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Active-Textile Yarns and Embroidery Enabled by Wet-Spun
Liquid Crystalline Elastomer Filaments

Antonio Proctor Martinez, Alicia Ng, So Hee Nah, and Shu Yang*

Liquid crystal elastomers (LCEs) are promising candidates for creating
adaptive textile-based devices that can actively and reversibly respond to the
environment for sensing and communication. Despite recent advances in
scalable manufacturing of LCE filaments for textile engineering, the actuation
modes of various LCE filaments focus on contractual deformations. In this
study, manufacture of polydomain LCE filaments with potential scalability by
wet-spinning is studied, followed by mechanical exploitation to program
liquid crystal mesogen alignments, demonstrating both contractual and
twisting actuation profiles. By plying these LCE filaments into yarns with
different twist concentrations, yarn actuation, and mechanical performance is
tuned. Yarns plied at 4 twists per cm can generate up to a seven-fold increase
in elastic modulus while maintaining 90% of actuation strain performance
from their native filament. The contractual and twisting LCE filaments are
then embroidered with varying stitch types to spatially program complex
2D-to-3D transformations in “inactive” fabrics. It is shown that a running
stitch can actuate up to 15% in strain and create angular displacements in
fabric with twisted mesogen alignments. It is envisioned that the wet-spun
polydomain LCE filaments for diverse plied yarn production together with
textile engineering will open new opportunities to design smart textiles and
soft robotics.

1. Introduction

Textiles, which encompass hierarchical networks of inter-lacing
or inter-looping fibers, filaments, or yarns, are known for
their flexibility, conformability, and breathability.[1] They of-
fer a unique opportunity for programming material proper-
ties at various length scales.[1] However, to create textile-based
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devices that can actively respond to en-
vironments for sensing and commu-
nication, it requires bringing material
intelligence into the fibers and filaments
that compose the higher-order textiles such
as yarns and fabrics.[1–4] Liquid crystal
elastomers (LCEs), highly regarded for
their reversible shape memory, are such
intelligent materials.[5] LCEs are lightly-
cross-linked polymer networks containing
liquid crystal (LC) mesogens along the
polymer backbone or in the side chains,
and are capable of adapting their shape,
size, and/or color in response to external
stimuli (e.g., heat,[2–4,6–11] electric fields,[12]

magnetic fields,[13] and/or light[14–16]).[5]

The intrinsic anisotropy of the mesogens
with an elastomeric network allows for
fast and reversible anisotropic deforma-
tions (up to 500% strain[17] and as fast as
10 ms[18]) when heated above the nematic-
to-isotropic phase transition temperature
(TNI). Therefore, the production of LCE
fibers and filaments is emerging for po-
tential applications in soft robotics[7–11]

and smart textiles,[2–4] where anisotropy
can amplify application performance

(e.g., work capacity[7,9] or fabric breathability[4]), while attaining
the structural components of conventional textiles that provide
compliance and fit to the wearer or system.
So far, the production of LCE filaments relies on pro-

cesses derived from additive manufacturing, including direct
ink writing,[2,7] melt drawing,[8–11,19–21] or melt electrowriting,[22]

where LCmesogen alignment within the filaments is directed by
the shear flow,[2,7–11,19–22] followed by immediateUV cross-linking
upon extrusion to lock the alignment. These processes, rapid and
scalable, have been combined with textile engineering[1,18] to cre-
ate higher-order textile-based structures, e.g. woven[3] and knit-
ted fabrics,[4] braids.[23] However, the deformation profile of the
fabricated LCE filaments is mainly contractual. LCE fibers with
bending[24–26] and twisting[26–29] profiles have been fabricated us-
ing a mold, where the alignment of LC mesogens is either di-
rected by the surface chemistry of the mold,[26] or by stretching
or twisting the casted polydomain filaments.[27–29] Nevertheless,
these fibers or filaments are fabricated at the centimeter scale,
falling short of scaling up the textile hierarchy. It will be highly
desirable to develop a scalable process that can expand mesogen
programming for more dynamic and diverse deformation pro-
files at meter scales.
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Here, we present a continuous wet-spinning method as a step
towards the scalable manufacture of polydomain LCE filaments,
followed by the mechanical induction of mesogen alignments to
achieve bi-modal actuation profiles (contractual and twisting) in
meter-long LCE filaments. With filaments of different profiles,
we explore filament assembly (yarn plying) and textile structuring
(embroidery) techniques to modulate mechanical and actuation
performance. We confirm that actuation profiles of the native fil-
aments are maintained in the yarns and show that an increased
twist concentration (4 twists per cm) can generate up to a seven-
fold increase in elastic modulus. Next, we embroider the LCE fil-
aments to explore the relationship between mesogen alignment
and stitch type. We find that a running stitch outperforms a back-
stitch in an inactive cotton fabric, maintaining ≈50% of the LCE
filament’s contraction-based actuation performance and translat-
ing the rotation-based actuation into an angular displacement in
the inert fabric.

2. Results and Discussion

2.1. Fabrication of Wet-Spun Liquid Crystal Elastomer (LCE)
Filaments

Manufacture of the filaments in the polydomain state notably
provides freedom for mesogen alignment through mechanical
deformation (in contrast to those automatically manufacturing
in the monodomain state) and thus, increased opportunity for
diverse actuation profiles. To manufacture a polydomain fila-
ment, we leveraged a wet-spinning methodology, known as re-
action spinning.[30] While polydomain filaments could be manu-
factured through additive-manufacturing-based methods at a de-
creased extrusion pressure or extrusion rate, the filaments often
have flattened or non-uniform morphologies due to the need for
a printing substrate.[2,6,7,21] Similarly, the dimension of the LCE
filamentsmay experience non-uniform shrinkage due to the con-
finement of the substrate. While a few approaches have been at-
tempted to address these issues,[2,6,7,15,20,21] very few have resolved
all issues, including rapid solidification, cylindrical morpholo-
gies, uniform shrinkage, and scalability in producingmeter-scale
polydomain LCE filaments.[19]

