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ABSTRACT: Respiration is a major vital sign, which can be
used for early illness diagnosis and physiological monitoring.
Wearable respiratory sensors present an exciting opportunity to
monitor human respiratory behaviors in a real-time, noninvasive, and comfortable way. Among them, ﬁber-shaped
triboelectric nanogenerators (FS-TENGs) are attractive for
their comfort and high degree of freedom. However, the singleelectrode FS-TENGs cannot respond to their own tensile
strains, and the coaxial double-electrode FS-TENGs show low
sensitivity to strain due to structural limitations. Here, a type of
helical ﬁber strain sensor (HFSS) is developed, which can
respond to tiny tensile strains. In addition, a smart wearable
real-time respiratory monitoring system is developed based on
the HFSSs, which can measure some key breathing parameters for disease prevention and medical diagnosis. An intelligent
alarm can automatically call a preset mobile phone for help in response to respiratory behavior changes. This work provides an
eﬀective helical structure for fabricating highly sensitive strain sensors based on FS-TENGs and develops wearable selfpowered real-time respiratory monitoring systems.
KEYWORDS: ﬁber-shaped, strain sensing, helical structure, triboelectric nanogenerators, respiratory monitoring
to their low cost, ﬂexible design, and excellent adaptability.18−20 Among them, the ﬁber-shaped TENGs (FS-TENGs)
have attracted wide attention due to their high degree of
freedom and ﬂexibility,21−23 which can also be easily
transformed from one-dimensional (1D) to two-dimensional
(2D) or three-dimensional (3D) structures.24−27 The 1D
stretchable FS-TENGs usually adopt a single-electrode mode
or coaxial two-electrode contact−separation mode.21,28−30 The
single-electrode FS-TENG requires contact with external
objects to generate electrical signals and cannot respond to
its stretching.31−33 The inner and outer triboelectric layers of
the coaxial double-electrode FS-TENG are arranged in parallel,
and the FS-TENG needs to be stretched to a certain length to

INTRODUCTION
Self-powered personalized physiological signal monitoring has
attracted great interest due to the increasing demand for ﬁtness
monitoring, health assessment, and early disease alerts.1−4
Respiration is one of the vital signs for human health
monitoring, encompassing a great deal of physiological
information about individual health as well as potential
diseases.5−7 Real-time respiratory monitoring can detect
potential disease risks in time and even save lives.8,9 However,
most of the current respiratory monitoring methods, such as
respiratory masks and endotracheal nostril intubation, are not
suitable for carrying around and real-time monitoring due to
their cumbersome devices, complex structure, uncomfortable
use experience, and external power requirement.10−12 Therefore, comfortable and wearable real-time respiratory monitoring systems are particularly important.
Triboelectric nanogenerators (TENGs), as an emerging
technology for converting mechanical movement into electrical
signals,13−17 have been widely adopted for self-powered
wearable physiological signal monitoring in recent years due
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Figure 1. Structure design and fabrication process of the HFSSs. (a) Schematic structure diagram of the HFSS with helical structure. (b)
Photographs of the HFSS under strains of 0% and 80%, respectively. (c) Fabrication process of the (i) PTFE/Ag braided ﬁbers and (ii)
nylon/Ag braided ﬁbers. The core−shell ﬁbers are made by a multiaxial ﬁber winding machine. Schematic illustration of (iii) PTFE/Ag
braided ﬁber and (iv) nylon/Ag braided ﬁber. (v) Photograph of core−shell ﬁbers made by the multiaxial ﬁber winding machine. (vi)
Schematic diagram of the winding process of the two kinds of core−shell ﬁbers. (d) SEM image of the HFSSs surface. (e) SEM image of the
section of the core−shell ﬁbers. PTFE/Ag braided ﬁbers (f) based on untreated PTFE and (g) based on treated PTFE.

