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ABSTRACT

Knittable conductive fibers have emerged as key components for multifunctional textiles used in energy storage, sensing, and
protective wear. A persistent challenge in this field, however, is maintaining signal integrity across extended distances within
smart textiles. To address this limitation, a core-sheath fiber consisting of a conductive MXene core encapsulated within a
mechanically robust aramid nanofiber (ANF) sheath is strategically designed, with each component serving a distinct func-
tional role. We systematically investigate the coagulation process responsible for forming this hierarchical structure and char-
acterize its effect on fiber morphology. The ANF sheath enhances thermal and environmental stability while serving as a
protective barrier for the MXene core. This design enables consistent electrical conductivity even after 250 days of air exposure
and over 5000 bending cycles. Micro-computed tomography analysis confirms that the knitted fiber maintains structural
integrity and flexibility during hand knitting. Inspired by the myelinated structure of nerve axons, we demonstrate that
ANF sheath facilitates efficient signal transmission, enabling woven textiles incorporating these fibers to support long-
distance signal transfer (1.5m), as shown in the textile-based touch-sensing prototype and display applications. These
environmentally stable, knittable coaxial fibers exhibit potential for integration into wearable sensors, textile-based circuits,
and wearable human-machine interface devices.

1 | Introduction

Smart textiles represent a transformative advance in textile tech-
nology. Recent developments in materials, fabrication, and
device engineering have enabled the demonstration of advanced
fabrics with integrated functionalities for energy harvesting and
storage, sensing, and health monitoring applications, to name a
few [1-3]. Realizing the necessary performance in these applica-
tions requires an effective, scalable approach for producing con-
ductive fibers that incorporate electroactive materials [4-6].
However, producing fibers that simultaneously display high
mechanical strength, flexibility, and electrical conductivity
remains a challenge and requires advances in materials and fiber

processing. For effective electrical communication in smart tex-
tiles, such fibers should demonstrate reliable long-distance signal
transmission [7-9].

Over the past decade, a variety of electroactive materials have
been incorporated into functional fibers, including carbon-based
materials like carbon nanotubes (CNTSs) [10, 11], and reduced
graphene oxide (rGO) [12, 13], metal nanoparticles and nano-
wires [14, 15], and conducting polymers like polyaniline [16, 17]
and poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) [18]. Among these, Ti;C,T, (Where T, denotes sur-
face functional groups), a member of the MXene family, stands
out. MXenes offer several key advantages over carbon nanotubes,
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graphene, and other carbon-based nanomaterials due to their
unique combination of metallic conductivity, hydrophilicity,
and programmable surface chemistry. Their intrinsic surface ter-
minations (-O, —OH, and -F) provide strong interfacial bonding
and tunable electrochemical behavior, enabling superior integra-
tion with polymers and active materials without sacrificing con-
ductivity. Unlike the hydrophobic nature of CNTs and graphene,
MXenes disperse readily in water, allowing uniform processing
into films, fibers, and coatings [19, 20]. These synergistic proper-
ties make MXenes particularly advantageous for constructing
high-performance, structurally controlled nanocomposites and
next-generation wearable devices [21-24].

Significant progress has been made in producing MXene-based
fibers, with coating and wet spinning emerging as practical
and scalable strategies [25-29]. Coating involves depositing
MZXene onto substrate fibers such as nylon, cotton, or linen
[4], which provides mechanical support for knitting and weaving
[27]. However, MXene coatings are prone to delamination or
peeling under mechanical deformation. In contrast, wet spinning
offers greater versatility in dope composition and processing, cap-
italizing on the solution processability of MXenes in both aque-
ous and select organic solvents [30-33]. This method allows
TisC,T, nanosheets to be combined with spinnable polymers
or nanomaterials, producing hybrid fibers with enhanced
mechanical and electrical properties [32, 34-38]. Although com-
posite fibers of MXene and polymers show promise, inadequate
control over internal microstructure and interfacial connectivity
often compromises mechanical and electrical performance.
MXene oxidation presents another challenge, particularly in
coated yarns where the material is exposed to air [27, 28]. In prac-
tical applications, exposed conductive material in hybrid fibers
can lead to short circuits when knitted or woven, disrupting con-
ductive pathways, causing resistance fluctuations, and introduc-
ing significant signal noise [25, 27].

