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M AT E R I A L S  S C I E N C E

Redefining the limits of actuating fibers via mesophase 
control: From contraction to elongation
Jin-Hyeong Lee1, Seungjoon Oh1, In-sun Jeong2, Yoo Jin Lee3, Min Chan Kim1, Jong S. Park1,  
Kyu Hyun1, Taylor H. Ware3,4, Suk-kyun Ahn1,2*

The development of fibrous actuators with diverse actuation modes is expected to accelerate progress in active 
textiles, robotics, wearable electronics, and haptics. Despite the advances in responsive polymer-based actuating 
fibers, the available actuation modes are limited by the exclusive reliance of current technologies on thermo-
tropic contraction along the fiber axis. To address this gap, the present study describes a reversible and spontane-
ous thermotropic elongation (~30%) in liquid crystal elastomer fibers produced via ultraviolet-assisted melt 
spinning. This elongation arises from the orthogonal alignment of smectogenic mesogens relative to the fiber 
axis, which contrasts the parallel alignment typically observed in nematic liquid crystal elastomer fibers and is 
achieved through mesophase control during extrusion. The fibers exhibiting thermotropic elongation enable ac-
tive textiles increase pore size in response to temperature increase. The integration of contracting and elongating 
fibers within a single textile enables spatially distinct actuation, paving the way for innovations in smart clothing 
and fiber/textile actuators.

INTRODUCTION
High-temperature drying often results in undesirable permanent 
garment shrinkage because of fiber orientation during manufactur-
ing (1, 2). However, the entropy-driven thermotropic shrinkage in 
polymeric chains can be harnessed to achieve diverse in- and out-
of-plane actuation modes and thus enable the creation of smart tex-
tiles, artificial muscles, and soft robots (2, 3). Among various classes 
of actuating polymers, liquid crystal elastomers (LCEs), which com-
bine the elasticity of elastomers with the anisotropy of liquid crystals 
(LCs), are particularly appealing for realizing programmable and 
reversible actuation in response to external stimuli in the solid state 
(4–7). In particular, one-dimensional (1D) LCE fibers have drawn 
considerable attention, as they resemble biological muscles in struc-
tural design, function, and performance, provide fast responses, and 
are easily processed into functional yarns or textiles with complex 
structures through weaving, knitting, and braiding (8–10).

LCE fibers can be produced by pulling (11–13), templating (14–
16), microfluidic process (17, 18), melt and solution spinning (19–26), 
and electrospinning (27–29). Aligned LCE fibers were first produced 
in 2003 by pulling a side-chain LCE melt using tweezers (11). Subse-
quently, the Terentjev group (19) introduced a melt extrusion method 
for producing uniform and considerably longer thermoplastic LCE 
fibers in 2006. More recently, scalable approaches have been devel-
oped by combining melt or solution spinning processes with two-step 
cross-linking schemes (30, 31), enabling the larger-scale production 
of robust LCE fibers (20, 21). Building on this approach using com-
mercially available materials, various LCE fibers for artificial muscles 
(32), soft robots (33, 34), automatic garments (35), mechanochromic 
textiles (36), and other applications have been prepared (37). Despite 
their potential for commercial applications, current LCE fiber tech-
nologies exclusively rely on thermotropic contraction along the fiber 

axis. In general, spontaneous and substantial thermotropic fiber elon-
gation (>20%) upon heating, with recovery to the original length 
upon cooling, are difficult to realize because of the inherent polymer 
orientation along the fiber axis, unless using extremely twisted or 
coiled structures (2, 38). Nonetheless, garments crafted from fibers 
exhibiting such thermotropic elongation would be highly valuable for 
temperature regulation, as their tightness or pore size can be de-
creased or increased with increasing temperature, respectively, offer-
ing enhanced comfort and breathability (39, 40).

Realizing LCE fibers exhibiting considerable elongation upon 
heating requires the mesogens and polymer chains to be oriented 
perpendicularly to the fiber axis. A templating approach allows for 
the control of mesogen orientation in LCE fibers through surface-
enforced alignment; however, it is limited in mass production (14). 
Recently, the Largerwall group produced hollow nematic fibers 
through microfluidic wet spinning, where the mesogens are orient-
ed perpendicular to the tube axis after solvent removal, enabling 
thermotropic elongation (18). However, the resulting fibers exhibit 
considerably weak mechanical strength (several kilopascals), limit-
ing their broader applications.

