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ABSTRACT: Sleep quality plays an essential role in human health
and has become an index for assessing physical health. Self-
powered, sensitive, noninvasive, comfortable, and low-cost sleep
monitoring sensors for monitoring sleep behavior are still in high
demand. Here, a pressure-sensitive, noninvasive, and comfortable
smart pillow is developed based on a flexible and breathable
triboelectric nanogenerator (FB-TENG) sensor array, which can
monitor head movement in real time during sleep. The FB-TENG
is based on flexible and breathable porous poly(dimethylsiloxane)
(PDMS) with a fluorinated ethylene propylene (FEP) powder and
exhibits pressure sensitivity and durability. The electrical output of
the FB-TENG is further optimized by modifying the porous
structure and the FEP powder. Combining the FB-TENG and the
flexible printed circuit (FPC), a self-powered pressure sensor array is fabricated to realize touch sensing and motion track
monitoring. The smart pillow is formed by laying the self-powered pressure sensor array on an ordinary pillow to realize real-time
monitoring of the head position in a static state and head movement trajectory in a dynamic state during sleep. Additionally, the
smart pillow also has an early warning function for falling out of bed. This work not only provides a viable sensing device for sleep
monitoring but also could be extended to real-time monitoring of some diseases, such as brain diseases and cervical spondylosis, in
the future. It is expected to introduce a practical strategy in the real-time mobile healthcare field for disease management.
KEYWORDS: sleep monitoring, smart pillow, triboelectric nanogenerator, pressure sensor array, head movement

1. INTRODUCTION

Nowadays, with the improvement of human living standards
and quality, people pay more and more attention to their
health. At the same time, with the rapid development of
science and technology, health monitoring products that can
reflect physical health status have gradually entered the daily
life with functions of blood pressure monitoring,1,2 heart rate
monitoring,3,4 arterial pulse monitoring,5,6 respiration monitor-
ing,7,8 etc. Sleep, as one of the natural physiological
phenomena for human beings, is closely related to human
health and can make the human brain and body recover from
fatigue.9 Poor sleep may lead to poor mood,10 slow reflexes,11

memory loss,12 etc. Long-term poor sleep might cause
coronary heart disease, hypertension, neurasthenia, and is
life-threatening in severe cases.13,14 Hence, real-time and
continuous sleep monitoring is necessary for human health
monitoring. At present, a traditional sleep monitoring product
(such as polysomnography15,16) is limitedly used in hospitals
for its high cost and complex structure. Smart phones17,18 and
smart watches19,20 are commonly used for monitoring sleep in
daily life. Compared to polysomnography, they are small and
convenient but might be affected by poor wearing comfort, low

detection sensitivity, radiation, and external power supply.
Therefore, it is imperative to develop a sleep monitoring
product with a simple structure, low cost, self-powered supply,
noninvasive usage, comfortable experience, and high sensitiv-
ity.
Triboelectric nanogenerators (TENGs)21−25 are a new class

of technology based on frictional electrification and electro-
static induction coupling, which can be used for energy
harvesting,26,27 high-voltage sources,28 and a self-powered
sensor.29 Combining its simple structure, low cost, wide
selection of materials, and self-powered features, many research
works have been devoted to sleep monitoring based on a self-
powered TENG sensor.30−36 These sensors in the form of eye
masks,30 patches,31−33 or belts34 could analyze sleep behavior
by monitoring eyes, limbs, or breath movements. However,
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users need to wear these sensors and might not fall asleep in
their most natural ways. Meanwhile, the wearing of a belt and
an eye mask might bring a sense of restraint and cause sleep
discomfort. In addition, the impermeability of patches may
cause discomfort to human skin. To address these issues, the
smart textile-based TENG is proposed as a noninvasive bed
sheet to monitor sleeping by monitoring the sleeping
posture.35,36 Probably, it is the lack of comfortable materials
and low sensing resolution (normally at a level of 10 × 10 cm2

