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Human muscle inspired single fiber actuator with reversible percolation

Artificial muscle undergoes repeated cycles of geometric or dimensional modulation upon

external stimuli, holding great potentials in the next generation soft robotics 1,2 , smart clothing 3 , bioinspired systems 4,5 , implantable medical reinforcements 6 and so on. Among various actuating characteristics 7-10 , stimuli-responsive polymer-based structures [11][12][13][14][15][16][17][18] with light weight, high elasticity, and manageable processibility are expected to address the intrinsic limitations of traditional hydraulic and pneumatic actuators. In this regard, desirable combination of actuation parameters, including strain, stress, energy density or power, is a critical demand for practically meaningful article muscle system, as well as reliable mechanical strength to endure large external loads both in actuated and relaxed states. Here we present mammalian skeletal muscle-inspired single fibers and bundles with substantially large and strong contractive actuation, synergistically composed of

Main Text

Human muscle inspired actuator single fibers and bundles

As illustrate in Fig. 1a, myofibrils in human muscles linearly shorten by adjusting the spatial locations of constituent proteins called actin and myosin, while the length of proteins remains constant 19 . The variation of action potential generates electromyography (EMG) signal, which is commonly utilized for the detection of muscular operation in clinical/biomedical applications 20 . In our synthetic muscle fibers (Fig. 1b to e and Extended data Fig. 1), LCEs are chosen as large-strain reversible actuating matrix operated by the thermodynamic conformational transition of flexible polymer chain segments across the nematic and isotropic (or paranematic) phases [21][22][23][24][25][26][27] . Unfortunately, actuation power as well as response time of pure LCE actuator is limited by the intrinsic weak mechanical properties and retarded thermal relaxation. We address this challenge by incorporating graphene fillers (average lateral size < 10 μm, layer stacking < 3) [28][29][30] . It is well-known that LC moieties spontaneously self-assemble on graphene surfaces through strong π-π interaction and hydrogen bonding 31,32 . Precise control of the macroscopic alignment in 1D fiber geometry and strong binding of LC moieties at graphene surface enables an effective amplification of the mechanical properties, while preserving the genuine large reversible actuation (up to 45%). Moreover, graphene fillers stimulate rapid actuation under the near-infrared (NIR) irradiation, originating from the innate photothermal effect 33 . The resultant actuation performance attains 650 J kg -1 and 293 W kg -1 for work capacity and power density, respectively, approximately 17 and 6 times of human muscle behaviors. Interestingly, unique reversible assembly/disassembly of graphene filler network is induced upon the substantially large contractive actuation/recovery in the 1D fiber confinement, as easily monitored by electrical measurement (reversible ~10 4 -fold current change). To the best of our knowledge, this is the first fiber type soft actuator with thermodynamically driven reversible percolation of nanoscale filler network.

We optimized the direct melt-spinning of LCE fiber (LCF) with or without graphene fillers (Fig. 2a, up and see supplementary information). Highly crystalline electrochemically exfoliated graphene (EG) fillers have been employed for the strong mechanical properties and high electrical conductivity (Fig. 2a, bottom). Homogeneously mixed precursors composed of EG fillers and LCE prepolymers were prepared by solution mixing in N,N-dimethylformamide (DMF), while maintaining the original thermodynamic characteristics of pure LCE (Extended data Fig. 2 and3). Noteworthy that, considering the large lateral size of graphene platelets used in this work (1-10 μm), more than hundreds of LC monomers are expected to multivalently assemble at each graphene filler surfaces with planar anchoring 31 . This intrinsic molecular affinity stabilizes the long-range reversible assembly and disassembly of the dispersed graphene fillers under a large dimensional change 34 .

Uniaxially aligned graphene-LCE fibers (G-LCFs) exhibit reversible linear contractive dimensional change across the nematic to paranematic transition temperature (Tnp) of LCE.

Polarized optical microscopy (POM) verifies the monodomain liquid crystalline texture initially, which becomes paranematic under contraction (Fig. 2b). Well-aligned trace of EG fillers is observed at G-LCF surfaces in contrast to the featureless smooth surface of pure LCFs (Fig. 2c). While EG fillers are well-dispersed throughout the fiber volume, EG content over 0.5 wt% (G0.5-LCF) leads to considerable surface roughness arising from the agglomeration.

Orientational order parameter (S) of the LCE matrix shows a monotonic decrease with the EG loading from 0 (LCF), 0.05 (G0.05-LCF), 0.1 (G0.1-LCF) to 0.3 wt% (G0.3-LCF) and sudden decline at 0.5 wt% (G0.5-LCF), arising from the agglomeration of EG (Fig. 2d). Taken together, G0.3-LCF was chosen as the optimal composition for a sufficiently high EG loading along with good LC alignment (Extended data Fig. 4). Noteworthy that the obtained S values in our fiber geometry are noticeably higher than those from the typical film type LCEs samples. Thermal actuation behavior of G0.3-LCF (Fig. 2E and Supplementary Video 2) exhibits similar actuation temperature (Ta) of ~100 ºC with a negligible decrease of actuation strain compared to pure LCF (Extended data Fig. 5 and6).

