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ABSTRACT: In recent years, highly sensitive pressure sensors
that are flexible, biocompatible, and stretchable have attracted
significant research attention in the fields of wearable electronics
and smart skin. However, there has been a considerable challenge
to simultaneously achieve highly sensitive, low-cost sensors
coupled with optimum mechanical stability and an ultralow
detection limit for subtle physiological signal monitoring devices.
Targeting aforementioned issues, herein, we report the facile
fabrication of a highly sensitive and reliable capacitive pressure
sensor for ultralow-pressure measurement by sandwiching MXene
(Ti3C2Tx)/poly(vinylidene fluoride-trifluoroethylene) (PVDF-
TrFE) composite nanofibrous scaffolds as a dielectric layer
between biocompatible poly-(3,4-ethylenedioxythiophene) poly-
styrene sulfonate /polydimethylsiloxane electrodes. The fabricated sensor exhibits a high sensitivity of 0.51 kPa−1 and a minimum
detection limit of 1.5 Pa. In addition, it also enables linear sensing over a broad pressure range (0−400 kPa) and high reliability over
10,000 cycles even at extremely high pressure (>167 kPa). The sensitivity of the nanofiber-based sensor is enhanced by MXene
loading, thereby increasing the dielectric constant up to 40 and reducing the compression modulus to 58% compared with pristine
PVDF-TrFE nanofiber scaffolds. The proposed sensor can be used to determine the health condition of patients by monitoring
physiological signals (pulse rate, respiration, muscle movements, and eye twitching) and also represents a good candidate for a next
generation human−machine interfacing device.
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1. INTRODUCTION

Recently, emerging studies about wearable pressure sensors
have attracted substantial research interest because of their
colossal multifunctional potential for application in intelligent
robotics, flexible touch screens, smart electronic skin,
physiological signal monitoring, and human−machine inter-
face.1−5 The fundamental principle of a pressure sensor is to
transduce the change in an external force to a recognized signal
by exploiting various sensing mechanisms, which include
capacitive,5−7 triboelectric,8 piezoresistive,9−11 piezoelectric,12

and transistors13 methods. Among these sensing mechanisms,
the capacitive pressure sensor (CPS), realized by a force-
induced capacitance change, has aroused a great deal of
research interest because of its facile and low-cost fabrication,
high stability, fast response time, and low power consumption.
Although evolving research paths in pressure sensors have
shown progressive results in the field of flexible elec-
tronics,14−20 there still exist critical challenges to simulta-
neously achieve a high sensitivity over broad pressure range
and long term stability even under the extremely high-pressure
condition for comprehensive biosignal monitoring ranging

from small deformations (pulse rate, respiration, and
phonation detection) to large deformations (muscles move-
ment, arm, and knee bending).
The sensing performance of the flexible CPS is based on the

principle of a parallel plate capacitor and is calculated by C =
εA/d, where ε, A, and d represent the dielectric constant, the
overlapping area between the electrodes, and the distance
between the two electrodes, respectively.24 For a fixed
overlapping area, by applying an external force, a change in
capacitance can be observed by the deformation of dielectric
material either by changing the value of “ε” or “d” or both.
Because sensitivity is well defined as the change in relative
capacitance for change in applied pressure, increasing dielectric
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constant change or reducing compressive modulus of the
dielectric layer is a crucial factor to achieve high sensitivity for
a CPS.25 Thus, several flexible CPSs with unique structural
designs have been proposed by changing the conformation of
the dielectric layer to reduce modulus and achieve high
sensitivity, which includes the construction of a microstructure
elastomer,26 microstructures intronic film,27 or nanofiber
scaffolds.28 The use of air void structures on the dielectric
layer is an effective way to reduce the compressive modulus of
the material, thereby enhancing the resulting sensitivity of
CPS. The use of microstructured elastomers or film has shown
enhanced sensitivity (0.3−0.7 kPa−1)21−23 because the
fabrication of the microstructures decreases the stiffness of
the material, resulting in greater deformation of the dielectric
layer. However, the fabrication of microstructured dielectric
requires a very expensive and complicated photolithography
process.21,26 Therefore, a simple and cost-effective fabrication
process of highly deformable nanofiber scaffolds provides a
high specific surface area, high pore volume, adequate porosity,
and low modulus in comparison to microstructure dielectric
sensors.29,30 The combination of these characteristics provides
this material great potential to be applied in the field of
capacitive pressure sensing applications.31,32 However, a

nonuniformity in the diameter, random alignment, and
mechanical stiffness of polymer fibers hinder the performance
of the target device when used as a sensing material.
Concomitant to these facts, encompassing nanofillers can
truly optimize and reinforce nanofibers by improving their
thermal and electrical conductivities and mechanical and
dielectric properties.33−38 Conductive nanofiller materials, such
as carbon nanotubes (CNTs),39−41 silver nanowires,42−44

graphene,45−47 MXene,48−50 and nanodiamonds,51 have been
frequently used to reinforce nanofibers by enhancing their
inherent properties. Recently, Mu et al.52 demonstrated a CPS
with a CaCu3Ti4O12 composite sponge, which showed a high
sensitivity (1.66 kPa−1) in the low-pressure range. However,
the CPS of the reported work possessed poor stability
introduced from a distorted response, making the device
incompatible to be used in the ultralow-pressure range. Zhan et
al.2 and Guo et al.4 fabricated a wearable pressure sensor for
physiological signal monitoring using tissue paper-embedded
nanoparticles as a sensing element, which exhibited high
sensitivity for a broad pressure range. On the other hand, the
fabricated wearable device showed poor durability performance
even under very low pressure (<3 kPa), making the device
susceptible to high noise in the low-pressure range.

