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ABSTRACT

Flexible, stretchable and sensitive textile-based sensors play important roles in a
wide variety of artificial intelligence because of its seamless integration with
clothing and good comfort. Herein, MXene sensing layer is deposited on the
surface of springlike helical core-sheath polyester yarns thanks to the capillarity
effect and its intrinsic hydrophilic ability, and the resultant strain sensor and
humidity sensor exhibit wide detection range from 0.3 to 120% strain and
30-100% relative humidity (RH) detection, owing to elastic core-sheath struc-
tures. The strain sensor shows excellent reproducibility (over 10000 cycles) and
fast response time (120 ms). The core-sheath yarn sensor can detect various
human motions such as walking, bending and twisting as well as physiological
signal (pulse), which have great potential in real-time precise medicine and
health care. The yarn sensor could also be an excellent humidity sensor because
of the high specific area structure of yarn and intrinsic hydrophilic properties of
MXene sensing layer.
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and soft robotics, but also are more comfortable and
convenient. Therefore, various flexible wearable

Introduction

Flexible electronics is an important part of next-gen-
eration wearable devices, such as flexible microcon-
trollers, flexible sensors and flexible actuators [1-5].
Textile-based sensors seamlessly assembled from
flexible sensors have not only wider myriad appli-
cations, such as personalized health-monitoring,
human motion detection, human-machine interfaces

strain sensors have been developed, such as elas-
tomer, hydrogel and fabrics are used as the substrates
to increase the flexibility and tensile properties of
strain sensors [6-9]. And conductive materials such
as graphene [10], carbon nanotubes [11] and some
metal materials [12] are often combined with flexible
substrates to assemble sensors. However, the
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conductive materials have insufficient bonding force
and require the bonding of other adhesives to bond
with flexible substrates [10, 12]. As an emerging two-
dimensional conductive material, MXene has excel-
lent electrical conductivity and functional groups that
can be stable connected to fiber substrate [13, 14].
Therefore, textile-based sensors which combine
MXene with textile substrates have higher sensitivity
and durability as strain sensors [6, 13, 15] and
humidity sensors [16, 17]

Herein, a springlike core-sheath yarn is proposed
with textile substrates and MXene combined as a
textile-based strain sensor and humidity sensor. Such
sensors exhibit not only sensing performance but also
seamlessly connection with clothes due to the
intrinsic sensing performance of the conductive core-
sheath yarn. As a proof of concept, we also employed
the strain sensors to monitor diversified sensing
responses from human motions and subtle physio-
logical signals.

Experimental

Core-sheath yarn (CSY) was spun in our laboratory
with a spinning trial machine (DSSp-02B, Jiacheng,
Tianjin), one polyurethane filament (PU) (fineness
75D) was five-fold pre-drawn with the tensioner and
the yarn guide and then fed polyester filament (PET)
(fineness 100D) into a set of rollers simultaneously,
the two mixed groups of filaments were twisted
together to form the core-sheath yarn, and after
releasing the loading pre-drawn, the PU filament
retracted to the original length leading to the helical
PET sheath filaments around the PU core filament.

The CSYs were first cleaned ultrasonically in water
for 30 min to remove the additional wax and impu-
rity. After drying, the CSYs fixed on a tube were
immersed into the inks for 10 min, and due to the
capillarity effect of the fibrous structure, the inks
were absorbed immediately, and the “wet” yarns
were then placed in the oven for 10 min drying at
120 °C to remove the water. The helical conductive
CSYs were finally obtained.

The gauge factor (GF) of the sensors can be calcu-
lated from equation as follows:

o= (%) (&) 2
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where R and R, are the real time and original resis-
tance of the sensors, respectively, and AL/L, is the
strain rate.

The sensitivity (S), which is a representative
parameter employed to characterize the humidity-
sensing property, was calculated using the following
equation:

AR
= ARE (2)

where AR is the resistance change over the whole
detection range (30-99% RH) and ARH is the value of
ambient RH change from the lowest to the highest
(99-30% RH).