Mechanical properties of our fiber actuators are significantly enhanced with the small compositions of EG fillers beyond the typical requirement for practical application (modulus > 10 MPa) not only in the original low temperature relaxed state but also in the high temperature contracted state (see supplementary information & Extended data Fig. 789) [55][56][57][58][59][60][61][62][63][64][65][66][67][68][69] .

The resultant properties agree well with the theoretical values from a mean-field homogenization method 35 verifying the stable dispersion of graphene fillers. As illustrated in Fig. 1, our fiber actuators can also be easily assembled into large bundles by simple lateral contact among aligned fibers, which is highly desirable for the multiplication of actuation strength and reliability (Extended data Fig. 10). A brief thermal softening after bundling optimizes the van der Waals contact among neighboring fibers to constitute tight assembled structures even from more than 1000 strands of single fibers. Apparently, maximum tensile load for G0.3-LCF gradually increases up to 4.1 N with 100-strand bundling. The bundles of G0.3-LCF fibers show improved stiffness in the force-displacement curve, exhibiting 0.94 kN m -1 for 100-strand bundle, while 0.06 kN m -1 for a single strand.

Reversible percolation of graphene network in LCE matrix

Intimate intermolecular interaction among EG fillers and LCE matrix could be evaluated by uniaxial cyclic loading test with dynamic mechanical analyzer (DMA) under a constant stress of 1 MPa, where elastic hysteresis loop curves were obtained by the removal of external force (Fig. 2f, g and Extended data Fig. 11). Resilience nature of G-LCFs becomes more pronounced with EG loading, as evidenced by the dramatic decrease in the hysteresis along with the rapid increase of Young's modulus. The area of enclosed hysteresis loop (measured under mild heating at 60 ºC for contractibility) represents the typical energy dissipative characteristics 36,37 that decreases from 322 (pure LCF) to 3.32 kJ m -3 (G0.3-LCF). This confirms again that the minor composition of EG dominates the mechanical properties of G-LCFs. A significant decrease in the residual strain of G-LCFs was also observed after the complete relaxation of stress, compared to pure LCF, verifying the vigorous transformation from viscous to elastic characteristics with EG fillers (Extended data Fig. 12). Significantly, similar elastic response with minimal hysteresis is reproduced in the isotropic contracted states of G-LCFs, where pure LCE is generally known to show highly energy dissipative viscous character with severely weakened mechanical properties.

Raman spectroscopy is useful to directly investigate intermolecular interaction in our hybrid structure (Fig. 2h and Extended data Fig. 13). G0.3-LCF reveals a red-shift of the graphene 2D band from the original pristine state, arising from the highly stretched graphene conformation within well-aligned LCE matrix. Upon a contractive actuation, favorable interaction among EG fillers and LCE effectively delivers the compressive stress to EG fillers, resulting in the reversible blue-shift of the 2D band (phonon hardening) 38 . Noticeably, Young's moduli obtained from the mechanical tensile tests of G0.3-LCFs at different temperatures exhibits unexpected increase from 100 to 110 ºC, as a result of the percolated network formation that predominates over the loss of LC ordering (Fig. 2i and Extended data Fig. 14a). In this transition, storage modulus of G0.3-LCF shows a pronounced increase with temperature, revealing a clear distinction from that of pure LCF (Extended data Fig. 14b). Percolated network construction from the originally separated EG fillers obviously strengthens the elasticity of the heterostructure. Noteworthy that a fully developed percolation network within a soft actuator matrix may disturb the effective dimensional change upon actuation 39 . By contrast, our reversible percolation successfully addresses the inherent poor elasticity of LCE in the absence of LC ordering, well-securing its innate large contractive actuation behavior across the LC phase transition.

A numerical simulation was performed for the systematic understanding of reversible percolation behavior (Fig. 2j and experimental details in supplementary information). EG fillers were considered as monodisperse oblate rigid bodies for a mathematical simplicity, while affine deformation was assumed for the position and orientation of EG fillers 40 . Initially, EG fillers are relatively well-aligned and separated without forming a continuous network. Uniaxial contraction of 45% in fiber length (Lx) brings about physical contacts among the fillers with rather randomized orientation, building up a percolated network. Normalized electrical conductivity measured across our fiber length exhibits a drastic increase over 120 ºC, wellmatching with the simulation result. In the real-time measurement of reversible actuation under photothermal NIR manipulation, significant variation of electrical current (maximum 10 4 -fold) was repeated over 50 cycles (Fig. 2k). Interestingly, a noticeably larger variation of electrical current was detected in our fiber structures compared to the typical film samples with the same EG filler content (Extended data Fig. 15). This could be successfully simulated by considering the preference for in-plane orientation of planar EG platelets in film type samples, while simple uniaxial alignment in fiber samples. Percolated fraction of fillers is obviously higher in the fiber geometry upon contraction. The electrical switching behavior was further characterized at various EG contents and temperatures (Extended data Fig. 16 and17a). While all G-LCFs exhibit significant decreases in the linear electrical resistance around 120 ºC, G0.3-LCF attains the largest conductivity up to 5.1 × 10 -5 S m -1 (Extended data Fig. 17b), sufficient to turn on a candescent bulb at a voltage of 9 V (Extended data Fig. 18).

