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Flexible pressure sensors have broad application prospects, such as human motion monitoring and personalized recognition.
However, their applicability is limited by complex structures, low output performance, low sensitivity, and narrow measurement
range. In this study, we report a single-electrode spongy triboelectric sensor (SSTS) mainly composed of spongy composite
multi-walled carbon nanotubes/polydimethylsiloxane (MWCNT/PDMS) film and conductive fabric, which can simultaneously
generate contact electrification and electrostatic induction coupling in a single-electrode contact-separation mode. The SSTS
combines the triboelectric effect, properties of doping material, and spongy porous structure (soft sugar as a sacrificial template).
An SSTS with an MWCNT content of 10 wt% and a porosity of 64% exhibits high sensitivity, a wide measurement range, and
excellent linearity. It also displays two sensitivity regions (slopes): 1.324 V/kPa from 1.5 to 28 kPa in the low-pressure range and
0.096 V/kPa from 28 to 316.5 kPa in the high-pressure range, with linearities of 0.980 and 0.979, respectively. Furthermore, the
SSTS delivers a high-performance output and high stability, thus enhancing the monitoring of hand pressure changes, human
movement, personalized spatial recognition, and other detection tasks. This new strategy for human motion monitoring shows

great potential in the healthcare fields, sports rehabilitation, and human-computer interactions.

triboelectric nanogenerator, spongy pressure sensor, single-electrode, high sensitivity, wide measurement range

Citation:

Xie X, Hou X J, Qian S, et al. Wide measurement range and high sensitivity spongy MWCNT/polydimethylsiloxane pressure sensor based on a

single-electrode enhanced triboelectric nanogenerator. Sci China Tech Sci, 2023, 66: 17341745, https://doi.org/10.1007/s11431-022-2362-y

1 Introduction

The rapidly developing “Internet of Things” technology [1,2]
has revolutionized applications in healthcare [3,4], perso-
nalized recognition [5], motion monitoring [6], and human-
computer interactions [7]. Although the performance of
traditional flexible pressure sensors has greatly improved,
the complex structure, low sensitivity, narrow measurement
range, power supply difficulty, and high cost of these sensors
remain problematic [8—10]. Current flexible pressure sensors
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are generally classified into four different working me-
chanisms (triboelectric effect [11,12], piezoelectric effect
[13], capacitance effect [14], and piezoresistive effect [15]).
In triboelectric sensors, contact electrification is coupled
with electrostatic induction to convert an applied pressure
into an electrical signal [16]. Triboelectric sensors have met
various expectations. A triboelectric sensor can be doped to
change its electrical output performance [17], and its specific
surface area can be increased to improve its sensitivity
[12,18]. Consequently, these sensors are potentially available
for the analysis and application of electrical signals gener-
ated under different external stimuli.
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Most of the sensors based on triboelectric nanogenerators
(TENGS) use a contact-separation method with a spacing
structure [1], which mainly consists of a pair of positive and
negative triboelectric surfaces and two corresponding sensing
electrodes. This structure requires many layers and a complex
preparation process [19,20]. TENGs can be directly con-
nected to any material (such as acrylic sheet materials, nitrile
glove materials, and wear-resistant rubber materials in single-
electrode working mode) and placed at any location for ap-
plications. Therefore, they solve the problems of complex
structure, poor stability, and single-contact materials [21,22].
Polydimethylsiloxane (PDMS) is the most commonly used
TENG base of tribo-materials as it offers excellent flexibility
[23], high electronegativity [24], non-toxicity, thermal stabi-
lity [25], and other superior properties. The dielectric prop-
erties of PDMS composite films can be improved by mixing
nanoparticles with a high dielectric constant [26,27]. In recent
years, high specific surface area and improved electrical
output characteristics have been achieved by changing the
surface or internal structure of a triboelectric film. However,
the typical solutions—micropattern pyramid arrays [28],
electrostatic spinning [29], microneedles [30], nanowires/
microwires [31,32], and other structures—require processes
such as photolithography and etching, which greatly increase
the production cost and preparation difficulty.

