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ABSTRACT: Though the widely available, low-cost, and
disposable papers have been explored in flexible paper-based
pressure sensors, it is still difficult for them to simultaneously
achieve ultrahigh sensitivity, low limit and broad range of
detection, and high-pressure resolution. Herein, we demonstrate
a novel flexible paper-based pressure sensing platform that features
the MXene-coated tissue paper (MTP) sandwiched between a
polyimide encapsulation layer and a printing paper with interdigital
electrodes. After replacing the polyimide with weighing paper in py
the MTP pressure sensor, the silver interdigital electrodes can be 0001 [ _sonsien
recycled through incineration. The resulting pressure sensor with e
polyimide or paper encapsulation exhibits a high sensitivity of e
509.5 or 344.0 kPa™', a low limit (~1 Pa) and a broad range (100

kPa) of detection, and outstanding stability over 10 000 loading/unloading cycles. With ultrahigh sensitivity over a wide pressure
range, the flexible pressure sensor can monitor various physiological signals and human movements. Configuring the pressure
sensors into an array layout results in a smart artificial electronic skin to recognize the spatial pressure distribution. The flexible
pressure sensor can also be integrated with signal processing and wireless communication modules on a face mask as a remote
respiration monitoring system to wirelessly detect various respiration conditions and respiratory abnormalities for early self-
identification of opioid overdose, pulmonary fibrosis, and other cardiopulmonary diseases.
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1. INTRODUCTION foams®®) prepared by lithography or templated methods can
improve the pressure sensing performance, the complicated
processes and expensive equipment are challenging for mass

. . . z . roduction. As a simple alternative, paper with a porous
faces,” biomedical momtorlng,4 ¢ breath analys1s,7’8 and P . P > Pap vith ~a pore
. . . 9,10 cellulose microstructure starts to gain popularity in creating
intelligent robotics. Compared to those based on ) " . X
AN TR O . 13—15 . . 16,17 highly sensitive pressure sensors. Though various conductive
capacitive, piezoelectric, or triboelectric effects,

- : 3739
. L 18,19 . o nanomaterials (e.g, metal nanoparticles/nanowires, car-
piezoresistive pressure sensors are associated with high
sensitivity, cost-efficient fabrication, and simple signal

bon nanotubes,*’ graphene,”"** and their nanocomposites”)
. . e f have been explored, the resulting paper-based piezoresistive
detection.”””" However, the high sensitivity in most flexible P ’ & pab P
piezoresistive pressure sensors often relies on complicated 3D

pressure sensors do not provide a sufficient sensing perform-
structures from costly and complex fabrication processes (spin-

ance. It is still highly desirable to demonstrate the paper-based
coating, photolithography, vacuum deposition, and dry/wet piezoresistive pressure sensors with ultrahigh sensitivity, low
etching). In addition, most of the key components in the

limit and broad range of detection, fast response/recovery, and
. . . . excellent stability.

sensors are not disposable or biodegradable, posing environ- 4

mental concerns.

In contrast to the flexible pressure sensors based on Received:  November 12, 2021
polyimide (PI),”> polydimethylsiloxane,”>** polyester,”> or AccePted’ November 30, 2021
poly(ethylene terephthalate),”® the low-cost paper-based Published: December 13, 2021

27-30 . ;
pressure sensors can be disposable and environmentally
friendly. Though delicate microstructures (e.g, micropyra-

. 31,32 . 33-35 . . .
mids, microdomes,* air bubbles in the elastomeric

Soft deformable pressure sensors provide unique application
L e 12 oo
opportunities in electronic skins,”” human—machine inter-
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Figure 1. Schematic to show the preparation processes of the paper-based wireless wearable pressure sensor consisting of (a) the interdigital
electrodes and (b) MXene/tissue paper, which can be configured in (c) an array layout to wirelessly detect the spatial pressure distribution, with
the working mechanism shown in (d).
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Figure 2. Characterization of the flexible MTP pressure sensor. (a) SEM image of the MXene powder. (b) TEM image of the MXene nanosheets.
(c) XRD spectra of MXene and MAX (Ti;AlC,). (d) SEM images of the tissue paper after the MXene coating with the zoom-in to show the fiber
structure of the MTP. (e) Photograph of the flexible MTP pressure sensor bent upon compressive force. (f) Elemental mapping of the MXene/

tissue paper for C, O, F, and Ti.