Rapid photothermal actuation with high actuation energy

Graphene is an excellent photothermal converter with broadband absorbance, relying on the thermal dissipation mechanism via sp 2 -hybridized carbon lattice vibration 41 . Photothermal heating of EG fillers can induce the nematic-paranematic phase transition in the neighboring LCE matrix within thin fiber geometry, enabling a site specific, remote-controlled actuation. Fig. 3a presents the photothermal actuation of a 100-strand bundle of G0.3-LCFs suspended with 10 g weight under NIR laser irradiation (λ = 808 nm). The surface temperature rapidly increased with the intensity of laser irradiation to reach 130 ºC (i.e., higher than Tnp) at 800 mW cm -2 (Extended data Fig. 19), resulting in a contraction up to 35%, sufficiently larger than the typical contraction rate of mammalian skeletal muscles (ca. 20%). The photothermal mechanism enables a noticeably rapid actuation response under the on-off switching of NIR light (Extended data Fig. 20). G0.3-LCF revealed the response time of 1.25 s and relaxation time of 0.3 s under 800 mW cm -2 , approximately 5 times faster than conventional thermal heating.

The response time could be further decreased down to 0.5 s with the NIR intensity of ~2000 mW cm -2 , above which thermal degradation occurred.

For the quantitative analysis of photothermal actuation, G-LCFs mounted on a tension clamp of DMA with a constant strain of 3% were directly irradiated with NIR laser. While all G-LCF single fibers revealed rapid actuation (Extended data Fig. 21 and22), the actuation stress increased with EG content; 0.12 MPa for G0.05-LCF, 0.46 MPa for G0.1-LCF, and 1.22 MPa for G0.3-LCF, respectively. A proportional relationship is also observed between the actuation stress and NIR intensity. This dependency of actuation stress upon filler composition or light intensity is associated with the enhancement of photothermal effect as well as the mechanical hardening of LCE matrix with EG loading. Fig. 3b presents the gradual increase in the actuation strain of G0.3-LCF proportional to NIR intensity under a preload of 1.5 MPa. This verifies the origin of photothermal conversion from EG fillers and the subsequent propagation of nematic-toparanematic transition towards the neighboring LCE matrix. Multicycle NIR test revealed that the actuation stress and strain are well-retained over repeated cycles (Extended data Fig. 23 and 24), which has rarely been reported for polymer-based actuators thus far.

Photothermal actuation was also tested with fiber bundles (10-and 100-strands, Fig. 3c and Extended data Fig. 1 and 25), which maintains the original large actuation strain against higher preload forces (applied stress was identically fixed as 1.5 MPa). Response time for full contraction, however, increases from 1.5 s (single strand) up to 8 (10-strands) and 15 s (100strands), due to the screening of inner strands in a bundle from laser irradiation. Under a variation of preload, actuation strain of G0.3-LCF single strand gradually decreases above 1.5 MPa, whereas those of 10-and 100-strands deform considerably up to 3 MPa (Extended data Fig. 26 and27). Notably, 100-strand bundle reveals a slightly lower maximum actuation strain compared to 10-strand bundle, attributed to the nonuniform irradiation of NIR over many strands of fibers in the large bundle. Consequently, work capacities (density of G0.3-LCF was measured as 1070 kg m -3 ) for single-, 10-, and 100-strands are measured to be 439, 650, and 522 J kg -1 , respectively. Fig. 3d highlights the typical actuation parameters, including specific actuation strain, stress, work capacity, strain rate, and power density of our artificial muscle, calculated with the corresponding response time, all of which are noticeably higher than those from typical natural muscles in living systems (Extended data Fig. 28 and Extended data Table 1). The actuation stress and energy values are on the same order with those of interpenetrating polymer network (IPN) based LCE actuators, the optimal interwoven macromolecular matrix with the highest values up to date (Extended data Table 2) 4,51,61,[69][70][71][72][73][74][75][76][77][78][79] . Noteworthy that, in addition to the strong and tough actuation behavior itself, practical muscle inevitably requires reliable mechanical strength both in the actuated and relaxed states to endure large mechanical loads under powerful movements. Fig. 3e demonstrates that our muscle fiber records the highest tensile strength and Young's modulus particularly in the full contraction state among all previous LCEs-based actuator systems [55][56][57][58][59][60][61][62][63][64][65][66][67][68][69] , which is highly advantages for the realistic biomimetic locomotion as follows.