In this work, we present a low-cost sensor with a simple
structure. When spongy composite multi-walled carbon na-
notubes (MWCNTs) are doped into PDMS with soft sugar as
a sacrificial template, an external force triggers contact
electrification between the exposed MWCNTs in the inner
cavity and the PDMS matrix on the inner surface. Besides
improving the electrical output performance, the proposed
method increases the specific surface area of the film,
achieving excellent electrical output performance, high
sensitivity, and a wide measuring range. When the MWCNT
content is 10 wt%, and the porosity reaches 64%, the single-
electrode spongy triboelectric sensor (SSTS) has a wide
measuring range (1.5-316.5 kPa), high sensitivity (sensitiv-
ity: 1.324 V/kPa, linearity: 0.986 in the low-pressure zone
(1.5-28 kPa); sensitivity: 0.096 V/kPa, linearity: 0.979 in the
high-pressure zone (28-316.5 kPa)), and excellent durability
and stability (over 7000 cycles). The effects of MWCNT
content, porosity, and size on the output performance of the
SSTS are also investigated. These characteristics enable
monitoring of hand pressure changes, human motion
movement, and personalized spatial recognition, thereby
widening the application range of SSTS in healthcare, mo-
tion monitoring, and human-computer interactions.

2 Experimental section

2.1 Materials and fabrication

MWCNTs were purchased from Kaisa (Guangdong) New
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Materials Co., Ltd. (Guangdong, China). PDMS elastomer
and curing agent (Sylgard 184) were purchased from Dow
Corning. Soft sugar was obtained from Shanghai Yishen
Health Care Food Co., Ltd. (China). Ethanol (>99.7%) was
purchased from Chengdu Chemical Co., Ltd. (China).
Double-sided conductive fabric tape (3J) and three-dimen-
sional (3D) printer mold (for models with the same contact
area (2cm x 2cm) and different thicknesses (1.65, 2.00,
2.50, 3.00, 4.50, and 5.50 mm)) were obtained from Zhejiang
Chuanyin Technology Co., Ltd. (China).

The MWCNT/PDMS spongy composite films were fab-
ricated through the following steps. (1) The MWCNTs
(0.33 g) and PDMS (3 g) were mixed at a mass ratio of 10 wt%
(500 r/min, 30 min). (2) Ethanol and the sacrificial template
(soft sugar of different porosities, controlled by adjusting the
added mass) were added to the MWCNT/PDMS substrate
and stirred at 500 r/min for 1 h. (3) The mixture was placed
in an oven (BAIHUI electric heating blast-drying oven,
China) and heated at 80°C. The amount of remaining ethanol
was observed at 15-min intervals to ensure that all ethanol
was completely evaporated. (4) A curing agent (1:10 weight
ratio of curing agent to PDMS) was added to the mixture
(500 r/min, 30 min). (5) The prepared mixture was poured
into the mold, then left in the mold for 2 h to remove internal
air bubbles. (6) The mold was placed on the heating table at
90°C for 1 h until the mixture was completely cured. (7) The
cured mixture was immersed in water and heated at 85°C for
90 min. During the heating process, the water was changed
every 30 min to ensure the complete removal of the residual
soft sugar. (8) The films were placed in a dryer oven and
dried at 80°C for 4 h to remove water from their spongy
structures. Finally, we obtained the prepared spongy com-
posite MWCNT/PDMS films.

To fabricate the SSTSs, the prepared SSTSs were cut into
the appropriate shapes and sizes for specific situations. They
were easily assembled by combining a conductive fabric (a
2 cm by 2 cm electrode layer) with the spongy composite
MWCNT /PDMS film (triboelectric layer).

2.2 Characterization and measurement

The surface morphologies of the flat composite MWCNT/
PDMS film, the spongy composite MWCNT/PDMS film,
soft sugar, and the MWCNTs were characterized using field-
emission scanning electron microscopy (SEM) (TESCAN
MIRA LMS, Czech). X-ray diffraction (XRD) analysis was
carried out on a DX-2700X X-ray diffractometer (Dandong
Fangyuan Instrument Co., Ltd., China). The output voltage
and current were measured with a Keithley 2611B electro-
meter system and a Tektronix MSO 2024B Mixed Signal
Oscilloscope. The generated data were collected and ana-
lyzed via the LabVIEW programming interface, allowing
real-time data acquisition and analysis. For quantitative
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measurement, the SSTS was fixed on a linear motor. The
magnitude of the applied force was measured on a pressure-
sensing test system comprising an HZC-T-300N pressure
sensor and an LZ-808 monitor (both purchased from Bengbu
Chengying Sensor Co., Ltd., China).