To address the aforementioned gap, we herein report mechani-
cally robust smectic LCE fibers produced via melt spinning, which 
undergo a spontaneous elongation (>30%) upon heating and re-
turning to the initial length upon cooling. Unlike conventional fi-
bers and most reported LCE fibers with alignment along the fiber 
axis, the elongating smectic LCE fibers in this study feature mesogen 
alignment perpendicular to the fiber axis. The orientation and re-
sulting actuation direction are determined by the LC phase during 
melt extrusion, with the extrusion of nematic and isotropic melts 
affording contracting fibers and that of the smectic melt affording 
elongating fibers.

RESULTS
Molecular alignment and actuation of LCE fibers
Conventional LCE fibers are produced through melt spinning from 
nematic oligomers as precursors (8, 9, 21). Upon extrusion through 
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a nozzle, the directors in main-chain nematic oligomers are aligned 
in the shear flow direction (Fig. 1A). In contrast, molecular orienta-
tion orthogonal to the flow direction can be achieved when smectic 
oligomers are extruded (Fig. 1B). Under shear flow, smectic melts 
can undergo molecular orientation, with the fluidic smectic layers 
and mesogens within them aligning parallel and perpendicular to 
the flow direction, respectively, as observed for low–molecular 

weight smectic LCs and polymeric smectics (41–45). This orienta-
tion, especially in polymeric smectic melts, arises because the slid-
ing between mesogens within the layer is difficult while that between 
the domain boundaries of chain-folded smectic lamellae is relatively 
easy (43). Taking advantage of the molecular orientation of the 
smectic phase, we produced uniformly aligned LCE fibers with a 
length of 15 m and a diameter of 380 to 480 μm through melt 

Fig. 1. Production, alignment, and actuation of LCE fibers. (A and B) Molecular alignment of (A) nematic and (B) smectic oligomers during extrusion. (C) Production of 
LCE fibers through UV-assisted melt spinning. A photograph of the smectic fiber product is shown in the inset. Scale bar, 10 cm. (D to F) Schematic of the molecular struc-
ture and thermal actuation measured by dynamic mechanical analysis of (D) commercial monofilament fibers, (E) nematic fiber, and (F) smectic fiber during heating and 
cooling. Actuation strain (%) = 

[

L(T )−L
0

]

∕ L
0
× 100 (%), where L(T ) is the fiber length at temperature T, and L

0
 is the initial length. Negative and positive values denote 

thermotropic contraction and elongation, respectively. The graphs present the results from the fourth cycle of the test. TPU, thermoplastic urethane.
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spinning process involving two-step cross-linking (20, 21) (Fig. 1C). 
The diacrylate-terminated viscous LC oligomers used as precursors 
were extruded from a 3D printer nozzle at elevated temperatures 
and solidified by photopolymerization. Consequently, the nematic 
and smectic fibers displayed molecular orientations parallel and 
perpendicular to the fiber axis, respectively.

In general, polymer chains in conventional polymer fibers, as 
well as LCE fibers, are oriented along the fiber axis during manufac-
turing. This orientation parallel to the fiber axis results in negative 
thermal expansion coefficients along this axis. Hence, typical fibers 
experience contraction upon heating (1, 2). Conventional synthetic 
fibers, including those made of polyester, nylon 66, nylon 6, and 
thermoplastic urethane (TPU), experienced minimal contraction 
(ε < 2%) with increasing temperature and recovered their initial 
lengths upon cooling (Fig. 1D and figs. S1 and S2). The nematic 
fibers produced through the melt spinning displayed larger and re-
versible contracting actuation (ε ≈ 40%) upon heating (Fig. 1E). In 
contrast, the smectic fibers displayed molecular orientations per-
pendicular to the fiber axis, resulting in opposite actuation behavior 
compared to typical fibers, namely thermotropic elongation upon 
heating (Fig. 1F). The spontaneous thermotropic elongation of our 
smectic fibers, which exhibited a considerable and reversible actua-
tion strain (~30%) with no need for additional structuring, such as 
heterochiral coiling (2, 38), is remarkable.