Results and discussion

The structure of the core-sheath yarn
and the capillary effect

Figure 1 illustrates the fabrication of the flexible
MXene-based core-sheath yarn strain sensor. The
spinning technology of CSY was employed PU as
core and PET as sheath (Fig. 1a). After dip coating in
MXene inks (5 mg/mL), the color of CSY varied from
white to black, and then MXene-based core-sheath
yarn (MCSY) strain sensor was obtained after drying
in oven (Fig. 1b). The capillary effect of yarn is veri-
fied in Fig. 1c; MXene inks can gradually climb along
with yarns 0.9 mm within 10 s.

Chemical characterization and sensing
principle of MCSY

The “compression spring” structure resulted by the
helical structure of PET filaments winding around the
PU core filament can be clearly observed for the
pristine core-sheath yarns (Fig. 2a). After dip coating
in MXene inks, the surface of individual PET filament
is uniformly covered with MXene nanosheets
(Fig. 2b), and the elemental mapping by energy-dis-
persive X-ray spectroscopy (EDS) was assigned to the
distribution of C, O, F and Ti elements on the fiber
surface. For the FTIR spectrum (Fig. 2c), compared
with CSY spectrum, some stretching vibrations of —
OH at 3430 cm™', C=O at 1712 em ™' and O-H at
around 1390 cm ™' were obviously enlarged, and the
typical peak at 665 cm™" and 1100 cm ™" of Ti-O and
C-F appears owing to the incorporation of MXene
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Figure 1 a The spinning route of core-sheath yarns. b Fabrication process of MXene-based core-sheath yarns. ¢ The phenomenon of
capillary effect.

Transmittgnce_»

:
:
C-F Ti-0

—— MCSY
4000 3000 2000 1000
Wavenumber (cm™)

Figure 2 a SEM images of CSY and the surface of PET filament. b SEM images of MCSY, the SEM images and elemental mapping
images of PET filament from MCSY. ¢ FTIR spectra of the CSY and MCSY.
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Figure 3 a Relative resistance variation of MCSY from O strain to
225% strain. b Relative resistance variation of GCSY under a
100% strain stretching—releasing cycle (strain rate of 30%/s).
¢ Detection limit of the sensor under increasing step strain from 0.3
to 5% strain. d Response time of the GCSY. e Creep time of
MCSY at a step strain of 20%. f Stability of a MCSY (5 cm) when
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stretched from O strain to 100% strain 10000 times (1HZ). g—
i Photograph of MCSY at 0% strain and when it has been stretched
to 60% strain and 200% strain. j Geometrical model of
microstructure variation of GCSY and the GCSY before and
after stretching. k The longitudinal section diagram of the MCSY
before and after stretching.
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Figure 4 a Response curves of the wearer’s wrist pulse.
“MXene” and
. ¢ Response curves of the wearer’s normal

b Response curves of wearer spoke “A”,
“Qingdao University”

[18-21]. The introduced oxygen groups might
enhance the hydrophilic properties of core-sheath
yarns.

Strain and humidity-sensing properties
of the MCSY

The sensing performance of MCSY is evaluated in
Fig. 3. The resistance variation of MCSY under tensile
strain (AR/R;y) monotonically increases with tensile
strain up to 120% (Fig. 3a). The relative resistance
also has a good linearity with tensile strain up to
120%, and GF value is about 0.67. Figure 3b depicts
the resistance variation of a 100% strain stretching—
releasing cycle with margin hysteresis 23%. And the
detection limit of MCSY could reach as small as 0.3%
strain (Fig. 3c), and the response time is only 0.12 s
by dropping a petal (Fig. 3d). MCSY also has a creep
behavior, and the filament is revealing a percent
overshoot (20%) and creep recovery time (0.24 s)
(Fig. 3e). MCSY could also exhibit good durability,
margin resistance variation even after 10000 times
cycling (Fig. 3f). From the morphology of core-sheath
yarns, the fluffy loops of PET sheath at the initial state
(0% strain in Fig. 3g) are elongated and nearly cover
PU core filament (120% strain in Fig. 3h). But the
stretched PET loops are still at regularly loose loop
structure. Once being stretched to 200% strain in

Tlme (s)

0 10 20 30
Time (s)
breath and rapid breath with the MCSY. d Response curves of

twisting the forearm. e, f Response curves of bending finger and
leg in different angels.