Recently, coaxial wet-spinning has gained increasing attention in
the literature for producing high-performance MXene fibers
(Table S1). Coaxial spinning provides a pathway to balance
mechanical performance and functionality through independent
control of core and sheath components. Nevertheless, coaxial wet
spinning of MXene fibers remains in early development and
requires further optimization. For example, Zhou et al. [39],
produced ultracompact MXene fibers with an in situ-generated
polycarbonate protective layer by leveraging interfacial interac-
tions and thermal drawing-induced stresses. Li et al. [40] devel-
oped an MXene@ graphene oxide (GO) fiber with 50 wt.% GO
loading as a supporting shell, achieving a tensile strength of
290 MPa and an electrical conductivity of 24 S cm™. Similarly,
Liu et al. employed coaxial wet spinning to fabricate GO/
MXene@cellulose [41] and MXene@ANF core-shell fibers
[42] for applications in Joule heating and electromagnetic inter-
ference shielding. However, most spinning/coagulation methods
rely on auxiliary chemical agents (e.g., polyelectrolytes, aldehyde
crosslinkers, high-salt baths, surfactants, or organic cosolvents)
to achieve spinnability and fiber solidification [21, 43-45]. These
additives increase consumable and process-control costs, raise
environmental and health burdens (VOC, toxicity, and wastewa-
ter treatment), and can degrade MXene performance by acceler-
ating oxidation, inducing restacking, or leaving residues that
reduce conductivity and hinder ion transport. Additionally,
the use of different solvent systems for the MXene core and

the polymeric sheath often creates incompatibility during co-
coagulation, leading to phase separation, uneven solidification,
and poor interfacial quality [44]. These additives also introduce
interfacial instability (humidity-/pH-sensitive electrostatic com-
plexes), modulus mismatch, and slippage under bending, while
complicating continuous scale-up. Developing an additive-free
aqueous coagulation approach holds great potential for enabling
straightforward and scalable fabrication, reducing production
costs, improving sustainability, and ensuring cleaner interfaces
that enhance both mechanical reliability and electrochemical
performance.

In this study, we fabricate MXene@ANF coaxial fibers using a
coaxial wet-spinning technique and systematically investigate
the coagulation process during fiber formation. We examine the
influence of MXene dispersion concentration on morphological
evolution and identify a bidirectional coagulation mechanism.
The resulting coaxial fibers exhibit improved tensile strength
and toughness compared to pristine MXene fibers, alongside high
environmental stability and low electrical resistance. These prop-
erties make the fibers durable and suitable for knitting and weav-
ing into textiles, as demonstrated in single-line signal transmission
for capacitive touch sensors. Furthermore, the MXene@ANF
fibers enable low-noise, reliable signal transmission in a textile-
based touch sensing and display system. We anticipate that advan-
ces in coaxial fiber technology will support progress in smart tex-
tile applications, wearable technologies, and other applications
requiring real-time data transmission. This is particularly relevant
because as data demands increase, minimizing signal degradation
and interference becomes increasingly critical for high-speed,
accurate communication.

2 | Results and Discussion

Knittable, environmentally stable MXene@ANTF fibers were fab-
ricated using a coaxial wet-spinning process, as illustrated in
Figure 1a. MXene and aramid nanofiber (ANF) dispersions were
independently injected via two syringe pumps with a core-to-
sheath volumetric ratio of 1:3 to ensure consistent linear spinning
rates. This coaxial arrangement produced a stable core-sheath jet
at the needle tip, which solidified into a well-defined fiber upon
entering the coagulation bath. The resulting MXene@ANTF fibers
were collected on a spool after drying.

TizC,T, MXene was synthesized using a modified the minimally
intensive layer delamination (MILD) method, as described in pre-
vious studies [46, 47]. X-ray diffraction (XRD) patterns confirmed
complete etching of the Al layer, as indicated by the disappearance
of the (104) and (105) peaks associated with the Al layer in TizAlC,
precursor material (Figure Sla). After washing and self-delamina-
tion, TizAlC, particles (Figure S1b) were exfoliated into MXene
nanosheets. Scanning electron microscopy (SEM) revealed nano-
sheets with lateral sizes of 3-5pum (Figure 1b). Atomic force
microscopy (AFM) confirmed a typical thickness of 1.5-1.7 nm
for single-layer flakes (Figure 1c). The clean, sharp edges of the
nanosheets indicate no significant oxidation, which helps preserve
electrical conductivity [48, 49].