Strong bundle structure and high power soft robotics

Our artificial muscles with flexible single fiber geometry allow a large degree of freedom for complex morphing of actuating bodies. Taking advantage of the strong mechanical properties as well as high power actuation, a heavy weight lifting is demonstrated with a 1000-strand bundle of G0.3-LCFs (200 mg), where a 1 kg dumbbell (5000 times heavier than the fiber bundle's own weight) is successfully lifted (Fig. 4a). Without reversibly percolated graphene filler network, it is difficult to endure such a heavy weight particularly in the isotropic contracted state, as commonly leading to the sudden elongation or breakage of pure LCE actuators. As shown in Fig. 4b, our animal tissue like bundle could be installed at the elbow joint of artificial human arm and repeatedly actuated, as motivated from human bicep movement. (Extended data Fig. 29).

Palm and fingers in an artificial hand were fabricated by implementing single fibril muscles to a customized graphene film (Fig. 4c). Each finger can be remote controlled for the selective bending and straightening with a rapid operation time (< 1 s) under NIR irradiation, along with in situ monitoring of electrical conductivity. Lastly, all-carbon artificial worm is demonstrated, which can self-crawl on a ratchet surface (Fig. 4d). Two strands of G0.3-LCFs were attached at the opposite sides of narrow graphene ribbon in the longitudinal direction. NIR manipulation induced an anisotropic motility consisting of sequential large bendings, originating from the photothermal actuation of G-LCFs at the ribbon surface (Supplementary Video 3), yielding the driving force to crawl in a programmed manner. Natural inchworm generates looping gait similar with this artificial locomotion. While a natural alive inchworm took ~20 s to travel across the 5 cm wide substrate (2.5 mm s -1 ), our soft robot finished the same distance within 7 s (7.2 mm s -1 ). Besides, our fiber actuator can be readily woven together with conventional cotton yarns to create versatile smart textiles (Extended data Fig. 30). Directional deformation of a G-LCF woven torn fabric as well as the pore size switchability was induced by NIR remote control (Supplementary Video 4).

Discussion

Synergistic material design exploiting molecular level intimacy attains human muscle like actuator filaments and bundles, while realizing a desirable combination of actuation parameters required for practical utilization. Significantly, accompanied reversible percolation of graphene fillers not only enables a facile monitoring of actuation behavior but also selectively reinforces the mechanical performance under substantial contractive actuation to ensure reliable biomimetic locomotion. This large degree of freedom in the tailoring of high-energy synthetic actuation modes opens up an intriguing platform widely applicable to smart clothing, reconfigurable IoT devices, implantable muscular reinforcements humanoid robotics and so on. Irgacure-369 (I-369) was donated from BASF Corporation. Graphite foil was purchased from Alfa Aesar. Sodium sulfate (Na2SO4) was purchased from Junsei Chemical. All materials were used without purification.

Preparation of EG.

Natural graphite foil (0.254 mm thick) was used as an anode, while Pt wire was used as a cathode for electrochemical exfoliation of graphite. Ionic solution of electrolyte was prepared by dissolving 1.42 g Na2SO4 in 100 mL H2O (0.1 M). A graphite foil was adhered to a copper wire and subsequently immersed in the ionic solution. The distance between the parallel positioned electrodes was fixed at 2 cm. Electrochemical exfoliation process was carried out by applying CA bias on the graphite electrode (from -10 to +10 V).

After the completion of exfoliation, the product was collected by HVLP membrane filter with 0.45 µm pore size under vacuum filtration and washed several times with 0.1 M HCl solution to remove ionic residues. After drying, the resultant EG was dispersed in DMF with a mild sonication. Unwanted poorly exfoliated large graphite flakes were removed by centrifugation at 2000 rpm for 30 min. All the electrochemical exfoliation experiments were performed at room temperature.

Synthesis of LC oligomer based dope.

In a 20 mL vial, RM82, n-butylamine and I-369 were introduced where the molar ratio of RM82 to n-butylamine was 1.01 : 1, and the amount of I-369 was 2.5 wt% of total LC mixture 21,42 . The mixture was vigorously vortexed under heating for uniform mixing. Subsequently, the mixture underwent aza-Michael addition-based step-growth polymerization (chain extension between diacrylate and amine) at the temperature of nematic phase (60-80 °C) for 24 h, resulting in a step-growth oligomerization. The LC oligomer (LCO) dope was kept in 5 °C to prevent additional reaction. For the EG containing LCO dope, desired volume of EG dispersion in N,N-dimethylformamide (DMF, 1.15 mg mL -1 ) was added to a 20 mL vial containing LC mixture, and vortexed for 5 min. Afterwards, the EG-LC mixture was placed in 75 °C vacuum oven for 24 h, which allowed both oligomerization and DMF removal.