Here, we have formulated an LCE precursor spinning ink that
would undergo thiol-Michael addition reactions, which are no-
tably insensitive to oxygen or water[31] in the coagulation bath
(see Figure 1a for reagents; Figure S1, Supporting Informa-
tion for the related reactions, Movie S1, Supporting Information
for ink fabrication). The precursor spinning ink was composed
of mesogen (1,4-bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]−2-
methylbenzene (RM257), with thiol-based chain extender 2,2-
(ethylenedioxy) diethanethiol (EDDT) and cross-linker pentaery-
thritol tetrakis(3-mercaptopropionate) (PETMP), dissolved in a
nematic solvent, 4-cyano-4′-pentylbiphenyl (5CB). 5CB not only
helped tomodulate the ink viscosity to facilitate extrusion but also
helped to maintain the nematic ordering despite the inclusion
of the thiol-based reagents (Figure S2, Supporting Information),
which are intrinsically isotropic. It should be noted that the cata-
lyst used to initiate the thiol-Michael addition reactions, dipropy-
lamine (DPA), was present in the coagulation bath composed of
a nonsolvent, deionized (DI) water, instead of the spinning ink.
Figure 1b illustrates the wet-spinning process used to coagulate

the filaments. The success of the reaction spinning process re-
lied on the rapid polymerization of RM257 with EDDT and cross-
linking with PETMP (catalyzed by the exposure to and diffusion
of DPA, see Movie S1, Supporting Information for real-time co-
agulation of spinning ink). Separating the catalyst and reagent
materials was critical; it increased the stability of the precursor
spinning ink, whichwould otherwise react with each other within
minutes and significantly increase the ink viscosity, making it dif-
ficult to extrude uniform filaments. Similarly, the use of a non-
solvent, deionized (DI) water, for the coagulation bath helped to
keep the spinning ink from dispersing into the bath. To rapidly
coagulate the ink in the bath, we overloaded the amount of cat-
alyst (DPA) to saturation in DI water (3.5 wt.%). As a proof-of-
concept to showcase the potential scalability of the wet spinning
method reported here, we manufactured a 12m long LCE fila-
ment (see filament at 24 h after spinning in Figure 1c). Since
wet spinning is a continuous manufacturing method, in theory,
the filament can be generated at any length so long that there is
enough ink, and the syringe pump andwinding roller remain sta-
ble over a long period of time. The coagulating bath (Figure S3,
Supporting Information) is designed to provide full immersion
of the filament in DPA/DI water for ≈45 s at an ink flow rate of
100 μL min−1. The diffusion of DPA into the filament extruded
from an 18-gauge needle allowed the thiol-Michael addition re-
actions to complete at 12 min post-collection, which was con-
firmed by Fourier-transform infrared (FT-IR) spectra (Figure S4,
Supporting Information). Scanning electron microscopy (SEM)
images showed that the cross sections of the wet-spun LCE fil-
aments extruded from a 3 mL syringe were cylindrical, with an
average diameter of 769.8 ± 2.73 μm (Figure 1d), smaller than
the inner diameter of the 18-gauge spinneret (838 μm) used to
extrude the filaments. Further statistical data on the diameters of
the filaments across 1-m long filaments as well as a 12 m long fil-
ament obtained in the wet-spinning manufacturing process can
be found in Figure S5 (Supporting Information), as Figures S5a,b
(Supporting Information), respectively. Optical microscopy im-
ages of the 12 m long filament can be found in Figure S5c (Sup-
porting Information). Since the filament coagulated in free form
in the bath, it remained not flattened and rather uniform (see
Figure S6, Supporting Information) in contrast to those printed
on a substrate in many additive-manufacturing-based methods.
To ensure complete reactions and water removal, the filaments
were left to dry at 30 °C for 24 h. FT-IR spectra of the filaments
immediately after spinning and after 24 h, respectively, displayed
a drastic decrease in intensity of thiol groups (≈2570 cm−1) and
double bonds from acrylate (≈810 cm−1), signifying that much of
the thiol-Michael addition reactions were completed (Figure 1e).
Differential scanning calorimetry (DSC) revealed a TNI of 76 °C
for the as-spun LCE filament (Figure S7, Supporting Informa-
tion). Since changes in extrusion and uptake speed resulted in
intangible filaments, we varied acrylate-to-thiol molar ratios to
optimize the precursor spinning ink to withstand the greatest
mechanical deformation without breakage. In turn, we could
maximize the freedom to yield more dynamic actuation profiles
via mechanical alignment. We found that filaments prepared
from an acrylate-to-thiol molar ratio of 1:0.9 demonstrated the
largest breaking strains (Figure S8a, Supporting Information).
Similarly, when all of the filaments of various molar ratios were
drawn to their respective breaking strain (Figure S8b, Supporting
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Figure 1. Fabrication of polydomain LCE filaments via the wet-spinning process. a) Schematic illustrations of the chemical structures of the reagents
used in the precursor spinning ink. b) Schematic illustrations of the wet spinning process. c) Photos of the wet-spun LCE filaments dyed in different
colors up to 12 m long (see Experimental Section for details on dyeing). d) Scanning electron microscopy (SEM) images of a polydomain LCE filament
in longitudinal and cross-sectional views. e) Fourier-transform infrared (FT-IR) spectra of the acrylate peak (C═C vibrations, ≈810 cm−1, left) and thiol
peak (S-H vibrations, ≈2570 cm−1, right) of the precursor ink before and after coagulation.

Information), the 1:0.9 acrylate-to-thiol ratio yielded the highest
actuation strain upon heating (up to 45% when drawn and cross-
linked at 133% of the original length).
The developed wet-spinning process offers several advantages:

1) It can produce cylindrical, polydomain LCE filaments, in
which we were able to obtain 12-meter-long polydomain fila-
ment (see Movie S1, Supporting Information for automated fab-
rication). Air trapped within the syringe of the spinning ink
could lead to variations in filament diameter, or breakage of
the coagulating filament that would prevent continuous manu-
facturing. Therefore, careful degassing or centrifugation of the
ink after being loaded inside the syringe before extrusion is es-
sential, especially when spinning with larger syringe volumes.
2) Diverse alignment profiles can be post-programmed via me-
chanical deformation; monodomain filaments can be obtained
at ≈1.3 times the original as-spun length. 3) Nanofillers, such
as cellulose nanocrystals, carbon nanotubes, and carbon black,
can be coagulated into the meter-long LCE filaments, respec-
tively, for additional functionalities (see Figure S9, Supporting
Information).