Kevlar-49 yarn was cut into 5 mm segments after washing with
acetone and water. A solvent molecule intercalation method was
used to improve exfoliation efficiency [50]. Finely ground potassium
hydroxide (KOH) was mixed with dimethyl sulfoxide (DMSO)
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FIGURE1 | (a)Schematic illustration of the coaxial wet-spinning setup used to fabricate MXene@ANTF coaxial fibers. (b) SEM image and (c) AFM
image of the single-layer MXene sheets on silicon wafer. (d) SEM image and () AFM image of ANF dispersion dried on silicon wafer. (f) SEM image of
the cross-section of coaxial fiber prepared using a 35.4 mg mL™" MXene dispersion. The magnified SEM image of the (g) well-aligned ANF sheath, (h) the
interface between the ANF sheath and MXene core, and (i) closely packed MXene core.

and isopropanol (IPA), followed by theaddition of Kevlar yarn.
The exfoliation of Kevlar yarn turned the mixture orange and
increased its viscosity. The Kevlar yarn broke down into short
fibers (Figure S1c), and after 2 h of stirring at 70°C, a homoge-
neous ANF dispersion formed (Figure S1d). SEM showed ANFs
with high aspect ratios and lengths exceeding 5 pm (Figure 1d),
while AFM indicated diameters of 10-20 nm (Figure 1le). The
1wt.% ANF dispersion exhibited good spinnability, spontane-
ously forming microfibers when injected into a water bath.
The resulting pure ANF fiber was light yellow and semi-transpar-
ent under optical microscopy, with a diameter of 25-30 pm
(Figure S2a). Under crossed polarizers, the fiber showed clear
birefringence (Figure S2b), indicating alignment along the fiber
axis. The cross-section revealed a circular morphology with
closely packed nanofibers (Figure S2c), confirming a dense
internal structure.

In MXene@ANF coaxial fibers, polarized optical microscopy
showed distinct optical birefringence in the ANF sheath surround-
ing the dark MXene core (Figure S3), confirming a well-defined
core-sheath structure with uniform phase separation. The bire-
fringence pattern resembled that of pure ANF fibers, suggesting
aligned nanofibers in the sheath. Cross-sectional SEM images fur-
ther verified a clear boundary between the ANF sheath and
MXene core (Figure 1f-i). The ANF sheath contained highly
aligned nanofibers, while the MXene core showed dense packing
with nanosheets oriented along the fiber axis. This organized
structure supports mechanical integrity and electrical conduction.

The measured area ratio of the MXene core to ANF sheath was
approximately 1.6:3, slightly higher than the 1:3 cross-sectional
area ratio of the spinning needle. This difference is attributed
to the lower concentration of the ANF dispersion (1 wt.%)

compared to the MXene dispersion (354 mg mL™), leading to
a thinner sheath after drying. Coaxial fibers were also spun using
a lower MXene concentration (10 mg mL ™) to study the effect of
dispersion concentration on morphology, as detailed in the
following section.

Thermogravimetric analysis (TGA) in air showed a slight mass
increase in pure MXene fibers above 500°C due to oxidation.
Pure ANF fibers decomposed between 500°C and 550°C, with
4.6% mass remaining (Figure S4). This difference allowed estima-
tion of the MXene/ANF mass ratio in coaxial fibers with
354mg mL™! of MXene; the core constituted ~64.1% of the fiber
mass, decreasing to 31.7% at 10 mg mL™". The fibers maintained
structural continuity even at lower concentrations, indicating that
the coagulation process is less sensitive to dope concentration or
viscosity than observed in graphene oxide-based systems [51].

To evaluate the mechanical properties of coaxial fibers, we com-
pared stress-strain curves of MXene fiber [46], ANF fiber, ANF/
MZXene fiber [38], MXene/GO fiber [34], and MXene/PEDOT:PSS
fiber [36]. The pure MXene fiber showed a tensile strength of
~40 MPa. The MXene/rGO composite fiber reached ~41 MPa
with 50 wt.% MXene loading [34], while the PEDOT:PSS-based
composite achieved ~75MPa and a breaking strain of ~2.6%
at the same MXene loading [36]. In contrast, the ANF/MXene
composite fiber exhibited lower strength (~20MPa at 50 wt.%
of MXene loading) [38], likely due to the use of methanesulfonic
acid and trifluoroacetic acid during ANF synthesis, which may
have compromised dispersion quality [38].