3 Results and discussion
This paper presents the design and fabrication of an SSTS
based on the spongy composite MWCNT/PDMS film. Fig-

ure 1(a) is a schematic of the fabricated and assembled SSTS
array. The main manufacturing process of the SSTS based on
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the sacrificial template method is shown in Figure S1, and
the preparation process is detailed in the Experimental sec-
tion. The SSTS has a simple structure and is prepared by an
easy process. Its main constituents are the conductive fabric
(electrode layer) and the spongy composite MWCNT/PDMS
film (triboelectric layer). Figure 1(b) and (c) are SEM images
of the soft sugar and MWCNTs, respectively, at different
magnifications. The fondant is approximately 200-500 pm
in diameter, and the morphology of the MWCNTs is visible
only at the higher magnification (scale bar = 2 pm). The
MWCNTs are further confirmed in the right images of Figure
1(d) and (e), which show locally magnified SEM images of
the flat 10 wt% MWCNT/PDMS film and the spongy
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Figure 1 (Color online) SSTS fabrication process and characterization. (a) Schematic of the fabricated and assembled SSTS array; (b), (c) SEM images of
soft sugar and MWCNTs (the right images are magnified views of the regions enclosed in ovals on the left images); (d), (¢) cross-sectional SEM images of the
flat and spongy composite MWCNT/PDMS films (the right images are magnified views of the regions enclosed in ovals on the left images, along with labels
of the exposed MWCNTs); (f)—(i) photographs of the SSTS under different deformations; (j) XRD patterns of the spongy composite MWCNT/PDMS film,

the flat PDMS film, and the MWCNTs.
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composite 10 wt% MWCNT/PDMS film with 64% porosity.
The exposed MWCNTs in these images are labeled (see
Figure S2 for details). To increase the dielectric constant and
specific surface area and hence optimize the output perfor-
mance, sensitivity, and measurement range, the spongy
composite MWCNT/PDMS film mainly combines a high
dielectric constant material with a spongy porous structure.
The SSTS is flexible and stable under different deformations
(see the photographs in Figure 1(f)—(i)). Figure 1(j) shows
XRD patterns of the spongy composite MWCNT/PDMS
film, flat PDMS film, and MWCNTs. The two strong dif-
fraction peaks of MWCNTs, observed at 25.8° and 42.9°, are
associated with the (002) and (100) crystal faces, respec-

Initial state

e (T T o T

Active layer Triboelectric layer <
S
8
- S
>
Electrode layer MWCNT
o -

Negative electron

P, = = = mm e e = ===

Sci China Tech Sci

June (2023) Vol.66 No.6 1737

tively [33]. The diffraction peak at 15.9° corresponds to
PDMS microcrystals, and the MWCNT/PDMS diffraction
peaks appear at 11.6° and 23.9°. However, the diffraction
peak of MWCNT disappears in the composite film, possibly
because the MWCTs are uniformly dispersed through the
PDMS, so their diffraction intensity is completely covered
by the PDMS matrix [34].

Figure 2(a) shows the power generation mechanism of the
prepared SSTS. The details of this mechanism are shown in
Figure 2(b) and Figure S4. The triboelectric layer is a spongy
composite MWCNT/PDMS film, the electrode layer at the
bottom is a conductive fabric, and the active layer is an
acrylic plate, a nitrile glove, or a wear-resistant rubber
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Figure 2 (Color online) Schematics of the SSTS. (a) Electricity generation process through a full cycle of the SSTS under an external force; (b) SSTS
electricity generation process released in contact-separation mode; (c) one cycle of the open-circuit voltage output from the SSTS; (d) COMSOL potential