As an emerging 2D material with excellent conductivity and
high specific surface, MXene has been explored on flexible
substrates (e.g., polymer, fabric, protein composites) for
piezoresistive pressure sensors.””** However, the disposable
pressure sensing platform that combines paper with MXene for
ultrahigh sensitivity over a wide detection range from cost-
effective fabrication is still not available. Herein, we design and
demonstrate a flexible paper-based pressure sensing platform
that features the MXene-coated tissue paper (MTP)
sandwiched between an encapsulation layer (PI film or
weighing paper) and a printing paper with interdigital
electrodes. Because of the highly porous 3D structure of the
MTP and high specific surface area of MXene, the MTP
pressure sensor encapsulated by the 35 pm-thick PI film
exhibits an ultrahigh sensitivity of 509.5 kPa™, a low limit (1
Pa) and a broad range (100 kPa) of detection, and excellent
stability over 10000 loading/unloading cycles. More impor-
tantly, replacing the PI film with the weighing paper further
results in a recyclable paper-based MTP pressure sensor with a
sensitivity of 344.0 kPa™" over the same sensing range of up to
100 kPa. The paper-based pressure sensor can be disposed of
by incineration (<20 s) to recycle the silver electrodes for
reuse. With ultrahigh sensitivity over a broad pressure range,
the MTP pressure sensor has then been explored to accurately
detect varying physiological signals and human motions. The
integrated respiration monitoring system with signal processing
and wireless communication modules is capable of wirelessly
detecting respiration rate, respiratory depth, and respiratory
arrest for early self-identification of opioid overdose. The
detected respiratory abnormalities can also be applied for
pulmonary fibrosis and other cardiopulmonary diseases.

2. RESULTS AND DISCUSSION

2.1. Preparation and Working Mechanism of the MTP
Paper-Based Pressure Sensor. The paper-based wireless

wearable pressure sensor features a sandwich device structure
with MXene/tissue paper sandwiched between an encapsula-
tion layer and a printing paper substrate with printed silver
interdigitated electrodes (Figure 1 and cross-section view
shown in Figure S1). In brief, the interdigitated electrodes with
a finger width of 0.8 mm and spacing of 0.6 mm (Figure S2) in
an area of 14.7 mm X 10 mm were fabricated on a printing
paper by screen-printing silver paste (Figure 1a). Next, a sheet
of tissue paper (10 X 10 mm’) immersed in the MXene
dispersion and dried in a vacuum prepared the MXene-coated
tissue paper (Figure 1b) in a black color (Figure S3). After
placing the MXene/tissue paper at the center of interdigitated
electrodes, using an adhesive polyimide PI tape or weighing
paper to encapsulate the entire structure yields a flexible
MXene/tissue paper (MTP) pressure sensor. As a representa-
tive example, we first systematically investigated the pressure
sensing performance of the MTP sensor encapsulated by a 35
um-thick PI film. The MTP pressure sensor can be arranged
into an array layout and integrated with a wireless transmitter
as intelligent artificial electronic skins for spatial pressure
mapping and human-interactive sensing (Figure 1c).

The simple resistance-based sensing of the MTP pressure
sensor relies on the pressure-induced resistance change (Figure
1d). It is highly desirable to directly measure the cross-section
morphology of the sensor under different pressures in the
experiment to support the mechanism analysis.”> The total
resistance is the sum of the electrode, the MTP, and the MTP/
electrode contact resistances (Figure S4). When the applied
pressure increases, the MXene nanosheets move closer to
increase the conductive pathway as the interstice of the
MZXene/tissue paper is compressed. The contact areas between
the MTP and the interdigitated electrodes are also increased
for reduced contact resistance upon further increased pressure.
As a result, the MTP pressure sensor exhibits the salient
feature of ultrahigh sensitivity over a wide detection range.
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Figure 3. Electromechanical properties of the flexible MTP pressure sensor. (a) I—V curves for varying pressure loading values. (b) Relative current
change of the MTP pressure sensor under different external pressures, from which (c) the sensitivity of our MTP pressure sensor is obtained and
compared with previous literature reports. Relative current response of the MTP pressure sensor under cyclic loading/unloading with (d) the
pressure from 0.5 to 100 kPa and (e) the frequency from 0.0S to 0.20 Hz for 4 kPa. (f) Current response to 1 Pa for eight cycles. (g) Photographs
of the MTP pressure sensor with a brick and varying numbers of nuts placed on top. (h) Detection of small pressure increments (0.92, 1.84, and
2.76 kPa) under high pressure with nuts placed on a brick weighing 225 kPa. (i) Repeatability test of the MTP sensor over 10 000 loading/