Using the KOH and IPA method, we produced ANF fibers with a
tensile strength of 336 MPa (Figure 2a). The high strength of the
pure ANF fiber contributed significantly to the mechanical per-
formance of the MXene@ANTF coaxial fiber, owing to the densely
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FIGURE 2 | (a) Stress-strain curves of MXene@ANF fibers prepared using 10 and 35.4 mg mL™' MXene dispersions, compared to pure ANF fiber
and literature values. (b) Toughness and Young’s modulus of MXene@ANTF fibers and pure ANF fiber. (c) Resistance changes in a 3-cm-long fiber over
5000 bending cycles, demonstrating mechanical-electrical durability. (d) Comparison of resistance of MXene and MXene@ANTF fibers within 250 days of
air exposure. SEM image of the MXene@ANTF fiber (e) terminal and (f) a freshly fractured cross-section from the fiber midpoint after 250 days of air

exposure, showing minimal structural degradation and oxidation in (f).

packed nanofibers in the sheath. The coaxial fiber spun with a
10mg mL™' MXene dispersion exhibited a breaking stress of
182.1 £ 5.6 MPa, higher than the 142.3 +4.1 MPa observed for
fibers from a 35.4mg mL™" dispersion. The mechanical robust-
ness was further demonstrated by the fiber’s ability to lift a 500 g
weight without failure. These results indicate that the continuous
ANF sheath plays a critical role in the mechanical integrity of the
coaxial fiber.

However, the inclusion of the MXene core reduced both tough-
ness and Young’s modulus (Figure 2b). The tightly stacked
MZXene nanosheets in the core provided consistent electrical con-
nectivity. The MXene@ANTF fiber showed a linear resistance of
185.3£2.1 Q cm™" across increasing lengths (Figure S5), indicat-
ing uniform conductivity. The ANF sheath also helped maintain
stable electrical resistance during repeated bending (Figures 2c
and S6a), demonstrating strong mechanical-electrical durability.

We then monitored and compared the electrical resistance of
MXene@ANF and pure MXene fibers over time to evaluate their
environmental stability. We found that the resistance of
MXene@ANTF fiber remained stable for over 250 days (Figure 2d).
In contrast, the pure MXene fiber showed a resistance increase from
179 to over 540 Q cm™ under the same conditions. These results
indicate that the ANF sheath effectively protected the MXene core
from atmospheric moisture. Additionally, the water-resistance test
was performed by immersing the MXene@ANTF fiber in water at
room temperature for 20 min, followed by drying in a 60°C oven
for 10min to complete one cycle. After 20 such cycles, the
MXene@ANTF fiber maintained excellent mechanical and electrical
stability, as shown in Figure S6b. Upon SEM analysis, cross-
sectional images revealed that oxidation occurred mainly at the fiber

ends, where the MXene core was exposed to air (Figure 2¢e), while
the central region retained a well-defined MXene structure without
visible TiO, particles (Figure 2f). This preservation of structure con-
firmed minimal oxidation and accounts for the sustained electrical
performance of the MXene@ANTF fiber. This difference highlights
the importance of a protective sheath for long-term durability sup-
porting its suitability as a durable conductive material for wearable
and textile electronics.

To assess the mechanical flexibility of coaxial fibers, we hand
knitted it into both flat and twisted ribbon configurations
(Figures 3a and S7). Throughout the knitting process, which
involved repeated twisting and bending at small length scales,
SEM confirmed that the ANF sheath remained intact, without
visible cracking or delamination. However, since SEM cannot
evaluate the internal structure of the MXene core, we employed
X-ray micro-computed tomography (micro-CT) [52] to leverage
the high X-ray absorption contrast between MXene and ANF.
A single CT slice clearly showed the boundary between the
ANF sheath and MXene core, confirming the structural integrity
of the coaxial architecture (Figure 3c). Due to its relatively low
density, the ANF sheath was less distinct in the CT images com-
pared to the MXene core, appearing as a transparent layer uni-
formly wrapped on the MXene core (Figure 3d). Cross-sectional
SEM images further indicated that the MXene core retained its
flat morphology after knitting. A frame from the 3D rotational
micro-CT video (Video S1) also verified that the MXene core
remained continuous despite mechanical deformation.