contact, which leads to low sensitivity to strain.34−37 Therefore,
the sensitivity of the existing FS-TENG is too low to meet the
demand. One of the ways to improve sensitivity is to change
the traditional structure.
In this paper, a type of helical ﬁber strain sensor (HFSS) is
developed by designing a helical structure on a stretchable
substrate ﬁber. Unlike other stretchable FS-TENGs,21,36,37 the
HFSSs take full advantage of their helical structure. Even with
slight stretching, the state of contact between the two
triboelectric layers [polytetraﬂuoroethylene (PTFE) and
nylon] changes, resulting in an eﬀective electrical signal.
Therefore, HFSSs can respond to tiny tensile strains with a
detection limit of less than 1%. In addition, compared with
resistive, capacitive, and optical strain sensors, the triboelectric
sensors are self-powered and do not need an external power
supply in the process of signal acquisition.38 The self-powered
HFSSs are integrated into a chest strap and fastened below the
thoracic cavity to monitor human respiration. It can be
regularly stretched and contracted as the chest cavity expands/
contracts. Through the calculation and processing of these
electrical signals, some indicators such as human respiratory
rate, forced vital capacity (FVC), forced expiratory volume in
one second (FEV1), and peak expiratory ﬂow (PEF) can be
obtained. Moreover, a smart wearable real-time respiratory

monitoring system is developed, which contains a smart
spirometer and a self-powered intelligent alarm. The smart
spirometer can quantify the volume of airﬂow per expiration
and initially diagnose respiratory diseases. The intelligent alarm
can automatically call a preset mobile phone for help when the
subject stops breathing for more than 6 s. The system helps to
assess the respiratory condition, detect potential disease risks,
and even save lives, which shows great potential in personal
respiratory health monitoring and smart wearable medical
electronics.

RESULTS AND DISCUSSION
In this study, commercial silver-plated nylon ﬁber is selected as
the electrode, considering its low cost and maturity in
industrial production. PTFE ﬁbers and nylon ﬁbers are chosen
as triboelectric materials. PTFE has high mechanical durability,
inherent biocompatibility, and a strong ability to gain
electrons. Nylon, a common wearable ﬁber, is a material that
tends to lose electrons. As shown in Figure 1a and d, the PTFE
winding Ag-coated nylon ﬁbers (PTFE/Ag braided ﬁbers) and
the nylon winding Ag-coated nylon ﬁbers (nylon/Ag braided
ﬁbers) are alternately wound around a stretchable substrate
ﬁber to form the HFSSs. The contact−separation of the two
triboelectric layers (PTFE and nylon) can be implemented by
B
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Figure 2. Working principle and the electrical output under diﬀerent stretching strain of the HFSSs. (a) Structural illustrations of the HFSSs
at diﬀerent states: (i) side view without deformation; (ii) detached windings under tension; (iii) stretched to maximum. (b) Working
principle of the HFSSs; the states i, ii, and iii correspond to i, ii, and iii of (a). (c) Simulation results of the electric potential model using the
COMSOL software. (d) VOC, (e) ISC, and (f) QSC of the HFSSs at a tensile strain of 1−80%.