unloading cycles (100 kPa).

2.2. Material Characterization of the Paper-Based
MTP Pressure Sensor. The material and chemical properties
of the flexible MTP pressure sensors were first characterized
(Figure 2). The scanning electron microscope (SEM) image
shows an accordion-like layered structure in the Ti;C,T,
powders (Figure 2a). In the transmission electron microscope
(TEM) image, the MXene nanosheets show a slightly wrinkled
morphology with a lateral dimension of hundred nanometers
to micrometers (Figure 2b). The thickness also indicates

60534

single-layer to few-layered MXene. Figure 2c shows the (002)
peak shift from 9.5° in the MAX phase to 6.6° in MXene by
the X-ray diffraction (XRD) patterns, which indicates the
successful production of MXene. The X-ray photoelectron
spectroscopy (XPS) measurements of the MXene further
confirm the existence of Ti, C, O, and F (Figure SSa). In
particular, Figure SSb displays the Ti 2p spectrum fitted with
three doublets (Ti 2p;,,—Ti 2p;/,). The Ti 2p;/, components
at 455.3, 456.2, and 458.4 eV are from Ti—C, Ti (II), and
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Figure 4. Applications of the MTP pressure sensor to monitor human physiological signals. (a) Schematic to show the various scenarios of
physiological monitoring. (b) Relative current change of the sensor under a static frequency of S Hz to simulate the tremor in early stage
Parkinson’s disease, with a zoom-in view shown in (c) and a photograph of the imitated knocking in the inset. Relative current variation of the
sensor caused by (d) three different motion states with the pressure sensor on top of the insole (i.e., standing, walking, and jumping) and by (e)
throat movement during reading the words of “apple” and “banana”. Inset images show the MTP pressure sensor placed on the heel of the insole or
attached to the tester’s neck, respectively. (f) Wrist pulse signal of the human before and after exercise, with the sensor attached to a wrist shown in
the inset. (g) Schematic illustration to show the sensors placement and (h) the concurrent recording of ECG and arterial pulse signals with the
pulse transit time (PTT) indicated for blood pressure monitoring. (i) Calculated beat-to-beat systolic blood pressures (SBPs, stars) and diastolic
blood pressures (DBPs, thombus) before (black) and after (red) exercise on the basis of the PTT method. (j) Comparisons of the DBPs and SBPs
measured using the PTT method with those measured by a commercial sphygmomanometer.

Ti—O bonds, respectively. The C 1s level is fitted with five
types of carbon atoms (Figure SSc), with 281.8, 282.1, 284.8,
286.6, and 288.2 eV for C—Ti, Ti—C—0O, C—C, C—O0O, and
O—C=0, respectively.

The SEM images of the tissue paper before (Figure S6a,b)
and after (Figure 2d) MXene coating indicate uniform coating
onto cellulose fibers in the tissue paper with a well-preserved
porous structure. The main elements (e.g,, Ti, C) and surface
terminations (e.g, O, F) of MXene in the elemental mapping
further confirm the uniform distribution of the surface-
functionalized MXene on the tissue paper (Figure 2f).

60535

Because the unique 2D structure of the MXene sheets
provides a good conductive pathway, the sheet resistance of
the MTP gradually decreases from 5§ MQ/[] to 2.5 kQ/[] as
the concentration of the MXene dispersion increases from 0.5
to 1.0 mg/mL (Figure S7). The sheet resistance also affects the
sensitivity of the MTP pressure sensors with a sensitivity peak
obtained at 23.4 k€/[] in the investigated range (Figure S8).
Furthermore, benefiting from the thin geometry, the MTP
pressure sensor exhibits excellent flexibility upon compressive
forces (Figure 2e).

