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ABSTRACT: Flexible strain-sensing yarns are crucial components in
smart textiles. However, integrating high-performance tensile and
pressure sensing into a single yarn to monitor comprehensive human
activities remains a significant challenge. In this work, we present a - & ;
dual-model strain-sensing nanofiber yarn fabricated by self-shrinking “‘*’2—';\"-‘
MXene-coated carbon black/thermoplastic polyurethane
(MXene@CB/TPU) composite nanofiber films into Janus-structured
slim scrolls, followed by double twisting using internal stress. Carbon
black doping enables conductive nanofibers to bridge propagated
cracks in MXene coating, forming a synergetic conductive network.
This structure enhances the yarn’s tensile sensing linearity from 0.810 .
to 0.994, while achieving a broad range of 106% with a gauge factor of 56. The self-shrunk and double-twisted architecture
also provides dual-stage pressure sensitivity, endowing the yarn with an ultrahigh pressure-sensing range of up to 10 MPa,
a sensitivity of 17.74 MPa™, and a linearity of 0.997 (0—3 MPa). Furthermore, the yarn exhibits excellent washability (> 30
ultrasonic washing cycles) owing to crosslinked nanofibers that protect the MXene layer. We demonstrated the practical
applicability of this yarn by stitching it into various smart textiles, which successfully detected both tensile and pressure
signals from full-range human activities. As a proof-of-concept, a smart waist support developed using this yarn can monitor
both dynamic and static waist status. This work achieves high-performance dual tensile and pressure sensing in smart
textiles using a single yarn, opening new pathways for advanced wearable electronics.
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behaviors are vital for improving health and quality of life [1-5].
Textiles, including clothing, offer a promising platform for next
generation of flexible wearable devices due to their inherent
softness, body-conforming fit, high coverage, and versatile
structural and functional design potential [6—10].

1 Introduction

Smart wearable electronics that can monitor and recognize human
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Yarn-based flexible strain sensors, which can be knitted, woven,
or stitched into fabrics, serve as essential sensing components in
smart textiles. These sensors convert body movements into
electrical signals [11-15]. Coating elastic fibers with conductive
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layers remains one of the most effective approaches for producing
high-performance resistive yarn sensors [16—19]. However, several
challenges hinder their practical applications. First, the preparation
process is often complex, typically requiring multiple steps, such as
multilayer coating and surface modification, to improve the
thickness and adhesion of the conductive layer [20-24]. Second,
yarn sensors with high aspect ratios are primarily sensitive to tensile
strain and exhibit limited responsiveness to other deformation
types, especially pressure. Their small cross-sectional size and
restricted radial deformation range further constrain pressure-
sensing performance. A common solution is to assemble multiple
conductive yarns into intersecting structures, where overlapping
points act as pressure-sensitive units based on contact resistance
changes [25-28]. Our group previously developed machine-knitted
strain-sensing nanofiber yarns to create fabric sensors with
anisotropic tensile and pressure sensitivity [29]. Nevertheless,
achieving a wide pressure sensing range using a single yarn remains
challenging [30]. Third, conductive coatings exposed to the
environment are susceptible to peeling and damage, compromising
the washability and durability of yarn sensors [31-33]. While
adding a protective overcoat can mitigate this issue [23], such
encapsulation complicates manufacturing, alters sensing behavior
unpredictably, and introduces challenges in electrode integration.

In this work, we fabricated a washable, high-performance tensile
and pressure-sensing yarn from MXene-coated carbon
black/thermoplastic polyurethane (MXene@CB/TPU) composite
nanofibers using a facile process. The fabrication began with the
preparation of a CB/TPU composite nanofiber film via double-
needle in-situ electrospinning, producing a blend of TPU
nanofibers and CB-doped TPU nanofibers. A Janus-structured
MXene@CB/TPU film was then created by scrape-coating MXene
onto this base. Subsequently, the films were self-shrunk into scrolls
using a solvent and spontaneously entangled into a double-twisted
yarn driven by internal stress. The MXene loading and CB-doped
TPU nanofiber proportion were optimized based on the
mechanical, conductive, and sensing properties of the resulting
yarns. We comprehensively evaluated the MXene@CB/TPU yarn’s
sensing performance, including its ranges, sensitivity, linearity, and
durability under both tensile and pressure stimuli. The
enhancement mechanism was attributed to the synergetic
MXene/nanofiber conductive network and the unique self-
shrunk/double-twisted yarn structure. Finally, we demonstrated the
yarn’s practical applicability by integrating it into various smart
textiles. A single sensing yarn successfully monitored human
motions, physiological signals, and tactile pressures. Notably, we
developed a smart waist support belt capable of detecting both static
and dynamic waist status.

