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Ultra-robust bonding between MXene nanosheets
and stretchable, self-healable microfibers
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Abstract. To develop a reliable fibrous device, a strong bond between conducting materials and fibers must be ensured. While
the external surface of the film is relatively flat, making it easy to deposit the electrode materials uniformly, the walls of the
polymer fibers inside the porous film pose a greater challenge for ensuring a uniform coating and robust bonding with electrode
material. Herein, a microfibril-based porous film was prepared by electrospinning polybutadiene-based urethane (PBU), a newly
synthesized self-healing polymer, and Tis;C,-based MXene nanosheets were coated thereon to fabricate a pressure sensor whose
resistance decreases with pressure. The PBU microfibrils were crosslinked under mild conditions via Diels-Alder (DA) reaction
by exploiting low activation energy of the PBU. An exceptionally robust bonding between the PBU and MXene was enabled by
subjecting the PBU to a retro-DA and subsequent DA reactions. The temporary increase in surface fluidity of the PBU leaded to
a conformal contact between the MXene and fibers without collapse of fibrous structure, resulting in an ultra-robust bond
between them. A stretchable and self-healable pressure sensor was implemented by removing unnecessary MXenes by applying
ultrasonic energy to the thus-fabricated sample. The fabricated sensor showed a pressure sensitivity of around 27.9 /kPa for a
wide range of pressure which is the highest level among the reported stretchable self-healing pressure sensors, while maintaining
its performance even after 1000 cycles of stretching and pressing. Further, sensors attached around the carotid artery could be
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used to precisely detect P-, T-, and D-waves arising from blood pressure.
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1. Introduction

The recent development of epidermal electronic devices
enables close tracking of physiological signals and physical
activities of the human body without deteriorating the
quality of life. Pressure sensors are regarded as one of the
key components of epidermal electronics. Considerable
efforts are being devoted to the development of highly
sensitive pressure sensors that are capable of detecting
physical stresses in real time (Zhu et al. 2018, Lee et al.
2020a, Ruth et al. 2020, Xiong et al. 2020, Bai et al. 2020,
Wang et al. 2020, Huang et al. 2020, Yu et al. 2020, Yu et
al. 2019, Zeng et al. 2020). Pressure sensors must fulfill the
requirements of high sensitivity, mechanical stretchability
for imperceptible wearability, long-term reliability, and low-
cost fabrication for practical application in epidermal
electronics (Zhu et al. 2018, Lee et al. 2020a, Ruth et al.
2020, Xiong et al. 2020, Bai et al. 2020, Wang et al. 2020).
Moreover, given that such pressure sensor will be subject to
continuous tactile contact and repeated cycles of pressure
application by external objects, ability to recover from
ruptures and physical damages, which are likely to be
caused by repeated application of stresses (Mehrez et al.
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2020), would be a desirable quality for the sensors. Since
the introduction of pressure sensors with pyramidal
structures by Mannsfeld et al. (2010) many similar
structures have been proposed for pressure sensors, which
have resulted in significantly enhanced sensitivities
compared to those of solid film-based sensors (Shi et al.
2018, Li et al. 2018, Yang et al. 2019, Sang et al. 2019,
Xiao et al. 2018). This enhancement in sensitivity is owing
to the presence of vacant regions in the sensors, which
greatly increase the deformation of the material constituting
the sensor when subjected to pressure, and consequently,
increase the stress applied to the electrode. However, the
fabrication of such structures requires highly complex and

costly  procedures, often involving semiconductor
processing, which poses major obstacles to mass
production. Similar concepts with less complicated

processes have been also previously reported, but they
suffered from relatively low pressure sensitivity (Huang et
al. 2020, Yu et al. 2020, Yu et al. 2019, Zeng et al. 2020).
These roadblocks can be overcome by electrospinning, a
relatively simple process that is capable of producing films
having porosities similar to those of sensors implemented
by semiconductor fabrication processes (Kalani et al. 2020,
Zhu et al. 2020). There are multiple reports of porous films
made from fibrous polymers obtained by electrospinning
(Li et al. 2021, Moraveji et al. 2021, Liu et al. 2018).

The following requirements must be satisfied to produce
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stretchable and self-healable pressure sensors with high
sensitivity by the electrospinning. First, the polymer to be
employed in the electrospinning should be highly elastic
and self-healable. Second, the self-healing process should
not result in a collapse of the network structure. Finally and
most importantly, the electrospun fibers should be capable
of robust bonding with the electrode materials participating
in the functioning of the sensor. In general, polymers such
as polycarbonate (Baby et al. 2019), polybenzimidazole
(Zholobko et al. 2020), polyacrylonitrile (Wang et al.
2019), polycaprolactone (Moraveji et al. 2021), and
polylactic acid (Huang et al. 2018) have been used in
electrospinning. However, they exhibit low elasticity and
high strength, making them unsuitable for stretchable
porous films. Although polymers that form hydrogen bonds
are potential candidates for producing self-healing films,
they are unsuitable for electrospinning owing to their low
strength and surface stickiness. In addition, polymers
capable of undergoing the Diels-Alder (DA) reaction
usually have high cross-linking temperatures, which could
result in coalescence between adjacent fibers during curing
or healing. Coalescence between electrospun fibers may
occur owing to excessive thermal expansion and increased
flowability of the polymers at high temperatures.
Furthermore, the process necessary for the self-healing
should not cause a significant increase in polymer
flowability to ensure that the porous network structure does
not collapse during the self-healing process. For DA
reaction-based polymers, self-healing is implemented by the
reversal of crosslinking by retro-DA reactions, followed by
re-establishment of the crosslinks by a DA reaction.
Therefore, if retro-DA and subsequent DA reactions occur
at a mild condition, the self-healing process will not lead to
a collapse of the fibrous network structure of the film.