Figure 1. Fabrication sequence and structure of the CNS-based pressure sensor. (a) Schematic diagram demonstrating the fabrication of the CNS-
based pressure sensor. (b) TEM image of the CNS, showing single-layer and multi-layer MXene nanoflakes. The inset displays high-resolution
TEM, showing the interlayer spacing of 0.93 nm corresponding to the (002) plane of MXene. (c) Photographs showing the CNS with different
MXene concentrations and the fabricated sensor. (d) FESEM image of the CNS and the inset show the morphology at a higher magnification. (e)
EDS maps of the composite nanofibers showing C, F, O, and Ti elements.
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Furthermore, Wang et al.28 fabricated carbonized silk nano-
fibers for application in a pressure sensor, which showed an
ultralow detection limit of 0.8 Pa and excellent sensitivity
(34.47 kPa−1). However, the carbonization process is time-
consuming and expensive, which proves to be difficult for
large-scale fabrication. Therefore, there remains a huge
challenge to develop a highly sensitive and stable sensor with
a facile fabrication technique.
Liu et al.53 fabricated a pressure sensor utilizing a CNTs/

cotton textile and achieved a high sensitivity of 14.4 kPa−1.
However, one-dimensional (1D) materials offer a low surface
area and can easily accumulate into bundles, which result in a
nonuniform dispersion in the textile matrix that degrades the
mechanical properties of the sensing material. Thus, replacing
a 1D material by a two-dimensional (2D) material can resolve
the problem regarding uniform dispersion by providing a large
surface area and enhanced adhesion. A newly discovered 2D
class of metal carbonitrides and carbides, called MXenes
(Ti3C2Tx), was synthesized after exfoliating from the MAX
phase (Ti3AlC2) by selectively etching the A-layers from its
precursor Mn+1AXn.

54 The characteristics of MXenes include a
high specific capacitance and thermal stability, excellent
mechanical properties, surface functional groups (−O, −F,
−OH), and ion intercalation.55−57 These features make
MXenes a promising entrant for supercapacitor applications,58

gas sensing applications,59 electromagnetic interface shield-
ing,60 and energy harvesting applications.61 Although MXenes
possess great physical and chemical properties, very few studies
have reported the properties and application of MXene/
polymer composite nanofibers.34,50,61 To the best of our
knowledge, there are no reports regarding the fabrication of a
pressure sensor using MXene composite nanofibrous scaffolds
(CNS). However, a substantial need exists for the production
of biocompatible and environmentally friendly electrodes for
healthcare monitoring. The brittleness, low conductivity, and
high cost of indium tin oxide (ITO), traditionally used as an
electrode material for sensors,26,62,63 limit device performance
in terms of flexibility and conductivity. Therefore, various
materials, including nanotubes,64 conductive nanoparticles,7

nanowires,27 and poly-(3,4-ethylenedioxythiophene) polystyr-
ene sulfonate (PEDOT:PSS)65 have been recently used as an
alternative to ITO. Among them, PEDOT:PSS has attracted
great attention in the field of organic electronics because of its
tunable electrical conductivity, decent biocompatibility, high
mechanical stretchability, and high stability under ambient
conditions.64,66,67

In this paper, an CNS is newly developed using an efficient
and facile fabrication technique. The proposed all-polymer
CPS with an ultralow pressure detection limit and a highly
stable over broad pressure range is designed and fabricated by
sandwiching the CNS, as a dielectric layer, between
PEDOT:PSS/polydimethylsiloxane (PDMS) electrodes. The
polymer PVDF-TrFE fiber scaffolds are preferred because of its
excellent mechanical strength and resilience, high dielectric
constant, and reliably maintainance of a specific electrospun
fiber scaffold thickness. The MXene is added to increase the
dielectric constant and reduce the compression modulus, thus,
to enhance the sensing properties of the fabricated sensor.
While previous wearable pressure sensors exhibit narrow range,
nonlinear stability cycles, and high signal distortion in the low-
pressure application, the proposed sensor can maintain stable
response with minimal hysteresis even under high stress (>167
kPa), which can be an impeccable candidate for long-term

functioning and reliable for ultralow pressure applications. For
proof-of-concept, the fabricated sensor is characterized and
evaluated by monitoring various human physiological signals,
ranging from small to large deformations, suggesting viable
applications in biomedical informatics, medical diagnosis, and
next-generation human−machine interfacing devices.

2. RESULTS AND DISCUSSION
2.1. Fabrication and Structure of the Sensor. Figure 1a

illustrates a schematic of the fabrication method for the CNS-
based pressure sensor. A 2D metal carbide, MXene, was
blended with a PVDF-TrFE, and CNSs were primed as a
dielectric material by an electrospinning process. To determine
the optimized thickness, the CNSs were prepared for various
spinning times while keeping all other spinning parameters
constant (see the Materials and Methods section for details)
for all the samples. However, to determine the best thickness
of the CNS, the spinning time was controlled. The as-prepared
CNS was sandwiched in between PEDOT:PSS/PDMS films.
For more details about electrode and sensor fabrications, see
Figure S1, Supporting Information and the Materials and
Methods section, respectively. Before using PEDOT:PSS for
the top and bottom electrodes, the solution was cross-linked
with divinyl sulfone (DVS) to make the films mechanically
robust and stretchable.68 Subsequently, each film was post-
treated with the polar solvent dimethyl sulfoxide (DMSO),
which decreased the sheet resistance to ∼2.2 Ω sq−1 (Figure
S2, Supporting Information) because of removal of PSS
nonconductive polymer chains.67 The nanofiber morphology
was studied by transmission electron microscopy (TEM), as
shown in Figure 1b, which reveals the presence and orientation
of single to few layers of MXene flakes encapsulated inside the
PVDF-TrFE nanofiber of ∼200 nm diameter without affecting
the fiber uniformity. The insets display a high-resolution TEM
image of MXene with nanoflake size 2−7 nm and an interlayer
spacing of 0.93 nm corresponding to (002) plane of MXene.69