2.3. Sensing Properties of the MTP Pressure Sensor.
The performance of the MTP pressure sensor depends on the
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design parameters, including the thickness of the encapsulation
layer and layers of the tissue paper (Figure S9). The current
responses (defined as the ratio of the current change to its
initial value before pressure loading) of the pressure sensor in
the range from 0.5 to 100 kPa sharply decrease as the thickness
of the PI encapsulation layer increases from 35 to 50 and then
to 60 pum. The results can be understood as the bendin

stiffness of a thin film scales with the cubic of its thickness.”

The number of MXene/tissue layers also affects the sensing
performance, as revealed in the results of sensors with 1, 2, or 3
layers of MXene/tissue paper (Figure S9b). The sensitivity
defined as S = § (AI/I,)/5P in the small pressure range (0.5—
10 kPa) slightly enhances from 509.5 to 545.3 and then to
650.7 (Figure S9c) but decreases in the large pressure range
(10—100 kPa). The slight enhancement in the small pressure
range is attributed to the pressure-reduced air gaps between
layers for increased resistance change and higher sensitivity.”’
Meanwhile, the multilayered MXene/tissue structure forms a
parallel connection for a lower initial resistance and a larger
initial current than that of the single-layer MTP pressure
sensor, resulting in a smaller current change. For a pressure of
100 kPa, the current variation ratio decreases from 12 X 10> for
the single-layer MTP sensor to 7.8 X 10° for that of the three-
layer one. As a result of the above considerations, the single-
layer MTP sensor with a 35 um-thick encapsulation is
investigated in the following study for the balanced flexibility,
sensitivity, and working range, unless specified otherwise. The
measurement of the current—voltage (I—V) curves of the MTP
pressure sensor at varying pressure values provides the
characterization of its electromechanical properties. The I-V
curves as a function of the pressure ranging from 0 to 100 kPa
show excellent linear characteristics (Figure 3a), indicating
stable response and capability to distinguish the pressure over a
wide range. As the pressure increases from 0.5 to 100 kPa, the
current response increases in a piecewise linear manner (Figure
3b). The sensitivities (slopes in Figure 3b) of the MTP sensor
are obtained as 509.5, 179.4, and 53.7 kPa™' in the pressure
ranges 0.5—10, 10—30, and 30—100 kPa, respectively. Because
of the highly porous 3D structure, our MTP pressure sensor
with an ultrahigh sensitivity over a broad pressure range
compares favorably with the state-of-the-art flexible piezor-
esistive pressure sensors (Figure 3c and Table S1). In
particular, the ultrahigh sensitivity of 509.5 kPa™' in the
pressure range of 0.5—10 kPa is important to detect human
physiological signals (e.g., pulse profile and respiration).”® The
dynamic pressure-sensitive response curves in the pressure
range from SO0 Pa to 100 kPa (Figure 3d) and frequencies
from 0.05 to 0.2 Hz for a 4 kPa pressure (Figure 3e)
demonstrate outstanding stability over wide pressure and
frequency ranges. The standard deviation measured from five
randomly selected pressure sensors in the pressure range from
0.5 to 100 kPa is only 2% (Figure S10), showcasing high
reproducibility. Besides the large pressure, the MTP pressure
sensor could also detect subtle pressures of 1 Pa (Figure 3f and
Movie S1), indicating a limit of detection (LOD) of <1 Pa.
Besides ultrahigh sensitivity over a broad detection range and a
low LOD, the high sensitivity under high pressure also allows
the MTP sensor to detect pressures at a high resolution. An
aluminum block of 10 X 10 X 10 mm?® placed under a brick of
~2.25 kg provides a reference pressure of Py = 225 kPa. Next,
gently placing one, two, and three nuts on top of the brick
leads to an effective pressure increment AP of 0.92, 1.84, and
2.76 kPa, respectively (Figure 3g). The corresponding relative

current changes confirm the precise recording and differ-
entiation of these pressure increments (Figure 3h). Therefore,
our MTP pressure sensor is demonstrated to identify the tiny
changes in pressure under both low and extremely high
pressures. Additionally, the performance of the MTP pressure
sensor is highly stable and reliable with nearly invariant relative
current changes even over 10000 loading/unloading cycles
under different pressure values of 10, 30, and 100 kPa (Figure
3i and Figure S11). The MTP pressure sensor also exhibits
rapid response/recovery rates (150/60 ms) (Figure S12),
enabling the detection of human physiological signals in real
time. In addition to pressure, the MTP sensor can also detect
bending deformations (Figure S13), as the relative current
gradually increases with the increasing bending strain.