simulation to elucidate the working principle.
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material. In single-electrode mode, the internal pores of the
MWCNT/PDMS film are subjected to an external force,
causing the exposed MWCNTs and PDMS matrix to form an
internal contact-separation mode. Figure S3 schematizes the
data acquisition and processing system for directly testing
the performance output of the flexible SSTS. This contact-
separation mechanism relies mainly on the working princi-
ples of triboelectric and electrostatic induction [35]. The
analysis starts from the original state (Figure 2(a)) when the
active layer applies an external force on the spongy com-
posite MWCNT/PDMS triboelectric layer. At this time, the
triboelectric layer completely contacts the active layer. As
the resulting charges of opposite polarity are perfectly ba-
lanced, no electrons flow to the external circuit (i). Once the
external force is stopped, the active layer begins to separate
from the spongy composite film, and the interacting surfaces
have opposite triboelectric charges. The negative charge on
the surface of the spongy composite film induces a positive
charge on the electrode layer. Free electrons then flow from
the electrode layer to the ground, resulting in an output
current signal (ii). When the spongy composite film com-
pletely separates from the active layer, the SSTS reaches a
charge-equilibrium state, and no output signal is observed
(iii). As the spongy composite film moves toward the active
layer, electrons begin moving toward the electrode layer,
resulting in a reverse output current signal (iv). When the
spongy composite film and the active layer again overlap, the
potential returns to its original state. The output signal gen-
eration process of a single SSTS is a complete cycle. In
periodic contact-separation mode, a periodic alternating
voltage in the same phase is generated in the external circuit,
as shown in Figure 2(c). The potential distributions of the
SSTS in four different states were simulated using COM-
SOL. The results are shown in Figure 2(d).

We now discuss the effects of a series of key parameters
(content, porosity, and size of the MWCNTs in SSTS) on the
previously mentioned electrical output of the SSTS. The
MWCNT content greatly influences the electrical output. In a
flat composite film (2 cm X 2 cm x 3 mm) containing 10 wt%
MWCNTs and an active layer of acrylic sheet material, the
measured optimal outputs of open-circuit voltage (V,.) and
short-circuit current (/) under a periodic 108 N force were
138 V and 3.37 pA, respectively, 2.82 and 2.96 times higher
than those of undoped flat PDMS (Figure 3(a) and (b)). The
V,. and I trended similarly with MWCNT content, as shown
in Figure 3(c).

The high electrical performance is mainly attributable to
the improved dielectric constant of the composite film doped
with different contents of MWCNTs. According to Lichte-
necker’s logarithmic mixture formula [27,36,37], the effec-
tive dielectric constant of the composite film is
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Eeft = Eafa TELS1 ()
where ¢, and f, represent the permittivity and volume
fraction of the doped MWCNTS, respectively, and ¢, and f,
represent the permittivity and volume fraction of PDMS,
respectively. In general, the higher the dielectric constant
(ecfs > €p) of composite films, the better the output perfor-
mance because increasing the dielectric constant changes the
maximum transferred charge density J’, which can be ex-
pressed as
. o

_d+h/83ff’ (2)
where J, is the density of the triboelectric charge at equili-
brium, d is the distance between the triboelectric and active
layers, and £ is the thickness of the MWCNT/PDMS com-
posite film. However, the output performance decreases
significantly when the MWCNT content exceeds 10 wt%.
Excess MWCNT content increases the agglomeration and
particle accumulation on the material surface, thereby re-
ducing the effective contact area of the composite film and
decreasing the surface charge density. As shown in Figure 3
(d) and (e), the porosity P is another important influencer of
the electrical output performance of SSTS. The porosity P,
controlled by adding different qualities of soft sugar, was
calculated by the following equations [22,26,38]:

p- VVvoid _ Vnonp;mus_ Vporous 100%, (3)
nonporous nonporous

M,

Vnonporous = P R B (4)

nonporous
. M

Vpagrrous - D porous’ (5)
porous

p — T W1, (©)
nonporous

F
p=t, ()

where Vinporous 19 the volume of the flat composite MWCNT/
PDMS film; additionally, the volume of the spongy com-
posite porous MWCNT/PDMS film prepared in the same