for one sensor), which is not enough for precise head
monitoring. Most of the current research studies on sleep
monitoring do not consider head movement when monitoring
the sleeping posture. However, the head is a key part of the
body, which directly protects and affects the brain. It is ideal to
analyze its behavior during sleep with comfortable materials
and higher sensing resolution.
In this work, a pressure-sensitive, noninvasive, breathable,

and comfortable smart pillow is developed based on a flexible
and breathable triboelectric nanogenerator (FB-TENG)
pressure sensor array for the head movement monitoring and
the falling out of bed alarm function. The FB-TENG is
assembled based on porous poly(dimethylsiloxane) (PDMS)
containing a fluorinated ethylene propylene (FEP) powder
produced by the sacrificial template method.37−39 The
electrical output of FB-TENG is improved by adjusting the
content of the FEP powder and the size of the pores. The final
FB-TENG is featured with flexibility, air permeability, excellent
stability, and high sensitivity. Taking the flexible printed circuit
(FPC) containing the copper electrode array as a working
electrode, a self-powered pressure sensor array is fabricated
with 8 × 8 FB-TENGs to realize tactile sensing and motion
track monitoring at the same time. Furthermore, a smart
pillow, formed by placing this pressure sensor in a 5 × 12 array
on an ordinary pillow, can record real-time head movement
during sleep and provide early warning of emergencies. This
sensitive, noninvasive, breathable, and comfortable smart
pillow provides a new strategy for sleep monitoring, which
may have broad applications in the fields of the personal
healthcare system.

2. RESULTS AND DISCUSSION
The porous PDMS is chosen to achieve the flexibility and air
permeability of a smart pillow based on FB-TENG. The
fabrication process is depicted in Scheme 1. Citric acid
monohydrate (CAM) particles and FEP powder were added to
the PDMS mixed solution. After stirring and curing, the
mixture was immersed in ethanol to dissolve CAM. Eventually,
a porous structure was formed for further assembly into the
FB-TENG (Scheme S1). The detailed fabrication process is
described in the Experimental Section. Figure S1 shows the

morphology and the size distribution of three kinds of CAM
particles at 860 ± 70, 290 ± 16, and 74 ± 6 μm. Porous PDMS
can be formed by sacrificing CAM particles. Figure S2a
illustrates the physical image of the prepared porous PDMS
using 74 ± 6 μm CAM particles and 10 wt % FEP powder. It
can be easily stretched, bent, and twisted by hands (Figure 1a),

which exhibits excellent mechanical flexibility. Its mechanical
strength is shown in Figure S2b, and a weight of 1 kg can be
suspended by it without breaking. It is also resilient; the porous
structure ensures that it can maintain 99.9% of its initial height
after being compressed by 50% (Figure S2c). The air
permeability of a porous PDMS film increases by 7−8
magnitude compared with that of the solid PDMS film,
which has almost no air permeability under the same air
pressure (Figure 3d). These excellent features mainly
originated from the porous structure. The porous structure
of PDMS fabricated from 74 ± 6 μm CAM particles is
magnified in the scanning electron microscopy (SEM) image
(Figures 1b and S3), where the pores size corresponds to the
CAM particles (Figure S1c). The saddle-backings on the
PDMS (10 wt % FEP powder) surface are the accumulation of
the FEP powder, which could be distinguished by F (from
FEP) element and Si (from PDMS) element distributions
through the SEM image and the corresponding energy-
dispersive spectrometry (EDS) diagrams shown in Figures
1c,d and S4. Thus, the porous PDMS (made with 74 ± 6 μm
CAM particles and 10 wt % FEP powder) with flexibility,
resilience, and air permeability is assembled into FB-TENG
and spread on ordinary pillows to monitor head movement.
The basic working mechanism of the FB-TENG based on

the flexible and breathable porous PDMS can be explained as a
coupling between triboelectrification and electrostatic induc-
tion. Under the action of cycled external force, the schematic
diagram of the working principle of the FB-TENG is shown in
Scheme 2. After the Al electrode is connected to the ground
through a metal wire, the FB-TENG will work in a single-
electrode mode that makes the FB-TENG suitable as a
pressure sensor to monitor the head movement. The single-
sided polyimide tape (Kapton film), which is chosen to
represent the parts of the head such as skin and hair for
illustrating purposes, is used as a movable friction material
driven by a linear motor. In the initial state, the Kapton film

