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Abstract

As the main component of wearable electronic equipment, flexible pressure sensors have attracted wide attention due to their
excellent sensitivity and their promise with respect to applications in health monitoring, electronic skin, and human—computer
interactions. However, it remains a significant challenge to achieve epidermal sensing over a wide sensing range, with short
response/recovery time and featuring seamless conformability to the skin simultaneously. This is critical since the capture
of minute electrophysiological signals is important for health care applications. In this paper, we report the preparation of a
nacre-like MXene/sodium carboxymethyl cellulose (CMC) nanocomposite film with a “brick-and-mortar” interior structure
using a vacuum-induced self-assembly strategy. The synergistic behavior of the MXene “brick” and flexible CMC “mortar”
contributes to attenuating interlamellar self-stacking and creates numerous variable conductive pathways on the sensing
film. This resulted in a high sensitivity over a broad pressure range (i.e., 0.03-22.37 kPa: 162.13 kPa~!; 22.37-135.71 kPa:
127.88kPa~!; 135.71-286.49 kPa: 100.58 kPa~!). This sensor also has a low detection limit (0.85 Pa), short response/recovery
time (8.58 ms/34.34 ms), and good stability (2000 cycles). Furthermore, we deployed pressure sensors to distinguish among
tiny particles, various physiological signals of the human body, space arrays, robot motion monitoring, and other related
applications to demonstrate their feasibility for a variety of health and motion monitoring use cases.
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Introduction

Advancements in human—machine interaction (HMI) [1-3],
electronic skin [4, 5], and the development of intelligent
robots [6-9] have sparked an unprecedented demand for
wearable sensors. Of all sensor types, flexible pressure sen-
sors are highly sought after due to their exceptional sensing
performance for mechanical stimuli and their ability to with-
stand stretching, bending, or twisting. These properties make
them ideal for a variety of applications. In addition, via
real-time monitoring of human activities [10-12] (e.g., limb
movement, pronunciation, and facial expression) and physi-
ological signal feedback [13-15] (e.g., pulse, jugular vein
activity, electrocardiogram (ECG), and electromyography
(EMGQG)), these sensors may be useful for health evaluations
and/or disease diagnosis. Currently, piezoresistive pressure
sensors, which use changes in electrical resistance caused by
material deformation under applied pressure, are considered
to be the most promising force-sensing technology. This is
mainly due to the wide range of available active materials,
their ease of fabrication, and the ease of integrating numerous
processes during production.
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In recent years, significant efforts have been made to
enhance the detectability and sensitivity of piezoresistive
sensors by optimizing the structural and electrical prop-
erties of the sensing materials used in their construction.
These include: (i) incorporating microstructures on the elec-
trode or dielectric layer [7, 16, 17], (ii) using composite
dielectric materials [18, 19], and (iii) introducing engineered
holes within the dielectric layer [20]. Notably, in this regard,
engineering the microstructure of the electrode or sens-
ing material is a common approach. Thus, sensors using
microcolumns [21], micropyramids [22], microdomes [23],
nanomesh [24], sponges [25], and aerogels [26] have all
yielded impressive sensing performance results, achieving
sensitivities beyond 100 kPa~!. This enhanced performance
can be attributed to the presence of nano/microstructures
within the piezoresistive material. Under compression, these
structures provide more conductive pathways than bulk struc-
tures, resulting in significant changes in the contact and/or
internal resistance of sensing materials. Furthermore, the tai-
lored low modulus (or low mass density) or hierarchical
structure of sensing materials can contribute to high sensitiv-
ity and detection limits since the sensitivity of piezoresistive
pressure sensors is generally inversely proportional to their
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Young’s modulus [14, 27]. However, most studies have
shown lower sensitivity performance below 10 kPa [28, 29].
In addition, the material’s inferior mechanical strength raises
concerns regarding its ability to withstand long-term defor-
mation and maintain structural integrity under high-pressure
conditions [30-32].