The detail TEM analysis of nanofibers is shown in Figure S3,
Supporting Information. Figure 1c (top) shows a photograph
of the CNS at different MXene concentrations, which reveals
that the fabricated electrospun scaffolds of pure PVDF-TrFE is
thin and flexible, and on account of the addition of MXene, it
appears darker compared to pure MXene/PVDF-TrFE. The
photograph of Figure 1c (bottom) depicts the fabricated
sensor, showing its flexibility. Figure 1d is the field-emission
scanning electron microscope (FESEM) image of the CNS;
the inset shows a magnified view of the nanofibers, with a
diameter of ∼400 nm, demonstrating that CNSs were
successfully produced with highly porous 3D network
structures. Figure 1e depicts the energy dispersive spectrom-
eter (EDS) mapping images of the CNS, manifesting the
uniform dispersion of C, F, O, and Ti throughout the
nanofibers, which are components of the PVDF-TrFE and
MXene. Thus, the EDS image concludes that MXene
nanosheets are uniformly distributed throughout the CNS.

2.2. Materials Characterization. 2.2.1. MXene. The
MXene was synthesized using a method similar to that
reported in the previous article.45 This approach includes
exfoliating Ti3AlC2 by an etchant (HCl/LiF) and removing the
Al layers from it, and then, the exfoliated multilayer Ti3C2Tx
was delaminated by sonication in an ice bath. The cross-
sectional FESEM image of the MXene nanosheets of Figure
S4, Supporting Information, reveals that the aluminum layer
was etched away and the MXene nanosheets were properly
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delaminated. Additionally, the X-ray diffraction (XRD) analysis
(Figure S5a, Supporting Information) shows a strong peak
(002) at 2θ = 9°, which confirms the successful synthesis of the
MXene. The Raman spectrum (Figure S5b, Supporting
Information) indicates a peak at 399 cm−1, which is assigned
to the B1g mode, and three Eg mode peaks centered around at
approximately 128, 280, and 620 cm−1 representing the
vibrational modes of Ti3C2F2, Ti3C2(OH)2, and Ti3C2F2,
respectively.36 The peaks confirm the presence of functional
groups (−F, −OH, and −O) on the surface of the MXene.
Additionally, peaks at 1391 and 1596 cm−1 correspond to the
D-and G-bands, respectively, which illustrate the presence of
amorphous carbon in the MXene.70 Furthermore, X-ray
photoelectron spectroscopy (XPS) of the MXene was
performed to quantify the surface functionalities of the
materials. The detailed survey spectrum analysis of the
MXene (Figure S6a, Supporting Information) depicts the
existence of Ti, F, C, and O. Furthermore, there is no Al
present in the MXene, assuring the successful etching of the
MAX phase (Ti3AlC2). In addition, the presence of O and F
indicates the formation of the surface functional groups
−OH(Ti3C2(OH)2) and −F(Ti3C2F2) during etching reac-
tions.36 The high-resolution XPS spectrum of the C 1s (Figure
S6b, Supporting Information) reveals core level peaks located
at 281.7, 283.70, 284.92, 286.42, and 288.60 eV corresponding
to C−Ti, C−Ti−O, C−C/C−H, C−O, and C−F/O−CO
bonds.71

2.2.2. Composite Nanofiber. The CNS was prepared by
blending the MXene and PVDF-TrFE, followed by the
electrospinning process. During the process of mixing and
spinning, two kinds of effects can be observed. First, the van

der Waals attractive force occurs because of the electrostatic
attraction between H or F atoms (existing in the PVDF-TrFE
polymer) and functional groups (existing in the MXene).36

Second, the transition from α-phase crystallization to β-phase
crystallization,72 which overall synergistically modifies the fiber
mechanical properties. The above statements are further
illustrated and supported by the schematic in Figure 2a and
the physical characterizations [XRD, Fourier-transform infra-
red spectroscopy (FTIR), and XPS]. Figure 2b shows the XRD
analysis of the CNS and indicates the presence of several peaks
when the MXene was incorporated inside the neat polymer
matrix. All the composite samples exhibit a strong and
prominent (002) and (104) planes around 9 and 39°,
respectively, which are derived from the MXene sheets.36 As
the filler concentration increases, the interlayer spacing
associated with the (002) diffraction peaks expand (Figure
S7a, Supporting Information), which suggests the intercalation
of polymer chains between MXene layers; this action can be
assisted via the H and F atoms of PVDF-TrFE polymer chains
and the functional groups of the MXene surface.36

Furthermore, the (002) diffraction plane of the MXene greatly
enhanced with the increase in filler concentration in the
polymer. However, the β-characteristics (110/200 planes) are
largely suppressed (Figure S7b, Supporting Information),
which indicates a negative influence of the nanofillers on the
β-crystallinity of the PVDF-TrFE polymer. This result suggests
that the incorporation of the MXene nanofiller can hinder the
crystallinity of the PVDF-TrFE main chain instead of
supporting cocrystallization with the MXene.73 This concept
is further supported by the FTIR spectra of the composite
fibers (Figure 2c). The intensity of the absorption bands (840