Satisfying the last condition is most challenging, as the
morphology of the porous film, where the electrode
material must be deposited, varies with location. While the
external surface of the film is relatively flat, making it easy
to deposit the electrode materials uniformly, the walls of the
polymer fibers inside the porous film pose a greater
challenge for ensuring the deposition of a uniform coating
of the electrode material such that it is securely
immobilized on the surface. Since the fiber-based pressure
sensor is operated by repeated physical contact and shearing
between electrode materials on the fiber surface, bond
stability between the electrodes and fibers is very important
in terms of the stability of measurement signals and the
long-term reliability. Unfortunately, however, most of the
studies so far have been limited to the improvement of
wettability and short-term adhesion simply through the
surface treatment of fibers (Luo et al. 2021, Fu et al. 2021,
Cheng et al. 2021). In that case, it should be noted that there
is a limit to the effect of surface treatment inside the film
when the porosity is very low.

We report the fabrication of a highly sensitive pressure
sensor with mechanical stretchability and self-healing
ability using electrospinning. We synthesized a novel
polybutadiene-based urethane (PBU) for use in
electrospinning to create a microfibril-based porous film.
The PBU is highly elastic and forms DA adducts at a low

temperature. The low-temperature DA reaction enabled
crosslinking between the electrospun microfibrils, which
improved the mechanical stability of the film and conferred
self-healing ability to the film, without causing the collapse
of the porous networked structure. In order to use the
porous PBU film as a pressure sensor, we coated TisCy-
based MXene electrodes on its surface and inner walls.
TisC, MXene-based electrodes have attracted great
attention due to their hydrophilic surfaces and high metallic
conductivities, which have enabled promising performance
in sensors and capacitors (Zeng et al. 2021, Cai et al. 2019,
Chen et al. 2019). Thereafter, we induced a retro-DA
reaction followed by a DA reaction in the polymer
microfibril surfaces at low temperature to ensure that the
MXene nanosheets formed secure bonds with the polymer
surfaces, without causing a collapse of the porous network
structure. This novel strategy brought about exceptionally
strong adhesion between the MXene nanosheets and the
polymer, resulting in a highly sensitive, stretchable and self-
healing pressure sensor.

2. Experimental section
2.1 Materials

The polyol, HLBH-P 2000 was purchased from Cray
Valley. Isophorone diisocyanate (IPDI), methyl ethyl ketone
(MEK), glycerol 1,2-carbonate, furfurylamine, bis(3-ethyl-
5-methyl-4-maleimidophenyl)methane (BMI), and ethyl-
alcohol were purchased from TCI. Dibutyltin dilaurate,
hydrochloric acid (HCI), hydrofluoric acid (HF), and
lithium chloride (LiCl) were purchased from Sigma-
Aldrich. A SYLGARD 184 elastomer kit was purchased
from Dow Corning, USA. All chemicals were used as
received without purification. Silver nanowires (AgNWs,
average diameter = 21 nm, average length = 22 um)
dispersed in isopropyl alcohol (IPA) were purchased from
Flexio, Korea. Ti (99.9%), Al (99.9%) and C powders were
purchased from High Purity Materials, Japan.

2.2 Synthesis of polymers

HLBH-P 2000 (12.0 g, 6.0 mmol), diol 1 (1.29 g, 6.0
mmol), and IPDI (2.67 g, 12.0 mmol) were added to a flask
containing MEK (15.0 g) and stirred till a clear solution was
obtained. A catalytic amount of dibutyltin dilaurate was
added to this solution. The mixture was stirred at 60 °C for
2 h, following which, a viscous solution of polybutadiene-
based urethane (PBU 2) was obtained. Diol 1 was
synthesized as per the known method (Pyo et al. 2016).
Polydimethylsiloxane (PDMS) was prepared by mixing the
base and curing agent in the SYLGARD 184 elastomer kit
in a weight ratio of 10:1.