Synthesis and rheological behavior of LCE fiber precursors
To produce both nematic and smectic LCE fibers, we first synthesized 
main-chain LC oligomers as LCE precursors. Step-growth polymer-
ization was used to create LC oligomers using either a diacrylate-
functionalized nematogen (RM82) or smectogen (C6BAPE) (Fig. 2A 
and fig. S3). The diacrylates were reacted with a chain extender (n-
butylamine) at 65°C for 24 hours to induce aza-Michael addition 
(30). The molecular weights of the nematogenic and smectogenic 
oligomers were determined as 3800 and 4900 Da, respectively, using 
1H nuclear magnetic resonance (NMR) spectroscopy and size exclu-
sion chromatography (SEC) (figs. S4 to S6), and the oligomer phase 
behavior was probed using polarized optical microscopy (POM) and 
differential scanning calorimetry (DSC). Upon cooling from the iso-
tropic phase, schlieren and fan-shaped textures were observed by 
POM for the nematogenic and smectogenic oligomers, respectively, 
indicating the formation of characteristic mesophases (Fig. 2B and 
fig. S7). The second-heating DSC thermograms of the LC oligomers 
revealed the occurrence of a glass transition (Tg) and isotropization 
(Ti) (Fig. 2C and Table 1). The Ti for the nematogenic oligomer (97°C) 
was 55°C higher than that of the smectogenic oligomer, which was 
attributed to weaker π-π interactions between the mesogenic seg-
ments of C6BAPE (46). In addition, the smectogenic oligomer exhib-
ited a more pronounced endothermic peak and larger enthalpy (∆H ≈ 
8.3 J g−1) than its nematogenic counterpart (∆H ≈ 1.8 J g−1), which 
indicated that a greater amount of energy was required to disrupt the 
smectic ordering.

The rheological properties of LC oligomers can provide insights for 
achieving proper alignment during extrusion (47–50). The steady-
shear viscosities of nematogenic and smectogenic oligomers at various 
temperatures and shear rates are presented in Fig. 2 (D and E), respec-
tively. The data obtained for the nematogenic oligomer indicated the 
presence of two distinct regimes, namely Newtonian behavior at low 
shear rates (0.001 to 10 s−1) and shear thinning [attributed to the flow 
alignment of mesogens (47)] at high shear rates (10 to 100 s−1). 

Compared with its nematogenic counterpart, the smectogenic oligo-
mer exhibited a 10 to 100 times higher viscosity because of the greater 
ordering in the smectic phase. Three shear viscosity regimes were 
identified for the smectic oligomer, especially below Ti, namely New-
tonian behavior at low shear rates (0.001 to 0.03 s−1), first thinning at 
intermediate shear rates (0.03 to 10 s−1), and second thinning at high 
shear rates (10 to 100 s−1). The first thinning was attributed to the 
alignment of smectic domains with layers oriented parallel to the flow 
direction, while the second thinning was ascribed to the alignment of 
oligomeric mesogens along the flow direction at sufficiently high 
shear rates (48, 49). In the case of the isotropic melt (T > 45°C), only 
one shear thinning was observed at very high shear rates (>50 s−1).

To validate the LC oligomer alignment proposed based on the 
results of rheological measurements, we prepared shear-aligned 
LCE films by blade coating (Fig. 2F and fig. S8) different oligomers 
at various speeds (5 to 100 mm s−1) and elevated temperatures (60° 
and 40°C for nematogenic and smectogenic oligomers, respective-
ly). Photopolymerization was used to fix the alignment. These films 
were subsequently heated above Ti, and their dimensional changes 
were monitored to shed light on the behavior of LC oligomers dur-
ing shear alignment, as the thermotropic actuation of LCE films is 
determined by their molecular orientation. On the one hand, nem-
atic LCE films underwent thermotropic contraction (42 to 45%) 
when heated to 140°C, which suggested a director alignment paral-
lel to the shear flow regardless of the coating speed (Fig. 2, G and H, 
and figs. S9 and S10). On the other hand, the thermotropic actua-
tion of the smectic LCE films was strongly dependent on the coating 
speed, with thermotropic elongation (~15%) and contraction (14 to 
22%) observed at low (5, 10, and 20 mm s−1) and high (50 and 
100 mm s−1) coating speeds, respectively (Fig. 2, G and H, and 
figs. S11 and S12). These results suggested that the director align-
ment of smectic LCE films switched from perpendicular to parallel 
to the shear direction at sufficiently high coating speeds (i.e., high 
shear rates), which agreed well with the results of the rheological 
property measurements.