2 Experimental section

2.1 Materials

CB (code XFI15; grain size = 23 nm) was provided by Nanjing
XFNANO Materials Tech Co., Ltd. The nanocarbon dispersant
(code C139963; a hydrophobically modified poly(vinyl alcohol)
product) was supplied by Aladdin Industrial Co., Ltd. TPU (code
1195A) was sourced from BASF Co., Ltd. N,N-dimethylformamide
(DMF;, > 99.0%) and tetrahydrofuran (THF;, > 99.5%) were
obtained from Sinopharm Group Chemical Reagent Co. Ltd. The
MXene ink consisted of an aqueous dispersion of single-layer
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MXene prepared from MAX phase using the minimally intensive
layer delamination method [34-36] and its characteristics are
shown in Fig. S1 in the Electronic Supplementary Material (ESM).

2.2 Preparation of CB/TPU composite nanofiber film

The nanocarbon dispersant (20 wt.% relative to CB) was dissolved
in a DMF/THF mixed solvent (1:1 mass ratio). CB particles
(30 wt.% of solute) were then dispersed in this solvent via 1 h
ultrasonication. TPU grains (9 wt.% of the total solution) were
subsequently dissolved into the CB dispersion under 12 h of stirring
to obtain a uniform CB-doped TPU solution.

CB/TPU composite nanofiber films were fabricated by double-
needle in-situ electrospinning, simultaneously depositing pure TPU
nanofibers and CB-doped TPU nanofibers onto an aluminum foil
collector (Fig. 1(a)). The feeding rate of the TPU solution was
maintained at 4 mL/h, while the feeding rate of the CB-doped TPU
solution was adjusted to control the ratio of pure to CB-doped
nanofibers. The inner diameter of the spinning needles was
0.41 mm, the applied voltage was 20 kV, and the distance from the
needle tip to the drum collector was 22 cm. The drum collector
(diameter: 26 cm) was rotated at a speed of 20 m/min.

2.3 Preparation of MXene@CB/TPU composite nanofiber
yarn

The electrospun sample was cut into 1 cm wide strips. The MXene
ink was then scrape-coated onto the CB/TPU composite nanofiber
film using a Mayer rod coating method [37-39], followed by a
drying step (Fig. 1(b)). The MXene ink loading was controlled at
5 mg/cm’.

Next, the MXene@CB/TPU composite nanofiber film was
wetted with an 80% DMF aqueous solution (Fig. 1(c)) and easily
peeled from the aluminum foil (Fig. 1(d)). After separation, the film
self-shrank into a slim scroll-like shape and was subsequently dried
(Fig. 1(e)). This bionic process simulated the upward curling of
leaves to protect water from evaporation when plants were
subjected to drought conditions (Fig. S2 in the ESM).

Afterwards, two scrolls were combined and carried out to a first
twisting process to 2000 twists/m (Fig. 1(f)). The initially twisted
scrolls were then folded with a weight suspended at the midpoint
and underwent double twisting in the reverse direction until the
internal stress from the first twisting was fully released (Fig. 1(g)).
This process formed a MXene@CB/TPU composite nanofiber yarn
with a double-twisted structure without requiring any post-
treatment.

24 Characterization

The morphologies of the samples were characterized using cold
field-emission scanning electron microscopy (SEM; Jeol NeoScope
JCM-5000), transmission electron microscopy (TEM; Hitachi
HT?7700), and atomic force microscopy (AFM; Bruker MM8). The
corresponding elemental distributions were obtained by energy
dispersive spectroscopy (EDS; Oxford UILTIM MAX 40). Crystal
structures were analyzed with an X-ray diffractometer (XRD;
Bruker D8 Advance). Water contact angles were measured five
times per sample using a contact angle goniometer (Chengde
Dingsheng JY-82C). Mechanical properties were evaluated through
ten tests on a universal testing machine (Instron 5967) at a test
speed of 500 mm/min and a gauge length of 500 mm.