mold cavity. sziious is the volume occupied by pores in the

spongy composite MWCNT/PDMS film, and M, and

orous
M onporous  @re  the weights of the spongy composite
MWCNT/PDMS film and flat composite MWCNT/PDMS
film, respectively. poous A0 Ponoporous ar€ spongy and flat
composite MWCNT/PDMS films, respectively, with the
same density [26]. From egs. (3)—(6) and the experimental
results, one observes that when the MWCNT content is
10 wt%, the mass of SSTS is 0.65 g (2 cm x 2 cm % 4.5 mm)
and the porosity is 64%, the optimal outputs V. and I, of the
corresponding SSTS are 1.85 and 1.52 times higher than
those of the doped flat composite MWCNT/PDMS film,
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Figure 3
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Impacts of MWCNT, porosity, and dimensions on the electrical output of SSTS. (a)—(c) Electrical outputs of SSTSs (2 cm x 2 cm X 3 mm) with

different mass ratios of MWCNT (0-12 wt%); (d)—(f) electrical outputs of SSTSs with constant MWCNT content (10 wt%), constant SSTS mass (0.65 g;
2 cm x 2 cm) and different porosities (0-73%); (g) voltage outputs of SSTSs with different lateral areas (I cm x 1 cm to 3 cm % 3 cm) (MWCNT content =
10 wt%, porosity = 64%); (h) maximum voltage outputs of SSTSs with different areas.

respectively. As the porosity varied, the obtained V,, and /.
showed similar trends (Figure 3(f)). As the porosity in-
creases, the internal surface area increases, thereby increas-
ing the electrical output. However, if the porosity becomes
excessively high, the wall thickness between the pores be-
comes too thin to recover the deformation of the cavity, so
the structure deforms irreversibly under a repeatedly applied
external force. The electrical output then decreases. As the
measured length of the sample size increases in 0.5-cm in-
crement (Figure 3(g)), the electrical output of the SSTS
shows an increasing trend (Figure 3(g) and (h), and Figure
S5), and the voltage output shows a linear enhancement with
a linearity of 0.980 (Figure S6). Intuitively, this result in-
dicates that the measured electrical output depends on the

size of the SSTS. In addition, the output voltage increases
with film thickness (Figure S7). The above results demon-
strate that the electrical output depends on the SSTS volume;
moreover, they strongly prove that the electrical output
comes from the inner cavity.

To explore the pressure response of the SSTS (2 cm x
2 c¢m), the output voltage of the device was measured using a
linear motor under different cyclic force conditions. The
results are shown in Figure 4(a) and (b). The force applied by
the linear motor ranges from 1.5 to 316.5kPa (0.6 to
126.6 N). The unit conversion formula between N and kPa is
given by where P refers to the pressure per unit area of film,
and F and S are the applied external force and contact area of
the film, respectively. As shown in Figure 4(a) and (b), the
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Figure 4 (Color online) Characterization of the electrical properties of SSTS. (a) Output voltage of the SSTS under different impact pressures; (b) results of
linear fitting analysis calculated from (a); (c) output voltage current of the SSTS under different impact pressures; (d) results of linear fitting analysis
calculated from (c); (e) stability testing of SSTS (showing enlargement during cyclic testing).

electric output V. of the SSTS increases by 3.57-fold (from
28.6 to 102 V) as the pressure increases from 1.5 to
316.5 kPa. Meanwhile, the sensor’s electrical output / in-
creases by 4.68-fold, from 0.412 to 1.930 pA (Figure 4(c)).
Linearity and sensitivity are important measurement indices
of sensors. As seen in Figure 4(b), the voltage sensitivity of
the SSTS is divided into two sensitivity regions over the
wide measurement range (1.5-316.5 kPa): One in the low-
pressure range (1.5-28 kPa) with a sensitivity of
1.324 V/kPa, the other in the high-pressure range (28—
316.5 kPa) with a sensitivity of 0.096 V/kPa. The sensitivity
and linearity of the output current are shown in Figure 4(d).
The sensitivity is 0.030 pA/kPa in the range of 1.5-28 kPa
and 0.002 pA/kPa in the range of 28-316.5 kPa, with line-
arities of 0.980 and 0.979, respectively. Note that the sensi-

tivities differ between these two ranges (1.5-28 kPa and
28-316.5 kPa). Although the output voltage and current in-
crease proportionally in both the low-voltage and high-vol-
tage regions, their growths are relatively slow when the
applied force exceeds 28 kPa. This result can be explained by
the pores of the composite sponge film in the triboelectric
material. In the low-pressure region (1.5-28 kPa), when the
force is small, the pores are incompletely closed, but in the
high-pressure region (28-316.5 kPa) when the force is large,
the pores are completely closed, so the linearity slope de-
creases. Moreover, the power-output performance of the
device is maintained over more than 7000 cycles under a
force of 108 N (Figure 4(e)). Even after thousands of cycles,
the power output almost retains its initial value, ensuring the
stable output performance of this sensor. Meanwhile, the
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response time is 23 ms (Figure S8), providing strong support
for high-resolution monitoring by the SSTS. These values
outperform most of the previously reported pressure sensors
listed in Table 1, demonstrating the superior performance
characteristics of this pressure sensor.

