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ABSTRACT: The increasing demand for flexible and wearable
electronics has promoted the rapid development of the pressure
sensors capable of monitoring diverse human movements and
physiological signals. However, more and more research requires the
pressure sensor to possess high sensing performance and desires the
fabrication to exhibit the characteristics of low cost, large-scale
production, high reproduction, even disposability. Here, we propose a
full tissue-based capacitive pressure sensor with a sandwiched structure
consisting of two MXene-coated tissue electrodes and a blank tissue
dielectric layer. The tight contact and adequate adsorption of the
MXene sheets with the cellulose fibers endow the electrode with
uniform conductivity and high stability over a large area. In addition,
the flexible sensor could be conveniently cut into any shape and size to
meet the diverse application requirements. Thereby, the pressure sensor exhibits a sensitivity of 0.051 kPa−1 (<7 kPa), a wide
detection range of 0.02−160 kPa, a fast response (∼100 ms), and good repeatability. The flexible device has been demonstrated to
monitor a variety of human activities and physical stimuli. The assembled sensor array can accurately and reliably detect the pressure
distribution.

1. INTRODUCTION

With the rapid development of the Internet of Things and
artificial intelligence, flexible electronics have attracted more
and more attention.1 Accordingly, the market share of smart
and wearable devices has been increasing quickly.2−6 As one of
the significantly wearable devices, the stress sensor comprises
the advantages of high flexibility, portability, and integrability
with other flexible electronic devices.7−9 According to the
signal conversion mechanisms, the flexible stress sensor can be
divided into four types, including resistive,10,11 capacitive,12,13

piezoelectric,14,15 and triboelectric type.16 The capacitive stress
sensor has received intense investigations due to its simple
structure, facile fabrication, high adaptability, fast response, and
excellent stability.17

The capacitive sensors generally are fabricated with a
sandwiched structure, consisting of upper/lower electrodes
and a dielectric layer.18 The electrode composed of conducting
active materials and flexible supporting layer plays a vital role
in determining the sensor performance. On the one hand, the
conductive materials, including metal nanoparticles/nano-
wires ,1 9−23 carbon-based mater ia l s , 24−26 MXene
(Ti3C2Tx),

27−32 indium tin oxide (ITO),33,34 and conducting
polymers,35,36 have been widely used in the flexible capacitive
stress sensors. On the other hand, the supporting layer

materials of the electrode, such as poly(dimethylsiloxane)
(PDMS),37,38 polyimide (PI),39 Ecoflex,40 poly(methyl meth-
acrylate) (PMMA),41 fibers,42,43 and tissues,44 are required to
be highly flexible, superbly stable, and biocompatible. The
fabrication of macromolecular polymers generally needs
complicated curing processes and relatively high material
costs. Additionally, the conducting networks are usually
embedded in the organic layer to obtain good interfacial
contact between the conducting materials and the organic layer
via a curing-transfer method.45 However, this technology often
results in the uneven distribution of the conducting materials
on the electrode surface due to the incomplete transfer.
Therefore, it is highly desirable to explore a flexible electrode

of the stress sensors with the merits of low cost, simple
fabrication process, high uniformity, and scale-up technology.
To achieve it, the flexible and low-cost fibers or tissues are
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ideal candidates for the supporting layers of the sensor
electrode. For example, Zhang et al. proposed a pressure
sensor based on MXene-textile prepared by a dip-coating
process.46 The device exhibited the highest sensitivity of
12.095 kPa−1 in the range of 29−40 kPa, a rapid response time
of 26 ms, and a detected range of 40 kPa. Kannichankandy et
al. reported a device using polyaniline (PANI) incorporated
with cellulose paper (CP) substrate by dip-coating, delivering a
sensitivity of 2.23 kPa−1 and a fast response of 70 ms, and an
operating range of 2−90 kPa.47

Although the fabrication of pressure sensors based on cotton
fabrics and tissue papers could reduce the cost and complexity
of the technology, the device performances (such as detect
pressure range) and large-scale fabrication still demand further
improvement to meet the wide application requirements.43