2.4. Applications in Human Physiological Activity
Measurements. The flexible MTP pressure sensor with an
ultrahigh sensitivity over a broad pressure range and fast
response/recovery can be applied to capture varying human
physiological signals (Figure 4a). The MTP pressure sensor is
capable of capturing low-frequency changes such as static
tremors (simulated by knocking; frequency of 4—6 Hz) in
early stage Parkinson’s disease for potential disease diagnosis
(Figure 4b,c). The capability of our device to detect the
pressure from a wide range is demonstrated by monitoring the
plantar pressure of an adult male (70 kg, 10 U.S. size for the
shoe) with the sensor on the bottom heel region of the insole
(Figure 4d). The MTP pressure sensor placed on the top of
the insole gives a higher relative current change compared with
those placed below the insole (Figure S14) due to a much
larger initial current from the weight of the insole. The three
different motion states from standing, walking, and jumping
can be clearly distinguished from the signal magnitude created
by the progressively increasing pressure (Figure 4d). Mean-
while, the signal from standing is relatively periodic, whereas
that from high-intensity jumping exhibits sharp peaks from the
impact of landing. By combining the spatiotemporal signal
captured by the MTP pressure sensor on the human throat, the
tiny vibrations produced by phonation can be potentially used
for phonation rehabilitation training and voice recognition. In
the proof-of-concept demonstration, the words “apple” and
“banana” can be differentiated (Figure 4e).

As one important vital sign, pulse rate monitoring from the
MTP pressure sensor on the wrist shows high potential for the
diagnosis and prevention of cardiovascular disease.”” The
recorded real-time wrist pulse signal with clearly identified
characteristic peaks (i.e., percussion, tidal, and diastolic waves)
from a healthy human subject (24 years old, male) shows an
increased rate from 73 to 102 min™" after exercise (Figure 4f).
The comparison in the extracted single-pulse waveforms before
(Figure S1Sa) and after exercise (Figure S15b) also shows
increased intensity and disappearance of the T wave after
exercise.

The concurrent recording of the arterial pulse with
electrocardiograph (ECG) signals can provide real-time
cuffless blood pressure measurements such as systolic and
diastolic blood pressures (SBPs/DBPs) for diagnosis and
prophylaxis of cardiovascular diseases. Due to the excellent
conductivity of MXene/tissue paper, it can be used as
electrodes for ECG measurement (Figure S16), with
comparable signal quality as that from the commercial Ag/
AgCl electrodes (Figure S17). Moreover, the signal-to-noise
ratio5 O(SNR) of the ECG signals at rest can be calculated
from
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Figure 5. Demonstration of the MTP pressure sensor array to monitor spatial pressure distribution. Images of (a) the sensor array with (b) two
different weights placed on the array. (c) 3D bar graph displaying the real-time relative current variation in (b). (d) Photographs of the MTP
pressure sensor array with 3D-printed numbers “1”, “9”, “0”, and “4” positioned on top. (e) Color contrast mapping and (f) 3D bar graph to show

the real-time relative current variation in (d).