Preparation of LCF and G-LCFs. The LCO dope with or without EG was transferred to an injection stainless syringe. LCO dope was extruded through a nozzle (inner diameter of 400 μm), and collected onto a glass substrate moving laterally by homemade equipment. During extrusion, the dope was heated with heating coil to a temperature 15 °C below nematicparanematic transition temperature (Tnp). End of the nozzle spinneret was positioned 1 mm away from the collector. Extruded fibers were quenched at room temperature and subsequently exposed to UV light (OmniCure S1500, λ = 365 nm and 30 mW cm -2 ) for 30 min for photopolymerization, producing LCF or G-LCFs. Then, the products were immersed in water to strip off from the glass substrate, and recollected with Teflon reel.

Mean-field homogenization method. The Mori-Tanaka method, one of the widely used meanfield homogenization schemes, was applied to predict the effective Young's modulus of the G-LCFs with respect to EG flake content. Our theoretical prediction was compared with the experimental results. Because the Mori-Tanaka method assumes that particles are very well dispersed and that particle-matrix interface is very strongly bonded, the mismatch between theoretical prediction and experimental measurements indicates that either EG flakes are agglomerated or the interface between EG flake and matrix is very weak. Because of the strong π-π interaction, the interfacial strength would be strong for the composite in the present study, and thus the mismatch is likely to originate from the EG agglomerations. Since it is mathematically convenient to apply the homogenization methods for ellipsoidal particles, EG flake was modelled as oblate spheroid with an aspect ratio of 1000. EG flakes were assumed to be is aligned by the manufacturing process. Concerning that homogenization takes account of volume fraction instead of weight fraction, note that 0.3 wt% of weight fraction was roughly converted to a 0.45vol% of volume fraction. The young's modulus of LCE was set to be 12.8 MPa which is initial slope obtained by experiment. Young's modulus of EG flake was set to be 1TPa, and Poisson's ratios for both LCE and EG flake were set to be 0.3 for simplicity. Note that the actual properties of EG are different in the in-plane direction and out-of-plane direction.

Effective properties of composite for the Mori-Tanaka method were expressed as follows, 𝐿 𝑒𝑓𝑓 = (𝑐 0 𝐿 0 + c 1 𝐿 1 : 𝑇): (𝑐 0 𝐼 + 𝑐 1 𝑇) -1 𝑇 = (𝐼 + 𝑆: 𝐿 0 -1 : (𝐿 1 -𝐿 0 )) -1

where 𝑐 0 and 𝑐 1 are volume fraction of the matrix and particles, respectively, and 𝐼 is fourth-order identity tensor. 𝐿 0 , 𝐿 1 , and 𝐿 𝑒𝑓𝑓 are stiffness tensor of the matrix, particle, and composite, respectively. Here, 𝑆 is Eshelby tensor which is a function of the shape of particle and material properties of the matrix. The analytical expression of the Eshelby tensor for the isotropic matrix with an oblate spheroid particle can be found in previous research [43][44][45] .

Simulation for modelling the percolation network formation upon deformation. EG platelets were assumed to be oblate rigid body due to its high modulus and for the mathematical simplicity. Aspect ratio was set of 1000 and the volume fraction value was used as 0.20 vol%.

Also, an affine transformation was assumed for the position and orientation of EG platelets upon tensile deformation. When compressive strain is applied in the x-direction, the center and orientation of EG platelets were represented as follow

[𝑥 𝑐 , 𝑦 𝑐 , 𝑧 𝑐 ] = [(1 + 𝜀)𝑥 𝑐0 , 𝑦 𝑐0 √1 + 𝜀 , 𝑧 𝑐0 √1 + 𝜀 ] 𝜃 = tan -1 [ tan𝜃 0 (1 + 𝜀)√1 + 𝜀 ] , 𝜙 = tan -1 [tan𝜙 0 sin𝜃 0 sin𝜃 ]
where [𝑥 𝑐 , 𝑦 𝑐 , 𝑧 𝑐 ] is the center position of each graphene platelets, 𝜃 which ranges from -π/2 to π/2 is the angle between the projection of the semi-major axis on the XY-plane and X-axis, 𝜙 which ranges from 0 to π is the angle between the semi-major axis and Z-axis, subscript 0 means the initial state and each initial value are randomly chosen. Connectivity analysis was conducted to verify the percolation of EG platelets. First, the distance between two graphene platelets was calculated, then if the distance is smaller than the cutoff contact distance, two platelets were considered to be in contact. Second, based on the obtained contact information, the depth-first search (DFS) algorithm was used to identify a cluster of EG platelets. DFS is one of the search algorithms, which starts at an arbitrary node and explores as far as possible along each branch. If the exploration is no longer available, the algorithm explores backwards on the same path to find other nodes to traverse. Finally, a cluster of EG platelets are obtained and we could determine whether the EG platelets form percolated networks or not. Additionally, in order to obtain a rough conductivity value, based on the assumption that the current in the graphene platelet flows in the shortest direction and the resistance is only proportional to the distance, Kirchhoff's Current Law was applied to calculate the theoretical conductivity of the percolated graphene platelets. For the simulation of structure dependent percolation fraction, we assumed that the initial polar and azimuthal angle of platelets. The polar angle (𝜃 ) is allocated value near π/2 in both film and fiber structure to be aligned to the X1 axis. The azimuthal angle (𝜙) for film structure has a value near 0 or π, so it tends to be parallel to the X1 X3-plane. On the other hand, the azimuthal angle has a fully random angle in the fiber structure. Next, the percolation analysis was performed after the compression process with affine transformation. To obtain reliable result, 30 simulations were performed under each structure. 