To evaluate the sensing performance of the yarns, tensile and
pressure stimuli were applied using a universal testing machine

B) 72w | Sci@pen
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Figure1 Flowchart illustrating the preparation of MXene@CB/TPU composite nanofiber yarn: (a) double-needle in-situ electrospinning of the CB/TPU composite
nanofiber film; (b) scrape-coating of MXene onto the CB/TPU composite nanofiber film; (c) wetting and (d) self-shrinking MXene@CB/TPU composite nanofiber film;
(e) schematic diagram of the MXene@CB/TPU composite nanofiber scroll; and preparation processes of the MXene@CB/TPU composite nanofiber yarn after (f) first

twisting and (g) double twisting.

(Instron 5967), while a digital multimeter (Keysight 34461A)
recorded the real-time resistance. Ultrasonic washing tests were
performed in deionized water; each 5 min wash cycle used an
ultrasonic power of 300 W.

3 Results and discussion

3.1 Morphologies of nanofiber film, scroll, and yarn

The double-needle in-situ electrospun CB/TPU  composite
nanofiber film is shown in Fig. 2(a). The film consisted of a
randomly interwoven network of CB-doped TPU nanofibers
(20 wt.%) and pure TPU nanofibers (80 wt.%), with average
diameters of 1805 + 473 and 941 + 230 nm, respectively. While the
TPU nanofibers exhibited smooth surfaces, the SEM and TEM
images (Fig. 2(b)) show that CB particles are dispersed within the
composite nanofibers and partially exposed on the fiber surface,
forming conductive networks across the nanofiber matrix. After
scrape-coating 1 wt.% MXene solution, single-layer MXene
nanosheets adhered conformally and stacked evenly on the
nanofiber film surface, forming a continuous conductive coating
layer (Fig. 2(c)). The EDS mapping of Ti element distribution
(Fig. 2(d)) confirms that MXene nanosheets are uniformly
distributed throughout the coating. The cross-sectional morphology
(Fig. 2(e)) further reveals that the MXene ink forms a continuous
film layer with a thickness of 350 + 49 nm on top of the nanofiber
mat (735 + 0.78 um thick), rather than conformally coating
individual fibers.

Not all solvents had fully evaporated from the nanofibers
immediately upon reaching the drum collector. Consequently, the
bottom nanofibers, those in direct contact with the aluminum foil,
formed clumps after complete solidification (Fig. 2(f)). In contrast,
subsequently deposited nanofibers were cylindrical, with diameters
less than half of those at the bottom, and possessed higher internal
stress. This stress differential caused both edges of the film to
spontaneously curl upward and roll inward upon separation from
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the aluminum foil. This curling behavior was further driven by
asymmetric wettability. The top MXene-coated surface was highly
hydrophilic (water contact angle: 51°), while the bottom nanofiber
film was more hydrophobic (water contact angle: 122°) (Fig. S3 in
the ESM). After wetting, the hydrophilic top surface retained more
solution, and the combined effects of stronger hydrogen bonding
forces and surface tension promoted the observed shrinking.

Consequently, when wetted with a DMF aqueous solution and
separated from the aluminum foil, the Janus structured
MXene@CB/TPU composite nanofiber film self-shrunk into a slim
scroll (Fig. 2(g)). During this process, the two edges of the film
curled inward, made contact, and sealed. After drying, the
nanofibers crosslinked into an integrated structure that
encapsulated and protected the internal MXene layer. This scroll
exhibited a more compact structure than one formed using
deionized water, which contained obvious internal pores (Fig. 2(h)).
The compactness arises because DMF, a good solvent for TPU,
causes swelling and slight dissolution of the nanofiber surface,
effectively acting as an adhesive during shrinking.

Twisting is a standard method for converting nanofiber films
into yarns suitable for further processing [40-42]. However, this
process induces internal stress, which typically requires post-setting
treatments, often under prolonged high temperature and humidity,
to achieve a stable structure. These conditions are highly
detrimental to conductive MXene materials [43]. In this work, we
introduced an alternative approach. The initially twisted scrolls
were folded in half, harnessing their internal stress to drive a second
self-twisting motion. This formed a double-twisted yarn structure
with a diameter of 519 + 34 um (Fig. 2(i)). During twisting, the
scrolls underwent stretching, which aligned the nanofibers slightly
along the scroll axis. This alignment further wrapped and protected
the inner MXene coatings.