_ Vrmsl
SNR = 10 X log——

rmsn

where V4 and V., are the root-mean-square values of the
ECG signal without and with noise. The SNR value (30.6 dB)
of the ECG signals measured by the MXene/tissue paper
electrodes is much higher than 21.4 dB from the commercial
Ag/AgCl gel electrodes. With two electrodes on the forearm
and the MTP pressure sensor on the wrist (Figure 4g), the
ECG and pulse signals are continuously recorded (Figure 4h).
After obtaining the pulse transit time (PTT) between the R-
peak in the ECG and the epidermal pulse maximum of each
cardiac cycle, the real-time SBP and DBP can be extracted
using the PTT mehthod®" (Figure 4i). In brief, the PTT
method indicates that the mean blood pressure (P) is
correlated with the elastic modulus (E) of the blood artery
by Hughes equation:>* E = Ey¢*?, where @ = 0.017 mmHg ™.
The PTT is inversely proportional to the pulse wave velocity
(PWV) for a short elastic vessel, which is described by the
Moens-Korteweg equation:53

PWV = distance _ E_h
PTT p2r

where h and r are the thickness and radius of the blood vessel
and p is the blood density. By assuming negligibly small
changes in the vessel thickness and radius, the mean blood
pressure is connected with PTT via a logarithmic relationship:
PTT as P = k In(PTT) + b. As a result, the SBP and DBP can
be obtained as a function of PTT as

SBP, 2DBP, PTT,
DBP = + —+Aln

PTT
(SBR, — DBR)) PTT,’

3 PTT?
PTT,
PTT?

SBP = DBP + (SBP, — DBR))

where SBP, and DBP, are determined by a commercial
sphygmomanometer from a one-time calibration, A is a
subject-dependent coefficient (can be estimated for the
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Figure 6. Smart mask that integrates the flexible pressure sensor with power supply and wireless transmission modules for respiration monitoring
and opioid overdose detection. (a) Photograph to show the human subject wearing the smart mask with each module labeled in the inset. (b)
Schematic illustrations and (c) block diagram of the entire remote monitoring platform. (d) Relative current variation of the sensor induced by
respiration before (blue) and after (red) exercise, with the testing schematic for human exhaled air detection shown in (e). The normal breath
signal on the remote real-time monitoring interface is shown in (g). (h) Breath signals from three different breathing patterns: normal (black) with
a zoom-in view in (i), deep (red) with a zoom-in view in (f), and deep and holding breath (blue) with a zoom-in view in (j). Holding the breath

simulates respiratory arrest.

population®®), and PTTj is the initial PTT of the first recorded
cycle. While there is no significant change in the DBP after
exercise, the SBP after exercise is generally higher than that
before exercise (Figure 4i). Notably, the difference in the DBP
and SBP between those measured by our soft sensors and a
commercial sphygmomanometer is less than $% (Figure 4j),
which features the highly reliable blood pressure measurement
from the noninvasive soft sensors.

The individual MTP pressure sensors can also be configured
into an array layout for detecting spatial pressure distribution.

60538

As an example, the pressure sensor array with 4 X 4 units on a
single interdigital electrode matrix (Figure Sa and Figure S18a)
can identify the position and pressure magnitude induced by
two weights (i.e., S and 10 g) placed on two different pixels of
the matrix (Figure Sb,c). Furthermore, the representative 3D-
printed numbers (e.g, “1”, “9”, “0”, and “4”) can also be
distinguished by the pressure array as shown in the color
contrast mapping and a 3D bar graph (Figure Sd—f). The
object with an irregular shape such as a key can be accurately
detected by the sensor array as well (Figure S18b,c). While the
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Figure 7. Recycling of Ag interdigital electrode in the all-paper-based MTP pressure sensor. (a) Schematic of the recycling procedure for the Ag
interdigital electrodes. Images of the printing paper with the silver interdigital electrode (b) before and (c) after burning. After (d) separating and
(e) collecting the fragmented silver interdigital electrode with ethanol, (f) sonication and (g) drying of the solution yields the silver powder.

pressure sensor array is connected to the back of the human
hand, it can map the spatial pressure distribution as well as the
toy bear placed on the top (Figure S19), opening up
opportunities in the electronic skin, human—machine inter-
faces, and intelligent prostheses.