ﬁber based on untreated and treated PTFE, respectively. The
VOC of the PTFE/Ag braided ﬁber based on treated PTFE
increased by about 50% under the same trigger conditions
(Figure S2b and c, Supporting Information). This may be
because the treated PTFE ﬁbers can wrap the core ﬁber more
tightly. In the end, the wrapping procedure is displayed in
Figure 1c-vi. A pair of synchronously running motors drive the
PTFE/Ag braided ﬁbers and nylon/Ag braided ﬁbers to
alternately wind on the substrate ﬁber to form the HFSSs. It is
worth noting that in order to keep two braided ﬁbers in close
contact during winding, the α and β angles (between braided
ﬁbers and substrate ﬁbers) should be as consistent as possible
(Figure 1c-vi). As exhibited in Figure S3 (Supporting
Information), the HFSSs can withstand various complex
mechanical deformations including twisting, knotting, and
bending, which shows the good ﬂexibility of the HFSSs.
The working principle of the HFSSs can be explained by
coupling contact electriﬁcation and electrostatic induction, as
illustrated in Figure 2a and b. At the initial state, two
triboelectric materials (PTFE and nylon) are in contact.
Because of the opposite triboelectric polarities of PTFE and
nylon, the electrons are injected from nylon into PTFE, and
the equivalent negative and positive triboelectric charges will
be induced on their surfaces (Figure 2a-i and b-i). Once the
HFSSs are stretched by external forces, the contacting surfaces
of the nylon/Ag braided ﬁber and the PTFE/Ag braided ﬁber
begin to separate. An electric potential diﬀerence will be built
upon the two surfaces, which drives free electrons to ﬂow from

stretching−releasing motions of HFSSs. During the stretching
process, the helical structure elongated in the longitudinal
direction, where the detachment occurred in adjacent nylon
and PTFE until the maximum stretch strain. The nylon and
PTFE get close to each other while the device is released.
Figure 1b shows photographs of the HFSS under strains of 0%
and 80%, respectively. The insets show the details of the HFSS
before and after stretching.
The introduction of conductive electrodes is the key to the
fabrication of the FS-TENG. In this work, we adopt a method
widely used in textile engineering, namely, covered core−shell
ﬁbers. The fabrication process of the HFSSs is presented in
Figure 1c. As displayed in Figure 1c-i and c-ii, the PTFE ﬁbers
or nylon ﬁbers are used as shell ﬁbers and the silver-plated
ﬁbers are selected as core ﬁbers. The shell ﬁbers are twined
around the core ﬁbers and interwoven with each other in the
tightening sleeve to fabricate core−shell ﬁbers through a
multiaxial ﬁber winding machine (Figure S1, Supporting
Information). The structure can be seen from the schematic
diagram of the core−shell ﬁber (Figure 1c-iii and c-iv) and the
cross-section of the core−shell ﬁber SEM image (Figure 1e).
In addition, the core−shell ﬁbers can be large-scale fabricated
because the preparation process is continuous and mechanized.
Figure 1c-v shows a photograph of two rolls of core−shell
ﬁbers fabricated by the winding machine. It is worth noting
that the PTFE ﬁbers can be pressed into a ﬂat shape by an
electric iron at 130 °C (Figure S2a, Supporting Information).
SEM images in Figure 1f and g show the PTFE/Ag braided
C

https://doi.org/10.1021/acsnano.1c09792
ACS Nano XXXX, XXX, XXX−XXX

ACS Nano

www.acsnano.org

Article

Figure 3. Mechanical properties and electrical output characteristics of the HFSSs. (a) Displacement−force curve of the stretchable substrate
ﬁber with diﬀerent diameters. (b) Stress−strain curve of the HFSSs being stretched and released for 2000 cycles. The insets are photos of the
HFSS before and after the experiment, respectively. (c) Output stability and reliability of the HFSS. Insets are enlarged VOC waveforms in
the ﬁrst, middle, and last ﬁve cycles, respectively. (d) Electrical output of the HFSS after 10 times washing. The inset photos are a simulated
laundering environment, and the inset curves are the detailed VOC curves of the unwashed and after 10 times washed HFSS, respectively. (e)
VOC and ISC of the HFSS under diﬀerent stretching frequencies (0.25−4 Hz). (f) Electrical output of diﬀerent numbers of HFSSs (the
original length is 10 cm, the elongation is 60%, and the stretching frequency is 1 Hz). (g) Signals of breathing (blue curve on the left) and
heartbeat (purple curve on the right) collected using the chest straps. (h) Enlarged views of the output waveform of the heartbeat. (i)
Magniﬁed waveform extracted from (h), containing “P”, “T”, and “D” peaks.