2.2. Mechanical Alignment of Polydomain LCE Filaments

Mesogen orientation within the filament was characterized by
small-angle X-ray diffraction (SAXS). The as-spun LCE filament
showed a uniform diffraction ring, suggesting random orien-
tation of the aligned mesogens (Figure S10a, Supporting In-
formation). Efforts in decreasing needle size to yield a polydo-
main filament resulted in a monodomain filament. When spin-
ning filaments with a 20G needle (≈603 μm), SAXS characteriza-
tion displayed a monodomain alignment in contrast to the poly-
domain alignment in using an 18G needle (Figure S10b, Sup-
porting Information) due to the greater shear force generated
from a thinner extrusion needle (shear stress is inversely pro-
portional to nozzle diameter). Attempts to apply the automated
alignment processes to filaments made with the 20G needle of-
ten led to breakage of the filament due to the greater shear forces
applied to the thinner filament and overall, unreliable mechani-
cal induction of alignments. For this reason, we moved forward
with using an 18G needle for the remainder of the experiments.
We recognize that smaller diameters for LCE filaments could
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Figure 2. Mono-modal and bi-modal LCE filaments. a) Schematic illustration of the alignment process to fabricate mono-modal filaments and single
actuation behavior, contraction. b) Actuation strain and actuation rotations of a mono-modal filament heated at ≈100 °C. c) Schematic illustration of the
alignment process for fabrication of bi-modal filaments and their dual actuation behaviors: contraction and rotation. d) Actuation strain and actuation
rotations of a bi-modal filament heated at ≈100 °C. e) Small-angle x-ray diffraction patterns of polydomain (top), mono-modal (middle), and bi-modal
(bottom) LCE filaments, respectively. f) Azimuthal plots of the LCE filament drawing (left) and twisting (right).

offer a greater hierarchy in textiles,[1] as well as faster actuation
speeds[9] and higher actuation stresses, which are desired for ap-
plications such as soft robotics.[4,7] Inclusion of nanofillers within
the spinning formulations could improve the mechanical prop-
erties of the filaments[4,7] and allow for automated production
of smaller diameter filaments. The monodomain filament pro-
duced at lower gauges can also bemechanically aligned,[33] which
will be of interest in further studies. Further, surfactants could be
added to the coagulation bath to align the LCmesogens at the in-
terface, leading to diverse actuation profiles.[26]

With a breaking strain of ≈133% for the polydomain fila-
ments (Figure S8a, Supporting Information), we explored two
different alignment mechanisms inspired by conventional tex-
tile manufacturing processes to yield mono- (contraction) or bi-
modal (contraction and twisting) actuation behaviors (Figure 2).
To visually distinguish the two alignment mechanisms, the
mono-modal and bi-modal filaments are colored red and blue,
respectively.

Tomanufacturemono-modal filaments, a drawing processwas
conducted on the as-spun filaments using two rollers at varying
speeds (Figure 2a, left) (see Experimental Section) to induce a
mechanical strain, maximal at 100% of its original length with
the stresses of processing, followed by UV cross-linking at fila-
ment collection to lock the deformed state. The drawing of the
mesogens along the length of the filament yields a contraction
upon thermal stimulus (Figure 2a, right). Detailed microscopic
and alignment characterizations from 0 to 100% strain are pre-
sented in Figure S11 (Supporting Information). The polydomain
filament exhibited a decrease in diameter and an increase in
alignment evidenced by the two distinct arcs in the SAXS pat-
tern as the drawing percentage increased (Figure S11f, Support-
ing Information). The mono-modal filaments showed a maximal
actuation strain of 35% (Figure 2b; and Movie S2, Supporting
Information).
To manufacture bi-modal filaments, a twisting and drawing

process (Figure 2c, left) was applied to the as-spun filaments
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using two rollers, one of which had a twisting element to inte-
grate a bias angle of 44° (see Experimental Section) on a fila-
ment pre-drawn at a mechanical strain of 100% of its original
length. The added twist was followed by UV cross-linking at the
collection of the filament to lock the twisted aligned state. While
drawing the filament aligns the mesogens along the length of
the filament (see schematic inset in Figure 2a), applying a twist
along the length of the filament applied an angular orientation
onto the mesogens similar to that of the bias angle. A mechan-
ical strain of 100% and a bias angle of 44° were found to be the
maximal that could be reached while withstanding the mechan-
ical stresses of alignment from the automated machinery. The
drawing and twisting of the mesogens along the length of the fil-
ament yielded contraction and twisting behaviors upon thermal
stimulus (Figure 2c, right). SEM images and SAXS patterns seen
in Figure S12 (Supporting Information) showed that as the bias
angle increased, the twisted filament decreased in diameter and
became increasingly isotropic; this behavior is attributed to an
enhanced equatorial reflection caused by twisted mesogens.[29]

The twisted orientation of the mesogens culminates into the
twisted actuation profile on the macroscale, while the general
alignment along the length of the filament creates the contrac-
tion. The bi-modal filaments showed a maximal actuation strain
of≈31% and themaximal rotation reached amaximum of 21 rev-
olutions (Figure 2d; andMovie S2, Supporting Information). The
decreased actuation strain of the bi-modal filaments compared to
the mono-modal filaments results from the increase in filament
length as a result of the filament untwisting during actuation.[27]

For further in-depth analysis of parameters related to actuation
performance, we guide the readers to previous efforts from our
group.[28]