Scheme 1. Schematic Diagram of the Fabrication Process of
the Porous PDMS and the FB-TENG in a Single-Electrode
Mode

Figure 1. Basic characteristics of porous PDMS (made with 74 ± 6
μm CAM particles and 10 wt % FEP powder). (a) Mechanical
characteristics of porous PDMS of stretching, bending, and twisting;
(b) SEM image of the porous PDMS; and (c, d) SEM image and EDS
image of the PDMS with an FEP content of 10 wt %.
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and the porous PDMS are not in contact, so there is no charge
transfer (Scheme 2i). Once contact and friction between two
materials occurred by the external force, the electrons are
transferred from the Kapton film to the porous PDMS due to
their different abilities to acquire electrons. It results in the
same amount of positive and negative charges generated on
both materials (Scheme 2ii). When two materials are
separated, the positive charges are induced on the Al electrode
to balance the negative charges on the porous PDMS, thus the
electrons are transferred from the ground to the Al electrode
through an external circuit (Scheme 2iii), generating a negative
current signal (Figure S5). Until the external force is
completely removed, the same amount of charges is induced
on the Al electrode as those on the porous PDMS (Scheme
2iv). When the Kapton film and the porous PDMS are close to
each other again by the external force, the reverse situation of
the electrons transfer occurs (Scheme 2v and generates a
positive current signal (Figure S5). Hence, when the external
force is applied cyclically, the FB-TENG works cyclically
according to this working principle.
Based on this working principle, a series of basic electrical

output performances of the FB-TENG (2 × 2 cm2) with a 10

wt % FEP powder content in porous PDMS (made with 74 ±
6 μm CAM particles) were tested. The open-circuit voltage
(Voc), the short-circuit current (Isc), and the short-circuit
transferred charge (Qsc) under different frequencies (0.5−3.0
Hz) are shown in Figures 2a and S6. There is almost no change
in the Voc and Qsc at different frequencies, but the Isc increases
as the frequency increases. Figure S7a shows the output power
of the FB-TENG and the current of the external circuit when
the applied external force is 20 N and the external load
resistance changes from 1 to 9 GΩ. As the external load
resistance increases, the current of the external circuit reduces.
The output power reaches the maximum at an external load
resistance of 6 GΩ. Movie S1 (Supporting Information)
demonstrates that the FB-TENG (2 × 2 cm2) could light up 14
LEDs under the drive of a linear motor with an external force
of 20 N at a frequency of 1.0 Hz. Figure S7b exhibits the
charging curve of the FB-TENG charging different capacitors
from 0 to 2.5 V under a frequency of 3.0 Hz and an external
force of 20 N, indicating that the charging rate increases as the
capacitance decreases. It only takes about 0.8 s to charge the
0.22 F capacitor to 2.5 V. To highlight the durability of the FB-
TENG, the Voc of the FB-TENG is tested with a frequency of
3.0 Hz under an external force of 20 N for about 14,000 cycles
and it does not have any significant reduction (Figure 2b).
Considering that the pressure sensitivity is a key factor, the FB-
TENG should be sensitive to external force. The real-time Voc,
Isc, and Qsc under different external forces are demonstrated in
Figures 2c and S8. It can be clearly seen that the value of the
Voc, Isc, and Qsc increases as the pressure increases, which can
be explained by the fact that the electrical output increases
with the large effective contact area caused by the large
pressure.40 The pressure sensitivity of the FB-TENG under
different pressures is shown in Figure 2d. It can be divided into