Herein, we proposed a full tissue-based capacitive pressure
sensor using MXene sheets-coated tissue as the electrodes and
blank tissue as the dielectric layer. There are four advantages of
the fabricated device. First, the tissue paper as the supporting
layer can adequately adsorb the MXene sheets owing to its
intense hygroscopic property and rough fiber surfaces, realizing
uniform conductivity of the electrode over a large area. Second,
the two-dimensional structure of MXene sheets can tightly
contact the cellulose fibers, achieving the high mechanical
stability of the device under repeated loading. Third, the air
gaps among the tissue fibers enable a relatively significant
capacitance change under external loading, improving the
sensing ability. Fourth, the device can be cut into any desired
shape and size, exhibiting a facile and low-cost fabrication. As a
result, the full tissue-based capacitive pressure sensor delivered
the highest sensitivity of 0.051 kPa−1 (<7 kPa), the wide
detection range of 0.02−160 kPa, and rapid response (∼100
ms). In addition, the sensor demonstrated the detection of a
variety of human movements in real-time, and the sensor array
could be used to describe the pressure distribution.

2. RESULTS AND DISCUSSION

X-ray diffraction (XRD) detected the structure of the MAX
phase after etching with 2θ ranged from 2.5 to 60° (Figure 1a).
The dominant diffraction peak of the pattern at 5.1° indexed to
the (002) plane of layer-structured MXene. Additionally, the
characteristic peak of Al around 40° disappeared, denoting that
the Al layer of the MAX phase has been completely etched.
Figure S1 provides the morphological change of the MAX
phase before and after etching, verifying the formation of the
multilayered MXene. Furthermore, the multilayered MXene
was delaminated with the assistance of ultrasonic treatment to
obtain a few-layered MXene, whose sheet-like structure is
beneficial to be adequately and tightly adsorbed by the tissue
paper fibers. Figure 1b displays the variation trend of electrode
sheet resistance as the MXene concentration and soaking time.
The electrode resistivity gradually decreased as MXene
concentration and soaking time increased, indicating that the
electrode conductivity was controllable. When the adsorption
of conducting materials reaches saturation, the electrode sheet
resistance kept the lowest value of 17 Ω/sq. We applied a
constant loading of 2 N to the tissue-based electrode directly.
The changes of electrode resistance were maintained below
∼30% during 2000 loading−unloading cycles. The printing
paper placed under the electrode showed no noticeable residue
of MXene after repeated loading, revealing excellent adhesion
of MXene sheets to tissue internetworks (Figure S2).
The obtained electrode exhibited a deep black color (Figure

S3 shows the electrode color with different soaking times) and
could be facilely cut into different sizes and shapes to meet
diverse application requirements (Figure 1c). Figure 1d
manifests that the tissue paper retains a similar size before
and after adequately adsorbing the MXene sheets. Figure 1e−g
shows the micromorphology of the tissue-supporting electrode
with various magnifications, indicating that the electrode is
composed of one-dimensional fibers. The MXene sheets cover

Figure 1. (a) XRD pattern of the multilayered MXene. (b) Relationship between MXene concentration and sheet resistance of the electrode with
different soaking times. (c) Photographs of the tissue-supporting electrode with various sizes and shapes. (d) Photographs of the tissue paper before
and after adsorbing the MXene sheets. (e−g) Scanning electron microscopy (SEM) images of the electrode with different magnifications. (h)
Corresponding element mapping images of the electrode.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03900
ACS Omega 2021, 6, 27208−27215