Fig. 3i, nearly all the PET filaments are tightly
adhered on PU core surface, and PET filaments are
mostly separated individually. Furthermore, the
mechanism of resistance variation along with the
stretching process is specified in Fig. 3j; during the
stage of 0-120% strain, the number of contact points
between PET filaments tends to more owing to the
stretched loops structure. After 120% strain, from
Fig. 3j, the number of contact point changes to less
owing to the tightly loops structure. Here, we also
established a longitudinal section diagram and
resistance model to clarify the principle of resistance
variation in Fig. 3k. The contact area among the PET
filament and PET filament gradually increase during
the stretching process, which lead to increase in the
resistance of MCSY from 0 strain to 120% strain due
to the generation of contact resistance.

To demonstrate potential applications of MCSY for
the full-range detection of human activities, MCSY is
employed to track human activities. As wearable
yarn sensor, in terms of subtle deformation, the yarn
sensor can identify the signal of the wrist pulse
(Fig. 4a) and speaking (Fig. 4b). In terms of large
deformation, the yarn sensor can identify the signal
of forearm twisting (Fig. 4d), finger bending (Fig. 4e)
and knee bending (Fig. 4f). Furthermore, our yarn-
based sensor can be easily sewed, knitted or weaved
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Figure 5 a Schematic illustration of the testing process of MCSY
as a humidity sensor. b Resistance variation of MCSY from 40 to
100% humidity. (S = sensitivity) ¢ Resistance variations with time
for the MCSY samples at same RH levels. d Resistance variation

O~

into clothes with seamless integration and remark-
able comfortable.

MCSY can also be utilized as a humidity sensor
with good sensitivity. Figure 5a shows the schematic
illustration of the testing process of MCSY as a
humidity sensor resistance curve versus humidity is
illustrated in Fig. 5b; the resistance of MCSY sample
tended to linearly relationship with RH for approxi-
mately on a semi-logarithmic scale over the range of
30-100% RH, showing very high sensitivity and good
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of the yarn as it increases humidity and reduces humidity.
e Resistance variation of MCSY in different environments.
f Atomic structure of multilayer MXene. g Atomic structure of
hydrated multilayer MXene.

linearity. Furthermore, the humidity sensors exhibit
stable performance even located in RH 30% condi-
tions for 50 days (Fig. 5c). As shown in Fig. 5d, the
resistive variations of MCSY can be immediately
increased with the moisture exposed from the
humidifier and then gradually dropped with the aid
of heating blower. On the proof of concept, our
humidity-sensing device was set at different scenar-
ios (i.e., shopping mall, laboratory, forest and river-
side), our device exhibited obviously different
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resistivity, and the resistance at riverside responsed
the biggest value implying the highest humidity.
Based on the FTIR spectra in Fig. 2c, some oxygen
groups (epoxy and hydroxyl functional groups)
introduced by MXene nanosheets could capture or
release water molecules with the aid of H bonds as
shown in Fig. 5f and g. MXene typically displays
various configurations of the O-H bonds and inter-
layer H-bonds between functional groups, as shown
in Fig. 5f. With the incorporation of water molecules
(Fig. 5g), the new hydrogen bond (H-bond) network
between the inter-layer water molecules and the
functional groups is established on individual MXene
platelets. So, the distance between Ti,Cj layer from
MXene tends to bigger after the water molecules
connected with MXene intra-layer and inter-layer by
a single H-bond (Fig. 5g). The bigger distance results
in increase in the resistance of MCSY when the RH
became higher [22].

Conclusions

In summary, we designed the wearable sensors with
specific helical core-sheath structure that can detect
most of human motions and humidity variation. At
the same time, it has potential applications in daily
life because of the diverse raw materials in textile
field and its flexibility. The textile-based wearable
sensors can achieve the seamless integration of
clothing and sensors, which means that the clothes
we wear in future can monitor motions or humidity
directly.
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