To evaluate the orientation and packing of MXene nanosheets
within the fiber, we used wide-angle X-ray scattering (WAXS)
analysis, in which the fiber axis was oriented parallel to the
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FIGURE3 | SEM images of knitted MXene@ANTF fiber in (a) flat and (b) twisted ribbon configurations. Insets show magnified views of the smooth
fiber surface at bending positions. (c) A single slice from X-ray micro-computed tomography (micro-CT) of the woven fiber, revealing its internal
structure. (d) The corresponding 3D reconstruction from micro-CT data, showing the continuous MXene core within the fiber (see Video SI).
(e) Wide-angle X-ray scattering (WAXS) pattern of a vertically aligned MXene@ANTF fiber. (f) Integrated scattering intensity along the equatorial
direction (sector angle + 5°), indicating anisotropic alignment. (g) SAXS/WAXS pattern highlighting the (002) diffraction signal from the MXene core.
(h) Azimuthal intensity profile of the (002) reflection, confirming the alignment of MXene nanosheets along the fiber axis.

beam. The WAXS pattern (Figure 3e) displayed combined scat-
tering features from both MXene [46] and ANF [53-55]. The 2D
scattering pattern showed clear (002) and (004) MXene signals at
d-spacings of 1.2 and 0.6 nm, respectively (Figure 3f), consistent
with reported values for MXene structures [56, 57]. Weaker (110)
and (200) peaks associated with n—-n stacking in aramid mole-
cules were also detectable [50, 55, 58]. To quantify the orientation
of MXene sheets, we analyzed the azimuthal intensity distribu-
tion of the (002) peak using Herman’s orientation function (f),
where values near 1 indicate strong alignment of the sheets along
the fiber axis. The MXene core exhibited an f value of ~0.75
(Figure 3g,h), indicating noticeable alignment of nanosheets par-
allel to the fiber direction. This ordered stacking reduces the con-
tact resistance of nanosheets and supports the high electrical
conductivity observed in the MXene core [59, 60].

In coaxial spinning, the sheath solution must fully encapsulate
the core material, making the viscosity of the sheath dope a
key parameter. Achieving high performance at low MXene con-
centrations is significant for several reasons. First, reducing the
MZXene content lowers material costs and mitigates the issues
associated with MZXene oxidation while still maintaining
excellent conductivity. Second, low-loading formulations greatly
improve processability by preventing viscosity-induced clogging
or aggregation during fiber spinning, allowing more uniform
structures to be produced. Third, decreasing MXene content
helps preserve the mechanical integrity of the composite; high
MZXene loadings typically lead to brittleness and reduced flexibil-
ity, whereas low-loading systems maintain high tensile strength
and bending durability. The selected sheath material must be
independently spinnable to support the formation of a stable
core-sheath structure. While earlier studies indicate that the core

solution has less stringent spinnability requirements than the
sheath, core breakup can still occur, as observed in graphene
oxide systems when the viscosity of core dope is too low [51].
This means the core fluid must also possess sufficient viscosity
to ensure continuous flow without breakup during spinning.
Compared with commonly used polymeric sheaths (e.g., PU and
PDMS), the ANF sheath offers distinct structural and mechanical
benefits. ANF forms a highly entangled, hydrogen-bonded nano-
fibril network with exceptional stiffness and toughness, allowing
it to provide strong confinement and stable interfacial contact
with the MXene core during deformation. In contrast, soft poly-
mers such as PU or PDMS possess low modulus and weaker
interfacial adhesion, which can lead to slippage or deformation
mismatch under mechanical stress. The mechanically robust
ANTF sheath therefore ensures efficient load transfer, minimizes
delamination, and maintains the structural integrity and electri-
cal continuity of the coaxial fiber during repeated bending.

In our system, the MXene core remained continuous across both
high and low concentrations, indicating favorable rheological
properties for fiber formation. The ANF dispersion (1 wt.%)
has an apparent viscosity of ~50Pa$ at shear rate of 1s™
[61], while MXene dispersions at 35.4 and 10 mg mL™" show vis-
cosities of 2.1 and 0.2 Pa-S, respectively, at the same shear rate.
The higher viscosity of the sheath aids in maintaining the shape
of the core within the coagulation bath. Nevertheless, the sub-
stantial viscosity difference between core and sheath suggests
that viscosity alone may not be the primary factor in coaxial
structure formation, and other influences must be considered,
for example, the interfacial interactions between core and sheath.

To develop an understanding of fiber formation and coagulation
process using the MXene@ANTF system as a model, we propose
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FIGURE4 | (a)Schematicillustration of the bidirectional solidification mechanism during coagulation of the MXene@ANTF fiber. (b) Photographs of
the MXene@ANTF fiber extruded in a water coagulation bath showing the initial transparent ANF sheath (left) and its transition to a white color (right)
before being pulled out. (c) SEM image of the cross-section of a fiber produced using a low-concentration MXene dispersion (10 mg mL™).

that solvent compatibility and interfacial interactions play
central roles in determining fiber morphology. As illustrated
in Figure 4a, we suggest a bidirectional solidification mechanism
during coagulation. Within the coaxial needle, the MXene disper-
sion and ANF solution remain separated by the needle wall,
allowing each to align independently along the extrusion direc-
tion. After extrusion, the MXene dispersion contacts the ANF
solution, while the ANF solution interfaces with the water
bath. This setup enables simultaneous solvent exchange at two
interfaces: (i) between the MXene core and ANF sheath and
(ii) between the ANF sheath and the water bath. Bidirectional
diffusion initiates coagulation from both inner and outer inter-
faces of ANF dispersion, promoting the development of a well-
defined core-sheath structure.

