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ABSTRACT
Liquid crystal elastomer (LCE) fiber actuators are promising candidates for smart textiles owing to their reversible large-stroke
actuation and high aspect ratios. However, current LCEs require ultraviolet (UV) curing and are not recyclable. In addition,
research is mainly focused on flat knitted thermo-responsive textiles. Here, a scalable recycling route for smart LCE textiles is
developed by melt-extruding a thermoplastic LCE containing a near-infrared photothermal dye. The LCE fibers exhibit ∼30%
reversible actuation strain and display light-driven rolling motions with left- or right-turning trajectories according to their
programmed twist handedness. Using commercial knitting machines, multi-material plain- and rib-knit textiles are fabricated
that exhibit in-plane contraction and out-of-plane deformations including bending and twisting under thermal and photo stimuli.
Circularly knitted tubular structures exhibit reversible contraction in both radial and axial directions, reaching approximately 16%
in outer diameter, 19% in inner diameter, and 14% in length, enabling applications in autonomous climbing, controlled liquid
release, and micro pumping. Finally, thermo-mechanical recycling yields recycled fibers and both flat and circularly knitted
textile structures with nearly unchanged actuation performance and comparable mechanical properties, demonstrating robust
recyclability. Our results demonstrate the creation of smart textiles that are simultaneously intelligent in function and sustainable
in design.

1 Introduction

Growing demand for intelligent systems in healthcare and
personal comfort has driven a surge of interest in adaptive and
functional fabrics [1, 2]. This trend has led to the emergence of
smart textiles capable of sensing, actuating, and adapting to envi-
ronmental stimuli such as heat [3, 4], light [5, 6], electric fields [7,
8], and magnetic fields [9]. The integration of stimuli-responsive
materials into textiles marks a transformative advancement,

enabling dynamic behaviors that far exceed the capabilities of
conventional fabrics. These next-generation textiles hold great
promise for various applications, including soft robotics [10, 11],
responsive clothing [12, 13], and wearable biomedical devices
[14, 15].

Sustainability and circularity are becoming key priorities in
the textile industry, with a growing policy emphasis on textile
waste prevention and fiber recycling [16]. In 2024, global fiber
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production reached ∼132 million tonnes, yet only ∼7.6% was
recycled, and less than 1% came from textile-to-textile recy-
cled fibers [17]. To address this gap, mechanical and chemi-
cal recycling routes are being actively explored [18]. Among
them, thermo-mechanical recycling, a variant of mechanical
recycling, integrates mechanical breakdown of the material,
typically by shredding or grinding, with subsequent melting
to enable reprocessing while largely preserving the chemical
structure [19, 20]. This approach is particularly attractive for
textiles made from thermoplastic fibers, owing to its poten-
tial to deliver high-quality fibers at low cost. Most textile-
recycling studies focus on static fabrics and assess recyclability
using metrics such as yield, composition, and polymer quality
[21, 22]. It remains challenging to create smart textiles that
are simultaneously intelligent in function and sustainable in
design.

Among stimuli-responsive materials, liquid crystal elastomers
(LCEs) combine the soft elasticity of elastomers with the
anisotropic properties of liquid crystals [23, 24]. Their reversible,
large-stroke actuation and high aspect ratios make LCE fibers
ideal building blocks for smart textile actuators, which have
been fabricated via knitting [25–27], weaving [28–30], braiding
[31], and embroidery [32]. However, current smart textiles made
from LCE fibers rely on UV curing and permanently cross-linked
networks, severely limiting reprocessing and recycling. While
supramolecular [33] and dynamic covalent chemistries [34, 35]
can enable network rearrangement, prior efforts have primar-
ily focused on reconfigurability rather than recyclability with
retention of mechanical and actuation performance. Recyclable
LCE concepts have been demonstrated mainly in simple, non-
textile formats [36–38], while recycling strategies with quantified
performance retention for LCE fibers and textile actuators remain
unrealized. Additionally, existing LCE textiles are mostly limited
to planar knits and two-dimensional (2D) woven architectures
with limited post-fabrication programmability. Further explo-
ration is needed to unlock a broader range of functionalities and
applications.

Recently, we have reported the preparation of melt-extruded
thermoplastic LCE fiber actuators [33, 39]. We now employ
this platform to produce stimuli-responsive fibers for smart
recyclable textiles. The fibers exhibit a large actuation force
of 0.09 N under near-infrared (NIR) illumination. The fibers
are compatible with commercial knitting machines, enabling
fabrication of diverse multi-material LCE textiles that exhibit
reversible actuation modes, including in-plane 2D contraction
and out-of-plane three-dimensional (3D) bending and twist-
ing. Using a simple hand-knitting method, circularly knitted
3D tubular structures show reversible, unique contraction in
both radial and axial directions for autonomous climbing,
liquid release, and micro-pumping applications. The dynamic
hydrogen-bonding networks enable the LCE textiles to be
reprogrammed into arbitrary configurations. Finally, simple
thermo-mechanical recycling achieves recyclability of pristine
LCE fibers with nearly unchanged actuation performance and
comparable mechanical properties. The recycled fibers can
be processed on commercial knitting machines to produce
2D textiles and by hand knitting to create 3D tubular struc-
tures, while their actuation performance remains robust after
recycling.