2.3 Synthesis of TisAIC, MAX precursor
Ti, Al and C powders taken in a molar ratio of 3:1.1:2

were suspended in ethanol by stirring at 350 rpm for 2 h.
The powder mixture was then separated by vacuum
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Fig. 1 Procedure for fabrication of stretchable, self-healing pressure sensors

filtration and dried in a vacuum oven at 70°C for 2 h. A
vertical uniaxial press was used to compact the powder
mixture at 25 MPa, after which the green compaction was
charged in an alumina crucible and placed in the center of a
Super-Kanthal furnace. The powder mixture was sintered at
1000°C for 1 h, and then at 1450°C for 3 h under argon.
The flow rate of argon was maintained at of 2000 cc/min.
The heating rate from room temperature to 1000°C was set
to 10°C/min, while that from 1000°C to 1450°C was set to
5°C/min, in order to minimize the loss of Al, which has a
melting point of about 660°C. The sintered powder was
ground to a fine powder with a mean diameter of around 10
pm.

2.4 Fabrication of TisC, MXene nanosheets

For synthesizing TisC, MXene nanosheets from the
TisAlIC; MAX precursors, the Al layer in the precursor was
selectively etched using an HF-HCI mixed solution. First, 1
g of precursor powder was gradually added over the course
of 1 min to 40 mL of etchant solution, prepared by mixing
24 mL of HCI (37 wt%), 6 mL of HF (49 wt%), and 12 mL
of deionized water in a Teflon beaker. Then, the mixture
was stirred at 35°C for 24 h using a Teflon magnetic stir
bar. After the selective etching reaction, the acidic
supernatant was decanted; the sediment then was washed
with 40 mL of deionized water and separated by
centrifugation at 5000 rpm for 5 min. The washing
procedure was repeated until the pH of the supernatant
reached a value of 6. Following this, the multilayer MXene
sediment was separated from the deionized water by
vacuum filtration. Subsequently, 2 g of LiCl (99.9%) was
dissolved in 20 mL of deionized water and added to the
multilayer MXene sediment for intercalation. This solution
was shaken vigorously by hand for 10 min. Then, the
solution was stirred at ambient temperature for 24 h and
then washed repeatedly with 40 mL deionized water
followed by centrifugation at 3500 rpm for 5 min to
separate the MXene sediment, until a dark supernatant was

obtained. The solution was centrifuged at 3500 rpm for 1 h,
and the dilute green supernatant was decanted. The swollen
sediment was re-dispersed in 40 mL of deionized water and
centrifuged at 3500 rpm for 10 min to isolate the MXene
supernatant from the sediment. The supernatant was then
centrifuged at 10000 rpm for 20 min to separate the
monolayer MXene sediment from deionized water. The
obtained supernatant was discarded and the settled MXene
slurry was recovered by vacuum filtration. The
concentration of the MXene nanosheets in the MXene
slurry was around 3 wt% (30 mg/ml). The slurry was
diluted into a dispersion containing 0.8 wt% MXene by
adding deionized water.

2.5 Fabrication of pressure sensor

The procedure for the fabrication of the stretchable, self-
healing pressure sensor is depicted schematically in Fig. 1.
First, to provide a hydrophobic surface for electrospinning,
a PDMS layer was created on a cleaned glass substrate by
spin-coating at 600 rpm for 30 s, followed by degassing in a
vacuum desiccator for 30 min, and thermal curing at 120°C
for 1 h. An electrospinning solution was prepared by adding
BMI (1.32 g, 3.0 mmol) to the as-prepared PBU 2 solution
(31 g), and stirred for 60 min. Without further purification,
the solution was electrospun on the PDMS-coated glass
substrate using a high-voltage electrospinning machine
(ESR200R2, NanoNC, Korea) operated at 10 kV to obtain a
microfibril-based porous film on the PDMS layer. The film
was dried at room temperature for 10 min and cured at 60°C
for 3 h inducing a DA reaction. The PBU porous film was
peeled from the PDMS layer using a pair of tweezers. The
film was subjected to O, plasma treatment in air for 10 min
to create hydroxyl functional groups on the surface and
inner walls of the PBU network. Then, the PBU porous film
was dipped in the MXene nanosheet dispersion for 1 min,
removed, and dried at room temperature for 30 min. To
induce the retro-DA reaction, the sample was heat-treated at
120°C for 20 min. The sample was further treated at 60°C



456 Yoo Bin Shin, Youngmin Kim, Chang Goo Kang, Jung-Min Oh and Jong-Woong Kim

s L0 K X WA « 114

Fig. 2 FESEM micrographs of a multilayer TizC, MXene and b individual TizC, MXene nanosheets on a porous

alumina plate

for 3 h to induce another DA reaction for solid adhesion
between the MXene nanosheets and PBU porous film. The
sample was then ultrasonicated for 10 min in an ultrasonic
bath containing deionized water. Thereafter, the PBU
porous film coated with MXene nanosheets was dried at
room temperature for 60 min.