Characterization

Detailed experimental method and characterizations

Optimization of highly aligned LCFs. LCFs were designed by two-step process via direct melt spinning, as schematically described in Extended data Fig. 31a (see Extended data Fig. 32 for the home-made equipment). First, LCO dope was extruded through the nozzle onto glass plate collector at 15 °C below from Tnp (above 90 °C for all dopes) using heating coil, (Supplementary Video 1) as higher temperature (in isotropic phase) degraded the alignment of LC, while a lower temperature led to the solidification without fluidity. The mesogenic units with random direction in LCO dope were aligned into monodomain along the fiber axis under the external shear. Subsequently, cross-linked network of uniaxial alignment within LCFs was fixed via UV photopolymerization of diacrylate. This continuous melt-spinning process with home-made equipment renders continuous scalable fabrication of highly aligned elastomeric fiber as shown in Extended data Fig. 31b. Extended data Fig. 33 exhibits the evolution of alignment state for the as-spun fibers summarized with respect to the fiber draw ratio under various spinning parameters. The draw ratio was controllable by the speed of collector stage movement against the fiber extrusion rate. The gap distance between spinneret and collector plate (d) was kept constantly at 1 mm for the desirable alignment of mesogenic units. Draw ratio below 2 led to the accumulated fiber morphology at substrate surface. Fibers with the draw ratio over 2 showed optical birefringence under the rotatable crossed polarizers perpendicular to the direction of the light propagation verifying the preferential alignment of LC oligomers along the fiber axis (Extended data Fig. 34a). While the birefringence becomes stronger along with draw ratio, discontinuous feature appeared above the draw ratio of 30. In the draw ratio of 10 to 30 significant thinning of fiber diameter was observed, which is undesired for the practical treatment and actuating applications. Taken together, an optimal condition was established at the draw ratio of 8 to 9 for the monodomain LC alignment state of LCFs with sufficiently large fiber diameter of ~203 μm (Extended data Fig. 34b). was calculated by (71.31 / 4) -1 = 16.8, and the Mn was calculated by DP × Mn of repeating unit (16.8 × 746 g mol -1 ) + Mn of end-group (672 g mol -1 ) = ~13200 g mol -1 .

Determination of molecular

Chemical analysis of EG. Electrically exfoliated graphene was prepared from graphite foil two electrode systems as shown in Extended data Fig. 36a. SEM and AFM characterizations identified the average flake size of a 3.3 μm and thickness of 2.01 nm, respectively (Extended data Fig. 36b to d). High-resolution of C 1s spectra of EG by XPS detected the C=C bonding as the major peak at 284.5 eV that corresponds to sp 2 hybridized carbons from the basal graphitic plane together with the additional peaks at 285.5 eV, 286.5 eV, 287.9 eV, and 288.9 eV assigned to C-C, C-O, C=O, and O-C=O bonding, respectively (Extended data Fig. 37a) 46 . Carbon to oxygen (C/O) ratio within the C 1s peak from XPS data was calculated to be ~7, considerably higher than those of graphene oxide (GO) and reduced graphene oxide (rGO) 47 . Further chemical analysis was investigated by Raman spectrum displaying an intense D peak at 1350 cm -1 and G peak at 1590 cm -1 , respectively (Extended data Fig. 37b) 48 . EG shows the D/G ratio of 0.96 verifying the low degree of defects. A clear 2D peak at 2710 cm -1 associated with the presence of disorders was also detected 49 . The intensity ratio of 2D/G, which is relevant to the graphitization degree in carbon structure was obtained to be 0.26 for our EG, further suggesting the high quality compared to typical rGO. Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra of EG dispersions proves the highly exfoliated state with the presence of peaks for C-O-C stretching at 1050 cm -1 , C-OH stretching at 1365 cm -1 , and C=O stretching derived from carbonyl and carboxylic groups at 1720 cm -1 with skeletal vibration of graphitic domains at 1610 cm -1 as shown in Extended data Fig. 37c muscles such as work capacities and power densities calculated by above characteristics were examined in the single strand or fiber bundle level, as summarized in Table S1. Overall, substantial enhancements of actuation performances were realized by homogeneous intercalation of graphene fillers in LCE network. Our fiber largely surpassed the typical features of biological muscles from nature [51][52][53][54] . It is also noteworthy that our genuine lightweight artificial muscle fibers showed outstanding power density arising from the unprecedented enhancement of stiffness, along with a high actuation speed. 