2.5. Remote Respiration Monitoring System. Because
there exists an urgent and unmet need for real-time detection
of an opioid overdose™ especially for illicit opioid use,>” it is
highly desirable to develop a remote respiration monitoring
system for early self-identification of the opioid overdose. The
remote respiration monitoring system that integrates the
flexible MTP pressure sensor with signal processing and
wireless communication module on a face mask (Figure 6a) is
developed to capture the opioid-induced respiratory depres-

sion.® The MTP pressure sensor placed in the middle of the
breathing valve gives a higher relative current change
compared with those placed on the left or right side (Figure
$20) due to a stronger breathing airflow. As shown in the
flowchart (Figure 6b,c), the remote respiratory monitoring
system first converts the resistance change of the MTP
pressure sensor to a voltage value through a voltage divider,
removes the noise by a low pass filter, and then digitizes the
signal using a 16-bit 6—c modulator. The digitized signals
wirelessly transmitted via a Bluetooth module can visualize the
signal on the smartphone (the schematic diagram of the circuit
shown in Figure S21). As the breathing flow changes the
resistance of the MTP pressure sensor (Figure 6e), the real-
time respiratory pattern from a healthy human subject (24
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years old, male) before and after intense exercise can be
recorded (Figure 6d) and wirelessly transmitted to smart-
phones (Figure 6g). From the exhalation and inhalation cycles,
the respiration rate can be calculated to show an increase in the
rate from 17 to 23 min~' after exercise (Figure 6d). The
measurements are within 5% of those detected by a medical
device (Mindray, PM-7000) (Figure S22), indicating highly
reliable respiratory rate recording from our remote respiration
monitoring system. Besides, the larger amplitude of the signal
waveform also indicates the deep respiratory activities after
exercise. On the basis of this observation, the remote
monitoring system is applied to detect normal breathing,
deep breathing, and holding the breath for 12 s after three
times of deep breathing for simulated respiratory arrest (Figure
6f—j). It is worth noting that the relative current remains
constant when the human subject holds his breath. The current
system to detect respiratory abnormalities can be applied for
opioid overdose, pulmonary fibrosis, and other cardiopulmo-
nary diseases.

2.6. All-Paper-Based MTP Pressure Sensor and Its
Recycling Process. Replacing the PI tape with weighing
paper yields an all-paper-based MTP pressure sensor (Figure
S23a), which still exhibits high sensitivity (344.0 or 15.4 kPa™"
in the ranges 0.5—30 or 30—100 kPa) in the same broad
detection range 0.5—100 kPa (Figure S23b—d). Though the
sensitivity of the all-paper-based MTP pressure sensor is
smaller than that with the thin PI encapsulation, the sensing
performance is still superior to most previously reported ones
(Table S1). More importantly, the all-paper-based MTP sensor
allows for recycling of the silver interdigital electrode (Figure
7a). In brief, burning of the used sensor for 20 s turns the
paper to ash with the silver interdigital electrode remaining
intact. After separating and collecting the fragmented silver
interdigital electrode with ethanol, a cell crusher with
ultrasound at a power of 300 W was then used for 60 min.
Placing the resulting solution in a vacuum drying oven
obtained the silver powder for reuse.

3. CONCLUSIONS

In summary, we have explored the design, characterization, and
demonstration of a MTP pressure sensor based on the highly
porous 3D structure of MXene/tissue paper. The MTP
pressure sensor shows an ultrahigh sensitivity of 509.5 kPa™’,
a low limit (1 Pa) and broad range (0.5 to 100 kPa) of
detection, and outstanding stability over 10000 loading/
unloading cycles. The flexible MTP sensor with ultrahigh
sensitivity over a broad pressure range and fast response/
recovery is suitable to monitor varying physiological signals
(e.g, pulse, phonation, and respiration) and motion states
(e.g., standing, walking, and jumping). The concurrent
measurement of pulse and ECG signals also allows for the
continuous measurements of the SBP and DBP. By configuring
individual MTP pressure sensors into an array layout, the
resulting smart artificial E-skin can detect spatial pressure
distribution for human—machine interfaces and intelligent
prostheses. Integrating the MTP pressure sensor with signal
processing and wireless communication modules on a face
mask conveniently yields a smart face mask as a remote
respiration monitoring system. The wirelessly detected
respiratory abnormalities on the smartphone provide early
self-identification of the opioid overdose. The design of the
integrated wireless remote respiration monitoring system can

also be adapted and applied for pulmonary fibrosis and other
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cardiopulmonary diseases. Furthermore, we have fabricated an
all-paper-based MTP pressure sensor by replacing the thin PI
encapsulation with a weighing paper so that the incineration
allows for recycling of the sliver interdigital electrodes to avoid
electronic waste.