2.6 Characterization

'H NMR spectra were recorded using an NMR
spectrometer equipped with Bruker Top Spin 3.2 software
(AscendTM 400, Bruker, Germany). Fourier transform
infrared (FTIR) spectra were obtained in the wavelength
range 600-4000 cm™ in the attenuated total reflectance
mode using an IRAffinity-1S FTIR spectrophotometer
(Shimadzu, Japan). The glass transition temperature (Tg) of
the PBU 2 was determined using a DSC-4000 calorimeter
(PerkinElmer), and its molecular weight was measured by
gel permeation chromatography (GPC) using an Agilent
1100 system (Agilent), respectively. Viscosity was
measured using a digital viscometer (DV1MLVTJO,
AMETEK Brookfield, USA). The microstructure of the
electrodes was investigated by field-emission scanning
electron microscopy (FESEM), performed using a
SUPRA40VP electron microscope (Carl Zeiss, Germany)
equipped with an energy dispersive spectroscopy (EDS)
detector. X-ray diffraction (XRD; XRD-6100, Shimadzu,
Japan) was used for phase analysis, while the chemical
composition of the MXene nanosheets was determined
using X-ray photoelectron spectroscopy (XPS; ESCALAB
50, Thermo Scientific, USA). The sheet resistance (Rs) was
measured using a non-contact measurement system (EC-
80P, Napson Corp., Japan), while the resistance and current
of the pressure sensor were measured using a source meter
(Model 2461, Keithley, USA). The adhesion between the
MXene and the PBU porous film was evaluated by applying
and removing adhesive tape (Scotch Tape, 3M, USA).
Mechanical stability, when subjected to repeated cycles of
stretching, was investigated using an automatic stretch-
testing machine (Jaeil Optical System, Korea). In the
stretching test, tensile strains of up to 50% were used, and
the samples were stretched at a rate of 10 cycles/min.
Pressure sensing tests were conducted using a pushing tester

(JIPT-120, Junil Tech, Korea). For determining each
parameter, more than 10 samples were analyzed, and the
average was reported as the value.

3. Results and discussion

The procedure for non-stop sintering at 1000°C and
1450°C for the synthesis of the TisAIC, precursor was
designed to yield a single phase of the precursor and ensure
that no unreacted TiC remained as any TiC in the MAX
powder contaminates the MXene nanosheets and degrades
their bulk electrical properties (Seok et al. 2021). Further,
the formation of TiO, was prevented by performing the
sintering in an argon atmosphere. TiO, formed during the
synthesis process has been reported to be primarily
responsible for increasing the contact resistance between
the MXene nanosheets (Lee et al. 2020b). The selective
etching of the Al layer in the precursor MAX particles
resulted in the formation of layered, accordion-like platelets
comprising TizC, MXene nanosheets as shown in Fig. 2(a).
The selective etching of the Al layer is made possible by the
fact that the bonding between Ti and C is stronger than that
between Ti and Al. Fig. 3(a) shows the XRD patterns of the
as-synthesized TizsAIC; MAX powder, TisC, MXene
powder acquired after the selective etching of Al, and
individual MXene nanosheets. The XRD pattern of the
MXene powder shows that it has a considerably lower
degree of crystallinity and structural order than the MAX
phase. The main peak corresponding to reflections from the
(002) planes is broader than that in the pattern of the MAX
phase, and shifted to a lower angle, 8.92° from 9.71° as a
result of etching. This indicates a larger d-spacing (0.99 nm)
between the layers in the MXene powder than in the
precursor MAX, which originates from the removal of the
Al layer from the MAX (TisAIC,) phase by etching, as
reported elsewhere (Alhabeb et al. 2016). To obtain
individually exfoliated MXene nanosheets, the stacked
MXene platelets were intercalated by Li ions (from the LiCl
solution) and subsequently delaminated. Figs. 3(b) (inset)
and 2(b) shows FESEM images of individual MXene
nanosheets deposited on a porous alumina plate. It can be
seen that the MXene nanosheets are about 3-10 pm in
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Fig. 3(a) XRD patterns and b XPS spectra of MAX (TisAIC;), multi-layered MXene (TisC,Tx), and monolayer
MXene nanosheets (TisC2Tx). An inset FESEM micrograph in (b) shows monolayer MXene nanosheets on an
alumina membrane filter. (c) Optical transmittance spectra of MXene nanosheets deposited on glass substrates. d
Sheet resistance and optical transmittance (at 550 nm) of MXene nanosheets deposited on glass. Samples for the
measurements were prepared by coating glass substrates with MXene nanosheet dispersions of various

concentrations.

lateral dimension, and without agglomeration or stacking.
In the XRD pattern of the individual MXene nanosheets
shown in Fig. 3(a), the main peak is shifted to a lower angle
(7.09°) than in the pattern of the MXene platelets. This
corresponds to a d-spacing of 1.25 nm, which is higher than
that of the MXene platelets, indicating that exfoliation has
taken place (Tang et al. 2021). Fig. 3(b) shows the XPS
survey spectra of the MAX powder, MXene platelets, and
exfoliated MXene nanosheets. The major elements present
in the TizAIC; MAX powder are Ti, C, Al, and O. The XPS
spectrum of the MXene platelets shows the absence of Al
and the presence of F, which was likely introduced as a

surface termination group. The XPS spectrum of individual
MXene nanosheets shows the presence of Ti and C as the
major elements, and smaller concentrations of O and F,
probably as surface termination groups; this is consistent
with the previously reported XPS results of individual
MXene nanosheets with -F and -OH functional groups at
the surfaces (Halim et al. 2016).