The bidirectional solidification occurring at both the MXene-
ANTF interface and the ANF-water interface rapidly consolidates
the ANF sheath. When ANF (initially dispersed in DMSO) is
exposed to water, it undergoes rapid protonation, which disrupts
the ANF-DMSO solvation structure and causes water to diffuse
inward from the MXene core region toward the ANF sheath,
forming a coherent core-sheath interface. Simultaneously, water
from the coagulation bath diffuses into the ANF layer and repla-
ces DMSO, leading to outward solidification and the formation of
a robust outer sheath. The combination of these inward and out-
ward solidification fronts ensures uniform sheath formation and
strong interfacial adhesion.

As shown in Figure 4b, the ANF sheath initially forms a trans-
parent brown layer surrounding the black MXene core at the nee-
dle outlet. With prolonged exposure to the water bath, the color
of the ANF sheath changes to white and then light yellow before
the fiber is fully dried and collected. Solidification occurs only in
ANF sheath, while the MXene core maintains good dispersibility
due to the excellent dispersibility of MXene in both water and
DMSO. Final solidification of the MXene core occurs during dry-
ing, as the water/DMSO mixture diffuses and evaporates from
the core outward. This process is accompanied by shrinkage

of the ANF sheath, which applies compressive stress to the core,
leading to a wrinkled and compacted MXene structure.

Fiber cross-sectional shape also depends on MXene concentra-
tion. As seen in Figures 1f and 4c, fibers with high-concentration
MZXene form a flat elliptical cross-section, while those with low-
concentration MXene adopt a bent, ribbon-like morphology
resembling certain natural fibers [4, 27]. During drying, signifi-
cant volume shrinkage compresses the MXene core into a thin
central layer, contributing to the ribbon-like form. The outer
perimeter of the MXene core remains consistent (280 + 40 pm)
in both fiber types, supporting the proposed bidirectional coagu-
lation mechanism. Solidification initiates at the inner MXene-
ANF interface, defining the core boundary, and at the outer
ANF-water interface, determining the fiber’s external diameter.

A comparison with nerve fibers, whose myelin sheath insulates
axons and facilitates rapid electrical conduction, reveals a con-
ceptual similarity to the MXene@ANF fiber, where the ANF
sheath acts as an insulating layer and the MXene core conducts
electrical signals. To evaluate the coaxial fiber’s suitability for
signal transfer, we connected a piece of aluminum foil (as a touch
pad) to a digital multimeter using the MXene@ANF fiber
(Figure 5a). A computer-based data acquisition system recorded
signal changes during testing. A 30-cm-long MXene@ANTF fiber
was woven into a fabric, with one half embedded in the textile
and the other half exposed to air (Figure 5b).

To assess sensing performance, we measured the capacitance
response when a dry finger touched different positions along
the fiber (Video S2). As shown in Figure 5c, both the fiber
and the aluminum touch plate exhibited a stable baseline capac-
itance of 15.7x1.2pF. No significant capacitance change
occurred at Position #1 (on the woven section) and Position #2
(on the exposed fiber), indicating minimal interference or noise
in the absence of direct touch. In contrast, capacitance increased
markedly to 65.2 + 2.3 pF when touching the aluminum foil
(Position #3). This result confirms that both the woven and
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FIGURE 5 | (a) Photograph of the capacitive touch sensor setup using knitted MXene@ANTF fiber integrated into a fabric. (b) Photograph of the
knitted MXene@ANTF fiber with a 1 cm X 2 cm aluminum foil attached to its terminal. (c) Capacitive response to a dry finger touching different positions
(data extracted from Video S2). Signal response to (d) dry and (e) wet fingers at Position #1 and Position #3, respectively.

exposed segments of the coaxial fiber effectively protect signal
integrity, with the aluminum foil serving as the primary signal
source. The response also showed good repeatability (Figure 5d).
When the copper wire was used as the connection cable, as
shown in Figure S8, the touch pad generated a clear response
upon finger contact. However, the copper wire also produced
the same response when the finger touched the wire itself.
This indicates that an unprotected metal conductor cannot func-
tion properly in a capacitive touch-sensor system, because the
circuit interprets both the metal wire and the touch pad as part

I Fiber

LEET @ RIGHT;
& s

g

UP LEFT RIGHT

of the same effective sensing area. By contrast, when the
MXene@ANTF fiber served as the connection cable, only touches
on the designated pad generated a signal, demonstrating that the
sheath confines the electric field and suppresses parasitic cou-
pling along the lead.