27209

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03900/suppl_file/ao1c03900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03900/suppl_file/ao1c03900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03900/suppl_file/ao1c03900_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03900/suppl_file/ao1c03900_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03900?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03900?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03900?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03900?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the fiber surfaces and occupy the space among the fibers due to
the strong absorptivity of the cellulose fibers. The correspond-
ing element mapping images confirm that O, C, F, and Ti
elements from MXene sheets are distributed on the fibers
(Figure 1h). In addition, a large-area electrode was prepared by
soaking the tissue with the area of 50 mm × 150 mm into the
MXene solution to investigate the resistance uniformity. The
14 cut electrodes with 20 mm × 25 mm dimensions exhibited
an average resistance of 68.6 Ω, and a standard deviation of
11%, revealing a relatively uniform distribution in the
conductivity (Figure S4).
Figure 2a presents the fabrication process of the full tissue-

based capacitive pressure sensor. Typically, two pieces of

MXene-coated tissues with an area of 20 mm × 25 mm were
used as the upper and lower electrodes, while a piece of blank
tissue with a size of 23 mm × 26 mm served as the dielectric
layer. Two electrodes and the intermediate dielectric layer
were assembled into a sandwiched device, delivering the
characteristics of thinness, high flexibility, low-cost fabrication,
and cuttability. The PI tape was utilized to encapsulate the
whole device, ensuring capacitance stability under different
humidities (Figure S5).
To ascertain the sensing ability of the full tissue-based sensor

in response to the external pressures, we used a measurement
system consisting of a universal electronic testing machine and
LCR instrument to detect the device capacitance under

Figure 2. (a) Schematic presentation of the fabrication process of a full tissue-based capacitive pressure sensor. (b) Capacitance changes of the
sensor under the external pressure of 0−160 kPa, and the inset shows the measurement picture. (c) Dynamic response and relaxation time of the
sensor, and the insets are local enlarged curves. (d) Test of the sensor’s capability to detect a lightweight iron sheet with a pressure of 20 Pa, and the
inset is the corresponding picture; capacitance responses of the sensor with different external forces of 10, 26, and 100 kPa (e), loading frequencies
of 0.25, 0.5, and 1 Hz (f), and loading rates of 0.5, 1, 2, and 4 N/s (g). (h) Long-term stability test of the sensor under a constant force of 4 N for
1000 cycles.
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different loading pressures. Figure 2b shows the relative
capacitance changes of the sensor within the wide pressure
range. The sensitivity of the capacitive sensor is determined by
the equation of S = (ΔC/C0)/ΔP, where ΔC represents the
variation of capacitance value (ΔC = C − C0), C is the
capacitance at a loading state, C0 is the initial capacitance
without loading, and ΔP is the pressure change.48,49 The
sensitivity of the full tissue-based sensor exhibits three distinct
linear regions in the pressure range of 0−7, 7−45, and 45−160
kPa, corresponding to the sensitivity of 0.051, 0.0073, and
0.0026 kPa−1, respectively. Usually, the capacitance change
should be as significant as possible under a loading state to
realize a high sensitivity for the capacitive sensor. According to
the capacitance definition of the plate capacitor C = εS/4πkd,
where ε corresponds to the dielectric constant, d is the distance
between the two plates, k refers to the electrostatic constant,
and S represents the area of the capacitor plate, the device
capacitance could be altered by changing the structure
parameters.50 In this work, the tissue paper exhibits porous
microstructure due to the interconnection of the cellulose
fibers. When the external force was applied to the sensor, the
internal air pores among the fibers were compressed, resulting
in a remarkable decrease of d and an increase of ε, especially in
the case of low-pressure loading.51 The air pore compression
gradually attained saturation as the pressure increased.
Meanwhile, the contact area between the MXene sheets on
the fiber surface also increased as the exerted force elevated,
improving the effective area S of conducting materials.