In comparison to other twisted LCE filaments reported in the
literature,[27–29] the bi-modal filaments prepared here are capable
of fewer rotations upon actuation, whereas previous work has re-
ported up to≈80 rotations when actuated at 130 °C.[27] We believe
the decreased rotational performance results from the lower twist
densities that were applied to the filaments.[28] Ref. [[27]] achieved
twist densities of 219° mm−1, whereas our alignment methods
were capable of achieving a twist density of 137° mm−1 reliably
before breaking due to the stresses in themachinery.We attribute
this to the decreased diameter of our filaments in comparison
to those reported in the literature (>1 mm),[27–29] in which it has
been concluded that greater diameters allow for greater twist den-
sities to be applied, and thus have greater rotational performance
upon actuation.[28,29] Despite the lower twist density, our method
is capable of scalably creating these actuation profiles in tens of
meters of LCE filaments in contrast to the centimeter-long twist
fibers fabricated bymold-basedmethods.[27–29] The demonstrated
scalability opens the door for broadening the range of actuation
profiles in higher-order LCE structures, which is the focus of this
manuscript. The demonstrated wet spinning methodology could
be leveraged for manufacturing larger filament diameters with
increased nozzle sizes, which are more conducive to maximizing
the rotational actuation performances of twisted LCE filaments.
Figure 2e shows the SAXS patterns of the final alignments for

mono-modal and bi-modal LCE filaments compared to their poly-
domain precursor. Corresponding azimuthal plots in Figure 2f
depict increased peak intensity in mono-modal alignments with
a greater draw, while bi-modal filament alignments show in-

creased peak width due to equatorial reflections from twisted
mesogens.[32]

2.3. Fabrication of Mono-Modal and Bi-Modal LCE Yarns

Next, we explored the fabrication of LCE yarns and the relation-
ship between mesogen alignment and yarn architecture to eluci-
date the impacts on mechanical and actuation behaviors. During
yarn fabrication, the two single filaments are twisted together, in
the opposite direction fromwhich they are spun. The direction of
twist, or arrangement of the filaments overlapping with one an-
other, is denoted as Z- or S-twist, that is left- or right-handed twist-
ing, respectively. While the direction of yarn twist generally has
relatively little effect on yarn properties and has more effect on
the properties when scaled into a fabric[34] (e.g., anisotropy of fab-
ric, reflectance), here, we specifically spun the S-twisted bi-modal
filaments into Z-twisted yarns to negate the effects of intrinsic
twist on the mechanical properties of the fabricated yarns and
focus our analysis on the twist concentration. The opposing hier-
archical twists allow for the twist concentrations to bemaintained
and not unraveled. Similarly, the mono-modal filaments were Z-
twisted for yarn construction to control the directionality of twist
across all experiments. Here, we plied each type of filament with
itself using a plying machine (Figure 3a) to yield mono-modal
and bi-modal LCE yarns, respectively, with twist concentrations
of 2 to 4 twists per cm (Figure 3b). Below 2 twists per cm, fila-
ments could not maintain their ply structures, often unraveling
upon actuation, whereas above 4 twists per cm, the yarns became
brittle to sustain the mechanical stresses of the plying machine,
thus they would break.
After plying mono-modal filaments together (Figure 3c), the

actuation strain decreased with the increase of twist concentra-
tion; the highest actuation strain of 30.5%was obtained at 4 twists
per cm,≈4.5% decrease from that of the pristine filament (Movie
S4, Supporting Information). The plied bi-modal yarns showed a
similar trend (Figure 3d); at 4 twists per cm, the actuation strain
decreased to ≈27.9%, ≈3% decrease from that of the pristine fila-
ment (Movie S5, Supporting Information). The actuation rotation
in the bi-modal yarn was reduced dramatically to 4.5 revolutions,
a 78.5% decrease compared with its pristine filament. This large
drop could be attributed to the notable number of constrictions
from the twists imposed from plying.
As we anticipated, at a lower twist concentration (2 twists per

cm), actuation performance was better maintained: ≈34% ac-
tuation strain for the mono-modal yarn, and ≈29% actuation
strain and 13 rotations for the bi-modal yarn. Interestingly, at a
higher twist concentration (4 twists per cm−1), the drop in ac-
tuation strain was not as large as expected despite the greater
number of constrictions from plying. We speculate that this is
because the same type of LCE filaments are plied together, in
which the elasticity of LCE allows for synergistic contraction with
each other. This is further evidenced when plying an elastic LCE
filament with a rigid, non-actuating filament (such as nylon);
this combination caused the yarn to buckle in a snapping be-
havior, instead of contracting elastically (Movie S6, Supporting
Information).
Next, we characterized the mechanical performance of the

fabricated LCE filaments and yarns. Figure 4 depicts the tensile
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Figure 3. Plied mono-modal and bi-modal LCE filaments. a) Schematic illustration of the plying process for fabrication of mono-modal and bi-modal
LCE filaments. b) Digital images of mono-modal and bi-modal LCE yarns with varying twists per cm. c) Actuation strains of mono-modal LCE yarns
with varying twists per cm heated at ≈100 °C. d) Actuation strains and actuation rotations of bi-modal LCE yarns with varying twists per cm heated at
≈100 °C.

testing of the filaments (before and after alignment) and of the
LCE yarns. Polydomain LCEs are known for soft elasticity;[35] our
tensile results agreed well with literature (Figure 4a).[36] After
alignment, the breaking strain of the mono-modal and bi-modal
filaments decreased to ≈65% and 67%, respectively, whereas
the elastic modulus increased from 10 kPa (polydomain) to
50 kPa (mono-modal) and 51 kPa (bi-modal), respectively. The
five-fold increase in elastic modulus could be attributed to
the alignment of the filament, followed by the cross-linking

reactions. It is well-reported that the Young’s modulus of LCEs
in the aligned direction is Three to four-fold higher than that in
the perpendicular direction.[14,35–39] The modulus of polydomain
LCE is softer than both of them.[35–39] The bi-modal filaments
showed a slightly higher degree of brittleness compared to
the mono-modal filaments, which could be attributed to the
added twist deformation along the length of the filament.[32]

Despite the anticipated drop in actuation characteristics upon
plying the aligned LCE filaments together, the mechanical

Figure 4. Tensile stress-strain curves of various LCE filaments (acrylate-to-thiol ratio of 1:0.9) and the resulting yarns. a) Polydomain, mono-modal
(drawn at 100% of original length), and bi-modal LCE filaments (drawn at 100% of the original length, twisted to a bias angle of 44°). b,c) LCE yarns
constructed from mono-modal b) and bi-modal c) filaments with varying plies per cm.