Production, microstructure, and thermotropic actuation of 
LCE fibers
After characterizing the LC oligomers, we subjected them to melt 
spinning at various temperatures to produce three types of LCE fi-
bers, namely nematic fibers extruded from the nematic phase 
(50°C), smectic fibers extruded from the smectic phase (40°C), and 
smectic fibers extruded from the isotropic phase (50°C). The unique 
flow behaviors of the oligomeric mesophases during extrusion led to 
distinct molecular orientations (i.e., director orientation parallel or 
perpendicular to the long axis) (Fig. 3, A to C). The extruded oligo-
mers were exposed to ultraviolet (UV) light near the nozzle to 
achieve sufficient strength for transfer to the rotating mandrel (fig. 
S13 and movie S1). During collection, the partially cured fibers un-
derwent a second UV curing to complete cross-linking, resulting in 
a high gel fraction (fig. S14). The resultant nematic, smectic, and 
iso-spun smectic fibers featured a round shape with uniform diam-
eters of 430, 480, and 380 μm, respectively, as determined by scan-
ning electron microscopy (SEM) (fig. S15).

The microstructure and orientation of the LCE fibers were inves-
tigated using wide-angle x-ray scattering (WAXS) analysis, with the 
lateral fiber surface exposed to the beam (Fig. 3, D to F, and fig. S16). 
The nematic fibers exhibited two wide-angle scatterings on the me-
ridian, indicating a weak lateral ordering between mesogens, and 
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Fig. 2. Reaction scheme and phase/rheological behavior of LC oligomers and actuation of shear-aligned LCE films. (A) Reaction scheme of LC oligomers and LC 
elastomers incorporating the nematogen and smectogen. (B) POM images of the LC oligomers in nematic (top) and smectic (bottom) phases. Scale bars, 200 μm. 
(C) Second-heating DSC curves of the LC oligomers. (D and E) Shear viscosity as a function of the shear rate at various temperatures for (D) nematogenic and (E) smecto-
genic oligomers. (F) Schematic showing the shear alignment of LC oligomers blade-coated at different speeds. (G) Thermotropic actuation of shear-aligned nematic (top) 
and smectic (bottom) films prepared at different coating speeds. Scale bars, 500 μm. Double arrows indicate the coating direction. (H) Actuation strain along the long axis 
of nematic and smectic films prepared at various coating speeds, with hollow circles representing individual data points, solid circles indicating means, and error bars 
showing SDs. N = 3.
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four small-angle spots on the equator, attributed to the cybotactic 
nematic phase (Fig. 3D and fig. S17) (51). This result suggested that 
the mesogens in the nematic fibers were aligned along the fiber axis. 
The smectic fibers displayed wide-angle scatterings on the equator 
and sharp small-angle reflections on the meridian, which indicated 
the presence of the smectic A phase. The 2D WAXS patterns of the 
smectic fibers suggested that the layers and mesogens were aligned 
parallel and perpendicular to the fiber axis, respectively (Fig. 3E and 
fig. S18). The extraordinary molecular orientation in the smectic fi-
bers originated from the shear flow of the smectic melt, which 
aligned the smectic layers along the flow direction (43). The 2D 
WAXS pattern of the iso-spun smectic fibers showed wide-angle 
scatterings on the meridian and sharp small-angle reflections on the 
equator, resembling that of the smectic fibers except for a 90° rota-
tion, which suggested that the layers and mesogens in the former 
fibers were aligned perpendicular and parallel to the fiber axis, re-
spectively (Fig. 3F and fig. S19). Although the oligomer was extrud-
ed from the isotropic phase, UV curing was performed at room 
temperature (i.e., in the smectic phase), resulting in the iso-spun 
LCE fibers regaining smectic A order. However, the mesogens re-
mained oriented parallel to the fiber axis because of the shear flow 
experienced in the isotropic phase. We further evaluated the fiber 
orientation parameter (S) based on the azimuthal scan profiles of 
wide-angle scattering at qw ≈ 1.4 Å (figs. S17 to S19). The values 
obtained for the nematic, smectic, and iso-spun smectic fibers (0.37, 
0.20, and 0.42, respectively) were comparable with those observed 
for LCEs with rheological alignment (4).

The spontaneous and reversible shape morphing of uniformly 
aligned LCEs is driven by the LC order-disorder transition (5). Con-
sequently, the operating temperature of LCE actuators is strongly 
affected by this thermal transition. The Ti values of the nematic, 
smectic, and iso-spun smectic fibers equaled 113°, 52°, and 48°C, 
respectively, as determined from the corresponding second-heating 
DSC curves (fig. S20). The Ti of the iso-spun smectic fibers was 

slightly lower than that of the smectic fibers, despite both fibers 
originating from the same LC oligomer, which was attributed to the 
extrusion of the former fibers from the isotropic phase (52).