Figure 2. Schematic illustration and surface characterization of the CNS. (a) Schematic illustration showing the synergistic effect obtained after the
MXene is introduced into the polymer matrix. (b,c) XRD and FTIR analyses of CNS with various MXene concentrations. (d) XPS spectrum of the
C 1s region of the CNS with 5 wt % MXene concentration.
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and 1290 cm−1) corresponding to the β-crystal plane is
reduced after introducing the MXene into PVDF-TrFE. A
possible explanation to support this result is that the
demolition of C−H and C−F bonds creates an imbalance in
the β-(TTT conformations), which results in the reduced
crystalline properties of the CNS.73 In addition, for all

concentrations, the FTIR spectra contain familiar peaks similar
with those of the pure PVDF-TrFE polymer, and no additional
peaks are present. However, a decrease in the transmittance is
observed as the filler concentration increases. Figure 2d
exhibits the high-resolution XPS spectrum of the C 1s region
that can be fitted with five component peaks centered at

Figure 3. Electrical characterizations of different samples. (a) Dielectric constant and loss tangent of CNS with respect to the MXene content in wt
%. (b) Frequency dependence of the dielectric constant.

Figure 4. Electromechanical characterization of the CNS-based pressure sensor. (a) Performance comparison of the CNS-based sensor based on
different electrospinning times. (b) Compressive stress−strain performance of the sensor for a steady loading of up to 0.4 mm compression
distance. (c) Dependence of the initial capacitance (C0) and the relative change in capacitance (ΔC/C0) of the CNS-based sensor on the MXene
content in wt %. (d) Relative capacitance change (ΔC/C0) of the CNS-based sensors with dielectric layers having different MXene concentrations
in wt %, under a constant compression distance of 0.4 mm. (e) Descriptive plot of ΔC/C0 illustrating the pressure sensitivity attained with the 5 wt
% MXene loading. The inset shows the sensitivity of the sensors in the low-pressure region. (f) Cyclic capacitive response of the CNS-based sensor
(loading/unloading) under a constant compression distance of 0.3 mm for different MXene concentrations and (g) cyclic capacitive response of the
CNS-based sensor with a 5 wt % MXene concentration under different loading/unloading pressure values. (h) Response and relaxation time for a
loading/unloading cycle with a pressure of 1.5 kPa. (i) Performance of the sensor in terms of sensitivity reported at a low-pressure range with a low
detection limit compared to those of previous reports.
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283.04, 284.58, 286.82, 289.09, and 290.92 eV, corresponding
to C−Ti, C−C, C−O, C−F, and C−F2, respectively. The
MXene introduces new bonds in the carbon chain (C−Ti and
C−O), which suggests that the presence of oxygen (−O) and
titanium (−Ti) terminated groups in the polymer chain
structure alters the original carbon chain conformations.74 For
the detailed XPS analysis of the CNS, refer to Figure S8,
Supporting Information.
2.3. Electrical Characterization. The dielectric constant

and loss tangent of the CNS as a function of loading
concentration is shown in Figure 3a, which reveals trends for
both the dielectric constant and loss tangent that follow the
increase in the filler concentration. For the rising filler
concentration (0−13 wt %) in the polymer fiber matrix, the
dielectric constant (εr) increases initially from 10 to 40, and
similarly, dielectric loss also increases (from 0.05 to 0.12) up to
the maximum filler concentration. The εr of the CNS, with
various concentrations of the MXene, as a function of the
frequency range (103 to 106 Hz), is presented in Figure 3b,
which depicts a significant increase in εr of approximately four
times that of the pure PVDF-TrFE. This enhanced dielectric
performance can be explained by two different phenomena:
microscopic dipole formation and microcapacitor network
formation.36,75 These mechanisms provide considerable
contribution to the increase in the dielectric constant. As the
frequency increases, a decreasing trend in εr can be observed at
high filler concentrations, which can be attributed to tunneling
charge injection and an increased leakage current as the
MXene nanosheets are situated very close to each other at high
concentrations.76 Furthermore, the dielectric loss increases
with the filler concentration (Figure S9a, Supporting
Information), which is due to the upsurges in the micro-
capacitor formation and the conductive path network. In
addition, the frequency dependence of the ac conductivity for
different-concentration CNSs is demonstrated in Figure S9b,
Supporting Information, and indicates an insulating behavior
in the low-frequency range (below 105 Hz) and a conducting
nature at high frequencies (beyond 105 Hz), which are
proportional to the filler concentration. The conclusion is that
at high frequency, conductive filler forms a conductive steady
percolation bridge throughout the polymer matrix.76

2.4. Electromechanical Characterization. The perform-
ance of the CPS as a factor of the thickness of the dielectric
nanofiber scaffolds was investigated by varying the thickness
(electrospinning time) while keeping all other parameters
(voltage, rate of injection, needle-collector distance, and
spinning area) constant, as shown in Figure 4a (see the
Materials and Methods section for details). Three CNS with 2
wt % MXene were prepared corresponding to spinning times
of 30, 60, and 90 min. To find the optimized thickness, the
relative change in capacitance was evaluated by applying a
constant pressure of 400 kPa to each CNS. The CPS with the
thinnest dielectric layer, which corresponds to a shorter
spinning time, exhibits a relative change in capacitance (ΔC/
C0) that is higher than that of the thickest dielectric layer,
corresponding to a longer spinning time. For example, the
CNS electrospun at 30 min has a ΔC/C0 of 1.65, which is
substantially greater than that of the CNS spun at 60 and 90
min. The large increase in the ΔC/C0 of the thinnest dielectric
layer can be understood by considering that the thin CNS
exhibits a large porous structure allowing for large deformation
of the dielectric layer.77 Figure 4b presents the compressive
stress−strain curves for the CNS-based sensor with different