We also synthesized a new polymer, PBU 2, containing
furan rings, for electrospinning (Scheme 1). The
incorporation of the furan ring into the polyurethane
backbone was achieved by employing diol 1 having a
pendant furan ring (Pyo et al. 2016). The furan ring is
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Fig. 5(a) DA and retro-DA reactions; (b) The 1H NMR spectrum of the compound 4 in C2D2CI4 after heating at
120°C for 20 min. Due to the retro DA reaction the compound 4 was restored to PBU 2 and bismaleimide 3, which
was indicated by the solubility of the products in C2D,Cla.

capable of reacting with maleimide to form a DA adduct at
low temperatures (Oliveira et al. 2020) owing to its low
activation energy (43 kJ/mol). The formation of DA adducts
at relatively low temperatures allows crosslinking between
the polymer microfibrils, thereby enhancing the mechanical
stability of the porous film without disrupting their shape
(Appuhamillage et al. 2017). In addition, PBU is suitable
for fabricating stretchable pressure sensors as it exhibits
elasticity and also allows a retro-DA reaction, which is
critical to the self-healing property of the film. The reaction
of polyol, diol 1, isocyanate and organotin catalyst in MEK
facilitated the PBU 2 (Scheme 1). The viscosity of the PBU

2 solution with a solid content of ca. 50 wt.% was 1400 cps.
The presence of the urethane bond in PBU 2 was confirmed
by the characteristic absorbance peak at 1708 cm™ in its
FTIR spectrum (Fig. 4). The numeric average weight and
average molecular weight of PBU 2 determined by GPC
were 6,500 and 27,900 g/mol, respectively. The Tq4 of the
PBU 2 determined by DSC analysis is approximately -
48°C. Like other polymers with furan groups (Park et al.
2019, Heo et al. 2016), PBU 2 was cross-linked by
bismaleimide 3 via a DA reaction to form product 4 (Fig.
5(a)), which was not soluble in organic solvents. To
investigate the retro-DA reaction, the insoluble product 4 in
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Area where MXenes
are peeled

Fig. 6(a) As-electrospun microfibril network, and (b) microfibril network after DA reaction at 60°C for 3 h.
Microfibrils in contact were covalently bonded to each other via the DA reaction. (¢) Microfibril-based film surface
with MXene nanosheets formed. (d) Microfibrils with MXene nanosheets after 10 min of ultrasonication. The MXene
nanosheets were partially peeled off from the surface of the microfibrils.

C2D,Cls was heated at 120°C for 20 min and the proton
resonances were monitored by *H NMR spectroscopy (Fig.
5(b)). The proton peaks corresponding to the furan ring and
maleimide appeared between 6.2 and 7.5 ppm, indicating
the occurrence of the retro-DA reaction.

The porous film was fabricated by electrospinning on a
layer of PDMS previously cast on a glass substrate to
prevent the adhesion of the film to the glass surface. The
average rate of increase in the thickness of the film is
approximately 5.82 um/min. We used this value to obtain
films of desired thicknesses by adjusting the electrospinning
time. The microfibrils-based network structure is key to
realizing highly sensitive pressure sensors. It follows that
the structure of the film should not be significantly altered
by any subsequent processing. Nevertheless, it is important
to note that the electrospun fibers are physically stacked
against each other with no bonding between them, which
can lead to friction between the fibers when the film is
stretched. This can cause excessive shear stress at the
interfaces of the fibers, which can ultimately lead to either
slippage between the fibers or their deformation. This
problem can be overcome by the formation of covalent
bonds between the fibers at their interfaces. The activation
energy for the formation of covalent bonds between PBU 2
chains via the DA reaction is low (43 kJ/mol). This enables
crosslinking between the fibers at the relatively low
temperature of 60°C. This low-temperature crosslinking
process prevents deformation of the porous film by thermal
expansion, melting, and fusion of the fibers. As shown in
Fig. 6(a) and 6(b), after curing at 60°C for 3 h, integration
between fibers is observed only in the regions where they
are in contact with each other, while no significant changes

in fiber shape occurred. The cured porous film was easily
peeled from the PDMS layer, and it was used as a soft film
for the pressure sensor.

Next, we made the porous film conducting by coating
MXene nanosheets on the surfaces of the PBU fibers. This
was achieved by dipping the film into a dispersion
containing 0.8 wt% of MXene nanosheets. As shown in Fig.
6c, after only 1 min of dipping, a uniform coating of
MXene nanosheets is formed on the surfaces of the fibers,
likely owing to the abundance of hydroxyl termination
groups on the surfaces of the MXene nanosheets. In
addition, it should be noted that the layer of MXene
nanosheets is contiguous, and it also covers the vacant
regions between the fibers. However, the MXene
nanosheets that are not bound to the fibers are likely to be
separated from the film during repeated stretching/
relaxation cycles. Therefore, we removed these MXene
burrs by sonicating the MXene-coated films for 10 min.
FESEM image of the sonicated films shows that the
treatment was effective in removing the MXene burrs (Fig.
6(d)). However, we observed that some MXene nanosheets
were also detached from the fiber surface (Fig. 6(d)), which
is probably owing to poor adhesion of the nanosheets to the
fibers. Given that the MXene-coated porous film is likely to
be subjected to repeated applications of pressure and
stretching/relaxation cycles, the adhesion between these two
materials is critical to the long-term reliability of the sensor.