Scheme 2. Working Mechanism of the FB-TENG in a
Single-Electrode Mode

Figure 2. Basic electrical output performance of the FB-TENG (made with 74 ± 6 μm CAM particles and 10 wt % FEP powder) in a single-
electrode mode. (a) Voc of the FB-TENG at various applied frequencies (0.5−3.0 Hz), (b) Voc under more than 10,000 cycles, (c) real-time output
voltage under different forces, and (d) sensitivity curve under different pressures.
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two regions. The first region is the low-pressure region (<15
kPa) with a pressure sensitivity of 2.10 mV Pa−1; the second
region is the high-pressure region (>15 kPa) with a pressure
sensitivity of 0.04 mV Pa−1. The voltage in the low-pressure
region has a better response to the increase in pressure than in
the high-pressure region, which can be attributed to the
increase in the effective contact area in the low-pressure region.
Moreover, considering that the weight of the human head is

around 5 kg, the average pressure over 10 FB-TENGs (each
one is 2 × 2 cm2) is about 12.5 kPa. Therefore, the normal
pressure of a human head on our smart pillow during sleep just
corresponds to our high sensitivity region (low-pressure
region).
The effective contact area influences the electrical output of

FB-TENG, and it is closely related to the size of the formed
porous structure determined by the size of the selected CAM

Figure 3. Influence of the size of CAM particles on the electrical output of the FB-TENG. (a) Voc, (b) Isc, and (c) Qsc of the FB-TENG at a size of
860 ± 70, 290 ± 16, and 74 ± 6 μm CAM particles without FEP and a solid PDMS film under an external force of 20 N. (d) Air permeability of the
porous PDMS film (made with 74 ± 6 μm CAM particles and 10 wt % FEP powder) and the solid PDMS film.

Figure 4. Influence of the content of FEP powder on the electrical output of the FB-TENG. (a) Voc, (b) Isc, and (c) Qsc of the FB-TENG at a size
of 74 ± 6 μm CAM particles with the FEP powder content ranging from 0 to 30 wt % under an external force of 20 N.
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particles. Therefore, we discuss the influence of the CAM
particle size on the electrical output. The electrical outputs of
FB-TENGs (2.0 × 2.0× 0.3 cm3) with CAM particles sizes of
860 ± 70, 290 ± 16, and 74 ± 6 μm were measured. In
addition, these results were compared with the electrical
output of the TENG composed of a solid PDMS film without
porous structures. Figures 1b and S9a show the SEM image of
the surface of porous PDMS and a solid PDMS film. The
small-size CAM particles correspond to small-size pores, and
no pore was observed on the surface of the solid PDMS film.
The Voc, Isc, and Qsc of the TENGs based on these four
structures without FEP under an external force of 20 N are
presented in Figure 3a−c, respectively. Compared with the FB-
TENG made with 860 ± 70 μm CAM particles, the output of
the one made with 74 ± 6 μm CAM particles increases by 1.5
times. This may be attributed to the larger effective contact
area resulting from the smaller size of CAM particles. The
increase in the effective contact area leads to more triboelectric
charges, which will further increase the electrical output.
Different from the previous literature,41 where the electrical
signals were generated from the contact separation between
different materials inside the pores, our FB-TENG generates
electrical signals from the charged surface of porous PDMS.
The porous structure is served for the aim of a soft and
breathable (Figure 3d) device to meet the needs of smart
pillows, and the materials inside the pores are same. Compared
with solid PDMS, porous PDMS with large pores gives a more
comfortable experience and breathability but a lower electrical
output due to the reduction of the effective contact area. The
output of the FB-TENG increases with the decrease in pore
size until the output of FB-TENG with a 74 ± 6 μm pore size
is similar to that of a solid PDMS. Therefore, it is chosen for
the following experiments of head monitoring.
Moreover, the FEP powder content also has an impact on

the electrical output. Based on FB-TENG made with 74 ± 6
μm CAM particles, the Voc, Isc, and Qsc of FB-TENG with the
FEP powder content ranging from 0 to 30 wt % are shown in
Figure 4a−c, respectively. When the content of the FEP
powder increases in the range of 0−30 wt %, the Voc, Isc, and
Qsc of FB-TENG reach the maximum value when the FEP
powder content is 10 wt %. More content of FEP powder does