MXene concentrations, which reveal that the compression
modulus decreases by 58% as the content of MXene increases
to 5% (e.g., at the instance of 31.5 strain %, pure PVDF-TrFE
shows compression modulus of 3.5, which decreased to 1.45
for 5% MXene concentration). However, there is a noticeable
increase in the modulus with further increments in the MXene
concentrations. Interestingly, the compression modulus
decreases by 58% at a 5% filler concentration, which can be
explained by two principles: the decrease in crystallinity and
the increase in the free volume of the polymer matrix. First, the
addition of the MXene might have decreased the mobility of
the polymer chain during electrospinning, which can indeed
decrease the crystallinity of the nanofiber. As the β-(TTT
conformation) of the nanofiber carbon chain changes, the
polymer crystallinity may be reduced, which softens the
polymer fiber and, in turn, decreases the compression modulus
compared to that of the pure PVDF-TrFE nanofiber scaffolds
(see the detailed explanation in the XRD analysis).73 Second,
the mixing of nanoparticles with polymers is often not perfect
and can introduce a certain free volume between polymer
chains. With more free volume, the polymer chains can more
easily pack close to each other, resulting in a low compression
modulus.78 However, for the filler concentrations higher than
5%, the interparticle space can decrease and the nanofillers
begin to agglomerate inside the nanofiber. This agglomeration
may cause the interphase material around the nanofibers to
create a 3D physical network in the polymer matrix
overcoming the free volume effect.79 Beyond the 5%
concentration of MXene, this phenomenon increases the
compression modulus of the CNS. Figure 4c shows C0 and
ΔC/C0 as functions of the MXene loading. As indicated in the
figure, the C0 of the CNS-based sensor gradually increases
(7.5−12.5 pF) with the MXene concentration. However, the
tendency of ΔC/C0 reveals a rapid increase at first, reaching a
maximum of 3.25 at 5% MXene and then a steady decrease
until the value reaches 1.1 at the highest filler concentration
(13%). The rise in the initial capacitance is because of the
dielectric permittivity enhancement. As the capacitance is
directly proportional to the dielectric permittivity, the addition
of a nanofiller to the polymer matrix increases the formation of
a microcapacitor network, which in turn raises the dielectric
permittivity and initial capacitance of the sensor. In addition,
the changing trend observed in ΔC/C0 can be explained with
the compression stress−strain analysis: the lower the
compression modulus is, the higher the deformation of the
dielectric layer because of the softening of the dielectric
material, which increases the value of ΔC/C0. Conversely, the
higher the compression modulus is, the more rigid the
dielectric material becomes, which decreases the value of
ΔC/C0. Figure 4d presents the relative change in capacitance
under a compression distance of 0.4 mm for all the
concentrations. The sensitivity (S) is defined as S = (ΔC/
C0)/P, where ΔC/C0 indicates the relative change in
capacitance and P is the applied pressure. A pressure sensor
with the 5% MXene concentration exhibits the highest
sensitivity, in comparison to that of other concentrations, for
all pressure ranges. For example, the sensitivities of a CNS-
based sensor with 5% MXene are 0.51 kPa−1 for the low-
pressure range (0−1 kPa), 0.01 kPa−1 for the medium-pressure
range (10−150 kPa), and 0.006 kPa−1 for high-pressure range
(150−400 kPa). In comparison, the sensitivities of the CNS-
based sensor with pristine PVDF-TrFE are 0.12 and 0.0027
kPa−1 for the low- and high-pressure ranges, respectively. The
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high sensitivity induced by the 5 wt % MXene loading can be
explained with the plot from the compressive stress−strain
analysis and the dielectric constant dependence on the
concentration of the MXene. The compression modulus of
the CNS decreases with the filler concentration up to 5% and
softens the polymer nanofibers providing for a larger and easier
deformation, even for very low stress. Consequently, a lower
compression modulus helps to increase the sensitivity of the
pressure sensor. In addition, higher change in relative dielectric
permittivity also increases the sensitivity by increasing the
relative change in capacitance because the relative change in
capacitance is directly related to change in relative permittivity
of the material (εr/εr0).

25 In CNS, the relative permittivity is
the composition of the air, MXene, and polymer. As shown in
Figure S10 (Equation S1, Supporting Information), under
certain pressure, the thickness of the dielectric material
changed from d0 to d0′ and the low permittivity air voids
were replaced by the combination of high permittivity of
MXene and PVDF-TrFE, leading to an enhanced dielectric
permittivity, which consequently increased its capacitance
change and the sensitivity of the device.52 However, beyond
the 5% MXene concentration, the compression modulus starts
to increase, which results in the nanofibers to become stiffer
and decreases the sensitivity. Figure 4e depicts a more
illustrative view of the pressure sensitivity for 5% MXene,
showing a remarkable sensitivity of 0.51 kPa−1 with a linear fit
of R2 = 0.9626 in the low-pressure region (<1 kPa) and 0.01
kPa−1 with 0.9945 in the medium-pressure region (>10 kPa).
In the low-pressure range, even a low applied force can induce
a large deformation in the nanofiber because highly porous and
soft CNSs are prone to low pressure, which induces a greater
change in the capacitance, and as a result, high sensitivity is
achieved. Similarly, in the medium pressure range, the effect is