the PTFE/Ag braided ﬁber to the nylon/Ag braided ﬁber
(Figure 2a-ii and b-ii). When the HFSSs continue to be
stretched, the gap between two surfaces increases, and the
electric potential eventually reaches equilibrium (Figure 2a-iii
and b-iii). When the external force is removed, the HFSSs
return to their initial position, and the nylon/Ag braided ﬁber
and PTFE/Ag braided ﬁber are brought into contact. In the
process, free electrons ﬂow from the nylon/Ag braided ﬁber to
the PTFE/Ag braided ﬁber (Figure 2a-ii and b-iv). In the end,
the HFSS returns to its original state, making a complete cycle
of electricity generation. An electric potential model is
simulated to further explain the principle of electricity
generation by using COMSOL software (Figure 2c).
To quantitatively characterize the electrical output performance of the HFSSs, a test platform was constructed. As
exhibited in Figure S4 (Supporting Information), a linear
motor is utilized to provide the power for stretching motion.
First of all, the eﬀect of tensile strain on electrical output is
investigated. An HFSS with a length of 10 cm is measured at a
ﬁxed stretching frequency of 1 Hz. As shown in Figure 2d−f,
the open-circuit voltage (VOC), short-circuit current (ISC), and
short-circuit charge transfer (QSC) increase with the increment
of stretching strain (1−80%) due to the more suﬃcient contact
and separation between the two braided ﬁbers at larger

stretching strain. There are two stages with the increase of
stretching strain. In the ﬁrst stage, the electrical output rises
rapidly when the stretch strain increases from 0% to 50%, while
the second stage (50−80%) has a lower change rate. It is worth
noting that the HFSSs can still have a stable electrical output of
0.5 V with the stretch strain of 1%, which shows that the
HFSSs are sensitive to stretch strain. Moreover, as depicted in
Figure S5 (Supporting Information), the HFSSs exhibit an
immediate response time of 70 ms and a recovery time of 71
ms under 5 Hz stretching frequency.
The resilience of HFSSs is mainly derived from stretchable
substrate ﬁbers. However, excessive elasticity will hinder the
stretching of the HFSSs. On the contrary, if the elastic force is
too small, the HFSSs cannot recover quickly. The stretchability
of the substrate ﬁbers with diﬀerent diameters is tested. Figure
3a exhibits displacement−force curves. As we can see, the
elongation rate of the substrate ﬁbers is more than 400%,
which is suﬃcient to make HFSSs. The resilience increases
with the increasing diameter. Therefore, we can select
stretchable substrate ﬁbers with diﬀerent diameters according
to diﬀerent application scenarios. In this work, a stretchable
substrate ﬁber with a diameter of 1.5 mm is chosen to fabricate
the HFSSs. In addition, a cyclic tensile test is executed for the
HFSS sample (the original length of 9 mm, 80% tensile strain).
D
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number of HFSSs being 1, 2, 3, 4, and 5, respectively. To
understand the changing trend of electrical output more
clearly, in Figure S11d−f (Supporting Information), the peak
values of VOC, ISC, and QSC of the HFSSs under diﬀerent strains
from Figure S9a−c are extracted. It can be seen clearly that all
the electrical output increases with the applied strains and the