3.2 Effect of MXene concentrations on properties of
nanofiber yarn
As a highly conductive two-dimensional nanomaterial, MXene can
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Figure2 SEM, TEM, and EDS images of the composite materials: (a) CB/TPU composite nanofiber film (inset shows pure TPU nanofibers dyed blue and CB-doped
TPU nanofibers dyed red); (b) CB-doped TPU nanofibers; (c) MXene@CB/TPU composite nanofiber film; (d) Ti element distribution in the coating layer; (e) cross-
section of (c); (f) back side of (a); (g) MXene@CB/TPU composite nanofiber scroll; (h) cross-sections of MXene@CB/TPU composite nanofiber scrolls self-shrunk using a
DMF aqueous solution and deionized water; and (i) MXene@CB/TPU composite nanofiber yarn.

be coated onto elastic polymer substrates to create resistive flexible
strain sensors [44—46]. This study investigated the influence of
MXene loading on the properties of MXene@TPU composite
nanofiber yarn (without CB doping) by adjusting the MXene ink
concentration during the scrape-coating process (Figs. 3(a)-3(c)).

A mechanical mismatch between the MXene coating and the
TPU nanofibers caused some MXene flakes that penetrated the
network’s voids to hinder nanofiber alignment and slippage.
Consequently, as MXene loading increased, the yarn’s breaking
elongation decreased while its breaking stress rose (Fig. 3(a)).
However, when the ink concentration exceeded 2 wt.%, excessive
MXene wrapped within the yarn significantly deteriorated its
mechanical properties.

Thicker MXene coating substantially reduced yarn resistivity.
Notably, increasing the MXene concentration from 0.5 wt.% to
1 wt.% caused a sharp drop in resistivity from 532 to 207 kQ/cm
(Fig. 3(b)). This occurred because the 1 wt.% concentration
produced a continuous, uniform conductive layer (Fig. 2(b)),
whereas the 0.5 wt.% coating contained gaps (Fig. S4 in the ESM).
Further thickening the MXene coating had a diminished effect on
conductivity, as the internal MXenes were separated from external
electrodes by the nanofiber layer.

Figure 3(c) shows the relative resistance change (RRC)-strain
curves of yarns prepared with different MXene concentrations. The
slope of the curves represents the strain-sensing sensitivity, defined
as the gauge factor (GF) [47]. A thin MXene layer, operating on a
“crack mechanism” [48], was too brittle. It generated drastic RRC at
small strains but broke under large strains, yielding unstable
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responses. A thicker coating maintains continuity under larger
strains, expanding sensing range but reducing sensitivity. Excessive
thickness caused a deformation mismatch between the rigid MXene
layer and elastic nanofibers, leading to severe fluctuations and
unstable sensing. Therefore, 1 wt.% was identified as the optimal
MZXene ink concentration. At this loading, the MXene@TPU yarn
achieved a maximum detectable strain of 66.4% with high
sensitivity (GF = 423.9), albeit with limited linearity (R* = 0.810).

3.3 Effect of CB-doped TPU nanofiber proportions on
properties of nanofiber yarn

Low linearity in strain sensors complicates the relationship between
input strain and output signals, hindering practical application.
Typically, complex structural designs are required to regulate the
disconnection rate of the conductive coatings, which accelerates
under increasing strain [49-51]. In this work, we optimized the
sensing performance of the MXene@TPU composite nanofiber
yarn through a simple approach: partially replacing insulating TPU
nanofibers with conductive CB-doped TPU nanofibers using a
double-needle in-situ electrospinning process. This modification
collaboratively constructed a synergetic conductive network with
the MXene coating, significantly improving sensing linearity.

Based on our previous work investigating the effects of filler
content and dispersion states on the properties of CB-doped TPU
nanofibers [11, 12], 30 wt.% CB and a poly(vinyl alcohol) dispersant
dosage of 20 wt.% relative to the CB mass was identified as the
optimal formulation to achieve a favorable balance between
mechanical performance and electrical conductivity. Compared to
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Figure3 Characterization of MXene@TPU composite nanofiber yarns (without CB doping) prepared with MXene inks at different concentrations: (a) breaking
elongation and stress, (b) resistivity, and (c) RRC-strain curves. Characterization of MXene@CB/TPU composite nanofiber yarns prepared with 1 wt.% MXene ink and
different proportions of CB-doped TPU nanofibers: (d) breaking elongation and stress, (e) resistivity, and (f) RRC-strain curves.

purely insulating TPU nanofiber yarn, yarns made entirely from CB-
doped TPU nanofibers exhibited high conductivity but poor
elasticity, with resistivity dropping to 23 kQ/cm, breaking stress
increasing by 115%, and breaking elongation decreasing by 61%.
Therefore, partially replacing TPU nanofibers with conductive ones
offers a more balanced solution.