4. EXPERIMENTAL SECTION

Materials. The printing papers (Deli, Ningbo, China) and PI tape
(Kapton) were used as substrate and encapsulation layer of the MTP
pressure sensor, respectively. The tissue paper (Vinda, Jiangmen,
China) was used to fabricate the MXene/tissue paper. The silver paste
was purchased from Ausbond. The copper foils (T = 0.05 mm) were
used to connect the MTP pressure sensor to the digital source meter.

Synthesis of MXene Power and Dispersion. MXene
(Ti,C,T,) was synthesized by selective etching of Al from MAX
(Ti;AlC,) as in ref S7. Briefly, 0.8 g of LiF was first added to 10 mL of
HCI (9 M), followed by stirring for S min at room temperature. Next,
0.5 g of Ti;AlC, powder was gradually added into the above mixture
over the course of >S5 min, followed by the reaction at 35 °C over
continuous stirring for 24 h. The reaction mixture was then washed
with deionized (DI) water several times by centrifugation at 3500 rpm
(until reaching near 7 in the pH of the supernatant). Separating the
black slurry from the gray solid (unetched Ti;AIC,) yielded Ti,C,T,
powder. After adding 0.1 g of Ti;C,T, powder into 100 mL of DI
water with sonication for several minutes at 200 W, centrifuging at
3000 rpm for 20 min removed the unexfoliated aggregates and
Ti;C,T, MXene dispersion was stored as obtained. The concentration
of the MXene dispersion was prepared in the range from 0.5 to 1.0
mg/mL (0.6 mg/mL chosen unless otherwise speciﬁed).

Preparation of the MXene/Tissue Paper (MTP) and MTP
Pressure Sensor. The tissue paper was cut into a rectangular shape
of 10 X 10 mm?* and immersed in MXene dispersion for 10 s.
Annealing at 40 °C in a vacuum drying chamber for 40 min fully
evaporated the water to yield the MTP. Next, the printing paper with
interdigital electrodes was prepared by screen printing (200 mesh)
and drying of silver paste at room temperature. Sandwiching the MTP
between a PI encapsulation layer and a printing paper with an
interdigitated electrode resulted in the MTP pressure sensor. The
connection between the electrodes and the data acquisition system
was made by two copper foils via silver paste.

Characterization. SEM and TEM images were recorded by a field
emission SEM (JEOL, JSM 7100F) and Tecnai G2 F20 HRTEM,
respectively. A D8 Advance (Bruker) X-ray diffractometer and
ESCALAB 250 photoelectron spectrometer (Thermo Fisher
Scientific) were used to measure XRD patterns and XPS, respectively.
The external pressure was loaded by a universal materials testing
machine (JSV-H1000). The piezoresistive properties of the MTP
pressure sensor were measured by a Keithley 2400 source meter at 1
V. The pressure distribution from the 4 X 4 pressure sensor array was
detected in real-time by a microcontroller (Arduino Mega 2560)
connected to a computer using a custom-built MATLAB (Math
Works) program.
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paper, sensing performance of the MTP pressure sensor
with varying encapsulation thicknesses and different
MXene/tissue paper layers, average sensor performance
measured from five samples, repeatability test of the
MTP sensor over 10 000 cycles for pressures of 10 and
30 kPa, response/recovery rates of the MTP pressure
sensor, bending deformation test of the MTP pressure
sensor, sensor response induced by three different
motion states with the sensor below the insole, single-
pulse waveforms before and after exercise, photograph of
MZXene/tissue paper electrodes for ECG measurement,
ECG signals measured with commercial Ag/AgCl gel
electrodes and the MXene/tissue paper electrodes,
electrodes of the sensor array and the color contrast
mapping of a key, image of the sensor array attached to
the back of the human hand, breathe signals from three
different pressure sensor locations of the mask,
schematic of the remote respiration monitoring system,
comparisons of the respiratory rates measured by the
remote respiration monitoring system and a medical
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all-paper-based MTP pressure sensor and its perform-
ance comparison with other flexible pressure sensors and
table of comparison of sensitivity and detection limit of
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