In the natural world, nacre exhibits exceptional mechan-
ical properties due in part to its specific brick-and-mortar
layered structure. Researchers have successfully developed
nacre-like nanocomposites that replicate its exceptional
mechanical properties [33, 34]. In addition, nacre-like
structures have been used to fabricate high-performance
sensors. For example, Shi et al. [35] demonstrated that
strain sensors based on a nanomimetic microscale “brick-
and-mortar” architecture could offer a unique combination
of ultrahigh sensitivity and large stretchability. Within
this architecture, the Ti3C,T,-Ag nanowire “brick” com-
ponent imparts high electrical conductivity, while the
poly(dopamine)/Ni* “mortar” component triggers syner-
gistic toughening effects, including interfacial interactions,
polymer chain stretching, and layer slippage. These mecha-
nisms work together to absorb loading energy and effectively
suppress crack propagation. In another study, Wang et al. [36]
designed and prepared a bioinspired nacre-like intercalated
MXene nanocomposite  involving the  assembly
of a MXene/poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS)/polyvinyl alcohol
(PVA) nanocomposite onto a flexible polyethylene (PE) film
substrate. The assembled flexible wearable epidermic sensor
exhibited short response/recovery time, a broad working
range, and excellent sensing performance. Moreover, the
high conformability of the layered architecture on top of the
human skin enabled it to detect subtle electrophysiological
signals (i.e., ECG and EMG signals) that can be used
to evaluate health status. However, the incorporation of
stimulative substances to achieve multistimuli-responsive
actuation has led to limitations in sensitivity. Thus, despite
their potential usefulness for motion detection or health care
applications, the realization of high-performance sensors
capable of high sensitivity, a broad sensing range, short
response/recovery time, and seamless conformability to the
skin still presents a formidable challenge.

In this work, we present a bioinspired approach to
achieve co-optimized sensitivity and operating range of
a pressure sensor based on the “brick-and-mortar” archi-
tecture. The nacre-mimetic pressure sensor described here
uses hydrophilic two-dimensional (2D) titanium carbide
(Ti3C,T,) MXene nanosheets as the “brick” and flexi-
ble one-dimensional (1D) carboxymethyl cellulose (CMC)
fibers as the “mortar.” Moreover, it is constructed using
a scalable “vacuum-assisted filtration” method. CMC was
selected due to its greater cost-effectiveness, degradability,
and biocompatibility compared to polymeric materials such

as PVA, dopaminehydrochloride (DAH), and polypyrrole
(PPy) [37]. The intercalation of the flexible CMC “mortar”
effectively alleviates the layer stacking of MXene nanosheets
and expands their interlayer spacing. In addition, sufficient
conductive pathways between the MXene nanosheets are
preserved for substantial changes to occur in the contact
and/or internal resistance of the structured sensing mate-
rials when under pressure. Furthermore, the incorporation
of CMC enhances the mechanical performance of the nano
composites, rendering them more stable for sensing applica-
tions. The resulting nacre-like MXene/CMC-based pressure
sensors were found to show excellent sensitivity (i.e., up to
162.13 kPa_l) in the range of 0.03-22.37 kPa, a maximum
working range of 286.49 kPa (sensitivity of 100.58 kPa~'), a
minimum detection limit of 0.85 Pa, short response/recovery
time (8.58 ms/34.34 ms), and stable fatigue resistance (2000
cycles). Thus, based on their excellent sensing performance,
they may be employed for monitoring full-range pressure
detection, from tiny subtle human pulse and neck vein move-
ments to human activities such as finger movements, vocal
cord vibration, walking, and running. Moreover, the high
conformability of the layered architecture with human skin
enables it to detect subtle electrophysiological signals (i.e.,
ECG and EMG signals) for the evaluation of human health
status.

Experimental section
Materials

The TizAlC, powder (MAX, 99.8%, 400 mesh) was pur-
chased from Laizhou Kai Kai Ceramic Materials Co., Ltd.
(China). Hydrochloric acid (HCI, 12 mol/L) and LiF were
purchased from Luoyang Haohua Chemical Reagent Co.,
Ltd. (China) and Shanghai Aladdin Biochemical Tech-
nology Co., Ltd. (China), respectively. CMC (viscosity
800-1200 mPa-s) was purchased from Shanghai Klamar
Reagent Co., Ltd. (China). Filter paper, light-emitting diodes
(LEDs), and robots were purchased from Taobao. Milli-Q
water (18.25 M) was used to prepare all solutions.