2 Results and Discussion

2.1 Preparation of the LCE Fibers

To fabricate the LCE fibers, a thermoplastic polythiourethane
(PTU) LCE material consisting of 90 wt.% “soft” liquid crystal
segments and 10 wt.% “hard” hydrogen-bonding thiourethane
segments was synthesized using a previously reported one-pot
method (Figure 1a; Figure S1) [40]. This formulation with a
high fraction of mesogenic LC segments was selected to enable
large actuation strain in the resulting fibers. Subsequently,
1 wt.% photothermal dye, Lumogen IR 765, was added to the
PTU polymer, yielding a homogeneous, green-colored mixture
referred to as the PTU–IR composite (Figure S2). The low dye
content enables efficient photothermal conversion while mini-
mizing impacts on melt processability and the intrinsic thermal
transitions of the PTU LCE. The crude PTU–IR composite shows
a glass transition temperature (Tg) of −22◦C and a melting
temperature (Tm) of 170◦C (Figure S4). Above 130◦C, the degree
of hydrogen bonding diminishes significantly, thereby enabling
alignment reprogramming of the soft segments (vide infra)
[39]. The molten PTU–IR composite exhibits non-Newtonian
fluid behavior, as indicated by a decrease in apparent viscosity
with increasing shear rate and an apparent yield stress of
approximately 600 Pa (Figure S5). Given its Tm and appropriate
viscosity range for processing, 190◦C was selected as the melt
extrusion temperature for the PTU–IR LCE fibers. A total of
60 g of crude polymer was fed into a capillary rheometer,
with extrusion and drawing speeds of 0.8 and 53 mm s−1,
respectively (Figure 1b; Figure S3). Under the applied drawing
force, an LCE fiber with a length of tens of meters was obtained
(Figure 1c).

The LCE fiber exhibits a uniform diameter, and the cross-
sectional image indicates an average value of 1.3 ± 0.2 mm
(Figure 1d). The chemical structure and thermal properties of
the LCE fiber and its crude polymer remain nearly identical
(Figure S6). In addition, the LCE fiber shows good flexibility and
elasticity, as it can be loosely knotted twice along its length with-
out damage (Figure 1e). The scalar order parameter (S) of 0.38,
analyzed from the two-dimensional wide-angle X-ray scattering
(2D WAXS) measurement, indicates good alignment of “soft”
liquid crystal segments along the fiber’s axial direction (Figure 1f).
Upon heating from 25 to 110◦C, the LCE fiber undergoes a length
contraction of 31% and a width expansion of 21% when passing
the nematic-to-isotropic temperature (TNI) of 84◦C due to the loss
of mesogen alignment (Figure 1g). The LCE fiber demonstrates
good reversible actuation performance over 50 heating–cooling
cycles (Figure S7a). The actuation force and stress measured
under fixed-strain conditions increase upon heating, reaching
0.20 N and 0.20 MPa, respectively, at approximately 100◦C
(Figure S7b).

2.2 Actuation of the LCE Fibers

The strong absorption of the dye in the NIR range (Figure
S7c) allows for the photothermal actuation of the LCE fiber.
Figure 2a shows that the actuation strain increases with NIR
light intensity and reaches a maximum value of ∼30%. This trend
follows the increase in the measured fiber surface temperature
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FIGURE 1 Fabrication of the NIR light–responsive thermoplastic PTU LCE fibers. (a) Chemical structure of the PTU LCE. (b) Schematic of the
fiber fabrication process using a capillary rheometer followed by drawing. The liquid crystal mesogens are aligned along the fiber’s axial direction.
(c) Tens-of-meters-long LCE fibers. Scale bar, 1 cm. (d) Longitudinal and cross-sectional views of the LCE fiber. Scale bars, 5 mm (top) and 500 µm
(bottom). (e) Demonstration of the fiber flexibility via knotting. Scale bar, 5 mm. (f) 2D X-ray diffraction pattern of the LCE fiber. The arrow indicates the
alignment ofmesogens. (g) Length andwidth changes of the LCE fiber under thermal stimulus. Inset pictures show the fiber at 25 and 110◦C, respectively.
Scale bars, 5 mm.

under NIR illumination (Figure S8) and is consistent with the
fiber’s thermally driven actuation at comparable temperatures.
The temporal actuation strain rate under themaximumNIR light
intensity is shown in Figure S9a. The LCE fiber exhibits stable
and reversible light-induced actuation strain of around 27% over
30 cycles (Figure 2b). When the light intensity increases, both
the actuation force and stress increase until reaching maximum
values of 0.09 N and 0.10 MPa, respectively, at 625 mW cm−2