To study the thermotropic actuation of our LCE fibers, we mon-
itored their dimensional changes during temperature-controlled 
optical microscopy analysis (Fig. 3, G and H, and movie S2). When 
heated above Ti, the nematic fibers exhibited thermotropic con-
traction (49%), whereas the smectic and iso-spun smectic fibers 
underwent spontaneous elongation (31%) and contraction (23%), 
respectively. The contradicting thermal actuation behaviors of 
LCEs derived from a single precursor were attributed to differ-
ences in the mesogen orientations relative to the fiber axis. Upon 
cooling below Ti, all fibers exhibited reversible actuation, return-
ing to their initial lengths. Figure 3I displays the effects of tem-
perature on the S values of the fibers. Upon heating above Ti, the S 
values of all fibers approached zero, which indicated a loss of LC 
ordering and suggested that the thermal actuation was due to the 
LC order-disorder transition. Controlled nematic and smectic 
fibers produced from another nematogen (RM257) and smec-
togen (C11M) behaved similarly to RM82-based nematic fibers 
and C6BAPE-based smectic fibers (53), which suggested that ex-
trusion from the smectic phase was the key for achieving sponta-
neous thermotropic elongation (figs. S21 to S24).

Mechanical property reinforcement and active 
textile demonstration
The mechanical properties of LCE fibers are strongly influenced by 
their molecular orientation and are crucial for textile manufactur-
ing. When uniaxially stretched, all LCE monofilaments displayed 
deformability (strain = 183 to 455%) with nonlinear stress-strain 
responses (Fig. 4A). The nematic and iso-spun smectic fibers exhib-
ited comparable mechanical properties, featuring tensile strengths 
of 11.4 to 11.7 MPa, elastic moduli of 9.4 to 12.4 MPa, and strains at 
break of 183 to 188%. In contrast, the smectic fibers showed softer 

Table 1. Properties of LCE fibers. 

Material

Phase transition*

∆H  
(J g−1)*

Extrusion 
temp.† 

(°C)

Mn
‡ 

(kDa)
Mn

§ 
(kDa)

Mw
§ 

(kDa) Đ§

Mechanical properties¶

Actuation 
strain#, ** 

(%)Tg (°C) Ti (°C)
Tensile 

strength 
(MPa)

Strain (%)
Elastic 

modulus 
(MPa)

Nematogenic 
oligomer

−16 99 1.8 – 3.8 2.2 7.1 3.3 – – – –

 Smectogenic 
oligomer

−30 42 8.3 – 4.9 3.4 10.7 3.2 – – – –

Nematic fiber −7 113 1.0 50 – – – – 11.7 ± 0.7 187.7 ± 10.0 9.4 ± 1.1 −48.6 ± 1.0#

 Smectic fiber −20 52 5.3 40 – – – – 4.5 ± 0.7 455.4 ± 77.7 4.0 ± 0.2 +30.8 ± 1.4#

 Smectic fiber 
(iso- spun)

−21 48 4.8 50 – – – – 11.4 ± 3.1 182.7 ± 36.0 12.4 ± 0.8 −23.2 ± 5.3#

 Reinforced 
nematic fiber

−4 114 0.9 40 – – – – 18.5 ± 0.6 112.2 ± 5.3 16.1 ± 0.5 −44**

 Reinforced 
smectic fiber

−17 49 1.9 30 – – – – 12.5 ± 0.1 269.8 ± 11.2 3.5 ± 0.1 +34**

*Determined from the second-heating DSC curves at a rate of 10°C min−1 under nitrogen.    †Extruder barrel and nozzle temperature during LCE fiber 
production.    ‡Determined by 1H NMR end-group analysis.    §Determined by SEC.    ¶Determined by tensile testing using dynamic mechanical analysis 
at 25°C.    #Determined using an optical microscope during heating and cooling.    **Determined by dynamic mechanical analysis in the isostress mode. 
Actuation strain (%) = 

[

L(T )−L
0

]

∕ L
0
× 100 (%), where L(T ) and L

0
 are the fiber length at temperature T and initial length, respectively. (−) and (+) indicate thermotropic 

contraction and elongation, respectively.
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features, e.g., a tensile strength of 4.5 MPa, an elastic modulus of 
4.0 MPa, and a strain at break of 455%. In addition, the soft elastic pla-
teau of these fibers was considerably extended compared with those 
of their nematic and iso-spun smectic counterparts. The con-
siderable compliance and extended soft elastic plateau of the 
smectic fibers were attributed to the perpendicular orientation of 

the mesogens to the fiber axis, which enabled a greater degree of 
mesogenic reorientation during elongation.