Adv. Funct. Mater. 2024, 34, 2400742 2400742 (6 of 11) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202400742, W
iley O

nline Library on [09/11/2024]. See the Term
s and C

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

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 5. Actuation behaviors of fabrics embroidered with mono-modal and bi-modal LCE filaments onto cotton gauze fabrics. Diagram of embroidery
using a) running and b) back stitches. c) Comparison of actuation performances for running and back stitch constructions and type of LCE filament used.
d,e) Actuation behavior of a d) mono-modal filament embroidered as a running stitch and a e) bi-modal filament embroidered as a running stitch into
cotton gauze fabric. f) Fabric with monomodal and bi-modal LCE filaments actuated across time to induce a directionally-controlled puckering effect.
All embroidered fabrics were actuated at ≈100 °C.

properties of the LCE yarns drastically improved with twisting.
For both the mono-modal and bi-modal plied yarns, the breaking
strain at 0 twist/cm (i.e., two filaments bundled side-by-side)
was maintained at 65.7% and 63.3% of the original filament,
but the breaking stress increased significantly, from 1.40 and
2.03 MPa to 11.69 and 13.75 MPa, respectively (Figure 4b,c).
Upon increasing the twist concentration to 4 twists per cm,
the breaking stress increased eight-fold (≈12 MPa) for the
mono-modal yarns and over six-fold (≈14 MPa) for the bi-modal
yarns.
The data on LCE yarn construction suggests an alternative ap-

proach to enhance the mechanical properties of LCEs compared
to the use of nanofillers.[7–11] Similarly, yarn construction helped
mitigate the loss of actuation strain for mechanical integrity,
with the filaments losing only ≈3–4.5% of their native actuation
strain when constructed into yarns. Further cyclic characteriza-
tion of the mono-modal and bi-modal yarns plied at 4 twists per
cm averaged an actuation stress of ≈0.7–0.75 MPa (Figure S13,
Supporting Information). The value is in good agreement with
that of the LCE/carbon nanotube (CNT, 2 wt.%) composite fila-
ments reported by our group,[7] further validating this alternative
approach.

2.4. Dynamic Textiles from Embroidered LCE Filaments

Embroidery is a technique that stitches one or multiple threads
jointly into a textile in a controlled, patterned manner. In com-
parison to weaving and knitting, which can require costly man-
ufacturing with processing instrumentation, embroidery offers
an opportunity for spatial programming to generate desired 2D-
to-3D shape changes in “inactive” substrates such as fabrics and
films. While knitting and weaving are limited to axial patterning
of LCE filaments and fibers (i.e., fibers are locked to placement
in warp/weft or courses/wales),[1] embroidery allows for greater
spatial exploration for programming, where axial and concentric
placements can be created. Elucidating relationships on stitch
type and placement is integral for this realization. Armed with
the detailed characterization of the mechanical and actuation be-
haviors of the mono-modal and bi-modal LCE filaments, we sur-
veyed the effects of common embroidery stitches on the actua-
tion profile and performance of the system. Figure 5a depicts
the actuation performance of running and back stitches using
mono-modal and bi-modal filaments in a cotton gauze fabric.
We note that we focus on exploring actuation behaviors from
embroidered LCE filaments. This is because LCE yarns, despite
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showing higher elastic modulus and breaking strains in compar-
ison with their filaments, experienced constrictions from both
plying and fabric they were embroidered onto, thus, limiting the
achievable maximal actuation strains and rotation performances.
Further, the diameter of the yarns is twice of the filament and the
mesh size in the cotton gauze used here. Thus, stitching the yarns
would require expanding the native meshes in the gauze, caus-
ing distortions that could interfere with the actuation. The cotton
fabric was chosen for its woven structure and lightweight charac-
teristics. The temperature for actuation in the embroidered sam-
ples was confirmed to be ≈102 °C by IR camera imaging (the
heat gun was set to heat at 100 °C, see Figure S14c (Support-
ing Information) for IR images). Across both the mono-modal
and bi-modal filaments, the running stitch performed the best
in actuation strain and angular displacement. We speculate that
this is due to the nature of the stitch configuration, in which
the running stitch has much fewer stitch points than the back
stitch into the fabric, allowing for greater freedom during actu-
ation. With the mono-modal filament, 50.8% of its native actua-
tion strain was maintained in the running stitch (Figure 5b; and
Movie S7, Supporting Information), while 32% was maintained
in the back stitch (Movie S8, Supporting Information). Interest-
ingly, we found that the mono-modal filament underwent an an-
gular displacement of ≈9° in the running stitch as a result of the
constrictions of the filament in the fabric. As the filament was
actuated, the fabric buckled to match the length of the filament,
creating an angular displacement. Conversely, negligible angu-
lar displacement was found with the back-stitching of the mono-
modal filament. Therefore, the fabric did not buckle as much,
and thus, did not rotate.
A similar trend was found with the bi-modal filaments. The

bi-modal filament maintained ≈54% (Figure 5c; and Movie S9,
Supporting Information) and 28.7% (Movie S10, Supporting In-
formation) of its native actuation strain, respectively. For revo-
lutions, the embroidery of the bi-modal filaments resulted in an
angular displacement of the gauze fabrics instead of its native ro-
tational actuation. The embroidered bi-modal filament resulted
in angular displacements of 173° and 78° when stitched in run-
ning and back stitches, respectively. Similar to the mono-modal
filaments, the actuation strain decreased drastically for rotations
with the back stitch in comparison to the running stitch. The run-
ning stitch ran along the length of the fabric embroidered (i.e.,
in one direction), whereas the stitches on the top and bottom
sides of the fabric directly opposed one another in the back stitch.
Therefore, when the top and bottom stitches untwisted during ro-
tation, the opposing directions interfered with each other. Simi-
larly for strain, the increased stitches in a back stitch likely pre-
vented the filament from fully contracting compared to the run-
ning stitch, which had fewer constrictions and ran entirely in one
direction.
Tominimize the airflow noise from the heat gun, we chose the

lowest airflow setting for our experiments.We confirmed that the
airflow did not interfere with the actuation performance of the
samples, but could contribute to speeding up the heating of the
filament (< 10 s with heat gun, > 40 s with IR lamp, see Figure
S14, Supporting Information). The actuation patterns and per-
formance using a heat gun were similar to those obtained using
the IR lamp, which heated samples to≈98 °C asmeasured by the
IR camera in Figure S14d (Supporting Information), except that

the time for the fabric to respond was elongated with the infrared
lamp. The inclusion of carbonaceous nanofillers can be used to
further amplify Joule heating stimuli to decrease the timespan
for actuation using an IR lamp.[4,7]