not have a more positive effect, which might be attributed to
the following reason. As shown in Figures 1c and S9b, the
higher the content of the FEP powder (more than 10 wt %),
the more clusters are gradually generated, which may modify
the surface by covering the original surface. The triboelectric
properties of the PDMS surface are affected, resulting in a
decrease in the electrical output. Thus, the optimized content
of the FEP powder is 10 wt %.
To demonstrate the practical usage of the FB-TENG as a

self-powered pressure sensor, a flexible self-powered tribo-
electric sensor array was fabricated. The detailed fabrication
process is shown in Figure S10a. An 8 × 8 copper array (the
area of each one is 2 × 2 cm2) was designed based on the FPC
as a working electrode. Then a friction material, the prepared
porous PDMS (made with 74 ± 6 μm CAM particles and 10
wt % FEP powder at the size of 2 × 2 cm2), was glued together
with the FPC containing the electrode array through double-
sided polyimide tape. Eventually, an 8 × 8 FB-TENG sensor
array with a three-layer structure was obtained. The completed
flexible sensor array is shown in Figure S10b. It combines the
sensing properties of the FB-TENG and the flexibility of the
FPC. Each FB-TENG unit is connected to an independent
channel, and the data are obtained by a multichannel data
acquisition system (Figure S10c). For example, when a finger
touches the surface of the sensor array, the FB-TENG at the
corresponding position will generate a real-time output signal.
The multichannel data acquisition system will receive the
signals from the sensor array at the same time. Then, the
multichannel signal statistics program will reflect the real-time
data after the data processing. The specific information of the
multichannel signal statistics program is embodied in Figure
S11, including a signal distribution map, a signal frequency
statistics chart, and a real-time voltage signal acquisition of an 8
× 8 array. To distinguish each unit, the FB-TENG sensor array
is numbered in rows and columns, as shown in Figure S10a.
For example, Ri−Cj represents the FB-TENG sensor unit
located in the i-th row and the j-th column. The position,
where the signal comes from, could be conveniently located by
the numbered sensor array. When a 100 g weight and a
rectangular square with a weight of 234 g are located at
different positions of the sensor array, the physical image and

Figure 5. Application of the FB-TENG array in pattern mapping. (a−d) Demonstration and the two-dimensional output voltage intensity
schematic diagram of a weight, a rectangular square, a fist, and an N-letter shape model.
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the corresponding two-dimensional output voltage intensity
schematic diagram are shown in Figure 5a,b, respectively. The
sensor array can respond sensitively to different pressures: the
higher the pressure, the higher the corresponding output
voltage appears. The physical image and the corresponding
two-dimensional voltage intensity schematic diagram, when a
fist and an N-letter shape model are located on the surface of

the sensor array, are shown in Figure 5c,d, respectively. The
two-dimensional voltage intensity schematic diagram can
reflect the real-time pressure distribution and map the specific
pattern of the object. The corresponding three-dimensional
(3D) real-time output voltages of the weight, rectangular
square, fist, and N-letter shape model are displayed in Figures
S12 and S13. The video of the single-point and multipoint

Figure 6. Application of the FB-TENG array in trajectory monitoring. (a−d) Schematic diagram of a finger writing letters T, E, N, and G on the
surface of the 8 × 8 FB-TENG sensor array.

Figure 7. Output voltage signals for corresponding trace monitoring. (a, b) Real-time output voltage when writing T and E with a finger and (c)
corresponding output signal during the head turning from the upward to the left and then back to the upward.
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tactile sensing function of this sensor array is given in Movie S2
(Supporting Information). Furthermore, this sensor array can
also be used to monitor the motion trajectory of moving
objects. Figure 6a−d and Movie S3 (Supporting Information)
demonstrate that a finger slides on the surface of the sensor
array according to the trajectory of the letter “T”, “E”, “N”, and
“G”, and the corresponding real-time output voltage is shown
in Figures 7a,b, and S14. It shows that the output voltage
signals of the corresponding units are recorded in the order of
time, and the sliding track of the finger can be recognized.
Therefore, the FB-TENG sensor array can realize simple graph
mapping during multipoint contact and trajectory tracking
when objects are in motion. The above results demonstrate
that the sensor array composed of the FB-TENG has the
potential to be applied to real-time tactile sensing and motion
trajectory monitoring of external objects, such as head
monitoring.
Postural change is an important parameter in sleep