Preparation of MXene nanosheets

LiF (2 g) and HCI (40 mL, 9 mol/L) were mixed and stirred for
30 min to disperse, after which 2 g MAX powder was slowly
added. After magnetic mixing and etching at 35 °C for 24 h,
ultrasonication was performed for 5 min. Next, centrifugation
was repeated at 3500 r/min for 10 min until the liquid reached
apH of 5. The precipitate was then intercalated with ethanol,
followed by ultrasonication for 20 min and centrifugation
at 10,000 r/min for 20 min. The resulting precipitation was
then ultrasonicated with added water for 20 min. Finally, the
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mixture was centrifuged at 3500 r/min for 5 min, and the
upper solution, MXene, was collected for later use.

Fabrication of the MXene/CMC pressure sensor

To identify the best preparation, we prepared MXene and
CMC solutions with different mass ratios (i.e., 2:1, 1.5:
1, 1:1, 1:1.5, and 1:2). Each of these solutions was mixed
and subjected to an ultrasonic treatment for 20 min before
being stirred for 2 h to obtain a uniformly mixed solu-
tion. Subsequently, a MXene/CMC composite membrane
was obtained via simple vacuum filtration, and this was then
cut into appropriately-sized pieces for performance testing.
Subsequently, the above samples were placed on polyethy-
lene terephthalate (PET) and polyimide (PI) substrates with
silver as interdigitated electrodes, and two copper wires
were connected to both ends of the electrodes using silver
paste. Finally, a pressure sensor for further measurement
was obtained by packaging with a PE film. MXene/PVA and
MXene/DAH sensors were prepared by using a process sim-
ilar to the MXene/PVA (MXene/DAH) at a mass ratio of 1:1.

Characterization and measurements

The morphology and size of MXene nanosheets were char-
acterized by the atomic force microscope (AFM) (JPK
BIOAFM, Germany). The surface, cross-sectional morphol-
ogy, and elemental composition of the MXene/CMC films
were characterized via scanning electron microscope (SEM)
(ZEISS GeminiSEM 300, Carl Zeiss, Germany). X-ray
diffraction (XRD) (SmartLab SE, Rigaku, Japan) and X-
ray photoelectron spectroscopy (XPS) (K-Alpha, Thermo
Fisher Scientific, USA) were used to further characterize the
chemical compositions and structure of the films. Fourier
transform infrared spectroscopy (FTIR) spectrum data were
tested using a Thermo Scientific Nicolet IS20 instrument.
The sensing performance of the MXene/CMC film pressure
sensor was then tested on a system consisting of a computer-
controlled Shimadzu AGS-X and a source meter Keithley
2450. The constant voltage input used during the test was
1V.

Signal measurement of physiological and human
activities

The assembled sensor was attached to a human volunteer to
measure various movements and physiological signals pro-
duced by the human body. These included finger movements,
wrist movements, blowing, swallowing, and speaking, as
well as pulse, internal jugular vein (IJV), ECG, and EMG
measurements. For ECG and EMG signal testing, medical
tape was used to attach the electrodes to the inner arm of the
human body. The corresponding electrophysiological signals
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were measured using an electrochemical workstation (CHI
660E). Other test data were collected using a digital source
meter.

Fabrication of a sensor array based
on the MXene/CMC pressure sensor

We prepared 4 x4 interdigitated electrodes (15 mmx 8 mm)
by evaporating silver particles. The sensor array was obtained
after assembling 16 suitably-sized MXene/CMC composite
films onto the 4 x4 interdigitated electrode using a PE film.

Fabrication of a wireless display based
on the MXene/CMC pressure sensor

The sensor was then installed on the leg joint of a remotely
controlled robot, and copper wire was used to connect it
to the digital source meter and UNI-T UT61E+. Real-time
robot movement signals were then wirelessly transmitted to
a mobile phone using a UNI-T UT61E+ Bluetooth module.