induced because of the compression of soft polymer nanofibers
and few air voids inside the nanofiber scaffolds, which results in
comparatively less sensitivity than the low-pressure range.
However, in the high-pressure range, the deformation of the
CNS almost saturated, due to decreased porosity, increased
stiffness of the polymer nanofiber, the sensitivity becomes
compromised. The capacitive response for cyclic loading/
unloading was investigated with a compression distance of 0.3
mm for all of the samples and is plotted in Figure 4f. Among all
other concentrations, the sensor with the 5% MXene
concentration exhibits a high ΔC/C0, which can be due to
the higher sensitivity of the 5% MXene composite in the high-
pressure and low-pressure ranges. Thus, the 5% CNS was
considered for further electromechanical characterization and
targeted applications because of its superior performance. To
investigate the wide detection range and reliability of the CNS-
based sensor, the device was subjected to dynamic loading/
unloading at different pressures (Figure 4g). There is an abrupt
transition in the response during each loading and unloading of
the pressure, while the response is stable during no transition;
also, the capacitance response of the sensor is linear with
pressure. The data conform with the notion that the fabricated
sensor can evidently detect different pressure levels and small-
large deformations, with a stable and hysteresis-free response.
The response and relaxation times of the fabricated sensor
were evaluated under a 1.5 kPa pressure, which corresponds to
1 mm compression, as shown in Figure 4h. As seen from the
figure, equal dynamic response and relaxation times (0.15 s)
were observed, which indicates that the time for the elastic
recovery of the CNS is the same as that of compression,
depicting no hysteresis. The performance of the CNS-based
sensor in terms of sensitivity in the low-pressure range and the
low detection limit is compared with those from recently

Figure 5. (a) Relative change in capacitance response under low-pressure loading and unloading cycles. (b) Demonstration of the lower limit of
detection by sequential loading and unloading of a long grain of rice equivalent to ∼38 mg. (c) Cyclic stability test of the CNS-based pressure
sensor over 10,000 loading and unloading cycles under (>40% compression) a high-pressure of ∼167 kPa. The insets present selected cycles at the
beginning and end of the stability test.
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published reports (Figure 4i and Table S1, Supporting
Information) and shows that our CNS-based sensor has a
lower detection limit and higher sensitivity than those reported
by other articles.
The CNS-based sensor was subjected to different loading

cycles in the low-pressure range, as shown in Figure 5a. The
capacitive response of the sensor (ΔC/C0) in the low-pressure
range is well correlated with the input pressure. The sensor can
be smoothly operated in a very low-pressure range without
noticeable noise or hysteresis, which affirms the ability of the
sensor to detect subtle pressure changes. Figure 5b displays the
ultralight-weight object detection capability of the CNS-based
sensor; the fabricated sensor was able to detect 1.5 Pa, which is
equivalent to single long rice grain (38 mg) on the sensor
surface area (1.5 × 1.5 cm2). Furthermore, the sensor response
for the sequential loading of the rice grain is also demonstrated
in Figure 5b, which confirms the reliable detection of the
ultralight-weight object. The CNS-based sensor exhibited
excellent stability and durability of 10,000 loading and
unloading cycle test under a high pressure of 167 kPa, as

shown in Figure 5c. The left and right insets are the enlarged
views of a few selected cycles, taken from the start and end of
the test. From the insets, it can be noticed that the actual
deterioration and hysteresis of the CNS are negligible even
under a high-pressure (167 kPa) in comparison to those
presented in recently published articles,2,27,52 confirming that
the CNS-based sensor has superior stability and long-term
functioning capability.

2.5. Human Physiology Monitoring. Based on its
outstanding performances, the sensor’s applications in the
real-time monitoring of human physiological signals for
medical diagnosis were successfully demonstrated. The CNS-
based sensor shows excellent potential in recognizing
physiological signals acquired from the human wrist, as
shown in Figure 6a. The inset reveals that the flexible sensor
is conformally attached to a ventral side of the wrist’s dermal
area (30-years-old healthy volunteer) using medical tape. The
pulse rate obtained from a human subject under normal
conditions was 82 beats per minute, the complete range of
radial pulses is displayed in Figure S11, Supporting

