 

intensity of 808 nm light is 3 W cm 

−2 . The size of the mesh is 3 cm × 3 cm, and the net hole size is 5 mm × 5 mm. The mass of the vial is 2.8 g (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.). 
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WLFA shows a similar capability that simultaneously and locally 

enerates multiple deformation behaviors. This ability to combine 

arious deformations in a single soft actuator endow SWLFAs with 

exibility and adaptability to handle a complex array of move- 

ents, which can significantly broaden functionalities and appli- 

ation horizons [43] . As shown in Fig. 3 a, taking advantage of high

OFs-deformation, SWLFA can not only achieve grasping, rotating, 

ifting up and down, and releasing a ring-shaped object (Supple- 

entary Movie 1), but also enable winding, grabbing, and lifting 

 cylinder-shaped object - a direct mimicry of grasping function 

f octopus’ tentacles ( Fig. 3 b, Supplementary Movie 2). Moreover, 

e demonstrate that SWLFA can behave like a plant tendril and 

mploy programmable shape-morphing to wind around and tether 

o an adjacent plant stem, and then employ helix transformation 

o shorten its distance to the stem ( Fig. 3 c, Supplementary Movie 

). These biological behaviors allow tendril lifting for advantageous 

cological niches (rich sunshine and space, etc.) as well as offer en- 

anced reliability against external environmental impacts (strong 

ind, heavy rain, etc.) [29] . 

Small-scale, mechanical operations are of great significance for 

dvanced industrial and technological applications. Taking advan- 

age of powerful actuation and asymmetrical deformation behav- 

ors ( Fig. 3 d), SWLFA can be used to directly transduce light en-

rgy into mechanical work to drive gearwheel rotation ( Fig. 3 e and 

, Supplementary Movie 4), exhibiting an effective and feasible ap- 

roach to continuously covert light energy to mechanical power, 

hich is vital for engineering applications in microsystems, such 

s microelectromechanical systems (MEMS) and Lab on a chip. 

n addition, SWLFA allows continuous photomechanical work last- 

ng more than 10 0 0 deformation cycles without obvious fatigue 
6 
 Fig. 3 g), demonstrating high reliability that is critically important 

or real engineering applications. 

As shown in Fig. 4 a, SWLFA exhibits fast, reversible light- 

riven shape transformation between a linear structure and a he- 

ix structure with large length change (Supplementary Movie 5). 

hen in the case of loading a heavy object that is close to its 

eight, SWLFA can also gain the fast reversible helix transfor- 

ation ( Fig. 4 b, Supplementary Movie 6). Moreover, the soft na- 

ure of SWLFA enables it to adapt to complex environments, the 

oop-shaped SWLFA can convert length contraction into lifting in 

he vertical direction Fig. 4 .d and e show that SWLFA can curve 

long splines to lift a load (Supplementary Movie 7,8). As shown 

n Fig. 4 f, we can increase light-induced excitation force by in- 

egrating multiple SWLFAs (Supplementary Movie 9). As shown 

n Fig. 4 g, we weaved SWLFA into a mesh-shaped actuator. Upon 

ight illumination, this actuator can vary its area from 36 to 

.3 cm 

2 , and the area change is up to 1090% (Supplementary 

ovie 10). Finally, we demonstrate that the mesh-shaped actua- 

or loaded a container with yellow-colored liquid was manipulated 

o lift and tilt a container, and then pour out the yellow liquid 

nto a targeted vial ( Fig. 4 h, Supplementary Movie 11), exhibit- 

ng multi-DOF behaviors crucial for micromechanical operation and 

ngineering. 

As shown in Fig. 5 , SWLFA exhibits a combination of large 

ength change and corresponding high stress. SWLFA shows a con- 

raction ratio up to 1750% with a fast actuation rate of 258% s −1 

hen the light intensity reaches 3 W cm 

−2 ( Figs. 5 a and S10).

ccording to our knowledge, the highest record of the contrac- 

ion ratio of LCEs is ∼500% ( Fig. 5 e). Here, it should note that

he length change of SWLFA, like other soft actuators, is inversely 
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Fig. 5. Comparative actuation-performance charts for LCP-based fiber actuators. (a) plots exhibiting that the contraction ratio of SWLFA is proportional to light intensity 

and inversely proportional to the weight of the load. (b,c) plots showing the rate of actuation stress and length change is proportional to light intensity, respectively. (e,f) 

comparative summary of maximum contraction ratio and length change in previous representative reports and this work, respectively [45–58] . (g) Comparative stress/length- 

change charts for PLCP-based actuators [49–51,53,54,56,58] (h) 10 0 0 following cycles of generating the stress of ∼2 MPa. 
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roportional to loaded weight [ 29 , 44 ]. Nevertheless, SWLFA can 

till gain a remarkable contraction ratio of 150% when bearing a 

eavy load that is 13 times heavier than the weight of the SWLFA 

 Figs. 5 a and S10). In addition, SWLFA also demonstrates a power- 

ul actuation force. As shown in Fig. 5 b, it can generate powerful 

ight-induced stress up to 3.4 MPa with a rapid actuation rate of 

.34 MPa s −1 (Fig. S11). The previously reported maximum record 

f light-induced stress of LCE-based actuators is ∼2.5 MPa ( Fig. 5 f). 

hese actuation characteristics place SWLFA in a previously inac- 

essible region of stress-strain charts of LCE-based fiber actuators 

 Fig. 5 g). Moreover, SWLFA undergoes 10 0 0 continuous deforma- 

ion cycles to repeat generation of strong stress of ∼2 MPa without 

bvious fatigue ( Fig. 5 h), demonstrating its high reliability crucial 

or practical applications. 

. Conclusion 

In this report, we designed and prepared a triple high-DOF, 

igh-stress, high-length-change fiber actuator. The high-DOF fea- 

ure of SWLFA not only enables controllable generation of various 

eformations (contracting, twisting, bending, coiling, and shorten- 

ng), but also conducts composite behaviors that simultaneously 

ombine diverse deformations, even mimic complex biological de- 

ormation behaviors in living organisms. With the integration of 

he spring-like structure transformation, we can optimize both ac- 

uation stress and length change at once. Moreover, the manu- 

acture of SWLFAs does not need access to expensive facilities or 
7 
omplex processing operations, which enables any materials lab 

o employ our fabrication method to mass-produce SWLFAs. With 

ass production of SWLFAs with tunable mechanics and pho- 

odeformation, we are currently exploring SWLFA as the struc- 

ural unit to assemble and build hierarchical, complex soft actua- 

ors via advanced assembly technologies (e.g. programmable weav- 

ng). It is anticipated that the development of our manufactur- 

ng approach of SWFLAs would enable mass production of artifi- 

ial muscle that meets engineering requirements in actuation per- 

ormance, mechanical robustness, manufacturability, reliability and 

ost-effectiveness. 
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