  graphene fillers in liquid crystalline elastomer matrix. Intimate interplay among highly exfoliated graphene fillers within uniaxially aligned liquid crystalline matrix attains strong photothermal actuation with a large work capacity and rapid response. Unprecedented reversible percolation of graphene filler network induced by thermodynamic conformational transition of mesoscale structures renders this system in situ monitored by electrical switching. Moreover, such a dynamic percolation behavior effectively strengthens the mechanical properties of actuator fibers particularly in the contracted actuation state, enabling mammalian muscle like reliable reversible actuation. Taking advantage of mechanically compliant fiber structure, smart actuators are readily integrated into strong bundles and high power soft robotics with light-driven remote controllability.

Figure

  Figure 1┃Human muscle like artificial muscle fiber. a, Structural organization and actuation mechanism of skeletal muscle consisting of myofibrils. b, Schematic of G-LCF composite fiber for shape deformation mechanism with reversible percolation. c, d, Continuous G-LCF composite fiber wound over reel (c) and animal tissue like bundled structure of G-LCF artificial muscle fibers (1000-strands) (d). e, Optical microscopy of relaxed and contracted states of G-LCF. Scale bars, 2 cm (c), 1 cm (d), 200 μm (e).

Figure

  Figure 2┃Highly aligned LCF and G-LCFs with reversible electrical percolation. a, POM image of LCF observed at 45º angles with respect to cross polarizers (top) and SEM image of an EG flake (bottom). b, Shape deformation of G0.3-LCF under POM for relaxation and contraction. c, SEM image of LCF and G0.3-LCF surfaces. d, Orientational order parameters of LCF and G-LCFs from azimuthal scan profiles of 2D WAXS patterns. e, Reversible thermal actuation of highly aligned G0.3-LCF during heating and cooling. f, Cyclic stress-strain curves for uniaxial tensile behaviors at 60 °C: inset illustrates π-π interaction between EG and mesogens. g, Young's modulus and hysteresis level calculated from Fig. 2F. h, Raman 2D band shift against the contractive strain along the composite fiber as a function of temperature with optical microscopy of relaxed and contracted states of G0.3-LCF. i, Variation of Young's modulus and dynamic moduli of G0.3-LCF with temperature. j, Simulation for reversible

Figure

  Figure 3┃Rapid photothermal actuation of G-LCFs. a, Photoactuation and corresponding surface temperature variation of 100-strand G0.3-LCF bundle suspending 10 g weight subjected to NIR irradiation (λ = 808 nm) at room temperature. b, Actuation strain and concurrent electrical current change of single fiber level G0.3-LCF induced by different NIR intensities under a constant stress (1.5 MPa). c, Contraction strains for different strands of G0.3-LCF in response to NIR irradiation (800 mW cm -2 ) under a constant stress (1.5 MPa). d, Comparison of our actuator fiber with previous LCE based actuators in terms of tensile strength and Young's modulus in the contracted actuation states. e, Comparison plot in terms of in terms of specific actuation stress, actuation strain, strain rate, work density, and power density with natural biological muscles.

Figure

  Figure 4┃Demonstration of artificial muscle-based customized actuators. a, 1000-strand bundle of G0.3-LCF lifting a 1 kg dumbbell via thermal actuation. b, Reversible actuation of animal-tissue like artificial muscle bundle (1000-strands) attached between artificial human joint along with corresponding electrical conductivity variation. c, Artificial finger operation under NIR remote control with electrical current variation. d, Biomimetic self-walking of allcarbon artificial worm driven by NIR manipulation. Natural movement of alive inchworm for comparison. Scale bars, 2 cm (b), 1 cm (c, d).