To apply our LCE fibers to textile manufacturing, it was 
necessary to enhance their mechanical properties. In particular, 
the overly soft elastic response of the smectic fibers was undesir-
able. To address this limitation, we introduced a small amount (2.5 wt %) 

Fig. 3. Melt-spun LCE fibers: Molecular alignment and thermal actuation. (A to C) Photographs of oligomeric filaments at the nozzle exit. The nematic and smectic 
filaments are opaque, whereas isotropic filaments are transparent. Schematic of molecular alignment during the extrusion of LC oligomers from (A) nematic, (B) smectic, 
and (C) isotropic phases. (D to F) Molecular alignments and corresponding 2D wide-angle x-ray scattering (WAXS) patterns of (D) nematic, (E) smectic, and (F) iso-spun 
smectic fibers, with fiber axes aligned horizontally. S values represent the order parameter. (G) Thermal actuation strains of LCE fibers. (H) Corresponding optical micros-
copy images. Scale bar, 500 μm. Actuation strain (%) = 

[

L(T )−L
0

]

∕ L
0
× 100 (%), where L(T ) is the fiber length at temperature T, and L

0
 is the initial length. Negative and 

positive values denote thermotropic contraction and elongation, respectively. (I) Order parameter of the LCE fibers as a function of the temperature.
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Fig. 4. Mechanical properties, actuation, and active textile demonstration. (A) Stress-strain responses of LCE fibers. The experiment was repeated three times for each 
sample, yielding similar results. (B) Fabrication of LCE textiles using machine knitting. (C) A photograph of the plain knitted LCE textile. Scale bar, 1 cm. (D) Actuation of an 
active textile knitted using nematic (yellow) and cotton (white) fibers showing a decrease in the pore area upon heating. Scale bar, 2 mm. (E) Actuation of an active textile 
knitted using smectic (yellow) and cotton (white) fibers showing an increase in the pore area upon heating. Scale bar, 2 mm. (F) Change in the normalized pore area of 
nematic and smectic fiber–based active textiles during cyclic heating and cooling. (G) Design (left) and spatially distinct thermal actuation (right) of a hybrid textile show-
ing a decrease and increase in the pore area in regions with nematic and smectic fibers, respectively. Numbers represent the course (20) and wale (8) of the plain knit. Scale 
bar, 1 cm. (H) Design (left) and spatially distinct thermal actuation (right) of an active textile patterned with the letters “LC.” The dashed outlines in “L” and “C” are included 
for ease of comparison before and after actuation. Scale bar, 1 cm.
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of a triallyl cross-linker into the LC oligomer mixture before melt 
spinning (fig. S25). This modification markedly increased the ten-
sile strength of the fiber and reduced the soft elastic response while 
preserving the unique mesogen orientation (Fig. 4A and figs. S26 
and S27). The thermal actuation of the reinforced fibers was inves-
tigated by monitoring the length changes under a constant load 
(10−4 N). Cyclic heating and cooling were performed, with the ac-
tuation strain in the fourth cycle presented in Fig. 1 (E and F). The 
nematic and smectic fibers exhibited fully reversible thermotropic 
actuation, experiencing contraction/elongation (ε ≈ 40%) and 
elongation/contraction (ε ≈ 30%) upon heating/cooling, respec-
tively (fig. S28). These results suggested that the actuation per-
formance of both reinforced fibers did not notably degrade after 
additional cross-linking.

The ability to switch the actuation direction of LCE fibers pro-
vides opportunities for diverse applications. As a proof of concept, 
we fabricated active LCE textiles from nematic and smectic fibers 
using machine knitting (Fig. 4, B and C, and movie S3). Upon 
heating above Ti, the interlocking loops in these textiles under-
went substantial dimensional changes that resulted in pore size 
variation, with the nematic textile experiencing a 55% decrease 
and smectic textile exhibiting a 57% increase (Fig. 4, D to F; fig. 
S29; and movies S4 and S5). These results demonstrate the feasibil-
ity of creating active textiles capable of increasing body comfort by 
adjusting breathability in response to temperature variations. Tex-
tiles knitted from smectic fibers can easily realize this function 
by experiencing a pore size increase upon heating, which is not 
achievable using conventional or LCE fibers. The variation in the 
pore size can be tailored by adjusting the interval between fibers 
during knitting or modifying the mechanical properties of the fi-
ber. Last, we prepared active textiles by hybridizing nematic and 
smectic fibers, achieving spatially distinct actuation modes (Fig. 4, 
G and H, and movies S6 and S7).