Results and discussion
Material synthesis and characterization

MXene/CMC sensing layer using the “brick-and-mortar”
structure was prepared using a vacuum-assisted extraction
method (Figs. 1a and 1b). First, a MXene colloidal suspen-
sion was obtained by selectively etching the Al atomic layer
on the TizAIC; MAX phase using a wet chemical-etching
strategy [38, 39]. Moreover, the CMC solution was obtained
via ultrasonic oscillation. Thereafter, the above aqueous sus-
pensions were uniformly mixed for vacuum-assisted lamella
self-assembly to obtain a free-standing film (Fig. 1c). Due
to the driving force of vacuum filtration and hydrogen bond-
ing between MXene and CMC, the desired brick-and-mortar
structure was achieved. In addition, the pressure sensor was
fabricated by assembling the MXene/CMC film and the Ag
fork-finger electrode PET membrane in a face-to-face orien-
tation. This was then encapsulated using PE in view of the
stability of the membrane (Fig. 1d). Furthermore, the layered
architecture’s high conformability with the skin gives it the
potential to detect and monitor subtle electrophysiological
signals such as ECGs and EMGs, thereby permitting human
health status assessment (Fig. le).

To validate the successful preparation of the MXene/CMC
films, a series of physicochemical characterizations were per-
formed following the preparation process. An AFM showed
that the thickness of the MXene nanosheet was approxi-
mately 1.88 nm and its horizontal span was approximately
2.483 pwm (Fig. 2a). These findings were consistent with the
likely single-layer structure of the MXene nanosheet [40].
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Next, XRD spectrum data (Fig. 2b) revealed a (002) peak
at 6.32° indicating the increased layer spacing of MXene
after etching. In addition, XPS was performed to analyze the
composition of the MXene and MXene/CMC films (Fig. 2¢).
Here, peaks of Ti 2p, C 1s, O 1s, and F 1s appeared at
455.4, 284.8, 532.6, and 685.3 eV, respectively (Fig. S1
in Supplementary Information). These data further verified
the successful preparation of MXene [41, 42]. Furthermore,
Na 1s XPS data for the MXene/CMC composite membrane
indicated the effective recombination of MXene and CMC
(Fig. S2 in Supplementary Information).

Considering that CMC content has a significant impact
on the properties of MXene/CMC composite membranes,
we prepared samples with varied mass ratios (i.e., 2:1, 1.5:1,
1:1, 1:1.5, and 1:2) to assess the magnitude of its influence
(Fig. S3 in Supplementary Information). As depicted by the

MXene/CMC film-based flexible pressure sensor and its application for
human healthcare. PE: polyethylene; PET: polyethylene terephthalate;
PI: polyimide

XRD spectral characterization (Fig. 2d), the (002) peak shifts
downward with increasing CMC content, demonstrating that
the augmentation in CMC content will amplify the layer spac-
ing of MXene. Moreover, as illustrated by FTIR (Fig. 2e),
the CMC exhibits a strong absorption band at 2918 cm™!.
This can be attributed to the expansion vibration of C-H.
Moreover, characteristic peaks at 1584, 1416, and 1328 cm~!
are correlating to the expansion vibration of COO-. Finally,
characteristic peaks of MXene at 2930 and 3440 cm ™! can be
attributed to the stretching vibration of -CH and —OH groups.
The —OH group shifted to 3470 cm ™! in MXene/CMC films,
which suggested a hydrogen bonding interaction between
CMC and MXene [37, 43]. In addition, the above character-
istic peaks are present in MXene/CMC films, demonstrating
that there are interactions between these two components.
For example, scanning electron microscope (SEM) images
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Fig.2 a Atomic force microscope (AFM) image of the MXene
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and MXene/carboxymethyl cellulose (CMC) films. d XRD patterns
of MXene films with different CMC mass ratios. e Fourier transform