  techniques. A polarized optical microscope (POM, Nikon Eclipse LV100N POL) with heating stage (Linkam LTS420) was used to characterize alignment, phase transition, and thermal actuation of LCFs and G-LCFs employing Toupview software. Thermal actuation was analyzed by observing the changes in length and width of fibers during heating and cooling under POM floating on silicone oil. Tnp was determined by differential scanning calorimetry (DSC, TA Instruments Q20) under nitrogen atmosphere. All samples were heated to 150 °C, then cooled to -50 °C, and reheated to 150 °C at the rate of 10 °C min -1 . Morphology of EG flake and cross-section of fibers was observed by scanning electron microscope (SEM, Hitachi S 4800). The thickness of EG flake was analyzed with atomic force microscopy (AFM) measurement using Innova (Bruker, USA) with a tapping mode. Chemical composition of EG was measured with X-ray photoelectron spectroscopy (XPS, Theremo VG Scientific, Sigma Probe) analyzed by Avantage software. Raman spectrum was obtained by ARAMIS (Horiba Jobin Yvon, France) with a 514 nm and 785 nm excitation laser. Fourier transform infrared (FT-IR) measurements were performed with IFS66v/s & HYPERION 3000 (Bruker Optiks, Germany). Wide angle X-ray scattering (WAXS) and X-ray diffraction (XRD) measurements were carried out by D/MAX-2500 (Rigaku) using beam with wavelength of Cu K-alpha.Samples for WAXS measurements were prepared by aligning fibers within rectangle homemade frames. The orientation order parameter of fibers was calculated by (180° -H°) × 100/180°, and H° was the half-width of the intensity distribution on the azimuthally scanned peaks. All electrical measurements were conducted using a semiconductor parameter analyzer (Keithley 4200-SCS). During device operation, voltage was applied at the top electrode while the bottom electrode was kept grounded. Thermal imaging camera was used to observe surface temperature of composite and response time was obtained by analyzing frames from highspeed camera (Flir A655sc) image. Mechanical properties and photothermal actuation were characterized by dynamic mechanical analyzer (DMA Q850, TA Instruments) using a tension film clamp. For stress-strain curves, samples were equilibrated at 30 °C under a preload of 0.01 N, and the force was increased at the rate of 0.2 N min -1 . The tensile loading-unloading test was performed at different temperature under constant stress of 1 MPa with a preload of 0.001 N. The force was increased at the rate of 0.001 N min -1 . During temperature sweep measurement, the sample was heated from 30 to 150 ºC with 10 ºC increment under a constant frequency of 1 Hz with a preload of 0.001N. Photothermal actuation was carried out by irradiating NIR laser (MDL-3) with light source at 808 nm. Photoactuation stress was measured by subjecting the samples to NIR irradiation under constant strain of 3%.

  weight of LC oligomer. Mixture of nematic diacrylate monomer with chemical structure as shown in Extended data Fig.35a. The three peaks in the 1 H NMR spectrum (peak b, c, d in Extended data Fig.35b) appearing at 5.85-6.45 ppm correspond to six protons in the diacrylate end groups of the LCO. The integration value of these peaks was used to calibrate other peaks and set as six. The peak at 8.15 ppm (peak a) correspond to the four aromatic protons in the LCO with integration value of 71.31. The number of repeating unit (DP)

  50 .Detailed mechanical properties characterization of LCF and G-LCFs. Stress-strain curves obtained from tensile tests exhibit semi-soft elastic plateaus originated from the innate ductility of LCE matrix, accompanied by the noticeable strengthening by EG loading. The tensile strength is dramatically enhanced with EG fillers (up to 15.1-folds for G0.3-LCF), while preserving the maximum elongation below 200% for a well-aligned LC configuration. The increase of Young's modulus from 12.8 (pure LCF) to 80.6 MPa (G0.3-LCF) shows a good agreement with the theoretically predicted values but significant deviation starts to occur above 0.5 wt% (i.e. 0.75 vol%) (G0.5-LCF) due to the segregation of EG flakes. Toughness also proportionally increases with the EG content from 2.4 (pure LCF) to 22.2 MJ m -3 (G0.3-LCF).Comparative specification and performances of LCF and G-LCFs. Systematically optimized single liquid crystalline elastomer fibers show a regular diameter of 203 μm with or without graphene fillers and revealed light density below 1070 kg m -3 . Light driven actuation behaviors estimated by DMA (Q850) reveal ultrafast response time compared to the thermaldriven ones. In addition, these artificial muscles fibers with high contraction rate (45%) can be readily assembled into bundled structures. Correlated performances of the as-prepared artificial

Extended Data Figure 13│a ,

 13│a Schematic illustration for the graphene 2D peak position; state 1: original pure graphene powder state, state 2: after composite actuator fiber spinning, and state 3: upon subsequent contractive actuation. b, c, Raman shift of graphene 2D peak upon fiber spinning and contractive actuation. d, Raman spectra of pure LCF and G0.3-LCF. Scale bar, 50 μm. e, 2D band peaks of graphene fillers within G0.3-LCF under temperature variation for contraction and recovery. Extended Data Figure 14│a, Magnified stress-strain curves of G0.3-LCF at low stress and strain levels at different temperatures. b, Variation of storage (E′) and loss (E′′) moduli for pure LCF as a function temperature. Extended Data Figure 15│a, Initial polar and azimuthal angle of platelets within film and fiber geometry composite. b, c Simulations for reversible percolation of EG flakes under contractive actuation (total flake of 100 and 30 iteration). d, Electrical current evolution of film and fiber type EG-LCE hybrid structure with 0.3 wt% EG during contractive actuation. Extended Data Figure 16│Normalized linear electrical resistance of LCF and G-LCFs at various temperatures. Distinguished resistance variations induced by reversible percolation and dimensional change.
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