Unlike flat surfaces, it is extremely difficult to achieve
strong adhesion between nanomaterials and the peripheral
and inner surfaces of polymer fibers forming a porous film.
Reported techniques for attaching nanomaterials to flat
films surfaces include the use of adhesives (Jiang et al.
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2019), embedding (Abbas et al. 2018), and photo-induced
heating (Kim et al. 2018). However, there are no reports of
techniques for ensuring strong and uniform adhesion of
nanomaterials to the surfaces of fibers meshed together to
form a film. We resolved this issue by exploiting the
reversible cross-linking capability of the PBU polymers.
First, a porous film just coated with MXene nanosheets was
heated at 120°C for 20 min to induce a retro-DA reaction
causing the crosslinks formed earlier at the interfaces of the
PBU fibers to reverse, ensuring surface flowability and
stickiness. Unlike the melting of thermoplastic polymers,
this heating process mainly affects the surfaces of the fibers
without leading to the collapse of the fiber structures.
Further, as the fiber surfaces are already completely covered
by the MXene nanosheets, the fibers do not fuse together.
The temporary increase in the polymer fluidity at the
surfaces of the PBU fibers leads to increased wetting of the
MXene nanosheets deposited on the fibers, and thereby
ensures better adhesion between the nanosheets and the
fibers. Thereafter, the film was heated at 60°C for 1 h to
ensure the formation of crosslinks once again at the
interfaces of the PBU fibers. The interface between the
MXene and PBU fibers thus formed forms an exceptionally
strong bond due to the large contact area and conformal
contact between the two materials. By this procedure, we
fabricated a porous, conducting PBU film with MXene
nanosheets adhering securely to the PBU fiber surfaces for
application as a sensor.

To evaluate the enhancement in adhesion between the
MXene nanosheets and the PBU fibers by the retro-DA and
subsequent DA reactions, we recorded the variation in the
sheet resistance of the MXene-coated porous films with the
time for which it was subjected to ultrasonication and with
the number of tape test cycles. As shown in Fig. 7(a), for
samples prior to the sequence of the retro-DA and DA
reactions, the resistance of the porous film gradually
increased with the duration of the ultrasonication treatment,
and after about 60 min, it exceeded 1000% of its initial
value. The resistance of the film subjected to the sequence
of retro-DA and DA reactions initially showed a mild
increase but did not change significantly thereafter. Given
that the initial increase in resistance is likely owing to the
removal of the MXene nanosheets burr, it is clear that
subjecting the MXene-coated PBU film to the sequence of
the retro-DA and DA reactions significantly improved the
adhesion between MXene nanosheets and PBU fibers. As
can be seen from the insets of Fig. 7(a), a significant
amount of MXene nanosheets was removed from the fiber
surface that was not subjected to the retro-DA and DA
reactions after 60 min of ultrasonication, while MXene
nanosheets were uniformly attached to the surface of the
fiber that was subjected to this sequence of reactions.
Similar trends were observed in the resistance
measurements of the films subjected to repeated adhesive
tape tests before and after the application of this sequence
of reactions, as shown in Fig. 7(b). However, it can be seen
that the resistance of samples increases to some extent even
after the retro-DA and DA reactions. This may be because
the PBU fibers are very soft, as a result of which the film
undergoes  significant  deformation  during  tape

delamination. Nevertheless, the difference in the trends in
the two cases was evident, implying that the adhesion of
MXene nanosheets to the PBU fibers was dramatically
improved by the retro-DA and DA reactions.

We also evaluated the dynamic adhesion stability of the
two materials through stretch-and-release cycling tests. As
shown in Fig. 7(c), the difference between the resistance
values before and after application of the uniaxial stretch
continued to increase with repeated cycling before the retro-
DA and DA reactions. In particular, maximum resistance
under stretching increased from about 30 ohm to 10,000
ohm, while the increase rate remained almost constant until
1000 cycles. The samples that underwent the sequence of
retro-DA and DA reactions showed a dramatic decrease in
resistance increment, as shown in Fig. 7(d), and a decrease
in the resistance increment rate with cycling. Scanning
electron microscopy reveals significant differences between
the surface of a PBU fiber that was not subjected to the
retro-DA/DA reaction sequence, and that of a fiber that was
subjected to this reaction sequence, after 1000 stretch-and-
release cycles. While most of the MXene nanosheets were
delaminated from the former (Fig. 7(e)), no significant
detachment of MXene nanosheets can be seen for the latter
(Fig. 7(f)). In Fig. 7(e), a surface crack is visible on the
PBU fiber, whereas wrinkles can be seen on the surface of
the fiber in Fig. 7(f). The wrinkles are likely the result of
repeated tensile and compressive stresses generated by the
stretch-and-release cycles in the MXene nanosheets,
indicating excellent adhesion between the nanosheets and
the PBU surface.