of the cross-section of the MXene/CMC composite mem-
brane (Fig. 2f and Fig. S4 in Supplementary Information)
revealed the parallel-arranged, neat, and compact layered
structure of MXene. Moreover, CMC was evenly distributed
between MXene layers as an adhesive, thereby successfully
constructing the desired “brick-and-mortar” interface struc-
ture. However, no curly CMC fiber elastic fibers such as
those in the CMC powder (Fig. S5 in Supplementary Infor-
mation) were observed in the cross-sectional SEM image
shown in Fig. S6 (Supplementary Information). This phe-
nomenon is due to the high dispersibility and small size
of monodisperse CMC in water (Fig. S5 in Supplementary
Information). In addition, Fig. 2g shows that the surface of
the MXene/CMC composite membrane has corrugated folds.
Furthermore, the uniform distribution of C, Ti, O, F, and Na
elements observed in Fig. 2g and Fig. S6 (Supplementary
Information) reveals the energy dispersion spectrum, further
confirming the uniform distribution of CMC. This “brick-
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infrared spectroscopy (FTIR) data for MXene, MXene/CMC, and CMC.
f Cross-sectional scanning electron microscope (SEM) images of the
MXene/CMC film. g Surface SEM image of the MXene/CMC film and
corresponding elemental mapping images of the MXene/CMC film for
C,Ti, O, F, and Na

and-mortar” structure significantly improves the mechanical
strength and flexibility of the hybrid film. As a result, the
MXene/CMC film obtained here demonstrates superior ten-
sile strength (i.e., 49.55 MPa) compared to either the MXene
or CMC films (Fig. S7 in Supplementary Information), which
showed respective breaking strengths of 36.98 and 33.77
MPa, respectively. This shows its exceptional flexibility. Sub-
sequently, to explore the influence of CMC on the electrical
properties of MXene, we characterized the square resistance
of the MXene/CMC films using different proportions of the
two components. Figure S8 (Supplementary Information)
shows that the sheet resistance increases with increasing
CMC content, which are 0.845, 14.250, 139.200, 738.000,
and 1535.000 /] respectively. Thus, adding CMC causes a
reduction in the electrical conductivity of the MXene/CMC
composite films.
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Working mechanism and sensing properties
of the MXene/CMC pressure sensor

We employed an electrical signal test system that included a
source meter, force gauge, single-axis motion controller, and
computer to evaluate the pressure-sensing performance of
the device. To verify the influence of CMC content on sens-
ing performance, we prepared MXene/CMC pressure sensors
with different mass ratios (i.e., 2:1, 1.5:1, 1:1, 1:1.5, and
1:2) by controlling a single variable. Under the dynamic and
static conditions of electrical signal testing, a series of exper-
iments were conducted to determine the electrical properties
of the MXene/CMC piezoresistive sensor. The test system
was driven by a voltage of 1 V to measure changes in the
output signal response of the external pressure in real time.
As shown in Fig. 3a and Figs. S9 and S10 (Supplementary
Information), the MXene/CMC pressure sensor with a mass
ratio of 1:1 exhibited the best pressure sensitivity. The sensi-
tivity values for the low-pressure range (0.03—22.37 kPa), the
medium-pressure range (22.37-135.71 kPa), and the high-
pressure range (135.71-286.49 kPa) were 162.13 kPa~1(S),
127.88 kPa~!(S3), and 100.58 kPa~—!(S3), respectively. Com-
pared to the sensors assembled using pure MXene or other
nanocomposite films such as MXene/PVA and MXene/DAH,
the MXene/CMC pressure sensor showed the best sensing
performance. Figure 3b shows the monitoring of the cur-
rent-time (/-T) curves under continuously applied pressure.
We observed monotonically increases in response to increas-
ing pressure, mainly due to the increasing contact area and
conductive path between MXene nanosheets. The signifi-
cantly increased on/off ratio of the current with pressure
application further confirms the device’s ability to rapidly
distinguish between varying levels of pressure. In addition,
by applying a scanning voltage of —1 to 1 V to the device, as
depicted in Fig. 3c, all current—voltage (/-V) curves under
different external pressures exhibited a good linear relation-
ship, indicating good Ohmic contact between the sensing
layer and the interdigital electrode. Although elastic defor-
mation of the substrate can lead to a certain response time
lag/delay, the device shows short response/recovery time of
8.58 ms/34.34 ms under a pressure of 2.26 kPa (Fig. 3d). This
is equivalent to the response time of the human body and skin,
and is convenient for monitoring the movement of the human
body. In addition, Fig. 3e shows that the pressure sensor can
identify external pressures (i.e., 1.22 and 10.22 kPa) at differ-
ent speeds and frequencies with a stable and lasting response.
Furthermore, the curves shown for /-T and pressure—time
(P-T) (Fig. 3f) were consistent under the periodic pressure
test at a fixed pressure (3.2 kPa); this demonstrates the short
response time and superior performance of the piezoresistive
sensor reported here. Next, the real-time measured values
of relative current changes under cyclic loadings/unloadings
with different pressures were also observed (Fig. 3g), and the