monitoring, which can be used as key information for
evaluating sleep quality. Real-time head movements are
important parts of postural change, which could also reflect
changes in the state of the entire body during sleep.
Combining the flexibility and breathability of porous PDMS
and the application potential of FB-TENG pressure-sensing
array in pressure distribution mapping (touch sensing) and
motion trajectory monitoring, a smart pillow was developed for
the monitoring of head movements, reflecting body turnover
during sleep (Figure S15a). Figure S15b shows the physical
image of the smart pillow, which is fabricated by simply laying
the 5 × 12 FB-TENG pressure-sensing array fabricated by the
same preparation method as shown in Figure S10a on the
ordinary pillow. The same multichannel acquisition system as
shown in Figure S10c is used to collect the output signal of the
smart pillow. That is, when the head is on the smart pillow, the
FB-TENG units in the corresponding position would be
triggered to generate the output signals, and the signals would
be captured by the multichannel acquisition card and then
processed and reflected in the computer program interface. In
the experimental demonstration, a head model was manually
controlled to move on the smart pillow to simulate actual sleep
movements. As shown in Figure S16a, when the head model is
lying on the smart pillow, the corresponding two-dimensional
voltage intensity map that can reflect the head pressure
distribution is shown in Figure S16b, and the real-time 3D
output voltage is shown in Figure S16c. In addition, a high
spatial resolution of the contact pressure of the head is
achieved through multiple pressure-sensing units as shown in
these figures, which is at least 4 times higher than previous
reports.35,36 Figures 7c and 8a demonstrate the real-time
information of head turning from the upward to the left and
then back to the upward. The smart pillow could clearly record
the movement of the head during this procedure with voltage
changes in each channel and illustrate the pressure distribution
of the head movement by the real-time two-dimensional
voltage intensity map. More information on the head position,
posture, and pressure distribution is given in Figure S17 and
Movie 4 (Supporting Information). Under static conditions,
the two-dimensional voltage intensity map can detect the
presence and posture changes of the head on the smart pillow;
under dynamic conditions, the two-dimensional voltage
intensity map changes continuously when the head moves on
the smart pillow caused by body turning, which can be used to
identify postural changes during sleep. Therefore, by collecting

the output voltage signal, not only the distribution of the head
pressure can be clearly reflected but also the movement of the
head can be recorded and detected at the same time, and then
the body position change can be reflected accordingly. In
practical applications, parents or doctors can analyze the sleep
situation of children or patients through the recorded output
signals.
Furthermore, a smart pillow could also be used to design an

early warning system for falling out of bed. Babies and the
elderly with poor self-care ability or unconscious patients
might turn over and move to the edge of the bed
unconsciously during sleep, which would be in danger of
falling out of bed (Figure 8b). Therefore, we designed an early
warning function based on the smart pillow to detect whether
the head is moved to the most edge position of the smart
pillow. If the five TENG pressure-sensing units located at the
most edge position are touched by the head (Figure S18), the
resulting output signal would trigger the alarm system, as
demonstrated in Figure 8c and Movie 5 (Supporting
Information). Thereby, it could remind the guardian or doctor
to adjust their sleeping position and avoid the danger of falling
out of bed. Moreover, this smart pillow could also be extended
to real-time monitoring of some diseases, such as brain diseases
and cervical spondylosis, in the future. This smart pillow is
expected to open up a novel solution for real-time mobile
disease management and bring convenience to patients.