(Figure 2c). Although the actuation stress is moderate, the
millimeter-scale fiber can generate a high actuation force, per-
form significant work, and withstand high loads. We further
examine the photoactuation performance of the LCE fibers under
different applied stress conditions (Figure 2d). The actuation
strain decreases from 28% to 4% with increasing applied stress,
while the work capacity increases. Leveraging its soft elasticity
and photoresponse, a single LCE fiber was helically wound
around a compliant tube and fixed at both ends, functioning as
a smart locking device (Figure 2e; Movie S1). When a rod-shaped
object was inserted into the tube, illuminationwith light triggered
the contraction of the LCE fiber, reducing the diameter of the

compliant tube and securely locking the object. Upon switching
off the light, the LCE fiber expanded reversibly, thereby releasing
the object.

Next, we turn to reprogramming the LCE fibers to broaden
their actuation modes. The dynamic hydrogen-bonding network
allows them to be reprogrammed into Z-twist (right-handed) or
S-twist (left-handed) configurations by heating and twisting at
130◦C for 30 min (Figure 2f). When the twisted LCE fibers were
subjected to a load, they exhibited simultaneous compression
and untwisting under NIR irradiation (Figure S10), consistent
with previous observations in similar twisted thermoset LCE fiber
actuators [41]. Next, the fibers were placed on a flat surface
in an unconstrained state and irradiated from the right side to
evaluate their rolling behaviors. For the straight fiber, the surface
closer to the light source experiences a stronger photothermal
effect, leading to more pronounced contraction on that side. This
induces symmetric bending and generates a net force toward
the light source, causing the fiber to roll along a straight path
to the right (Movie S2). In contrast, the Z-twist fiber exhibits
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FIGURE 2 Actuation of the thermoplastic LCE fibers under NIR light. (a) Photothermal actuation strain at different power densities with
comparison to thermal actuation. Inset images show the fiber subjected to power densities of 0 and 550 mW cm−2, respectively. Scale bars, 2 mm.
(b) Photothermal actuation strain over 30 cycles at a power density of 550 mW cm−2. (c) Output actuation force and stress at different power densities.
(d) Schematic diagram and actuation performance under different applied stress levels. (e) Utilization of an LCE fiber wrapped around a compliant
tube for locking and releasing a rod-shaped object (LED bulb). Scale bar, 1 cm. (f) Schematic illustration of the force analysis and photographs captured
during rolling of the straight, reprogrammed Z-twist, and S-twist fibers. Scale bars, 5 mm. (g) Rolling trajectories of the straight and twisted fibers.

both contraction and untwisting actuation under NIR irradiation,
resulting in asymmetric bending and a net force directed upward
and to the right, which produces a left-turning motion. Similarly,
the S-twist fiber generates a net force directed downward and
to the right, resulting in a right-turning motion. These distinct
rolling trajectories are attained at rolling speeds in the range of
0.72–1.43 mm s−1 (Figure 2g). As the twisting density increases
from 30 to 58◦ mm−1, the S-twist LCE fiber exhibits a larger
turning angle. Our results demonstrate light-driven motion of
fibers with the direction readily programmed through the fiber’s
twist handedness. The durability of the as-extruded LCE fibers
was evaluated under cyclic thermal and mechanical loading,
demonstrating stable and reversible actuation over repeated
cycles (Figures S11 and S12).

2.3 Flat Knitted LCE Textiles

We then investigated the feasibility of knitting the LCE fiber into
smart textiles using a commercial domestic flat knitting machine
equipped with either single or double knitting beds (Figure 3a;
Figure S13a,b). The single bed allows for the fabrication of
plain-knit textiles composed of knit loops, while the double bed
enables the creation of rib-knit textiles featuring alternating knit
and purl loops (Figure 3b). In the plain pattern, interlocking
of adjacent loops generally generates a net torque, leading to
natural 3D curling deformation of the textile, consistent with
typical plain-knit structures [25]. In the rib pattern, the torques
generated by alternating knit and purl loops counteract each
other, preventing out-of-plane deformation and resulting in a flat,

4 of 13 Advanced Functional Materials, 2026

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202530973 by T
u D

elft, W
iley O

nline L
ibrary on [07/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 3 Thermal actuation and reprogrammability of the flat knitted LCE textiles. (a) Schematic of the domestic flat knitting machine. Note
that this image was generated using artificial intelligence. (b) Schematic of the plain-knit and rib-knit patterns. (c) Various knitted multi-material LCE
textiles composed of LCE fibers (with or without photothermal dye) and commercial cotton yarns. (d) Large-scale plain-knit LCE textile. (e) Slanted
multi-material LCE textile combining plain-knit fibers without photothermal dye (white regions) and rib-knit fibers with photothermal dye (black
regions), and its corresponding thermal response. C andW denote the numbers of courses and wales, respectively. (f) Rib-knit LCE textile incorporating
a central slit structure and its thermally induced shape change. (g) Reprogrammability of the rib-knit LCE textile into an elongated configuration that
exhibits reversible thermal actuation. All scale bars, 10 mm.

contracted textile structure. To further demonstrate the versatility
and compatibility of LCE fibers in standard textile fabrication, we
explored a multi-material knitting strategy. Various LCE textiles
were arranged in both plain and rib patterns using LCE fibers
with or without the photothermal dye [33], and with or without
commercial cotton yarns (Figure 3c). This approach thus enables
diverse fabric styles, color combinations, and pattern designs,
highlighting the adaptability of LCE fibers for customizable smart
textile architectures.