The analysis of the signal-to-noise ratio (SNR) shows that using
the MXene@ANTF fiber as the signal-transfer cable results in
only a minimal change in SNR when the touch sensor is acti-
vated by either a dry or wet finger (Figure S9a). The SNR varies
slightly from 11.7 to 16.4, demonstrating that the MXene@ANF

Touch S To

DOWN LEFT RIGHT

FIGURE 6 | (a) Touch sensor and control board integrated on textile, utilizing MXene@ANTF fiber as the conductive wire; bottom image shows

display response when the textile is folded. (b) Display response to single- and dual-direction touch inputs for navigation. (c) Display response to multiple

simultaneous touches with clear identification for all direction, which can be identified as emergencies or falls.
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fiber can maintain stable and reliable signal transmission
under different contact conditions. Additionally, the
MXene@ANTF fiber exhibits a stable signal response without
crosstalk when coaxial fibers are mechanically twisted together
(Figure S9b).

We further examined the effect of fiber length on capacitive sig-
nal behavior by testing lengths from 1 to 150 cm (Figure S10).
Both signal and background capacitance remained stable across
all lengths. The coaxial fiber also maintained consistent signal
shielding performance when contacted with wet fingers
(Figure 5e). Touch at Position #3 with a wet finger resulted
in a capacitance increase of ~10.5 pF (reaching 75.7 pF) due
to the larger contact area from water absorption. In contrast,
touch at Position #1 induced only a minor increase of
~4.1 pF demonstrating the effective signal protection provided
by the ANF sheath. Therefore, the MXene@ANTF fiber demon-
strates outstanding signal protection capabilities under various
conditions.

To validate its practical application, we integrated the fiber into a
capacitive sensing and display system on a textile platform
(Figure 6a) using an Arduino Nano as the control board. The sys-
tem featured an LCD display that responded to directional touch
inputs “LEFT,” “RIGHT,” “UP,” and “DOWN” with a pro-
grammed response time of 50 ms. When no touch was detected,
the display showed the default indicator “<<<<>>>>". As
shown in Figure 6b and Video S3, the system was able to display
eight directions using four touch pads. The system can also detect
the combination of up to four touch pads (Figure 6¢). This proof-
of-concept system highlights potential applications in wearable
safety devices, such as jackets that indicate a cyclist’s turning
direction or assistive navigation for visually impaired individuals.
Remarkably, the embedded MXene@ANF fiber maintained sig-
nal integrity even under mechanical deformation of the textile,
including bending, folding, and pressure (Videos S4 and S5).
These results collectively demonstrate that MXene@ANTF fibers
enable robust, deformation-insensitive electronic textiles that are
suitable for real-world wearable applications.

3 | Conclusion

In this study, we developed a coaxial spinning strategy that uses
an ANF sheath to improve the alignment and stacking of
MZXene nanosheets within the core, producing MXene@ANF
fibers with high mechanical strength, electrical conductivity,
and environmental stability. Continuous core fibers were
formed even at low MXene concentrations (10mg mL™"). A
bidirectional solidification mechanism during coagulation
explains the observed structural evolution, including the char-
acteristic wrinkled cross-section of the fibers. Advanced X-ray
characterization confirmed the fiber’s structural integrity, sup-
porting their integration into textiles and smart fabrics. Inspired
by the biological role of the myelin sheath in nerve fibers, we
demonstrated that the ANF layer not only enhances mechanical
durability but also enables long-distance electrical signal trans-
mission. This capability was illustrated through stable capaci-
tive touch sensing, indicating the potential of these coaxial
fibers for use in wearable sensors and signal-transmitting
textiles.