Cyclic characterization of the running stitch embroidered sam-
ples showcased significant fatigue after 4–6 cycles at ≈100 °C
(Figure S15, Supporting Information) for the mono-modal and
bi-modal filaments, respectively. While the samples do largely
return to their original state after an actuation cycle due to the
load on the fabric samples (≈2.8 g clip), the performance is im-
peded by frictional barriers between the fabric and LCEfilaments,
a promising challenge to be addressed in future work. Similarly,
efforts in cycling the backstitched samples resulted in fatigue af-
ter 1–2 cycles.
Next, we programmed the deformation of the fabric. For a

proof-of-concept, we facilitated puckering behaviors in the gauze
fabric using mono-modal and bi-modal filaments with direc-
tional control (Figure 5d; and Movie S11, Supporting Infor-
mation) to showcase how the embroidery of an LCE filament
could “activate” a 2D-to-3D transformation in an inactive sub-
strate. While puckering behaviors have been shown in LCE thin
films,[14,37,40] here, we embroidered a mono-modal LCE filament
in an asterisk-like pattern to induce a puckering behavior on a
larger scale. The fabric will pucker in either direction depending
on the placement of the thermal stimulus. We then embroidered
a bi-modal filament in a circular manner around the asterisk-
like pattern to limit the puckering actuation to one direction. The
use of the bi-modal filament is critical as the programmed rota-
tion from the filament causes the fabric to buckle in a particular
direction.

3. Conclusion

We develop a wet-spinning technique to manufacture polydo-
main LCE filaments, showcasing potential for scalability and can
be post-processed by drawing and twisting to createmonodomain
filaments capable of traditional actuation (contraction) and more
complex actuation (rotation and contraction) profiles. When the
filaments are plied together into yarns, the breaking stresses in-
crease by 835% and 682% for the mono-modal and bi-modal fil-
aments, respectively. When plied at 4 twists per cm, the actua-
tion strain of the yarns decreases by 3–4.5% relative to that of
the pristine filament. We further explore textile structuring by
examining embroidery stitch type to the actuation characteristics
of LCE filaments. It is found that the running stitches perform
the best at maintaining the native actuation characteristics in the
inactive fabric. This is then leveraged to embroider mono-modal
and bi-modal filaments in radial and concentricmanners, respec-
tively, to induce directionally-controlled puckering behaviors in
planar “inactive” cotton gauze. This work showcases how diverse
alignments in LCE filaments and programming through textile
structuring can be used to tailor material performance and de-
formation performance. Although we have demonstrated appli-
cations of our wet-spun filaments for textile applications, they are
not limited to textile integration. We expect the development of
the wet spinning methodology, and understanding of the mecha-
nism behind the process, to offer new insights into a broad range
of applications, e.g. artificial muscles in soft robotics. These in-
sights on the wet spinning of polydomain LCE filaments and the
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potential to create composites using this technique show promise
in transcending LCEs through the textile hierarchy to engineer
textiles for thermoregulation, global shaping in fabrics for dy-
namic fashion, and tailoring locomotion of soft robotics.

4. Experimental Section
Materials: LCmonomers, bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]−2-

methylbenzene (RM257, 98%) and 4-cyano-4′-pentylbiphenyl (5CB, 98%)
were purchased from AmBeed. Other materials related to LCE synthesis,
dipropylamine (DPA, 99%), 2-hydroxy-2-methylpropiophenone (Darocur
1173), and thiol-based reagents, 2,2′-(ethylenedioxy) diethanethiol (ED-
DET, 95%) and pentaerythritol tetrakis(3-mercaptopropionate) (PETMP,
> 95%) were purchased from Sigma–Aldrich. Dyes for coloring LCE
filaments, Disperse Red 1, Disperse Blue 1, and Quinoline Yellow, were
purchased from Sigma-Aldrich. Cellulose nanocrystals (5–20 nm wide,
150–200 nm long) were purchased from The University of Maine Process
Development Center. Carbon black and multiwall carbon nanotubes
(MWCNTs, inner diameter 3–5 nm; outer diameter 8–15 nm; length 10–
50 μm) were purchased from Cheaptubes. Cotton gauze fabric (85 g m−2)
was purchased from Fleishman Fabrics in Philadelphia, PA. All chemicals
were used without further purification. All experiments referring to water
used deionized water.

Preparation of the LCE Precursor Spinning Ink: To prepare the LCE pre-
cursor ink, RM257 and thiol-based chain extenders were placed in a cen-
trifuge container at an acrylate-to-thiol molar ratio of 1:0.9, with an EDDT-
to-PETMP molar ratio of 0.7:0.3. This was then followed by the addition of
40 wt.% 5CB and 2 wt.%Darocur 1173. The ink was thenmixed at ambient
temperature for 2 min at 2000 rpm.

To color the LCE filaments, 0.002 g of dye for every 2 mL of the LCE
precursor spinning ink. For primary colors (red, yellow, blue), individual
dyes, Disperse Red 1, Disperse Blue 1, or Quinoline Yellow, were used re-
spectively. For secondary colors (e.g., green, purple), 50/50 w/w mixtures
of dyes were used.

Formulation of the Coagulation Bath: The approximated solubility of
DPA in deionized water was 0.035 g of DPA per g of water. Both DPA and
water were combined and stirred for 5 min. at room temperature. The so-
lution was allowed to settle for 30 min to allow any excess DPA to phase
separate fromwater. The excess top layer (phase-separated DPA) was then
decanted.

Wet Spinning of the LCE Filaments: The LCE-precursor ink was trans-
ferred into a Luer-Lock syringe and degassed for 30 s at 2200 rpm
to remove air bubbles in the formulation. A blunt-tipped 18G needle
(ID = 838 μm) needle was locked onto the syringe and the syringe was
loaded into the coagulation bath. The holder for the coagulation bath
(Figure S3, Supporting Information) was 3D-printed using the Ultimaker
3 Extended with thermoplastic polyurethane material. The speed of extru-
sion was controlled by a syringe pump (Harvard Apparatus 11 Elite) at
100 μL min−1. The spinning LCE filament was carefully guided under the
horizontallyplaced rod in the bath to the winding roller outside the coag-
ulation bath for continuous collection at 5 rpm until all spinning ink was
exhausted.