DISCUSSION
Smectic LCE-based actuating fibers undergoing considerable spon-
taneous elongation when heated above their isotropization tempera-
ture were prepared. This elongation originated from the orthogonal 
orientation of smectogenic mesogens relative to the fiber axis. The 
mesogen alignment was exclusively dictated by the type of the LC 
phase present during extrusion, with nematic- or isotropic-phase 
extrusion leading to contracting fibers and smectic-phase extrusion 
resulting in elongating fibers. This simple approach enabled the fab-
rication of actuating fibers exhibiting two distinct actuation modes 
from the same LCE precursor. Active textiles were prepared from 
contracting nematic fibers, elongating smectic fibers, and their hy-
brids, experiencing pore size changes in response to temperature 
variations. The ability to steer the actuation direction of LCE fibers 
may enable the advancement of intelligent textiles, artificial mus-
cles, and soft robots.

MATERIALS AND METHODS
Materials
1,4-Bis[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene 
(RM82) and 1,4-bis[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-
methylbenzene (RM257) were purchased from Wilshire. 4-(6- 
(Acryloyloxy)hexyloxy)phenyl 4-(6-(acryloyloxy)hexyloxy)benzoate 

(C6BAPE) and 1,4-bis[4-(11-acryloyloxyundecyloxy)benzoyloxy]-2-
methylbenzene (C11M) were purchased from Synthon Chemical. 
n-Butylamine and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione 
(TATATO) were purchased from Sigma-Aldrich. The photoinitiator 
(Irgacure 369) was donated by BASF Corporation. All materials 
were used as received. Polyester and thermoplastic polyurethane fi-
bers were donated by Sambu Fine Chemical. Nylon 6 and nylon 66 
fibers were purchased from CFX.

Synthesis of LC oligomers
LC oligomers were synthesized via aza-Michael addition-based step-
growth polymerization from diacrylate-functionalized mesogenic 
monomers (RM82, C6BAPE, RM257, or C11M) and n-butylamine 
(1.1:1, mol/mol) in the presence of I-369 (2.5 wt %). For the rein-
forced fiber precursors, the molar ratio was adjusted to 1.15:1, with 
the TATATO and I-369 loadings equaling 2.5 wt % each. Thorough 
mixing was conducted by vortexing upon heating, following which 
the mixtures were placed in a convection oven at 65°C for 24 hours 
to induce oligomerization.

Preparation of LCE films
The LC oligomers were blade-coated using an automatic film coater 
(MSK-AFA-III, MTI Corporation) and a poly(ethylene terephthal-
ate) sheet as a substrate. The gap between the doctor blade and sub-
strate was set to 100 μm. Nematogenic and smectogenic oligomers 
were coated at 60° and 40°C, respectively, using coating speeds of 
5, 10, 20, 50, and 100 mm s−1, and subjected to UV cross-linking 
(OmniCure S1500, λ = 365 nm, 70 mW cm−2) for 30 min to obtain 
aligned LCE films.

Production of LCE fibers
The LCE fibers were produced using a 3D printer (Dr. INVIVO 4D, 
Rokit Healthcare) equipped with a pneumatic extruder and a 
0.6-mm-diameter nozzle. A rotating mandrel (BLDC motor 30W, 
DISSOL) wrapped with a Teflon sheet was used to pull and collect 
the fibers. Two UV curing devices positioned near the nozzle (Omni-
Cure S1500, λ = 365 nm, 70 mW cm−2) and mandrel (OmniCure 
S1500, λ = 320 to 500 nm, 70 mW cm−2) were used to photocross-
link the oligomeric filaments at different stages of the extrusion pro-
cess (fig. S13). The LC oligomers were extruded through the nozzle 
at a constant pressure of 500 kPa and a temperature of 50°, 40°, 50°, 
60°, or 50°C to produce nematic, smectic, iso-spun smectic, RM257-
derived, or C11M-derived fibers, respectively. The reinforced nem-
atic and smectic fibers were extruded at 40° and 30°C, respectively. 
The extruded LC oligomers were partially cross-linked by the first 
UV curing device near the nozzle to provide sufficient mechanical 
strength for transfer to the rotating mandrel. Subsequently, the fila-
ments were subjected to the second UV curing (30 min) while being 
pulled and collected onto the rotating mandrel. The mandrel rota-
tion speed was adjusted by controlling the oligomer flow rate.