measured current changed repeatedly in response to applied
pressure, which further demonstrates the robustness and reli-
ability of the sensor. Finally, to further evaluate the stability
and durability of the pressure sensor, a pressure cycling test
was carried out. After 2000 pressure cycling tests under a
pressure of 124.1 kPa, the sensor still maintained relative
stability, as shown in Fig. 3h. In addition, the pressure sensor
still showed good cycling stability at low pressures (Fig. S11
in Supplementary Information). Figure 3i shows the sensitiv-
ity of the sensor relative to the reported results. The developed
sensor not only showed high sensitivity but also an incom-
parably broad pressure-sensing range, i.e., up to 286.49 kPa.
Its performance is therefore superior to that of many existing
excellent pressure sensors [34, 36, 40, 44-53].

The construction of a high-performance pressure sensor
relies on substantial changes in the contact and/or internal
resistance of the structured sensing materials under pres-
sure. In this study, MXene nanosheets are endowed with
a layered parallel structure, which allows them to provide
more conductive paths under pressure. Moreover, the MXene
nanosheets are easily stacked due to the van der Waals force;
thus, the initial conductivity of the MXene films is high,
which is not conducive to high sensitivity. In addition, the
layered structure formed between the MXene nanosheets eas-
ily collapses and cannot recover to the initial state, making
it difficult to possess high sensitivity and stable sensing per-
formance. However, owing to the intercalation of the CMC,
the MXene nanosheets can be effectively separated to form
a relatively stable lamellar structure. Conversely, sufficient
conductive points between MXene nanosheets are preserved
[54, 55], which ensures that there are sufficient variable con-
ductive contact points between the nanosheets.

A schematic of the working mechanism of the pressure
sensor is illustrated in Fig. 4a. The resistance between the
sensing layer and the interdigital electrode is simplified as a
circuit model, as shown in Fig. 4b. In the static state, the load
of the sensing device mainly includes the electrode resis-
tance R., the contact resistance R., and the fixed resistance
Ryvx. Under pressure, the interlayer spacing decreases, and
the internal resistance Rcyc is connected in parallel to Ryrx.
This is then connected in series with R, and R, such that the
total resistance of the sensor device is reduced. In addition,
by varying the CMC content between MXene nanosheets,
the optimal structural properties can be obtained. When a
small amount of CMC is added, the plane-to-plane contact
area between the MXene layers remains relatively large,
and the degree of deformation can easily reach saturation
under pressure. However, as the CMC content increases, the
interlayer spacing of MXene creates additional conductive
pathways between the MXene nanosheets. When subjected
to pressure, the material then undergoes complete compres-
sion, decreasing interlayer spacing and causing an increase
in the contact area between adjacent layers. The synergistic
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Fig.3 Sensing performance of the MXene/carboxymethyl cellulose
(CMC) pressure sensor. a Sensitivity comparison of MXene/CMC
pressure sensors with different mass ratios. b /-T curves. ¢ I-V
curves. d Response/recovery time. e Response at different loading
speeds under 1.22 kPa (bottom) and response at different loading