Figures 3(d) and 3(e) show the mechanical and conductive
properties of MXene@CB/TPU yarns (using 1 wt.% MXene ink)
with varying proportions of CB-doped TPU nanofibers. Increasing
the conductive nanofiber proportion enhanced yarn strength and
conductivity but reduced stretchability. Notably, when the
percentage increased from 10 wt.% to 20 wt.%, resistivity sharply
decreased from 189 to 91 kQ)/cm (Fig. 3(e)). This suggests that at
20 wt.%, a dual conductive network is achieved: The conductive
nanofibers not only reinforce the MXene coating but also
interweave to form an independent, continuous conductive
pathway. The synergy between these two networks substantially
improved electron transport capability.

Increasing the proportion of CB-doped TPU nanofibers
expanded the strain sensing range of the MXene@CB/TPU yarn
but reduced its sensitivity (Fig. 3(f)). This trade-off occurred
because the one-dimensional conductive nanofibers bridged cracks
within the two-dimensional MXene coating during stretching. This
maintained the continuity of the synergetic conductive network
under larger strains, thereby dampening the overall resistance
change.

Critically, at a 20 wt.% conductive nanofiber proportion, the dual
conductive networks generated a synergistic effect on resistance
response, dramatically improving R* to 0.994. Beyond this point,
further increases in the conductive nanofiber proportion only
marginally improved linearity and the maximum detectable strain,
while sensitivity continued to decline. Consequently, 20 wt.% was
selected as the optimal proportion. At this ratio, the
MXene@CB/TPU yarn achieved a remarkable sensing range of
106% and a GF of 56. This performance meets the requirements for
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smart textile applications and surpasses that of many recently
reported yarn-based resistive strain sensors with good linearity
(Fig. 4(a)) [33, 52-57).

34 Tensile-sensing performance of nanofiber yarn

Figure 4(b) displays the RRC curves for the MXene@TPU yarn,
MXene@CB/TPU scroll, and MXene@CB/TPU yarn during the
first 20 cycles of a 50% cyclic tensile strain test. The resistance
response peaks for all three sensors gradually decreased with
increasing cycle number. However, introducing conductive CB-
doped TPU nanofibers significantly improved dynamic drift and
repeatability. The decline in resistance peaks over 20 cycles dropped
from 49.1% to 6.8%, while the coefficient of variation (CV) for
resistance peaks in the last five cycles decreased from 4.4% to 0.7%,
demonstrating the superior stability of the synergetic conductive
network. Additionally, the untwisted scroll showed higher dynamic
drift (65.1%) and a CV for peak of 1.6%. The enhanced stability of
the twisted yarn is attributed to the increased conductive pathways
from combining four scrolls and the pre-stretching [58] of the
network during twisting.

The MXene@CB/TPU yarn accurately detected cyclic tensile
strains from 0.1% to 100% (Fig. 4(c)). During cyclic stress—strain
loading (Fig. 4(d)), the yarn with a double-twisted, self-shrunk
scroll structure exhibited no pronounced mechanical hysteresis or
stress softening, which underpins its stable tensile-sensing behavior.
Under cyclic strains of the same amplitude, the peak resistance
remained consistent across different stretching speeds (Fig. S5 in
the ESM). However, the baseline resistance increased due to
reduced elastic recovery of the polymer substrate, leading to a slight
decrease in RRC peaks (Fig. 4(e)). In the quasi-static step strain
tests, the yarn exhibited excellent static stability with minimal
resistance drift (Fig. 4(f)). The response times for stretching and
releasing were 180 and 230 ms, respectively.

During a 5000-cycle durability test at 50% strain, the yarn
showed a low resistance drift rate of 10% with virtually unchanged
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Figure4 Dual-mode sensing performance of the composite yarns. (a) Comparison of the tensile sensing range, sensitivity, and linearity between the MXene@CB/TPU
yarn and recently reported yarn-based strain sensors with good linearity. (b) RRC of MXene@TPU yarn, MXene@CB/TPU scroll, and MXene@CB/TPU yarn during the
first 20 cycles of a 50% cyclic tensile strain test. Tensile sensing performance of the MXene@CB/TPU yarn: (c) RRC under different cyclic strain amplitudes; (d)
stress—strain curves corresponding to (c); (¢) RRC under various strain rates; (f) RRC under quasi-static step strain from 0% to 100%, including response times; and (g)
RRC during 5000 cycles of 50% strain. (h) RRC of MXene@CB/TPU yarns self-shrunk in DMF aqueous solution and deionized water under 50% cyclic strain after
different numbers of ultrasonic washing cycles. (i) RRC-pressure curves of MXene@TPU yarn, MXene@CB/TPU scroll, and MXene@CB/TPU yarn. Pressure sensing
performance of the MXene@CB/TPU yarn: (j) RRC under different cyclic pressure amplitudes; (k) pressure-compression curves corresponding to (j); and (I) RRC during