3. CONCLUSIONS
In conclusion, we propose a smart pillow design for real-time
monitoring of head movement during sleep. We fabricated a
flexible, breathable, and stretchable porous PDMS containing
FEP powder by the sacrificial template method. Based on this
porous PDMS, we assembled a FB-TENG with good durability
and pressure sensitivity. Based on the FB-TENG, an 8 × 8
sensor array was integrated. It not only realizes simple pattern
mapping but also achieves the trajectory tracking of moving
objects. Furthermore, a pressure-sensitive, flexible, and breath-
able smart pillow was made by laying a 5 × 12 FB-TENG

Figure 8. Application of the FB-TENG array as a smart pillow in
monitoring head movement. (a) Demonstration diagram of the head
turning from the upward to the left and then back to the upward. (b)
Schematic diagram when a person is in danger of falling out of bed.
(c) Demonstration diagram of triggering the alarm system when the
head moves to the edge column.
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pressure sensor array on an ordinary pillow for head movement
monitoring. The smart pillow can recognize the movements of
the head and record real-time head pressure distribution when
turning over during sleep. Moreover, this smart pillow can
realize a self-powered alarm to remind the guardian when
people under guardianship are in danger of falling out of bed.
Given the simplicity of equipment production, the smart pillow
in this work can be designed and produced according to
various actual conditions and let people sleep in their natural
ways. This work is expected to provide another possibility for
the field of human−machine interactive sleep behavior
monitoring. Finally, we also expect that it could generate an
important impact on self-powered motion tracking, intelligent
tactile perception, remote health monitoring, and other fields.

4. EXPERIMENTAL SECTION
4.1. Fabrication of the Flexible and Breathable Porous

PDMS. A sacrificial template technique37−39 was used to fabricate the
flexible and breathable porous PDMS. The fabrication process is
shown in Scheme 1. Initially, a PDMS elastomer and a curing agent
(Sylgard 184, Dow Corning) were evenly mixed in a weight ratio of
10:1, and a vacuum was applied to remove air bubbles. Then, a certain
amount of CAM particles, with the sizes of 860 ± 70, 290 ± 16, and
74 ± 6 μm were, respectively, screened out by the sieves with
apertures of 900 and 710, 300 and 250, and 74 and 65 μm, and
different mass ratios (0, 5, 10, 15, 20, and 30 wt %) of FEP powder
were sequentially added into the prepared PDMS mixture. After
stirring evenly, the mixture was transferred into a prepared mold of a
certain size (5 × 7 cm2), and then it was placed in an oven at 80 °C
for 2 h curing. Next, the cured sample was cut into a size of 2 × 2 cm2

and soaked in ethanol until the CAM was completely removed.
Neither heating nor ultrasound was required for this removal, and it
only took 6 h. These are the advantages of using CAM compared to
using sucrose particles or NaCl particles. Finally, the sample was
placed in an oven at 80 °C for 2 h to dry, and a soft and air-permeable
porous PDMS doped with FEP powder was obtained, as shown in
Figure S2a.
4.2. Fabrication of the FB-TENG Based on the Porous

PDMS. Taking the acrylic (2 × 2 cm2) as a substrate, a single-
electrode mode FB-TENG used an aluminum (Al) electrode (2 × 2
cm2) as a working electrode and a porous PDMS (2 × 2 × 0.3 cm3) as
a friction material. The porous PDMS was attached to the Al
electrode by double-sided polyimide tape. A single-sided polyimide
tape (Kapton film) or other materials (such as finger, weight, head
model) were used as another movable friction material. According to
this method, the FB-TENG device based on the porous PDMS was
obtained. The detailed production process is displayed in Scheme S1.
4.3. Characterization and Measurement. The SEM morphol-

ogy and EDS analysis of the porous PDMS were characterized by a
Nova NanoSEM 450 and TEAM EDS. The morphology and size of
the CAM particles were measured by an upright optical microscope.
The FB-TENG was driven by a linear motor (LinMot E1100). The
output signals (Voc, Isc, and Qsc) of the FB-TENG were acquainted by
a Keithley 6514 electrometer. The output voltage signals of the sensor
array were measured by the synchronous data acquisition card (PXIe-
4300, National Instruments). The breathability was measured using
an air permeability tester (TQD-G1 and VAC-V1).
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