effect of decreasing plane-to-plane contact and increasing the
number of variable conductive contact points enhances the
alterable conductive paths between the MXene nanosheets,
and results in a significant decrease in resistance and an
increase in current under pressure. After the pressure is
removed, the sensing layer gradually returns to the initial
state due to the flexibility and elasticity of the material itself.
However, when the CMC content becomes too high, most of
the CMC remains embedded between the MXene nanosheets,
decreasing the number of conductive contact points between
the MXene nanosheets sharply. This leads to a decrease in the
relative contact area of the sensing layer and causes low sen-
sor sensitivity. Finally, as shown in Fig. S9 (Supplementary
Information), the best sensitivity and sensing performance
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frequencies under 10.22 kPa (top). f Interactions between /—7 and
P—T curves. g Responses at different pressure levels under three cyclic
loadings/unloadings. h 2000 pressure cycling tests of the MXene/CMC
pressure sensor at 124.1 kPa. i Sensitivity comparison of our pressure
sensor with existing piezoresistive sensors [34, 36, 40, 44-53]

of the sensing layer are achieved when the content ratio of
MXene to CMC is 1:1.

Practical applications of the MXene/CMC pressure
sensor

For flexible pressure sensors, a high detection limit and
a large working range are key factors in determining the
range of potential sensor applications. Given that this sensor
shows excellent sensing performance, including high sensi-
tivity, a wide working range, short response/recovery time,
good flexibility, and good stability, we speculated that the
MXene/CMC pressure sensor can be applied for full-range
pressure monitoring. As shown in Fig. 5a, the sensor can be
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adhered to the sole of a shoe to identify changes in pressure
signals during human movement. Subsequently, we attached
the sensor to different muscles and joints of the human body,
and different current waveform signals were observed. As
shown in Fig. 5b, when the sensor is attached to the fingers of
the volunteers, it may be beneficial to detect early osteoarthri-
tis and could be useful in finger-related rehabilitation training
by detecting different finger bending angles. In addition, the
bending signal of a larger joint, such as the wrist, can be deter-
mined (Fig. S12a in Supplementary Information). When the
sensor is placed on the facial muscles and throat, expression
signals corresponding to smiling and swallowing actions can
be clearly recognized (Figs. S12b and S12c in Supplementary
Information). The high sensitivity of this sensor also enables
it to detect subtle changes in pressure signals. As shown in
Fig. S12d (Supplementary Information), the MXene/CMC-
based sensor can detect the loading and removal of tiny
particles, as exemplified by the detection of small differences
in the loading amounts of rice particles (0.85 Pa), mung bean
(1.98 Pa), and soybean (4.36 Pa); this further demonstrates
its high detection accuracy. Furthermore, due to its relatively
low detection limit, the difference between slow exhalation
and rapid blowing can be detected as a rapid but significant
change in the current signal (Fig. 5c). The sensor can also
accurately distinguish the current intensity and time interval
of finger pressing (Figs. S12e and S12f in Supplementary
Information). Therefore, this sensor could be used to mon-
itor tremors, including those related to Parkinson’s disease,

which have a characteristic frequency of 4—-6 Hz. The sensi-
tivity of this sensor could therefore facilitate real-time early
diagnosis of Parkinson’s disease (Fig. S12g in Supplemen-
tary Information). In another potential application, the sensor
could also be used for sound detection. As shown in Fig. 5d,
when a tester utters a word, he can receive a periodic response
signal of the corresponding word current according to the dif-
ferent vibrations involved in pronouncing that specific word.

To accurately obtain information related to human health
status in clinical tests, various instruments are used, and many
of these are both expensive and limited by the production of
a single signal. Signals such as the pulse wave are impor-
tant physiological signs for evaluating blood pressure, heart
rate, and arteriosclerosis status, among others. Accordingly,
to study the pulse beat change, we placed a sensor close to the
wrist of a volunteer. As shown in Fig. 5e, the pulse wave and
its corresponding characteristic peaks, including percussion,
tidal, and dicrotic waves, were simple to visualize. These tests
measured the pulse rate of the subject at about 70 times/min.
Furthermore, this sensor can be attached to the neck, where
it could directly measure and monitor the central blood pres-
sure waveform and pulsation of the IJ'V in a noninvasive way
(Fig. 5f). In addition, ECG is one of the most important elec-
trophysiological signals used in the diagnosis of heart-related
diseases. Therefore, we assembled MXene/CMC composite
membranes into skin sensing electrodes and attached them
to volunteers’ arms. As shown in Fig. 5g, ECG signals (79
beats/min) with Pg wave, Qg, Rg, and Sg complex, and Tg
wave characteristics were identified. This indicated that the
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carboxymethyl cellulose (CMC) pressure sensor. a Current response
of the signal when walking or running. b Current response of the
sensor during finger bending movements of different angles. ¢ Current
response during slow exhalation or rapid blowing. d Current response