Figure 6. Application of the CNS-based sensor for the continuous and real-time monitoring of human physiological signals. (a) Real-time
monitoring of the radial artery pulse wave. Inset: a photograph of the sensor attached to the wrist’s dermal area. (b) Enlarged view of a single pulse
waveform with the details of its characteristic peaks. (c) Respiration monitoring under pre- and post-exercise conditions. Inset: A photograph of the
sensor attached to a mask for monitoring respiratory rate. (d) Illustration of the sensor’s ability to mimic finger knocking for the detection of initial-
stage Parkinson’s disease at a static tremor frequency of 4.8 Hz. Insets: Photographs of the mimicked finger knocking on the sensor surface at a
constant frequency. (e) Magnified view of the mimicked tapping at a specific tremor frequency of 4.8 Hz. (f) Generation of international Morse
code signals from the sensor by short pressing and long pressing on the sensor. (g) Monitoring the muscle contraction−expansion via reversibly
opening and closing a fist. Insets: Photographs of the sensor attached to a ventral arm muscle. (h) Monitoring of signals obtained from ocular
muscle vibrations produced during eye twitching. Insets: Photographs of the sensor attached conformally near to an eye dermal area. (i) Ability of
the sensor to recognize different phonations with repeatable and distinct waveforms. Inset: A photograph of the sensor attached to the superficial
dermal layer of the throat.
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Information. Such a distinct and delicate recognition of the
radial pulse by the CNS-based sensor exhibits its usefulness as
a wearable clinical diagnostic device for identifying cardiovas-
cular diseases by monitoring heart rate and rhythm. A
magnified view of the waveform of the pulse signal is
illustrated in Figure 6b, where the characteristic peaks D-
wave, T-wave, and P-wave of a pulse waveform correspond to
diastolic, tidal, and percussion responses, respectively. Arterial
stiffness and abnormalities in the heart rhythm of a person can
be identified by analyzing these three important peaks.80 The
CNS-based sensor can also precisely identify the pre-exercise
and post-exercise breathing of a person, as depicted in Figure
6c. As depicted in the inset, the sensor is attached to a mask for
monitoring the respiratory rate (breathing) of a volunteer (30-
years-old, healthy volunteer). The normal and fast respiration
rates were monitored, and they provide 24 and 48 respiration
cycles per minute, respectively. This capability of the CNS-
based sensor in the continuous and reliable detection of human
respiration allows a person to monitor and detect any
alterations in respiration, which can be an early sign of a
serious respiratory illness, such as asthma, emphysema,
bronchitis, sleep apnea, and so forth. Furthermore, the CNS-
based sensor is capable of monitoring low-frequency changes
by tapping on the sensor at an applicable frequency, which may
diagnose the early onset of Parkinson’s disease with presenting
signs such as pill-rolling tremors or resting tremors (Figure 6d
and its insets). In the early onset of Parkinson’s disease,
patients have an unnoticeable resting tremor in the hand that is
normally at a frequency of 4−6 Hz, and the detection of this
tremor sign is crucial for early diagnosis. Figure 6e is the
magnified view of a finger with tremor at 4.8 Hz on the sensor,
which reveals that the CNS-based sensor can be a potential
candidate for the detection of an early sign of Parkinson’s
disease.4 In addition, the sensor can be reliably used as a
practical application for people with a variety of disabilities to
communicate by generating a sequence of on−off signals such
as (international Morse code) from finger knocking, for
example, “sensor” and “MXene”, as demonstrated in Figure 6f.
In the Morse code technique, English letters are represented by
the combination of short marks (dots) and long marks
(dashes). The intermark gaps (dots and dashes) are usually
made with one-dot duration, and inter-letter gaps are
maintained with a three-dot duration, where dots and dashes
correspond to short and long presses on the sensor. This
sensor can be used as a medical device for patients having
limitations on voluntary movements or paralyzed patients
(such as Todd’s paralysis, Brown-Sequard syndrome, Tetra-
plegia, etc.) to obtain responses or to express their feelings and
emotions by tapping their finger on the sensor using the Morse
code method. The CNS-based sensor was conformally
attached to a ventral arm muscle to monitor the muscle
contraction via reversibly opening and closing of a fist, as
shown in the insets of Figure 6g. Monitoring muscle activities
are extremely critical for the early diagnosis of musculoskeletal
disorder, which is mainly caused by aging. In 2010, it was
reported that approximately 6.7% of global death in the elderly
population is caused by musculoskeletal disorders.81 The CNS-
based sensor can be applied for monitoring muscle movement
to determine the healing process during any clinical surgery
period with elderly and physically dysfunctional patients.
Furthermore, the CNS-based sensor provides a perfect
platform for the frequent monitoring of musculoskeletal-
related parameters, which helps in early-onset diagnoses or

progress reports by comparing signal peaks, obtained a few
days ago and the present time. As shown in Figure 6g, the
capacitance change is increased sharply in the reverse direction
(negative ΔC/C0) due to the contraction of the ventral arm
muscle. The CNS-based sensor shows an excellent ability to
detect an ocular muscle vibration produced during eye
twitching, as demonstrated in Figure 6h. The insets show the
sensor attached near the eye of a volunteer. As the vibration is
very subtle, a relative change in capacitance is less compared to
that of other large deformations. Abnormal eyelid spasms can
be a serious symptom of brain and nerve disorders
(Parkinson’s disease, Tourette’s syndrome, and multiple
sclerosis), so continuously monitoring the eyelid spasms of
the subject can be beneficial for the early detection and
diagnosis of these kinds of critical diseases.
The sensor exhibits a remarkable potential for voice

recognition and can be used in the future as a human−
machine interfacing device. The sensor was attached to the
superficial dermal layer of the throat, as shown in the inset of
Figure 6i. The output of the sensor produces distinct patterns
for the pronunciation of different words, for example,
“congratulations”, “MXene” and “namaste”, as demonstrated
in Figure 6i. The sensor can identify minute vibration changes
from the epidermis layer of a throat creating distinct signal
patterns based on different phonation levels. Each word was
tested twice to ensure the perfect repeatability of the sensor for
voice recognition. Furthermore, to analyze the performance of
the sensor in the influence of different bending angles, the
sensor was subjected to different curvatures (0.2, 0.4, and 0.5
cm−1, respectively), and corresponding capacitance responses
were recorded, as shown in Figure S12, Supporting
Information. The sensor subjected to a larger curvature
shows the higher change in capacitance because of a greater
bending angle compared with a smaller curvature.