Therefore, the changes of d, ε, and S increased sensor
capacitance variation together.
The response time of the capacitive pressure sensor was

evaluated by a typical time−capacitance cycle curve (Figure
2c). The local enlarged curves in the insets indicate that the
rise and fall times of the sensor were 132 and 264 ms,
respectively. The ability to detect a low stimulus is one of the
crucial indicators for stress sensors. Figure 2d displays the
repeated signal stemming from loading/unloading an iron
sheet. A slight pressure of 20 Pa was clearly identified,
revealing that our sensor could reliably detect low stimulus by
the capacitive response. Mechanical stability is another
significant factor for determining the performance of flexible
sensors. We measured the capacitance changes in response to
the stepped increase and decrease of pressures (10, 26, and 100
kPa) (Figure 2e). The stable signal output denotes that the
sensor can work under different pressures and maintain
excellent symmetric responses under the same loadings.
Figure 2f,g shows the cyclic capacitance changes of the

sensor with different loading frequencies of 0.25, 0.5, and 1 Hz
and loading rates of 0.5, 1, 2, and 4 N/s. The sensor exhibits
fast response and high recoverability regardless of the loading
frequency and rate. It also reflects that the sensor possesses
excellent resolution ability of the frequency and stably operates
within a wide range of loading rates. The long-term stability of
the sensor was evaluated by dynamically loading/unloading a
constant force of 4 N for 1000 cycles (Figure 2h). The
capacitance could recover the initial value after repeated

Figure 3. Demonstration of the full tissue-based sensor as a tactile device. Detecting human physiological signals from the breath (a), air blowing
(b), and swallowing (c). Monitoring the joint bending, including the bending of the finger (d), wrist (e), and elbow (f). Detecting the real-time
capacitance changes in response to the finger-tapping (g), pencil holding (h), and weight pressing (i).
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loading, and the signal amplitude remained the same,
demonstrating the good robustness of whole tissue-based
device. The insets of Figure 2h are the cyclic curves at the
initial, intermediate, and final stages, confirming highly stable
capacitance changes during the long-term cyclic test.
Based on the above performance measurement analysis, our

sensor exhibits the advantages of high sensitivity, especially in
low-pressure range, fast response, wide operating range, and
good stability. To further assess the application of a full tissue-
based pressure sensor as a practical and versatile wearable
device, we attached the sensor to the human body parts to
monitor various movements in real-time. The sensor was
adhered to a mask to detect human respiration (Figure 3a).
The exhaled air generated a slight pressure on the sensor,
increasing sensor capacitance, and then the capacitance
returned to its original value on inhalation. Thus, the sensor
could detect a stable capacitance signal that responded to the
breath, which was expected to monitor sleep apnea to avoid
suffocation for the patients. The sensor was also able to detect
the movements of human muscles such as cheek (Figure 3b)
and Adam’s apple (Figure 3c) in real-time. The repeated
capacitance waveforms suggest that the attached sensor has
responded to the actions of air blowing and swallowing.
Additionally, the flexible device was fixed to the joints of the
human body, such as the finger (Figure 3d), wrist (Figure 3e),
and elbow (Figure 3f), to detect joint bending. The joints were
bent to provide a certain pressure on the sensor; thus, the
capacitance value accordingly increased. The bending angles
could be evaluated by collecting the capacitance variations.
The signals present rapid and stable responses to the bending
of various joints, reflecting that the sensor can monitor the
movement of small joints (such as a finger) and large joints
(such as wrist and elbow).
We also tested the sensor response to other physical stimuli.

The device immediately responded when a finger tapped the
sensor, figuring the characteristic of rapid response and high
sensitivity (Figure 3g). To explore the application in human−
machine interaction, we fixed the sensor on the thumb. When
we used a similar force to grab a pencil, the sensor capacitance

maintained a highly stable maximum for each cycle,
demonstrating excellent recoverability (Figure 3h). In addition,
we presented the sensing ability comparison of the sensors
with the areas of 30 mm × 30 mm and 60 mm × 60 mm
(Figure 3i), indicating that the two sensors offer a similar
capacitance response to a relatively small loading (such as 20 g
weight). Still, the large-area sensor has a more significant
sensing ability under a heavier loading (such as 50 and 100 g
weights) due to its larger initial capacitance and capacitance
change. Therefore, the large-area sensor has a better sensing
resolution in response to large external loading.
The full tissue-based capacitive sensor fabricated by a