A plain-knit textile with a length of approximately 21 cm and
a width of 1 cm was fabricated (Figure 3d). When heated
to 110◦C, the LCE fibers contracted, shrinking the knit loops
and increasing the accumulated torque, resulting in a more
pronounced curling deformation in the black regions (Figure
S13c and Movie S3). Overall, the textile demonstrated a diameter
shrinkage of 12.2 ± 3.3%. Upon cooling, it fully returned to its
original shape. Furthermore, by integrating LCE fibers with and
without the photothermal dye, we fabricated a slanted multi-
material textile (Figure 3e). In this configuration, white regions
represent plain-knit LCE fibers without the photothermal dye,
while black regions correspond to rib-knit LCE fibers with the
photothermal dye. The textile architecture is defined by the

course number (C) and wale number (W), with different course
segments (C1 and C2) arranged along the wale direction. At
room temperature, the textile exhibited an initial spirally twisted
shape due to the synergistic effect of curling plain and flat rib
patterns. Upon heating to 110◦C, the knitted fabric tightened,
exhibiting a reversible shrinkage of approximately 18% along the
length and 15% along the width (Movie S4). When cooled back to
room temperature, the textile fully returned to its original shape,
demonstrating excellent reversibility. This multi-material LCE
textile enabled selective actuation of the black regions under NIR
illumination as only the dye-containing regions were heated and
contracted (Figure S14a–b).

Next, we deliberately designed a slit structure in the rib-knit
pattern using LCE fibers combined with cotton yarns (Figure 3f).
When the two edges of the cotton yarns were slightly stretched
and fixed in place, the slit exhibited an elliptical shape. Upon
heating to 110◦C, the contraction of the LCE fibers caused the
black regions to tighten further in-plane (Movie S5). Due to
the looser loop density in the wale direction, greater actua-
tion occurred along this axis, resulting in more pronounced
contraction. Consequently, the central slit transitioned from an
elliptical to a circular shape. Upon cooling to room temperature,
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the LCE fibers elongated, and the entire structure returned to
its original configuration. Additionally, the dynamic hydrogen-
bonding network of thermoplastic LCEs enables reprogramming
or reshaping (Figure 3g). The original rib-knit textile provided
limited free space for fiber contraction, resulting in constrained
actuation. After reprogramming into an elongated configuration,
the textile exhibited reversible actuation strains of 13.7% and 6.6%
along the length and width directions, respectively, upon heating
to 110◦C. The elongated textile could be further reprogrammed
into a helical configuration (Figures S15 and S16). These findings
represent the first demonstration of LCE textiles that can be
reprogrammed or reshaped into new geometries based on their
existing shapes without disassembling the fibers and re-knitting.

2.4 Circularly Knitted LCE Tubular Textiles

The long length of the thermoplastic LCE fibers, enabled by our
scalable process, allows for hand-knitting in the round on four
double-pointed needles to form circular, hollow tubular struc-
tures (Figure 4a). Using a plain-knit pattern, the tube diameter
was controlled by the stitch count, configured as 4, 6, and 8
stitches per round (sts/round). Figure 4b shows an 8-sts/round
LCE tube resting on a cylindrical rod to reveal its tubular
geometry. Dynamic mechanical analysis (DMA) in the iso-strain
mode reveals the radial compressive actuation force of the knitted
tubular structures (Figure 4c). Upon heating, the radial force
increases with stitches per round and reaches maximum values
of 0.21, 0.31, and 0.40 N for 4-, 6-, and 8-sts/round tubular
structures, respectively. Based on their dimensions, the knitted
LCE tubes are estimated to produce a compressive pressure of
∼1.3–1.8 kPa, comparable to shapememory polymer–based smart
stockings and categorized as light by the EuropeanCommittee for
Standardization [42–44].