Relationships between the nozzle diameter and shear stress can be de-
rived from the following formula:

Shear stress 𝜏 = Shear Force
Nozzle Area

= Shear Force

𝜋 ∗
(
d
2

)2 (1)

Drawing of LCEs for Mono-Modal Filaments: To facilitate the addition
of 100% strain for the production of aligned LCE filaments, the following
quantitative analysis was used:

Using the definition of strain for a filament:

Strain Imposed (%) = 𝜀 =
lFINAL − lINITIAL

lINITIAL
(2)

where variable l represents the length of the LCE filament, the formula can
be substituted for include the angular velocitiesV of the rotationmandrels.
To convert from linear to rotational mathematics, the following formula
was used:

l = r𝜃 (3)

where r represents the radius of themandrels and 𝜃 represents the angular
displacement of the filament as it collects onto the mandrel. If the angular
velocity of the mandrel was to be defined:

V = 𝜃

t
(4)

where t represents the total time the mandrel rotates, then it could be
substituted to reevaluate Equation S1 (Supporting Information) as:

Strain Imposed (%) = 𝜀 =
V2 − V1

V1
(5)

to represent the angular velocities of the two mandrels. Here, it was as-
sumed that both mandrels had the same radius r and rotated for the same
amount of time t. This allows to simply double the angular velocity of one
rotating mandrel relative to the other to impose a strain of 100% with re-
spect to the original length of the filament. This filament was then cross-
linked with a 365 nm UV light provided by Thorlabs at an output power of
100 mW cm−2 at the collecting mandrel to lock this strain/alignment for
mono-modal filaments.

Twisting of LCE for Bi-Modal Filaments: To manufacture the LCE bi-
modal filaments, the drawing step was first conducted with polydomain
LCE filaments described in the previous section, but the cross-linking step
was not conducted. This results in a pre-tensioned LCE filament strained
at 100% of its original length. With the tensioned LCE filament on a plas-
tic bobbin, the bobbin was loaded onto a plying machine (“ENDLESS”,
PL4 series by Ropewalk) featuring a rotating plate and collecting mandrel.
Here, the twisting process occurred in a step-wise manner in which a bias
angle was applied to a particular length of tensioned filament, cross-linked,
and then wound to reveal a new length of filament to apply the bias angle
to. A twist density 𝜏 was applied to length l, given by:

𝜏 = Δ𝜃
l

(6)

where Δ𝜃 represents the torsional angle applied to the LCE filament. This
twist density can then be used to tabulate bias angle 𝛼 using the formula:

𝛼 = tan−1 (r𝜏) (7)

where r represents the radius of the drawn filament. In this case, it was
found that bias angle of 44° was the largest, reliable bias angle that could
be achieved on the plying machine. This filament was then cross-linked
with a 365 nm UV light provided by Thorlabs at an output power of
100 mW cm−2 at the collecting mandrel to lock the bias angle and strain
alignment for bi-modal filaments.

Filament Plying for Yarn Assembly: For yarn assembly, a plyingmachine
(“ENDLESS”, PL4 series by Ropewalk) was assembled with plastic sewing
bobbins. To ply the yarns, mono-modal or bi-modal LCE filaments were
individually wound onto the sewing bobbins using a bobbin winder on a
sewing machine (LX3817, Brother Sewing Machine) and loaded onto the
plying machine. To control the twists along the length of the assembled
yarn, the angular speed of the feeding plate and the linear speed of the
take-up spool were precisely controlled to instill a desired twist insertion
to each yarn actuator fabricated. The twist insertion in the unit of ply per
centimeter can be calculated by the following equation:

Twist insertion
(
ply
cm

)
=

𝜔feeding

vtake−up spool
=

𝜔feeding (rpm)

𝜔take−up spool ∗ 2𝜋rtake−up spool
(8)
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It should be noted that all twists inserted into the yarn were loaded
onto the yarn and not the individual filaments themselves. Similarly, all
filaments were able to sustain yarn twists due to the homogenous addition
of twists along the length of the yarns. The filaments were twisted counter-
clockwise to create a Z-twisted yarn. For actuation experiments, additional
fixtures (scotch tape, glue) were added to all yarns at both ends tomaintain
twist insertion.

Filament and Yarn Actuation: To actuate the filaments and yarns gen-
erated in this work, a heat gun from Maxwel Manufacturing was used for
fast and localized heating. The heat gun was set ≈10–15 cm away from the
LCE samples and set at 100 °C in the lowest airflowmode for actuation ex-
periments. Metallic clips were used to control the sample and weighed
2.8 g. For native filament and yarn experiments, a 4 cm length of the sam-
ple was actuated, and for embroidery experiments, ≈1 g of LCE filament
was used to embroider on a 7 cm by 2 cm cotton gauze fabric sample for
actuation experiments.

Characterizations: SEM images were obtained from FEI Quanta 600
Environmental Scanning Electron Microscopy at 10 kV electron beam un-
der 0.50 Torr vacuum pressure. Optical microscopy characterization for
actuation strain of different acrylate-to-thiol molar ratios was conducted
on the ZEISS Axio Imager 2 Pol with a Linkam temperature stage LTS 420
using 1-mm-long filaments. FT-IR characterization was conducted using
a JASCO FT/IR-6800 spectrometer. DSC characterization was conducted
using the Q2000 DSC from TA Instruments.

Tensile testing for all generated LCE filaments and yarns was performed
on an Instron 5564 model, and a tensile load cell with capability of 10N
was used. All samples had the same initial length before testing (5 cm)
and were pulled till breakage. The speed of the moving load cell was fixed
at 20 mm min−1. The stress–strain curve was calculated from the force–
displacement curve obtained, the diameters of the generated filaments
and yarns, and the initial length of the filaments. Actuation stress testing
was conducted on an Instron 4206 Universal Testing Machine. The LCE
yarns were heat-cycled eight times at ≈100 °C for ≈10 s (≈10 s on/heated,
10 s off/cooling). Approximately 10 s was the timeframe for the filament
sample to reach ≈100 °C as confirmed by the thermal camera.