5000 cycles at 3 MPa pressure.

signal characteristics, highlighting the robustness of the self-shrunk
scroll and double-twisted yarn structures (Fig. 4(g)). Furthermore,
after over 30 ultrasonic washing cycles, the yarn formed with DMF
aqueous solution retained its sensing performance, while the yarn
made with deionized water degraded significantly (Fig. 4(h)). This
excellent washability is attributed to DMF-assisted crosslinking of
the nanofiber film, which effectively prevents MXene leakage (Fig.
S6 in the ESM). The crosslinked nanofibers also form a robust
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framework, yielding superior linear and sensitive resistance
responses under cyclic strain compared to yarns shrunk in
deionized water.

3.5 Pressure-sensing performance of nanofiber yarn

The contact pressure between the human body and external objects
can exceed 5 MPa [59]. The MXene@CB/TPU composite nanofiber
yarn, with its self-shrunk and double-twisted structures, could
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detect pressures up to 10 MPa. It demonstrated a sensitivity of
17.7 MPa™ and a linearity of 0.997 within the 0-3 MPa range
(Fig. 4(i)). Moreover, the yarn exhibited repeatable single-peak
negative resistance responses to cyclic pressures ranging from
0.05 to 10 MPa (Fig. 4(j)), along with negligible mechanical
hysteresis during pressure loading-unloading cycles (Fig. 4(k)). It
also showed excellent durability over 5000 cycles at 3 MPa
(Fig. 4(1)), demonstrating its outstanding dynamic pressure-sensing
performance.

The pressure-sensing signal of the MXene@TPU yarn exhibited
significant fluctuations (Fig. 4(i)), resulting from the random
contact and separation of the conductive MXene coating across the
porous insulating TPU nanofiber membrane. In contrast,
MXene@CB/TPU yarn, featuring a synergetic conductive network,
showed significantly improved linearity, stability, and sensitivity.
This enhancement is attributed to the additional conductive
pathways provided by the CB/TPU nanofibers under compression.
Additionally, the untwisted MXene@CB/TPU scroll had a limited
maximum detectable pressure of less than 4 MPa and a lower
sensitivity of 5 MPa™. This comparison indicates that the double-
twisted structure greatly improves pressure sensing performance by
enhancing contact resistance variation between scrolls.

3.6 Tensile and pressure-sensing mechanism of nanofiber
yarn

Based on SEM observations of the structural evolution of the

(d)
<— Scroll
Nanofiber Nanofiber layer
layer
MXene layer MXene layer
()
Nanofiber

L J

e -2 &
Internal structure

Conductive pathway

MXene@CB/TPU composite nanofiber film under stretching
(Figs. 5(a) and 5(b)), we propose a tensile-sensing mechanism for
the synergetic conductive network (Fig. 5(c)). In the initial state,
electrons are transmitted primarily through the highly conductive
MXene coating. Under strain, cracks first propagate perpendicular
to the strain direction in the high-modulus MXene layer and then
expand along the nanofiber network (Figs. 5(a) and 5(c)). At small
strains, this “crack effect” [48] is the primary mechanism
responsible for the tensile-sensing behavior.

However, excessive crack propagation causes abrupt resistance
changes and nonlinear response signals. To address this, the
conductive CB-doped nanofiber network bridges these cracks
(Figs. 5(b) and 5(c)), slowing the disconnection rate of the
conductive network and providing exceptional sensing linearity. As
stretching continues, the slightly aligned conductive nanofibers and
the fractured MXene layers form an “island-bridge” architecture. At
this stage, electrons flow primarily through the CB-doped nanofiber
network, while the MXene islands enhance the overall conductivity,
thereby expanding the tensile sensing range.