Next, we investigated the thermal response of the circularly
knitted LCE tubular structures by placing them over a thin rod
in their natural states (Figure 4d–f). Upon heating, the LCE fiber
contracted along its axis and tightened each stitch. As a result,
the entire hollow tube exhibited compressive actuation in both
the radial and axial directions, unlike previously reported LCE
tubes that typically contracted in one direction while expanding
in the other [45–48]. Among the tested configurations, the 4-
sts/round tube showed the largest actuation strains (Table S2
and Movie S6), delivering an average inner diameter shrinkage
of 19.4 ± 1.5%, an outer diameter shrinkage of 16.3 ± 0.9%,
and an axial shrinkage of 14.0 ± 0.4% over five cycles. The
temporal actuation strain rate of the 4-sts/round tube is shown
in Figure S9b. The 6- and 8-sts/round configurations exhibited
similar compressive actuation butwith smaller strain values. This
enhanced actuation of the 4-sts/round tube was attributed to its
relatively loose knitting structure and lower inherent structural
cohesion, i.e., weaker contractile tendency arising from the
knitted configuration compared to the denser 6- and 8-sts/round
counterparts.

With the single-fiber model validated (Figure S18), the simula-
tions captured the unique biaxial compressive actuation behavior
of the knitted tubes. For the 4-sts/round tube, the simulation
predicted an average inner diameter shrinkage of 21.7 ± 4.3%, an
outer diameter shrinkage of 14.4± 0.6%, and an axial shrinkage of

15.7 ± 0.1%, in good agreement with the experiments (Table S2).
However, the simulations of the 6- and 8-sts/round tubes showed
larger discrepancies, likely due to geometric variability from
hand-knitting, nonuniform loop tension, enhanced inter–fiber
contact, friction, and local compression, as well as limitations in
capturing the resulting heterogeneous stress and stiffness distri-
butions. These factors become more pronounced at higher stitch
counts. Overall, the finite-element simulations captured the
experimental actuation behavior, consistent with the mechanism
of fiber axial contraction and concomitant transverse expansion
that tightens knitted stitches to produce both radial and axial
compression. Owing to its large actuation, the 4-sts/round LCE
tube was chosen for further studies of possible applications.

2.5 LCE Tube Demonstrators

The 4-sts/round tube functions as a soft robotic climber that
moves via a temperature gradient–driven, sequential anchoring
mechanismunder cyclic heating between 25 and 110◦C (Figure 5a;
Movie S7). Initially, the tube remains stationary on the rod due
to interfacial friction. Upon heating from the top, a vertical
temperature gradient forms and the upper region actuates first.
The contraction of LCE fibers shortens the stitches and reduces
the local tube diameter, increasing the normal contact pressure
and frictional anchoring so that the upper region “grasps” the
rod. As the activated region propagates downward, the bottom
region subsequently contracts, producing an upward displace-
ment while the upper anchor is maintained. During cooling with
airflow applied from top to bottom, the temperature gradient
reverses. The upper region expands and releases first, while
the lower region remains contracted and serves as the anchor,
resulting in a net upward shift after each cycle. Over four cycles, a
net displacement of 11.4mmwas recorded (Figure 5b). Slip occurs
because recovery during cooling reduces radial compression and
weakens anchoring, leading to displacement loss (Figure 5c).
To strengthen anchoring, localized photothermal stimulation is
introduced. Alternating NIR irradiation at the top and bottom
regions increases local contraction and contact pressure, thereby
enhancing the anchoring force. As shown in Figure 5d andMovie
S7, the combined thermal and photo stimulation minimizes
downward slip within each cycle and increases the total upward
displacement to 19.9 mm over four cycles (Figure 5c).

The compressive actuation of the LCE tube’s diameter also
enables its use as a smart liquid dropper. A soft silicone tube was
inserted into the inner cavity of a 4-sts/round LCE tube, with one
end of the silicone tube vacuum-sealed and the other connected to
a glass Pasteur pipette. The silicone tube was initially used like a
conventional eye dropper to draw a small amount of blue-colored
liquid into the pipette (Figure 5e). Upon heating to 110◦C, the
LCE tube contracted radially, compressing the soft silicone tube.
This mechanical deformation generated internal pressure, which
pushed the liquid out of the Pasteur pipette, enabling thermally
controlled liquid release (Movie S8). In addition to droplet release,
when the distal end of the glass Pasteur pipette was immersed in
a Petri dish containing blue-colored liquid, the thermal actuation
of the LCE tube enabled repeated uptake and release of the
liquid like a smart micro pump, mimicking the operation of a
conventional dropper (Figure 5f; Movie S8). As a result, over five
heating–cooling cycles, the liquid level in the pipette oscillated
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FIGURE 4 Thermal actuation of the circularly knitted LCE tubular structures. (a) Schematic of the in-the-round knitting process. (b) Photograph
of an 8-sts/round LCE tube placed over a cylindrical rod to reveal its hollow structure. (c) Radial compressive actuation force of the tubes upon heating.
(d–f) Schematics, experimental images, finite-element simulations, and actuation performance for tubes with 4, 6, and 8 sts/round, respectively. All
scale bars, 5 mm.
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FIGURE 5 Circularly knitted 4-sts/round LCE tube demonstrators. (a) Schematic illustration of the autonomous climbingmechanismunder cyclic
heating–cooling stimulation. (b) Thermally actuated climbing behavior, showing the displacement during a complete cycle and the net displacement
after four cycles. Scale bar, 10 mm. (c) Comparison of the climbing displacement under thermal and combined thermal–photo stimulation. The red
background indicates heating to 110◦C or simultaneous heating with NIR irradiation (808 nm). (d) Climbing behavior under simultaneous thermal–
photo actuation, showing the displacement during a complete cycle and over four cycles. Scale bar, 10 mm. (e) Thermally induced liquid release enabled
by radial compression of the LCE tube. Scale bars, 10 mm. (f) Thermally induced reversible liquid uptake and release by the LCE tube, functioning as a
smart micro pump. Scale bars, 10 mm. (g) Evolution of the liquid level and liquid volume during repetitive heating–cooling cycles. The red background
indicates heating to 110◦C. (h) Localized photoactuation of the LCE tube under NIR irradiation at a power density of 1 W cm−2, demonstrated on the leg
of a Barbie doll. Scale bars, 5 mm.