The x-ray diffraction patterns were collected with a Xeuss 2.0 Dual
Source Environmental X-ray Scattering System using a Cu source (1.54 Å
wavelength) at a 50 kV voltage and 0.6 mA current. A two-slit configura-
tion was used, with respective dimensions of 0.7-by-0.7 mm and 0.4-by-
0.4 mm. The sample chamber was held under a vacuum environment at
20 °C and patterns were taken at a sample-to-detector distance of 16 mm
with a 120 s exposure time. All data analysis and corresponding transfor-
mations (azimuthal integrations and azimuthal profiles) were done in the
Foxtrot analysis software.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Movies S1 to S11 
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Figure S1. A schematic illustration of the thiol-Michael addition reactions occurring in the wet 
spinning methodology.  
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Figure S2. Polarized optical microscopy (POM) images of the LCE precursor spinning ink 
coagulating into an LCE filament over time. Upon initial extrusion, the formulation is in the 
nematic state due to the use of 5CB as a solvent and this phase is maintained as it coagulates. 
Arrows indicate the crossed polarizers.  
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Figure S3. Digital photo of the coagulation bath holder. 
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Figure S4. FT-IR spectra of the thiol-Michael-addition reactions in the coagulated filament over 
time. (a) Thiol peak (S - H, ~2570 cm-1) and (b) the acrylate peak (C = C, ~810 cm-1). 
Measurements are taken of a polydomain filament reacting immediately after exposure to the 
coagulation bath. 
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Figure S5. Average diameter measured across the length of wet-spun (a) 1-m LCE filaments (5 
samples), (b) 12-m LCE filament, and (c) optical microscopy images of various points along the 
the 12-m filament (scale bar = 200 μm). 
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Figure S6. Longitudinal and cross-sectional SEM images of three different polydomain LCE 
filaments. Scale bar is 200 μm. 
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Figure S7. Differential scanning calorimetry (DSC) curves of the heating and cooling cycle of a 
pristine polydomain LCE filament as-spun from the coagulation bath.  
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Figure S8. Mechanical and actuation behaviors of the pristine LCE filaments with various 
acrylate-to-thiol molar ratios. (a) Tensile tests along the parallel direction of LC mesogen 
alignment. (b) Actuation strain versus temperatures. All filaments were approximately drawn to 
their corresponding breaking strains. 
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Figure S9. Digital photo of meter-long wet-spun LCE composite filaments. 
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Figure S10. Small-angle x-ray diffraction patterns of an as-spun filament spun from an (a) 18G 
needle (ID ~838 μm) and (b) 20G needle (ID ~603 μm). 
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Figure S11. Morphological characterization of drawn pristine LCE filaments. Small-angle x-ray 
diffraction (SAXS) patterns (a-c) and top-view SEM images (d-f) of an as-spun polydomain 
filament drawn at (a, d) 0%, (b, e) 50%, and (c, f) 100% of its original length, respectively.  
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Figure S12. Morphological characterization of drawn and twisted pristine LCE filaments. Small-
angle x-ray diffraction (SAXS) patterns (a-c) and top-view SEM images (d-f) of an as-spun 
polydomain filament twisted to bias angles of (a, d) 0°, (b, e) 22°, and (c, f) 44° while drawn to 
100% of its original length, respectively. 
 
 
 
 
 
 
 
 



 S14 

 
 
Figure S13. Actuation stress of the plied (a) mono-modal and bi-modal (b) LCE yarns (twisted 
at 4 twists/cm) when a heat gun is periodically turned on and off over eight cycles at ~100 °C. 
The temperature was measured from a thermal camera. 
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Figure S14. Actuation characterization of the mono-modal and bi-modal filaments, and the 
respective running stitch embroidered samples upon heating by an infrared (IR) lamp. Actuation 
performance of (a) mono-modal and (b) bi-modal filaments heated by an IR lamp (filaments 
estimated to reach ~98 °C in IR camera). (c-d) Temperature reading from the IR camera on of a 
running stitch sample used in embroidered samples heated with a (c) heat gun at ~100 °C and an 
(d) IR lamp. (e) Actuation performance of the running-stitch-embroidered samples upon heating 
by the IR lamp. (f-g) Digital images of the running stitch-embroidered samples actuated with the 
IR lamp for (f) mono-modal and (g) bi-modal filaments, respectively. 
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Figure S15. Cyclic actuation of running stitch samples embroidered with (a) mono-modal and 
(b) bi-modal filaments, respectively. 
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Movie captions: 
 
Movie S1. Overview of fiber fabrication process, automated wet spinning methodology, and 
real-time coagulation of LCE precursor spinning ink.  
 
Movie S2. Actuation of a mono-modal LCE filament under 2.8-gram load. A red mono-modal 
LCE filament is actuated at ~100 °C.  
 
Movie S3. Actuation of a bi-modal LCE filament under 2.8-gram load. A blue bi-modal LCE 
filament is actuated at ~100 °C. 
 
Movie S4. Actuation of a mono-modal (4 twists/cm) LCE yarn under 2.8-gram load. A red 
mono-modal LCE yarn is actuated at ~100 °C.  
 
Movie S5. Actuation of a bi-modal (4 twists/cm) LCE yarn under 2.8-gram load. A blue bi-
modal LCE yarn is actuated at ~100 °C.  
 
Movie S6. Actuation of a nylon-mono-modal-LCE-filament yarn plied at 2 twists/cm under a 
2.8-gram load. The yarn is actuated at ~100 °C.  
 
Movie S7. Actuation of a mono-modal LCE filament straight-stitched into white cotton gauze 
fabric. The embroidered fabric is actuated at ~100 °C. 
 
Movie S8. Actuation of a mono-modal LCE filament back-stitched into white cotton gauze 
fabric. The embroidered fabric is actuated at ~100 °C. 
 
Movie S9. Actuation of a bi-modal LCE filament straight-stitched into white cotton gauze fabric. 
The embroidered fabric is actuated at ~100 °C.  
 
Movie S10. Actuation of a bi-modal LCE filament back-stitched into white cotton gauze fabric. 
The embroidered fabric is actuated at ~100 °C.  
 
Movie S11. Actuation of a mono-modal and bi-modal LCE filament embroidered in a circular 
manner to induce a puckering behavior. The embroidered yarn is actuated at ~100 °C. 
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