number of ﬁbers. The output under ﬁve HFSSs with 80% strain
can reach ∼40 V, ∼0.16 μA, and ∼26 nC, respectively. This
shows that the output can be eﬀectively increased by increasing
the number of HFSSs, which is extremely important for
practical applications. The detailed electrical output curves are
displayed in Figures S12−14 (Supporting Information).
The HFSSs are capable of capturing the detailed
physiological signals of breathing and heartbeat. Here, we
stitch the HFSSs into a chest strap and fasten it to the chest to
monitor the breathing and heartbeat signals. Figure 3g shows
the electrical signals of breathing and heartbeat collected with a
chest strap. On the left side of the ﬁgure are the electrical
signals showing that respiration and heartbeat work together.
On the right side of the ﬁgure is the heartbeat signals when the
human is holding its breath. Figure 3h exhibits the enlarged
views of the output waveform. It can be observed that the
HFSSs can steadily produce a responding output waveform
following the heartbeat, indicating a frequency of 74 beats/
min. Three measured waveforms are extracted, as illustrated in
Figure 3i. They have three characteristic peaks, “P”
(percussion), “T” (tidal), and “D” (diastolic), which are the
essential information for monitoring the pulse. In addition, an
HFSS is attached to the ﬁnger or knee to monitor the bending
angles. As displayed in Figure S15a and b (Supporting
Information), the VOC of the HFSS is linearly proportional
to the bending angles of the joint because the elongation of the
HFSS increases with the increase of the joint bending angle.
Figure S16 (Supporting Information) shows the knee bent at
diﬀerent angles according to the scale placed on the ground.
Built on the relationship between the bending angles and the
VOC, the bending angle can be judged by the VOC. The power
twister is used to further verify it. As exhibited in Figure S17a
(Supporting Information), an HFSS is ﬁxed to the power
twister and stretched as the power twister bends. The VOC
increases from 1.5 to 20 V with the increase in bending angles,
and there is just one corresponding VOC value for a bending
angle (Figure S17b, Supporting Information). This result is
further veriﬁed by repeating the bending experiment ﬁve times
(Figure S17c, Supporting Information). It can be seen that
there is a stable and repeatable relationship between the
bending angle and the VOC of the HFSSs, which ﬁts the
piecewise linear relationship (Figure S17d, Supporting
Information). Here, based on this linear relationship, a realtime and self-powered angle-sensing system is developed and
implemented by using the LabVIEW software, which can not
only judge the bending angles of the power twister but also
accurately record the number of bendings, as illustrated in
Figure S17e and Movie S1 (Supporting Information). The
HFSSs are going to be used as angle sensors, which have
potential applications in robotics and human activity
monitoring.
Respiratory information such as FVC, FEV1, and PEF is
very important for assessment of respiratory condition,
diagnosis of disease, and medical treatment. “FVC” refers to
the maximum volume of air that can be exhaled as soon as
possible after inhaling as much as possible, and “FEV1” is the
amount of air that is exhaled within the ﬁrst second. The value