heart rates of the focal volunteers were normal (i.e., 60—-100
beats/min in healthy people). Moreover, EMG signals could
be detected by having volunteers repeatedly clench their fists
(Fig. Sh). All of these test results were consistent with those
of normal, healthy volunteers, and therefore these tests prove
the feasibility of using this sensor for medical health monitor-
ing. To further explore novel application potentials of these
pressure sensors, a series of application scenarios involving
intelligent electronic products that incorporated the sensor
were designed. First, in view of the excellent high conduc-
tivity of the MXene/CMC pressure sensor, we connected it
to an LED light board to construct a series circuit. During the
test, a voltage of about 3 V was supplied to the circuit. As
shown in Fig. 6a, three distinct mass weights were placed,
and as the weight increased, the luminosity of the LED lamp
correspondingly intensified. In addition, the pressure on the
sensor was further fine-tuned by changing the strength of the
finger press applied. It was discovered that as the pressure
increased, the current subsequently amplified, and the LED

@ Springer

the wrist. f Current response of the internal jugular vein (IJV) pulse.
g Voltage response of electrocardiogram (ECG) signals. h Voltage
response of electromyography (EMG) signals

lights grew brighter (Video S1 in Supplementary Informa-
tion). Therefore, we speculate that the sensor could be used
as arheostat for pressure regulation to protect the circuit from
excessive current. In addition, a 4x4 pressure sensor array
was built to explore its ability to sense pressure distribution.
After placing two weights of differing mass on the array, we
observed that the LED lights exhibited varying luminosity on
the corresponding units situated on the portions of the array in
contact with the weights (Fig. 6b). Furthermore, by pressing
different positions of the array, the brightness and position
of the corresponding LED lamps can change accordingly
(Video S2 in Supplementary Information). Taken together,
these results indicate that the general shape and pressure dis-
tribution of a specific object can be analyzed by referring to
the current intensity of each matrix point qualitatively and
quantitatively. Finally, we explored a potential application
involving precise robot control and intelligent prosthesis. To
do so, a sensor was installed on the leg joints of a robot. Here
the sensor could clearly detect the real-time motion state of
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the robot using a wireless display and a Bluetooth module
(Fig. 6¢c and Video S3 in Supplementary Information). In con-
clusion, these results indicate that the sensor described in this
paper has numerous promising applications in the fields of
personal health monitoring and wearable electronic devices.

Conclusions

In this work, a type of nacre-like layered “brick-and-
mortar” interface structure was constructed using a simple
vacuum filtration method. Moreover, we explored its appli-
cation as a high-performance, multifunctional piezoresistive
pressure sensor. The pressure sensor exhibited high sen-
sitivity (i.e., 0.03-22.37 kPa: 162.13 kPa~!), a wide lin-
ear range (0.03-286.49 kPa), short response/recovery time
(8.58 ms/34.34 ms), a low detection limit (0.85 Pa), and

and detection of pressure distribution. ¢ Photograph of the pressure
sensor assembled on a robot and its response to movement behaviors
as measured using a Bluetooth circuit module

high stability (2000 cycles). More importantly, the practi-
cal applications of the sensor for detecting and identifying
tiny particles and the feasibility of using it as a protective
layer for electronic skin and commercial LED circuits were
also investigated, thereby demonstrating promising poten-
tial applications in the fields of space array identification,
wireless Bluetooth portable detection devices, and wearable
electronic equipment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-024-00292-4.
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