soaking−drying method exhibits the merits of uniform
performance, low cost, and scale-up fabrication. Therefore,
we used nine parallel sensors to prepare 3 × 3 pixels pressure
sensor arrays, detecting spatial pressure distribution. A 200 g
weight, key, and spanner were respectively placed on the
sensor arrays to investigate the distinguishable ability of the
sensor arrays to the object shape and pressure distribution.
The photographs of the practical location of the objects are
shown in Figure 4a−c. The corresponding sensor capacitances
were collected and plotted as two-dimensional distribution
mapping (Figure 4d,e). The increase in the sensor capacitance
was observed at the sites of loading objects along with a deeper
blue color, denoting a relatively higher pressure. The color
contrast identified the object shapes from the pressure
mappings, revealing an excellent spatial resolution of the
sensor array.

3. EXPERIMENTAL SECTION

3.1. Materials. The commercial tissue paper was purchased
from Vida Trading Co., Ltd. It is composed of cellulose,
featuring the merits of softness, excellent toughness, and
hygroscopic property. Hydrochloric acid (HCl) and lithium
fluoride (LiF) were obtained from Guangzhou Chemical
Reagent Factory and Alfa Aesar (China) Chemical Co., Ltd.,
respectively, while Ti3AlC2 (99.7%, 400 mesh) powder was
provided by 11 Technology Co., Ltd.

Figure 4. Photographs of the 3 × 3 pixels pressure sensor array with loading a standard weight of 200 g (a), key (b), and spanner (c), respectively.
(d−f) The corresponding mapping of the capacitance change and pressure distribution.
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3.2. Preparation of Few-Layered MXene Sheets.
MXene sheets were obtained using selective etching of the
Al atomic layer of the MAX phase precursor powder and
following the delamination process.52 First, 1.6 g of LiF was
gently added into 20 mL of 9 M HCl to produce hydrofluoric
acid. Second, 1 g of Ti3AlC2 was introduced into the above
solution under magnetic stirring to avoid a sudden increase in
the reaction temperature. Then, the etching of the Al layer was
conducted at 35 °C for 48 h under continuous stirring. Third,
the obtained product was repeatedly washed using deionized
water until the pH value of the supernatant reached 6. Finally,
the precipitate was redispersed in water and underwent
delamination with ultrasonic treatment for 2 h to further
prepare few-layered MXene sheets.
3.3. Fabrication of Electrode and Device. The MXene-

based electrodes were obtained by a simple soaking and drying
method. The commercial tissue paper as a supporting layer of
the desired size was wholly immersed into the few-layered
MXene dispersion for a while and then taken out to dry at 60
°C. The process of soaking and drying was repeated to control
the electrode conductivity. The electrode could be cut into any
shape according to the application requirements. The full
tissue-based capacitive pressure sensor was assembled with a
sandwich structure consisting of two MXene-based electrodes
and a clean tissue dielectric layer. The device was finally
encapsulated by polyimide (PI) tapes.
3.4. Characterization. A scanning electron microscope

(SEM) (Zeiss Sigma 500, Germany) was used to observe the
surface morphology of the electrode and conduct the
corresponding element mapping analysis. The structure of
the etched product was characterized by X-ray diffraction
(XRD) (X’pert Pro MFD, PANalytical, the Netherlands) with
Cu Kα radiation (λ = 0.154178 nm). A universal electronic
testing machine (LE, LiShi, China) provided various pressures
to the sensor, and the capacitance responses of the full tissue-
based sensor to the pressures were collected in real-time by
inductance, capacitance, and resistance (LCR) measurement
instrument (IM3536, HIOKI, Japan). The LCR testing
frequency was set as 800 kHz.

4. CONCLUSIONS

This work developed a full tissue-based capacitive pressure
sensor based on MXene-coated electrodes and the blank tissue
dielectric layer. The fabricated device exhibited the merits of
low cost, facile fabrication process, large-scale and uniform
electrode, and excellent sensing performances. The applica-
tions of the proposed pressure sensor to detect various human
movements have been evidenced, and the pressure distribution
could be identified by a sensor array, exhibiting promising
prospects in wearable devices.
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