As shown in Figure 3b, the mechanical behavior and the helical
structure of the HFSS have no obvious change after being
stretched and released for 2000 cycles. The insets display the
photos of the HFSS before and after the cyclic tensile test. It
can be seen that the HFSSs have good tensile properties.
The stability and reliability of electrical output are
indispensable for practical applications. To evaluate them, an
HFSS with a length of 10 cm is continuously stretched and
released under a stretch strain of 60% at 1 Hz stretching
frequency for over 6 h. The corresponding VOC is shown in
Figure 3c. During the more than 20 000 stretching cycles, the
VOC exhibits no obvious deterioration, which indicates that the
HFSSs have high stability and good durability. For a detailed
comparison, the enlarged VOC waveforms in the ﬁrst, middle,
and last ﬁve stretching cycles are exhibited in the insets of
Figure 3c. Moreover, machine washability is also an important
performance indicator for wearable devices. To demonstrate
the washability of the HFSSs, a simulated domestic laundering
environment is cultivated (insets of Figure 3d). The electrical
output of the HFSSs is tested after being washed diﬀerent
times. As displayed in Figure 3d, the electrical output of the
HFSSs shows no signiﬁcant degradation after 10 times washing
(stirring rate is 400 rpm, each washing time is 30 min). The
insets exhibit the detailed VOC curve of the unwashed and after
10 times washed HFSS, respectively.
The VOC, ISC, and QSC are measured when the stretching
frequency increases from 0.25 Hz to 4 Hz (original length: 10
cm, stretch strain: 40%). It can be seen from Figures 3e and S6
(Supporting Information) that the VOC and QSC remain
constant, while the ISC gradually increases from 2 nA to 68 nA.
Furthermore, environmental conditions can also inﬂuence the
output of the HFSS, such as temperature and humidity. As
presented in Figure S7 (Supporting Information), the VOC
increases from 8.5 V to 10.4 V when the temperature rises
from 10 °C to 45 °C. And the trend of the ISC is similar to the
VOC; it also increases from 15 nA to 25 nA. Figure S8
(Supporting Information) is the VOC and ISC of the HFSS for
diﬀerent relative humidity values (6−76%). It can be seen that
both the VOC and the ISC of the HFSS decrease with the
increase of relative humidity. The VOC and the ISC drop by 20%
and 19%, respectively. The output power density is
investigated by W = U2/R, where U is the output voltage
and R is the applied external resistance. The relationships
between power density and resistance are exhibited in Figure
S9 (Supporting Information). Both the output voltage and the
power density present a trend of initial stability and then a
rapid increase with the increase of external load resistance. The
maximum peak output power density is 4.3 μW/m when the
external load resistance is about 250 MΩ. To investigate the
charging ability, an HFSS is used to charge capacitance of
diﬀerent capacities (0.1−22 μF) under the testing conditions
of ﬁxed strains (40%) and stretching frequency (1 Hz). As
exhibited in Figure S10 (Supporting Information), it can be
observed that the electricity generated from the HFSSs can be
stored in the capacitance. In addition, the output of a single
HFSS is limited. Therefore, it is necessary to verify that the
electrical output can be enhanced by connecting multiple
HFSSs in parallel. The electrical output of diﬀerent numbers of
HFSSs is measured, and the test results are illustrated in Figure
3f (the original length is 10 cm, the elongation is 60%, and the
stretching frequency is 1 Hz). Figure S11a−c (Supporting
Information) further shows the VOC, ISC, and QSC of the HFSSs
under strains of 15%, 30%, 45%, 60%, and 80%, with the
E
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Figure 4. HFSSs are used to measure FVC, FEV1, and PEF. (a) Regular electrical signals of the HFSS-based chest strap as the human body
breathes. (b, c) Schematic diagram of the expansion/contraction of the chest and abdomen as the human body breathes. (d) Electrical signal
corresponding to a complete respiratory cycle. (e) Curves of the volume of exhaled air over time measured by a commercial spirometer. (f)
VOC curves of the HFSSs with time. (g) Corresponding relationship between VOC curves and volume of exhaled air curves over time. (h)
Slope calculated from the v−t curve in (g). Comparison of the measurement results of the two measurement methods (i) FVC and Vtotal; (j)
PEF and Smax; (k) FEV 1 and V1s; and (l) FEV1/FVC and V1s/Vtotal.