reversibly between 0 and ∼120 mm, while the liquid volume
varied between 0 and ∼0.11 mL (Figure 5g). This reproducible
behavior over consecutive actuation cycles demonstrates stable
and continuous operation of the knitted LCE tube–based micro
pump.

The photothermal dye in the knitted LCE tubes allows for light-
responsive behavior both globally and locally. When NIR light

with a large irradiation area of around 4.5 × 4.5 cm2 and a
power density of around 1 W cm−2 was applied, the LCE tube
demonstrated compressive behavior both radially and axially
(Figure S17). The LCE tube exhibited compressive actuation of
18.2 ± 0.9% and 13.5 ± 0.5% in the longitudinal and radial
directions, respectively, which were comparable to the thermal
actuation. In addition to global actuation, NIR illumination
enables localized photoactuation. For demonstration, the LCE
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FIGURE 6 Thermo–mechanical recycling of the LCE textiles and their mechanical and actuation properties. (a) Recycling procedure combining
mechanical fragmentation and melt extrusion to obtain the recycled LCE fibers. Scale bars, 10 mm. The inset in the rightmost image shows the cross-
sectional view of the recycled fiber. Scale bar, 250 µm. (b) Static tensile stress–strain curves of the pristine and recycled fibers under ambient conditions.
(c) Quantitative comparison of the corresponding mechanical properties: E (Young’s modulus), σb (tensile strength), εf (fracture strain), and Γ
(toughness). (d) Thermally induced biaxial compressive actuation behavior of a circularly knitted 4-sts/round LCE tubular structure prepared from
the recycled fibers. Scale bars, 5 mm.

tube was placed on the leg of a Barbie doll and irradiated locally,
where it exhibited pronounced constriction (Figure 5h). This
photo-induced compression resembles the functional principle
of compression socks, highlighting potential applications in
wearable therapeutic devices for circulation management and
rehabilitation.

2.6 Thermal-Mechanical Recycling of the
Knitted LCE Textiles

Finally, we investigated the recyclability of the LCE textiles
via thermo-mechanical recycling. We disassembled and frag-
mented the melt-extruded LCE fibers into small segments and
subsequently re-fed them into the melt extrusion equipment
(Figure 6a). The recycled fibers exhibited a similar appearance to
the pristine ones and a slightly smaller diameter of 1.1 ± 0.2 mm
(Figure 6a, inset). Figure 6b compares the stress–strain curves of
the pristine and recycled fibers under ambient conditions. The
recycled fibers exhibit a higher Young’s modulus of 8.5 ± 0.9 MPa
and tensile strength of 16.0 ± 0.2 MPa, together with a slightly
reduced fracture strain of 995.0 ± 33.8% and toughness of
97.1 ± 5.3 MJ m−3 (Figure 6c and Table S3). These results
indicate that thermo-mechanical recycling increases stiffness and
strength at the expense of ductility, while maintaining overall
mechanical performance comparable to that of the pristine fibers.
The strengthening is likely associated with the slightly reduced
fiber diameter and the corresponding higher effective draw ratio
during melt extrusion, which can promote processing-induced
alignment [49]. Thermogravimetric analysis (TGA) indicates
similar thermal stability after recycling (Figure S19).