In daily work, our hands are often engaged in pressing a
computer mouse. Video S1 shows real-time monitoring of
the SSTS (2cm x 2cm x 4.5 mm with an active layer of
nitrile glove material; Figure 5(a)). The output details reveal
the voltage-output differences among three different types of
mouse pressing: heavy tapping, mid-level tapping, and light
tapping. This sensor clearly recognizes the three different
mouse-press modes. Furthermore, it can monitor the pressure
on the hand and distinguish different forces (Figure 5(b) and
Video S2) to determine the activity of the metacarpal mus-
cles and wrist joints, which is useful for rehabilitation and
detection. This pressure sensor can also effectively detect
various human-movement conditions. Figure 5(c) and Video
S3 demonstrate the SSTS (2 cm x 2 cm X 4.5 mm with an
active layer of wear-resistant rubber material) monitoring
five different human-movement patterns: multiple tests of
jiggling feet, walking, jogging, running, and jumping. The
SSTS shows high repeatable detection capability. Further-
more, detailed motion information can be distinguished from
the vibration amplitudes, time intervals, and waveform
shapes of adjacent individual waveforms. Figure 5(d) dis-
plays the statistical results of different motion states and
enlarged views of each of the five modes. Its X and Y axes
represent the vacate time and the ground time, respectively
(the vacate time is represented as the time interval of ad-
jacent peaks, and the ground time is represented as the time

Sci China Tech Sci

June (2023) Vol.66 No.6 1741
interval of adjacent cycles, Figure S9). The raw data are
provided in Table S1. The gait frequencies of different
movements are also accurately obtained (Figure 5(e)). The
SSTS provides a very promising external sensing function
that can accurately determine and distinguish various motion
modes based on their voltage waveforms, frequencies, and
times. Especially in the sports fields [20,43], the sensor can
be used for accurately analyzing the monitoring data of hu-
man movements. Therefore, it can assist sports coaches and
physiotherapists in developing various training plans and
competition strategies suitable for different individuals, thus
helping athletes to improve their performance within a short
time. It can also help patients with mobility difficulties re-
quiring specialized rehabilitation training. The sensor has a
wide range of applications in healthcare and motion mon-
itoring scenarios.

The pressure sensing array consists of a 3 x 3 arrangement
of single-electrode triboelectric sensors with an additional
support layer at the bottom of the sensors. This array is useful
for studying multi-touch stimulation and personalized spatial
recognition (Figure 6(a); also Figure S10 for an optical im-
age and detailed section of the triboelectric sensor array).
Each pixel from P;; to P;; is marked. Each time it slides
along the same path, the electrical output of the contacted
pixel enlarges while the untouched pixel outputs only noise
signals. Based on this principle, the motion trajectory of the
active layer can be monitored. The signal at P,;, where the
finger slides along the same path, was measured using the
2611B data measurement system (Video S4). The specific
finger-movement position is shown in Figure 6(c) and Figure
S11(b) and (c). The waveform, columnar, and fitted surface