To elucidate the contact interactions within the multilayer
architecture of the yarn under pressure, and thereby provide insight
into its pressure-sensing mechanism, a simplified finite element
model (FEM) was constructed (Fig. 5(d)). The cross-section of a self-
shrunk scroll was idealized as a set of concentric rings, representing
alternating nanofiber and MXene layers wrapped in a layer-by-layer
manner. The double-twisted yarn was further simplified as two

(e)
Low Pressure High
Radial
pressure

External structure

Figure5 Mechanistic analysis of the MXene@CB/TPU yarn. SEM images of the MXene@CB/TPU film under (a) small and (b) large strain levels. (c) Schematic
illustrating the tensile sensing mechanism of the synergetic conductive network in the yarn. (d) Specifications of the FEM model for the MXene@CB/TPU yarn. (¢) FEM
simulation showing the equivalent stress distribution on yarn model under increasing radial pressure. Pressure-sensing mechanism of the MXene@CB/TPU yarn: (f)

internal and (g) external yarn structures.

.................
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such scrolls stacked in parallel. By applying increasing radial
pressures using a flat-plate actuator and calculating the equivalent
stress distribution across the yarn cross-section (Fig. 5(¢)), the FEM
simulation indicates that the contact force increases at two key
interfaces: between the nanofiber layer and the MXene layer within
each scroll, and between adjacent scrolls.

The pressure-sensing behavior of the yarn is primarily attributed
to variations in its cross-sectional structure and radial resistance.
Based on the experimental and simulation results above, we
established a dual-stage pressure-sensing mechanism (Figs. 5(f) and
5(g)). In the internal stage (Fig. 5(f)), the nanofiber films serve as
piezoresistive layers sandwiched between MXene coatings within
the multilayer framework. Under increasing pressure, the elastic
nanofiber film is compressed, allowing more MXene on opposite
sides to make contact through the pores of the nanofiber network
and thereby creating additional interlayer conductive pathways.
Meanwhile, the enhanced contact force between adjacent MXene
nanosheets decreases the intrinsic resistance of the coatings. In
addition, introducing CB-doped nanofibers creates more
piezoresistive units, including contact-resistance variations at the
interfaces between conductive nanofibers and the coating, as well as

among interwoven conductive nanofibers, thereby improving the
magnitude and consistency of the overall piezoresistive response. In
the external stage (Fig. 5(g)), the double-twisted yarn structure
increases the contact area and force between conductive scrolls
under pressure, consequently diminishing contact resistance
according to Holm’s theory [60]. The synergy between these
internal and external mechanisms enables the ultra-wide pressure-
sensing range of the MXene@CB/TPU yarn.

3.7 Smart textile application

To validate its application in smart textiles, a 2 cm long
MXene@CB/TPU yarn was integrated into fabrics using self-
locking stitches [61], complemented with microelectrodes and
stretchable interconnects [29]. The yarn was embedded into a
kneepad, elbow pad, and wristband, where it effectively monitored
the bending amplitudes and frequencies of the corresponding joints
(Figs. 6(a)-6(c)). During these large joint movements, the yarn
exhibited a unimodal positive RRC.

When incorporated into elastic bandages wrapped around the
chest and abdomen, the same yarn detected subtle deformations
from heartbeat and respiration, measuring 857 bpm and
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Figure6 RRC of the MXene@CB/TPU yarn stitched into textiles for monitoring: (a) knee bending, (b) elbow bending, (c) wrist bending, (d) heartbeat, (e) breathing, (f)

finger pressing, and (g) foot pressing.
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17.3 cycles/min, respectively, in this test (Figs. 6(d) and 6(e)).
Remarkably, in gloves and socks, the yarns demonstrated negative
piezoresistive responses during finger-object interactions and
footstep pressures, with signal amplitudes proportional to the
applied force (Figs. 6(f) and 6(g)).

Lower back pain is a highly common condition, and waist
supports can protect the waist and assist in rehabilitation. We
developed a smart, self-adhesive waist support belt with a sensing
yarn embedded parallel to the fabric at its core (Fig. S7 in the ESM).
This belt monitors forces exerted on the waist during physical
activity, providing valuable data for pain management and posture
correction.

We demonstrate the belt’s functionality across various
movements. During walking, the belt stretches and produces a
positive RRC (Fig. 7(a)). Significant twisting motions generate
stronger responses (Fig. 7(b)). Therefore, by alerting users to
walking duration and the degree of waist twisting, the belt can help
prevent muscle fatigue. Conversely, bending motions increase
pressure on the waist. This “bend over” movement causes the belt
to exhibit a negative piezoresistive response, with the signal
intensifying as the bending angle increases (Fig. 7(c)). Our data
show that squats and jumps subject the waist to distinct pressure
profiles (Figs. 7(d) and 7(e)). Therefore, this belt can enable patients
to monitor the duration, intensity, and frequency of pressure
exerted on their waists during daily activities. These functionalities
enable timely adjustments to various movements to mitigate strain
and support recovery.