We then turn to investigate the actuation behavior of the recy-
cled LCE textiles. The recycled fiber maintains ∼25% reversible
actuation strain over 50 cycles, comparable to pristine fibers,
confirming that thermo-mechanical recycling preserves dynamic
responsiveness (Figure S20a). The recycled fiber remains com-
patible with commercial knitting and exhibits reversible textile
actuation (Figure S20b and Movie S13). The circularly knit-
ted 4-sts/round LCE tube prepared from the recycled fibers
exhibits biaxial compressive actuation, with actuation strains of
14.0± 1.4%, 16.1± 1.8%, and 15.8± 1.0% in the outer diameter, inner
diameter, and length directions, respectively, closely matching
those obtained from the tubes made of pristine fibers (Figure 6d).
These results confirm that the recycled fibers retain their actua-
tion performance after thermo-mechanical recycling, both at the
individual fiber level and in textile assemblies (Table S4). Multi-
cycle thermo-mechanical recyclability of the LCE material was
assessed using hot-pressed films that mimic melt-based thermo-
mechanical reprocessing, with actuation strain comparable to the
pristine state over repeated cycles (Figure S21). Importantly, this
work demonstrates that recyclable LCE fibers can be reprocessed
into functional actuating textiles without significant loss of
performance, opening a new pathway toward sustainable smart
textiles.

3 Conclusions

In this work, we have developed a scalable, recyclable route
for smart textiles by melt-extruding a thermoplastic LCE con-
taining an NIR photothermal dye. The fibers deliver ∼30%
reversible actuation strain and a large actuation force of 0.09 N
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under NIR illumination. Dynamic bonds allow reprogramming,
yielding light-driven rolling fibers whose trajectories depend
on twist handedness. Using commercial knitting machines,
multi-material reprogrammable smart textiles are prepared with
designed plain-knit or rib-knit patterns. The textiles demonstrate
reversible in-plane 2D contraction and out-of-plane 3D deforma-
tions, including bending and twisting in response to temperature
or localized light stimuli. Circularly knitted tubular structures
exhibit reversible biaxial compressive actuation, with maximum
shrinkages of 16.3 ± 0.9% in outer diameter, 19.4 ± 1.5% in inner
diameter, and 14.0 ± 0.4% in length. Finite element simulations
have been conducted to model the actuation mechanisms, show-
ing good agreement with the experimental results. This unique
actuation highlights great potential for autonomous climbing,
liquid release, and micro-pumping applications. Finally, the
thermo-mechanical recycling strategy achieves reuse of knitted
2D textiles and 3D tubular structures with nearly unchanged per-
formance and comparable mechanical properties, demonstrating
robust recyclability. These results demonstrate the creation of
smart textiles that are simultaneously intelligent in function and
sustainable in design.

4 Experimental Section

4.1 Materials

1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenze-
ne (1, ≥97%) and 1,4-bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-
2-methylbenzene (2, ≥97%) were purchased from Daken
Chemical Ltd. 2,2-(Ethylenedioxy)diethanethiol (3, ≥97%),
hexamethylene diisocyanate (4, ≥98%), triethylamine (5, ≥99%),
and 1,6-hexanedithiol (6, ≥97%) were purchased from Tokyo
Chemical Industry. Dimethylphenylphosphine (7, 99%) and
N,N-dimethylacetamide (DMAc, ≥99%) were obtained from
Sigma–Aldrich. The photothermal dye Lumogen 765 was
purchased from BASF. Diethyl ether (Et2O,≥99.5%) was obtained
from Biosolve. All chemicals were used as received without
additional purification.

4.2 Preparation of the Light-Responsive LCE
Materials

The synthesis of the PTULCE followed a reportedmethod (Figure
S1) [40]. Diacrylate mesogen 1 (52.81 mmol) and mesogen 2
(52.81 mmol) were dissolved in DMAc (150 mL) in a reaction
vessel under argon. After cooling to room temperature, a solution
of dithiol 3 (126.74 mmol) and catalyst 7 (0.65 mmol) in DMAc
(30mL) was added sequentially with stirring. After 2 h, a solution
of diisocyanate 4 (42.25 mmol) and catalyst 5 (0.99 mmol) in
DMAc (14 mL) was introduced, and the mixture was stirred for
15min. Additional DMAc (193mL)was added, followed by adding
a solution of dithiol 6 (21.12 mmol) in DMAc (13 mL) dropwise,
and the reaction mixture was stirred at 60◦C overnight. The
crude mixture was precipitated with Et2O (8 L) under continuous
stirring, after which the solid was transferred into fresh Et2O
(2 L) and stirred overnight. The final product was obtained by
removing the solvent and drying the polymer under vacuum at
50◦C overnight. The light-responsive PTU–IR LCE was prepared
by first dissolving the PTU polymer in DMAc at 80◦C, followed

by the addition of 1 wt.% Lumogen 765 with stirring. To ensure
uniformity, the mixture was dried and redissolved in DMAc at
80◦C. The composite was finally dried under vacuum at 50◦C
overnight, yielding a dark green solid (Figure S2).

4.3 Fabrication and Reprogramming of LCE
Fibers

Light-responsive LCE fibers were produced on a capillary
rheometer equipped with a capillary die (length 10 mm, diameter
2 mm). The PTU–IR composite pellets were fed into a preheating
barrel at 180◦C, raised to 190◦C, held for 2min, and then extruded.
The piston and haul-off speeds were 0.8 mm s−1 and 3.2 mmin−1,
respectively, while a fan was applied for cooling. Further details
are provided in Figure S3 and Table S1. Reprogrammed twisted
LCE fibers were prepared by fixing one end and rotating the other
by a prescribed number of turns, followed by annealing at 130◦C
for 30 min to lock in the twist. Twist handedness was set by the
rotation direction, yielding Z-twist (right-handed) or S-twist (left-
handed) fibers. The twist density was controlled by the number of
turns and defined as τ0 =Δθ/L0, where Δθ represents the rotation
angle, and L0 is the initial fiber length.