3. CONCLUSIONS

In conclusion, we fabricated a highly sensitive, stable, and
reliable CNS-based CPS via a large-scale and facile approach,
characterized its electromechanical and electrical properties,
and demonstrated its possibilities for diseases diagnosing and
healthcare monitoring. The high-performance sensor was
simply assembled by incorporating the MXene into the
PVDF-TrFE nanofiber scaffolds and sandwiching it in between
PEDOT:PSS/PDMS electrodes. In comparison with all of the
fabricated sensors, the CNS with the 5% MXene concentration
presented a better performance in terms of sensitivity and low-
pressure detection. Because of the higher change in dielectric
constant and low compression modulus of the CNS, the
fabricated sensor exhibited good electromechanical perform-
ance, including ultra-low detection limit (1.5 Pa), wide
pressure range up to 400 kPa, and excellent stability
(>10,000 cycles under high-pressure of ∼167 kPa), suggesting
highly reliable and long-term functioning capability of the
device for the detection of ultra-low to large deformations.
Based on the incredible performance of the sensor, subtle
physiological signals generated from a human body were
monitored (pulse rate, respiration, muscle movements, and eye
twitching). We project that the CNS-based sensor can be
reliably used as a wearable healthcare device for continuous
monitoring and for prognosticating the health condition of
patients.
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4. MATERIALS AND METHODS
4.1. Synthesis of MXene. Ti3AlC2 powder was purchased from

Carbon-Ukraine Ltd. Lithium fluoride (LiF) (>99.99% trace metals
basis), and hydrochloric acid (HCl) (technical grade, 11.65 M) were
obtained from Sigma-Aldrich. The synthesis of MXene (Ti3C2Tx) was
carried out by a minimally intensive layer delamination method,
which involved the selective etching of aluminum layers from its
precursor Ti3AlC2. First, 1 g of LiF was added to 20 mL of 9 M HCl,
and the solution was stirred for 5 min; this was followed by adding 1 g
of Ti3AlC2 powder slowly and stirring for 24 h. The solution was
washed repeatedly with deionized (DI) water via centrifugation (4000
rpm for 5 min) until its pH was neutralized at ∼6. Then, the obtained
dark-green supernatant was combined with DI water and sonicated in
an ice bath for 1 h to delaminate the MXene flakes, followed by 12
min centrifugation (8000 rpm). The stable dark green sediment was
extracted and dried overnight at 50 °C using a convection oven to
obtain MXene in the form of fine powder.
4.2. Preparation of CNSs. The properly dried MXene powder in

N,N-dimethylformamide (DMF) was probe sonicated for 1 h at an
amplitude of 100% to form a homogeneously dispersed suspension.
Subsequently, the solution was centrifuged at 800 rpm for 15 min.
The collected sediment was added to a 21% (w/w) PVDF-TrFE in
DMF/ACT (3:2) solution to produce different MXene concen-
trations of up to 13 wt % and stirred for 3 h. Then, the solution was
loaded into a 10 mL plastic syringe connected to a 21 gauge needle
for electrospinning. The polymer solution was injected with a
continuous flow rate of 2 mL h−1 by applying a 20 kV potential over a
collector-needle distance of 15 cm. All samples were electrospun with
constant parameters, over a spinning area (5 × 5 cm2) and in a
controlled environment.
4.3. Sensor Fabrication. The CNS-based sensor was fabricated

with a layer-by-layer stacking process. First, PDMS was prepared in a
mixing ratio of base to cross-linker of 10:1 and spin-coated on a glass
slide (5 × 5 cm) at 600 rpm for 60 s, followed by curing for 40 min.
Subsequently, a 5 mL PEDOT:PSS solution (Clevios PH1000) was
mixed with 5% (v/v) ethylene glycol and 1% (v/v) DVS, which were
purchased from Sigma-Aldrich. The solution was stirred for 30 min
before being spin-coated (1000 rpm for 60 s) on the surface of a
cured PDMS that had received an O2 plasma treatment (150 W, 10
s). After spin-coating, the film was kept on a hot plate for 60 min at 60
°C for drying. To increase the conductivity, the film was post-treated
with DMSO and dried inside a convection oven for 15 min. The
PEDOT:PSS electrode film with the PDMS was peeled off from the
glass substrate, and the sheet resistance of the as-prepared film was
measured using a four-point probe meter (RCD3175, EDTM). The
prepared CNS was inserted in between two PEDOT:PSS electrodes
facing opposite each other. Finally, two flexible, highly conductive
carbon tape electrodes were attached to the top and bottom
PEDOT:PSS films.
4.4. Characterization. The structure and morphology of the

nanofibers were characterized by FESEM (JSM-6700F). EDS, for the
elemental dispersion analysis, was performed with the same
instrument. Raman spectroscopy was performed by a Renishaw to
study the different vibration modes and lattice deformation behavior
of molecules in the MXene. XPS was performed using a PHI 5000
VersaProbe (Ulvac-PHI, Japan) for a more detailed analysis of the
chemical state, bonding, and composition of the composite material
and MXene. The crystallographic structure of the composite fibers
was measured by XRD. FTIR was conducted using a Thermo
Scientific NICOLETiS10 for the characterization of different-
concentration composite samples. For electromechanical character-
ization, a moving machine (JSV-H1000, Japan Instrumentation
System Co., Ltd.) connected with a force gauge (HF-1, Japan
Instrumentation System Co., Ltd.) was used to apply a precise static
and dynamic load, which has quantified by variable compression
distance employed to the sensor by manual programming. An acrylic
spacer of 2 cm × 2 cm was used between the force gauge fixture and
the sensor for applying a uniform compressive load. Similarly, the
electrical parameters (capacitance, resistance, phase, conductivity,

dielectric constant, and dielectric loss) were recorded using an LCR
meter (Hioki, IM 3536) with an ac voltage of 1 V at 1 kHz.
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