Table 1 Performance comparison of different pressure sensors
Material” Electrode Measurement Sensitivity Response Stable Sensing Reference
range time (ms) cycles mechanism
{;‘i{gﬁ&ﬁ{ nanofibers,  Double-clectrode  90-400 kPa 0.071 V/kPa 86 1000  Capacitance sensor 8]
6.25-31.25 kPa 0.86 V/kPa . .
PP, copper, and PTFE Double-electrode 3125-112.5 kPa 0.15 V/kPa / 50000 Triboelectric sensor [39]
PET, graphene, acrylic, and PDMS Single-electrode 10.6-101.7 kPa 0.274 V/kPa / 2000 Triboelectric sensor [40]
(]:321?%13’ /glg}:\/_[ S{/?Dnl? Double-electrode 0-10N 3.31 V/kPa 19 3000 Piezoelectric sensor [10]
0-1.30 kPa 530 kPa’|
. Interdigital ~ 1.30-10.25 kPa 2.27kPa’' _ -
Mzxene/cotton fabric, PDMS, and PI clectrodes 10.25-40.73 kPa 057 kPa”! 50 >1000 Piezoresistive sensor [41]
40.73-160 kPa 0.08 kPa!
PVDF/MXene nanofibers, . 0-5 kPa 12.33 V/kPa . .
conductive fabric, and nylon Single-electrode 5_16 kPa 3 72V/kPa 70 16000 Triboelectric sensor [9]
0-0.42 kPa 5.67kPa”!
-1
Carbonized crepe paper, Interdigital 0.42-2.53 kPa 2.52 kPa .
silver paste, and PI electrodes 253-9.06 kPa 10.87 kPa”' <30 >3000 Resistive sensor [42]
9.06-20 kPa 0.32 kPa™'
MWCNT/PDMS, acrylic sheet, . 1.5-28 kPa 1.324 V/kPa . . .
and conductive fabric Single-electrode 28.316.5 kPa 0.096 V/kPa 23 >7000 Triboelectric sensor  This work

a) TPU/PVDF-HFP, thermoplastic polyurethanes/poly(vinylidene fluoride-co-hexafluoropropylene); PTFE, polytetrafluoroethylene; PP, polypropylene; PI, polyimide.
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Figure S (Color online) Potential applications of SSTS. (a) Output voltage curves of mouse pressing in three different modes; (b) output voltage curves of
SSTS pressed in four different modes; (c) SSTS signal feedback to the human motion state and outputs under five different motion states; (d) comparative
analysis of different exercise-time intervals; (e) step frequency statistics of different actions.

electrical outputs of three different trajectories (“I,” “C,” and respectively. Trajectory recognition by the 3 x 3 SSTS arrays
“Z”) are shown in Figure 6(b) and (d) and Figure S11(a), can be extended to the near-sidelines of ball sports such as
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Figure 6 (a) Schematic representation of the SSTS 3 X 3 array structure and a magnified view of an individual SSTS; (b), (d) outputs of SSTS array under
different sliding trajectories; (c) detailed arrangement of pixels Py, to P;; in the SSTS array and the sliding track.

tennis, badminton, and table tennis [43], along with other sensor can also identify the pressure distribution of different
scenarios requiring the use of “eagle eyes.” Of course, the personalized spaces, and its specific application scenarios
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can be customized to users’ needs. In summary, the SSTS
presents superior external-force sensing performance via the
conversion of external mechanical properties to electrical
signals. The sensor can potentially revolutionize healthcare,
sports rehabilitation, personal recognition, human-computer
interactions, and other areas.

4 Conclusion

Based on the coupling effect of triboelectric and electrostatic
induction, we proposed a novel fabrication process of a self-
powered single-electrode spongy triboelectric sensor from
composite MWCNT/PDMS materials. The fabricated SSTS
demonstrates good flexibility, durability, and stability. The
electrical output of the spongy composite MWCNT/PDMS
film significantly exceeds those of an undoped flat PDMS
film and a flat composite MWCNT/PDMS film. The SSTS is
a flexible pressure sensor with high sensitivity and a wide
measurement range. In the pressure ranges of 1.5-28 kPa and
28-316.5 kPa, the sensitivities are 1.324 and 0.096 V/kPa,
respectively, with corresponding linearities of 0.986 and
0.979, respectively. By virtue of MWCNT doping and a
porous structure, the open-circuit voltage output of the sin-
gle-electrode sponge composite MWCNT/PDMS is 2.82 and
1.85 times higher, respectively, than that of the undoped and
flat films. Meanwhile, the short-circuit current output shows
the same increasing trend. This flexible pressure sensor re-
cognizes mouse clicks, hand presses, and human movements
and further realizes personalized spatial recognition. These
demonstrations suggest a wide range of applications in
healthcare, motion monitoring, personalized recognition,
human-computer interactions, and other fields.
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