Incorrect sitting postures, such as excessive forward or backward

(a) (b)

leaning, impose severe strain on the lumbar spine and surrounding
muscles. Application results in Fig. 7(f) confirm that when a
volunteer changed from standing to sitting with an upright posture,
the resistive signal from the smart belt decreased, reflecting the
increased pressure on the sensing yarn. This occurs because sitting
shifts the bodys center of gravity backward, amplifying
compressive forces on the lumbar spine compared to standing [62].

Notably, a backward-leaning posture further reduced the
resistance signal, indicating even higher-pressure levels. Conversely,
reverting to proper posture immediately restored the signal
baseline. Furthermore, a forward-leaning posture exerted greatest
pressure due to the absence of backrest support. These findings are
consistent with actual anthropometric data [63]. When the user
returned to a standing position, the resistance signal recovered to
nearly its initial baseline, demonstrating the reliable recovery
capability of the smart belt.

When the body maintained a static posture, the smart belt’s
sensor signal showed excellent stability (Fig. 7(f)). The minor signal
fluctuations observed were motion artifacts caused by abdominal
breathing; their intensity was negligible compared to the response
generated by postural changes. Therefore, this smart waist support
belt can effectively warn users who remain in an incorrect sitting
posture for extended periods and assist in posture correction.

In summary, a single MXene@CB/TPU yarn, sensitive to both
tensile and pressure, can be stitched into various textiles. This
enables the collaborative monitoring of large-scale human motion,
subtle physiological activities, and external contact pressure.
Integrated into a waist support belt, the yarn successfully monitored
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Figure7 RRC of a smart waist support belt integrated with a MXene@CB/TPU yarn, monitoring waist conditions during: (a) walking, (b) waist twisting, (c) bending

over with increasing angles, (d) squatting, () jumping, and (f) different sitting positions.
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dynamic waist pressure during activity and identified lumbar
pressure changes caused by static sitting postures. These results
demonstrate the significant potential of the MXene@CB/TPU yarn
for all-around human signal monitoring in smart textiles.

4 Conclusions

This work developed a high-performance nanofiber yarn capable of
sensing both tension and pressure through the construction of a
MXene-based synergetic conductive network and a uniquely
designed self-shrinking, double-twisted structure. Janus-structured
MXene@CB/TPU films self-shrunk into scrolls with the assistance
of a DMF aqueous solution, enabling elastic nanofiber webs to
encapsulate conductive MXene coatings layer by layer. The scrolls
then spontaneously entangle into stable double-twisted yarns by
leveraging internal stress generated during the twisting process.

Optimal performance was achieved using 1 wt.% MXene ink and
20 wt.% CB-doped nanofibers. The conductive CB-doped TPU
nanofibers bridged propagating cracks within the MXene coating,
forming a synergetic conductive network that significantly
improved the yarn’s tensile sensing linearity from 0.810 to 0.994.
The resulting yarn exhibited a broad sensing range of 106%, high
sensitivity (GF = 56), slight mechanical hysteresis and stress
softening, minimal static and dynamic drift, and a rapid response
time (180 ms stretching and 230 ms releasing).

The combination of the self-shrunk scroll and double-twisted
yarn structures establishes a dual-stage pressure-sensitive
framework. Along with the enhanced conductivity from the
synergistic network, this design enabled an ultrahigh pressure-
sensing range of up to 10 MPa, with a linearity of 0.997 and
sensitivity of 17.74 MPa™ (0-3 MPa). The yarn also demonstrated
exceptional durability, enduring over 5000 tensile and pressure
cycles, and retained functionality after more than 30 ultrasonic
washing cycles.

Practical demonstrations were demonstrated through smart
textiles integrated with a single MXene@CB/TPU yarn, which
effectively monitored tensile signals from joint bending, heartbeat,
and respiration, as well as pressure signals from finger presses and
footsteps. A smart lumbar support belt incorporating the yarn
successfully detected dynamic pressure changes during physical
activities and static pressure variations resulting from different
sitting postures, highlighting its potential for real-world health
monitoring and rehabilitation support.

Electronic Supplementary Material: Supplementary material
(atomic force microscopy, X-ray diffraction patterns, scanning
electron  microscopy, water contact angles, resistivity
measurements, and photographs and schematic diagram of
samples) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908397.
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