4.4 Fabrication and Reprogramming of Knitted
LCE Textiles

Knitted LCE textiles were produced on a domestic knitting
machine equipped with either a single bed (Brother KH-868) or
a double bed (Brother KH-850) to obtain plain and rib structures
(Figure S13). Circularly knitted LCE tubular structures with 4, 6,
and 8 sts/round were hand knitted in the round on four double-
pointed needles (5 mm diameter). Reprogramming of the knitted
rib textile was achieved by stretching the textile at 130◦C for
30 min to form an elongated actuator, followed by wrapping it
around a rod (8mmdiameter) at 130◦C for 30min to formahelical
actuator.

4.5 Characterization

Differential scanning calorimetry (TA Instruments Q2000) was
run from −50 to 200◦C at a heating rate of 10◦C min−1 under
nitrogen, and the second heating cycle was analyzed. DMA (TA
Instruments Q800) was performed from−50 to 150◦C at a heating
rate of 5◦C min−1, with a 0.01 N preload, a 20 µm amplitude,
and a 1 Hz oscillating frequency. TGA (TA Instruments Q50) was
conducted from 25 to 800◦C at a heating rate of 10◦Cmin−1. ATR-
FTIR spectra (Varian 670 IR) were recorded over 4000–650 cm−1

at a resolution of 4 cm−1. Rheological tests (AR 2000ex rheometer)
were performed using frequency sweeps from 10−3 to 102 Hz at 190
and 200◦C with a strain amplitude of 0.1% and oscillation stress
sweeps from 100 to 104 Pa at 190◦C with an angular frequency of
1 rad s−1.

Uniaxial tensile tests of the pristine and recycled fibers
(Zwick/Roell) were conducted at a strain rate of 500 mm min−1

with a 0.1 N preload. Photoactuation was evaluated under
NIR illumination, using 780 nm (80–625 mW cm−2) for fibers
and 808 nm (1 W cm−2) for knitted textiles and circular tubes.
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Thermally driven actuation stress was monitored by DMA
in the iso-strain mode from 20 to 130◦C at a heating rate of
5◦Cmin−1, an iso-strain of 1%, and a 0.05 N preload. Light-driven
actuation stress was measured under NIR illumination (780 nm,
80–625 mW cm−2).

WAXS was performed on a Ganesha lab instrument equipped
with a Pilatus 300 K silicon pixel detector with 487 × 619 pixels
of 172 × 172 µm2 and a Genix-Cu ultralow divergence source.
Diffraction patterns were collected with an exposure time of
30min at a sample-to-detector distance of 89 mm and analyzed to
determine the order parameter (S) using the following equation
[50]:

𝐒 = 1 − 3 ×
∫
𝜋∕2

0 𝐼 (𝜃) sin 𝜃𝐜𝐨𝐬2𝜃𝐝𝜃

∫
𝜋∕2

0 𝐼 (𝜃) 𝐬𝐢𝐧𝜃𝐝𝜃

where I is the intensity and θ is the angle between a molecular
symmetry axis and the director.

4.6 Recycling of LCE Fibers and Textiles

The pristine and reprogrammed twisted fibers, knitted tex-
tiles, and circular tubes were mechanically fragmented into
small pieces, vacuum-dried at 50◦C overnight, and fed into the
capillary rheometer using the same processing parameters to
obtain the recycled fibers. The tensile properties and actuation
performances of recycled LCE actuators were evaluated.

4.7 Simulation

Finite element simulations were performed to investigate the
deformation behavior of circularly knitted LCE tubes during
heating from 25 to 110◦C using ABAQUS (Dassault Systèmes,
France). The simulation setup mainly consists of geometry
import, mesh generation, material property assignment, and the
application of interactions and thermal loading. An isotropic
elastic model was adopted, with a Young’s modulus of 6.98 MPa
and a Poisson’s ratio of 0.495. The deformation behavior with
temperature variationwasmodeled using orthotropic coefficients
of thermal expansion. Taking 25◦C as the reference temperature,
the coefficients of thermal expansion at 110◦C are −0.00369◦C−1

along the fiber direction and 0.00244◦C−1 perpendicular to the
fiber direction. The detailed relationship between strain and
temperature is illustrated in Figure 1g. The 3D 10-node quadratic
tetrahedral element (C3D10) with a mesh size of 0.5 mm was
chosen for themodel. To prevent element interpenetration during
the deformation, self-contact interactions were imposed on the
model.
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