4 | Experimental Section
4.1 | Preparation of ANF Dispersion

ANTF dispersions were prepared from Kevlar thread using a sol-
vent molecule intercalation method [50]. For a typical 1wt.%
ANF dispersion, 1.034g of dried Kevlar 49 thread (DuPont
UK) and 0.517 g of finely ground potassium hydroxide (KOH)
were added to conical flask containing 90 mL dimethyl sulfoxide
(DMSO). Under continuous stirring at 600 rpm, 10 g of isopropa-
nol (IPA) was added. Stirring continues until complete disassem-
bly of the microfiber was achieved (about 2h), indicated by a
dark red liquid with no residual fibers. The dispersion was cen-
trifuged at 1200 rpm for 10 min to remove the undissolved KOH
particles. The supernatant was collected and used directly as a
spinning dope without further treatment.

4.2 | Synthesis of Ti;C,T, Dispersions

TizC,T, MXene was synthesized by etching Al atomic layers from
TizAIC, MAX phase (<40 pm particle size, Jilin 11 Technology
Co., Ltd.), as previously described [46, 47]. The etching solution
was prepared by dissolving 1.6 g lithium fluoride (LiF, 99%,
Sigma-Aldrich) in 20mL of 9M hydrochloric acid (HCI,
Sigma-Aldrich) with 5min of stirring at room temperature.
One gram of Ti;AlC, powder was gradually added to the etchant,
and the mixture was stirred at 35°C for 24 h. The acidic dispersion
was washed with Milli-Q water via repeated centrifugation
(Eppendorf 5810R) at 3500 rpm for 5 min per cycle until self-delami-
nation occurred (pH ~ 6). The dispersion was vortex-mixed (Corning
LSE) for 10 min and centrifuged at 1500 rpm for 10 min to isolate
delaminated flakes. The supernatant containing single-layer
MZXene flakes was collected and further centrifuged at 8000 rpm
for 10 min to obtain a spinnable MXene dispersion (35.4 mg mL ™).
A lower concentration dispersion (10 mg mL™") was prepared by
diluting the concentrated MXene with Milli-Q water.

4.3 | Coaxial Spinning of MXene@ANF Fiber

Coaxial spinning was performed using two syringe pumps (KDS
100 Legacy Single Syringe Infusion Pump) and a custom needle
assembly with 25G (core) and 19G (sheath) needles. MXene and
ANF dispersions were loaded into separate 5 mL BD Tuberculin
syringes. Extrusion rates were calculated based on needle cross-
sectional areas to maintain a core-to-sheath volumetric ratio of
1:3 (e.g., core: 2.5mL h™' and sheath: 7.5mL h™") and prevent
relative movement during spinning (detailed parameters in
Table S2). The extruded fiber entered a 1-m-long water coagula-
tion bath for solvent exchange and solidification. Fibers were air-
dried for 1h on a scaffold before being would onto a spool.

4.4 | Characterization

Fiber and flake morphology was characterized using SEM
(Hitachi S-4800) operating at an accelerating voltage of 5kV.
XRD patterns were acquired with a Rigaku Smart Lab powder
diffractometer using Cu Ka radiation (0.03° step size and 0.5s
dwelling time). TGA was performed on a TA SDT Q600 instru-
ment in air from room temperature to 800°C at 5°C min™". Flake
and nanofiber thickness profiles were measured by atomic force
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microscope using Nanosurf Flex AFM system with C3000i con-
troller in a tapping mode with Tap300-G BudgetSensors probes.
The AFM images were processed using Gwyddion V2.45. Tensile
tests were conducted on a Shimadzu EZ-SX-50N with a 50 N
loading cell (grip distance: 1 cm and strain rate: 1 mm min™").
Young’s modulus (E) was calculated using the tensile stress
(0) and strain (¢) from the linear elastic region:
o

E= @
E

Toughness (Ur) was determined by integrating the stress—strain
curve:

Up= / ! ode @)
JO

where & is the failure strain.

Bending tests used a custom linear roller guide. Electrical resistance
was measured with a Keysight 34460A multimeter using two needle
electrodes. For insulated fibers, terminals were exposed by cutting
and connected with silver paint. Capacitance was measured using a
Keysight 34460A multimeter with the fiber connected to a 2 X 2 cm
aluminum plate electrode. Small- and wide-angle X-ray scattering
(SAXS/WAXS) data were collected on a Xeuss 3.0 beamline
(Excillum MetalJet source, 9.2keV, 250W, wavelength of
1.3414 A). Samples were measured at 100 mm detector distance
(DECTRIS EIGER X 1M detector, 75 pm pixel size, 10 min expo-
sure). Data was processed using Xenocs XSACT Pro software.
Herman’s orientation factor (f) was calculated as

©)

fe 3<cos’p>—1 _ [o7I(¢) cos® pdgp
- 2 R

where ¢ is the angle between the fiber axis and nanosheet align-
ment direction.
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