Next, we studied the self-healing properties of
fabricated sensors. As shown in Fig. 8(a), an incision was
made using a knife with a force of 0.3 N on the surface of a
MXene-coated PBU porous film (Fig. 8(a-2)). After this the
film was subjected to a retro-DA reaction at 120°C for 5
min and a DA reaction at 60 °C for 1 h (Fig. 8(a-3)). As
shown in Fig. 8(a-3), the incision mark was removed
without any changes in the morphology of the film. This
remarkable self-healing behavior can be attributed to (1) the
short time for retro-DA reaction, and (2) the surface fluidity
caused by the retro-DA reaction, which enabled the re-
establishment of contact and integration between the incised
surfaces during the subsequent DA reaction. Fig. 8(b) shows
that about half of the sensors were completely cut with
scissors and then healed by the same process. As shown in
Fig. 8(b-3), the incision did not reappear when the healed
sample was subjected to uniaxial tensile stresses. In this
case, the resistance and current changes of the sensors with
cutting and healing were also measured, where the current
was measured with the fixed voltage of 1 V (Fig. 8(c)). The
increase in resistance as a result of the midway cut was
mostly reversed after healing, and almost entirely reversed
when the retro-DA reaction time was longer (10 min),
allowing for complete healing. Current values showed a
trend that was opposite to that of the resistance. Although a
longer duration of the retro-DA reaction allows for more
complete healing by increasing fluidity at the surfaces of
the PBU fibers, excessively long retro-DA reaction times
can cause the fibers to collapse. Thus, the retro-DA the PBU
fibers, excessively long retro-DA reaction times can cause
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followed by release.

the fibers to collapse. Thus, the retro-DA reaction should be
carried out for only the requisite length of time to ensure
healing. These results validate the self-healing behavior of
the developed sensors.

Finally, we evaluated the pressure sensitivity of the
sensors. The film with a thickness of 130 um displayed high
sensitivity at low applied pressures, but the sensitivity
decreased with increasing pressure. Films with thicknesses
of 320 and 380 pum displayed low overall sensitivity. The
overall sensitivity has highest for the film with thickness
250 pum. Therefore, it was chosen as the optimum film
thickness for further evaluation for sensor applications. The
characteristics of a sensor which was not subjected to the
retro-DA and DA reactions are shown in Figs. 9(a)-9(d),
and those of a sensor that was subjected to the reactions are
shown in Figs. 9(e)-9(h). Figs. 9(a) and 9(e) show the
currents recorded after repeated application of various
pressures on each sensor. In both cases, the films can be
used to detect pressures up to approximately 50 kPa, but
when higher pressures were applied, the changes in current
with pressure were significantly reduced. This is owing to
the rupturing of the conducting MXene nanosheet layer
owing to excessive pressure. Overall, the sensor current
increased with the applied pressure, which is likely owing
to the decrease in the resistance in the MXene layer as a
result of the formation of new contacts between the
nanosheets under pressure. The sensitivity of the sensor that
was not subjected to retro-DA and DA reactions was found
to be 15.7 /kPa, and the current change behavior was
somewhat unstable with repeated pressing and release. On
the other hand, the sensor that was subjected to the
reactions, shows a higher sensitivity of approximately 27.9
/kPa, and much better reproducibility of the currents. To the
best of our knowledge, the sensitivity of 27.9 /kPa for 0 to
50 kPa is the highest one among the reported stretchable
self-healing pressure sensors (Wang et al. 2018, Khan et al.
2020, Yang et al. 2021, Zhao et al. 2020, Robby et al.
2021).