Characterization
1H NMR spectra were recorded on an Agilent ProPulse 600 MHz 
spectrometer in CDCl3 as the solvent. SEC analysis was performed on 
an Agilent 1260 Infinity II instrument equipped with a G7110B iso-
cratic pump and G7114A refractive index detector at a temperature of 
40°C and a flow rate of 1 ml min−1. Polystyrene standards were used 
to construct a calibration curve. POM images were obtained using a 
Nikon Eclipse LV100N POL optical microscope equipped with a 
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heating stage (Linkam LTS420). This setup was used to characterize 
the texture and phase behavior of LC oligomers as well as the align-
ment and thermotropic actuation of LCEs. The textures of the LC 
oligomers were identified using a glass cell. Two glass slides were 
washed with an Alconox solution, acetone, and isopropanol, treated 
with O2 plasma (Harrick PDC-001), spin-coated with a poly(vinyl 
alcohol) solution (1 wt % in deionized water) at 2300 rpm for 30 s, 
and assembled using a 15-μm spacer. The resulting cell was filled 
with the photoinitiator-free LC mixture through capillary action, 
oligomerized at 65°C for 24 hours, and subjected to POM analysis. 
DSC measurements (TA Instruments, Discovery DSC 25) were con-
ducted between −50° and 150°C at a rate of 10°C min−1 under nitro-
gen. The steady-shear viscosities of the LC oligomers were measured 
using a rotational rheometer (TA Instruments, HR-20) with a 25-mm 
parallel plate geometry and a 600- to 1050-μm gap. In these experi-
ments, the samples were placed on a Peltier plate, and their viscosities 
were measured under rotational shear between the parallel plates and 
Peltier plate at various temperatures. During these measurements, the 
shear rate was increased from 0.001 to 100 s−1. The SEM images of the 
LCE fibers were obtained using a GEMINI 500 field emission scan-
ning electron microscope at an acceleration voltage of 10 kV. Fiber 
cross sections were prepared by fracturing after freezing in liquid 
nitrogen. Each sample was sputter-coated with a 3-nm layer of platinum. 
The stress-strain responses of the fiber samples (7 mm in length) were 
measured at room temperature using a dynamic mechanical analyzer 
(TA Instruments, RSA-G2) equipped with a tension film clamp at 
a strain rate of 100% min−1. Cyclic thermotropic actuations were 
characterized using a dynamic mechanical analyzer (TA Instruments, 
DMA Q850) with a tension film clamp in the isostress mode. Nem-
atic fibers (10 mm in length) were subjected to repeated heating and 
cooling between 20° and 140°C at a rate of 3°C min−1 under a preload 
of 10−4 N, while smectic fibers were cycled between 10° and 130°C 
because of their lower actuation temperature.

WAXS analysis
WAXS patterns were recorded using synchrotron radiation with λ = 
1.119 Å (E = 11.08 keV) at the 9A U-SAXS beamline of the Pohang 
Accelerator Laboratory, Republic of Korea. 2D scattering patterns 
were acquired using a 2D charge-coupled device area detector (Rayonix 
MX170-HS) at a sample-to-detector distance of 0.21 m. 1D intensity-
scattering vector [q = (4π/λ)sin(θ/2), where θ is the scattering angle] 
profiles were derived from the 2D patterns. Temperature-resolved 
WAXS measurements were carried out using a custom-made sample 
holder equipped with a heating apparatus. The S values were calcu-
lated from azimuthal plots using the following equation (54)

where N = ∫ π

2

0
I(ϕ)dϕ, ϕ is the azimuthal angle, and I(ϕ) is the azi-

muthal angle-dependent intensity at a constant scattering vector q.

Fabrication and thermal actuation of LCE textiles
The LCE textiles were knitted in plain patterns using a Brother KH881 
knitting machine. Before knitting, the LCE fibers were lightly coated 
with corn starch to eliminate surface stickiness. During knitting, the 
fiber tension was adjusted on a scale of 1 to 10 using a tension 
dial. For example, the white cotton yarn and black cotton/linen yarn 

presented in Fig. 4 were knitted with the tension set to 3 and 6, re-
spectively, while the LCE fibers were knitted with the tension set to 
6. For thermal actuation analyses, the LCE textiles were placed on a 
heating stage, and shape changes were monitored at various tem-
peratures using a smartphone camera. Pore area and size variations 
were analyzed by examining video frames using ImageJ software. 
The pore area was normalized by calculating the ratio of pixels rep-
resenting the pore area at a specific temperature (T) to the pixels 
representing the initial pore area.
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Supplementary Text
Figs. S1 to S29
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