Figs. 9(b) and 9(f) show the sensor currents when
various pressures were applied in real time. For the sensor
that has not been subjected to the retro-DA and DA
reactions, the rise time is somewhat longer and the
reproducibility is low (Fig. 9(b)), whereas for the sensor
that has been stabilized by the reactions, both characteristics
are improved (Fig. 9(f)). Figs. 9(c) and 9(g), which show
the sensor currents with the repeated application of various
pressures on the sensors for 1000 cycles, underscore the
difference in the performance of the sensor that has not
been subjected to the reactions and that which has been
stabilized by the reactions. For the sensor that was not
stabilized, the currents owing to the repeated application of
pressure are not reproducible; however, for the sensor
stabilized by the retro-DA and DA reactions, it is evident
that the currents are much more reproducible. This
improvement in the performance of the pressure sensor as a
result of the retro-DA and DA reactions is owing to the
significantly improved bonding stability between the
MXene nanosheets and the PBU fibers. The currents
through the MXene layer change as a result of variations in
the contacts between the MXene nanosheets; when the
MXene nanosheets are securely bonded to the PBU surfaces
as a result of the retro-DA and DA reactions, the currents
are reproducible even after multiple cycles of pressure
application and relaxation, and the sensor exhibits reliable
long-term performance. Figs. 9(d) and 9(h) show FESEM
micrographs of the surfaces of the two sensors, following
the application of a pressure of 50 kPa for 1000 cycles.
Again, in the case of the sensor that was not subjected to the
retro-DA and DA reactions, MXene nanosheets are
significantly delaminated from the PBU fibers (Fig. 9(d)),
while they are securely attached to the surfaces of the PBU
fibers in the sensor that has been subjected to the reactions
(Fig. 9(h)). These results show very clearly how the
bonding between the two materials formed as a result of the
retro-DA and DA reactions affects the performance of the
sensor.
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Fig. 10(a) Current measured whilst the tip of a gloved finger to which the sensor is attached is used to apply pressure
to a balloon inflated with air. In each photograph, the red dotted square indicates the measured current, which is
shown in white font below the square. (b-1) A sample of a 16-pixel sensor array with two weights on it. (b-2)
Distribution chart for the currents measured at each pixel for the scenario depicted in (b-1). (c-1) A sensor attached to
the front of a person's neck to detect the motion from swallowing. (c-2) Current measured from a sensor that was
attached to the front of a person's neck to detect motion from swallowing. (c-3) Enlarged view of the portion indicated
by the red dotted square in (c-1). (d-1) A sensor attached to the skin around the carotid artery to measure the wearer's
pulse. (d-2) Current measured from a sensor attached to the skin around the carotid artery to measure the wearer's
pulse. (d-3) Enlarged view of the portion indicated by the red dotted square in (d-1).

We evaluated the performance of our sensor in multiple
ways as shown in Fig. 10. First, as shown in Fig. 10(a), the
sensor was attached to the tip of a gloved finger, which was
used to press a balloon injected with air, and the current
response was recorded. As indicated by the red dotted
square in the photographs, the recorded current increased in
proportion to the pressure applied on the balloon. In order
to apply the sensor in a multi-pixel pressure sensor array, a
MXene nanosheet circuit was formed on a glass substrate. A
total of 16 sensors were attached to the glass substrate on
which the MXene circuit was formed (face-up), and another
similar glass substrate with a MXene circuit was laminated
on it (face-down) to implement a sandwich-structured
sensor array. Fig. 10(b-1) shows a photograph of two
different steel weights placed on the sensor array. The
currents measured at each pixel are shown in Fig. 10(b-2).
The value of the current measured precisely reflects the
pressure distribution caused by the weights. The
background current may be attributed to the distribution of
the pressure exerted by the weights by the upper glass plate
perpendicular to the direction of the weights. The pressure
transmitted by the glass also affected the pixels far from the
weights owing to the high sensitivity of the sensors.

Lastly, we fabricated a sensor for attachment to the
human skin to track the physiological signals and activity.
Here, in order to prevent MXene nanosheets from directly
contacting the human body, two PBU films were used to
cover the upper and lower surfaces of the sensor. The PBU
in the sensor as well as in the outer layers was subjected to

retro-DA and DA reactions to ensure mechanical integrity.
The Cu wire for current measurement was connected to the
sensor before the integration. This sensor was attached to
the front of a person's neck using a commercial silicone-
based adhesive (MG7-9850, Dow CORNING, USA) to
detect the muscular motion resulting from swallowing (Fig.
10(c-1)). The measured current response (Figs. 10(c-2) and
10(c-3)) shows that the sensor was able to detect the motion
of the sternal thyroid muscle when saliva passed through
the esophagus. Further, we attached a sensor to the skin
around the carotid artery to measure the wearer's pulse (Fig.
10(d-1)). Once again, the current response (Fig. 10(d-2))
showed that the sensor was able to detect the movement of
the muscles as blood pumped through the carotid artery. In
particular, the P-, T-, and D-waves could be clearly
identified (Fig. 10(d-3)). Thus, we have demonstrated the
suitability of our sensor for a range of applications,
including those that require high sensitivity. To the best of
our knowledge, there are no reports of pressure sensors in
which stretchability, self-healing, high sensitivity, and high
reliability have been realized simultaneously. This
combination of characteristics in our sensors was enabled
by the use of a PBU polymer that was capable of
undergoing a DA reaction at a low temperature, porous
network film enabled by electrospinning, and strong
adhesion between high-quality MXene nanosheets and PBU
fibers achieved by triggering retro-DA and DA reactions
involving the PBU. Ensuring the uniform deposition and
adherence of conductive nanomaterials on the peripheral
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and inner surfaces of porous films is a prerequisite for
implementing highly sensitive pressure sensors. However,
we are unaware of any reports detailing approaches for
accomplishing these objectives. The approach developed in
this study is not limited by the morphology and structure of
the materials involved, and can be used not only for MXene
nanosheets, but also other types of conducting
nanomaterials such as graphene and AgNWSs. One weakness
of this study is that the self-healing of the sensors still
presupposes high temperatures (retro-DA and DA reaction),
so it is difficult to implement while equipped on the human
skin. This issue can be resolved if the temperatures for the
reactions are further lowered, but in that case, the heat
resistance of the devices it is directly related, so careful
consideration is required.

4., Conclusions
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