an electrical signal corresponding to a complete respiratory
cycle.
Inspiratory/expiratory volumes refer to the amount of
inhaled or exhaled air in one breathing cycle. The exhalation
process of the human body is measured simultaneously by
both a commercial electronic spirometer (Figure S18,
Supporting Information) and an HFSS-based chest strap
fastened on the upper part of the abdomen. Figure 4e shows
the curves of the volume of exhaled air over time measured by
a commercial electronic spirometer, and Figure 4f shows the
VOC curves of the HFSSs. It can be seen that the trend of the
ﬁve pairs of curves displays a good match over the entire time
domain (the sequence number represents the order of tests).
This good match could be attributed to the high sensitivity of
the HFSSs to stretching. Figure S19 (Supporting Information)
is a detailed comparison of results measured by two test
methods. The relation between the VOC of HFSSs and the
volume of exhaled air is illustrated in Figure 4g. The diﬀerence
between positive and negative peaks is indicated as Vtotal, which

of FEV1/FVC is an essential basis for judging whether there is
a respiratory disease.39,40 Monitoring the breathing by
wearable sensors is particularly attractive because it is
convenient, comfortable, and nonintrusive. Here, the HFSSbased chest strap is developed and subsequently secured at the
upper part of the abdomen for monitoring human breathing. It
is worth noting that data acquisition and processing for
detecting respiratory disease are prominent. In order to get rid
of environmental noise, the signals are ﬁltered according to the
rate of respiration (the adult respiratory rate is about 16−20
breaths per min). As illustrated in Figure 4b and c, on
inhalation, the diaphragm contracts and pulls down to increase
the volume of the thoracic cavity and abdomen, which
stretches the HFSSs and gives an electrical signal. On the
contrary, the diaphragm relaxes to reduce the volume of the
thoracic cavity and abdomen during expiration, which releases
the HFSSs and gives an opposite electrical signal. In the
process, HFSSs are regularly stretched and contracted, which
generates continuous electrical signals (Figure 4a). Figure 4d is
F
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Figure 5. Application demonstration of respiratory monitoring. (a) Voltage signals recorded normal, rapid, and deep breathing states; the
insets show the enlarged curves. (b) Schematic diagram of the HFSS-based self-powered smart spirometer system. (c) Demonstration of the
self-powered smart spirometer system and display of real-time measuring result. (d) Schematic diagram of a real-time respiratory monitoring
and intelligent alert system. (e) Circuit boards for signal conditioning and transmitting. (f) (i) Breathing signals after being ﬁltered and
ampliﬁed. (ii) Square signal switched by the relay. (iii) Operating voltage of the GSM module switches between high and low potentials. (g)
A mobile telephone is called when a patient stops breathing for more than 6 s.

corresponding VOC, respectively. It can be seen that there is a
small error between the results measured by the two methods.
Therefore, the HFSSs can be used to assess respiration.
In addition to quantifying the volume of airﬂow of each
expiration, the HFSSs can also be employed to monitor human
breathing continuously. As illustrated in Figure 5a, the
electrical signals of the HFSSs record three diﬀerent
respiratory patterns, namely, normal, rapid, and deep breath-

positively correlates with the FVC, and the FEV1 corresponds
to the diﬀerence between the value in the ﬁrst second and the
negative peaks (V1s). The rate of exhalation corresponds to the
slope of the V−t curve (Figure 4h), and the PEF corresponds
to the maximum slope (Smax). Here, the FVC, FEV1, and PEF
can be measured directly by a commercial electronic
spirometer. As displayed in Figure 4i−l, the ﬁve measurements
of FVC, FEV1, PEF, and FEV1/FVC are compared with the
G
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CONCLUSION
In this work, wearable and self-powered strain sensors are
constructed by introducing helical structure braided ﬁbers on a
stretchable substrate ﬁber. Owing to the structure, the HFSSs
show high sensitivity to strain, and a single HFSS (with a
length of 10 cm) can output 0.5 V even under 1% stretch
strain. The HFSSs can sense the contraction and relaxation of
the thoracic cavity and abdomen caused by the heartbeat and
breathing. Based on the HFSSs, a wearable self-powered realtime respiratory monitoring system is developed. The smart
spirometer can be utilized to diagnose potential respiratory
diseases by measuring FVC, FEV1, and PEF. The self-powered
intelligent alarm can distinguish diﬀerent respiratory patterns
and call the preset mobile phone for help when the patients
stop breathing for more than 6 s. This work designs a type of
FS-TENGs with high sensitivity to strain, which can be used
for real-time respiratory monitoring.

ing. It can be clearly seen that there are obvious diﬀerences in
respiratory intensity and rate under diﬀerent respiratory
patterns. For example, rapid breathing generates more VOC
peaks than normal breathing in the same amount of time. It
can be obtained from the number of VOC peaks that the
respiration rate of normal breathing is about 20 breaths/min,
while for hurried breathing, it can reach 54 breaths/min. In
addition, the VOC becomes larger and the peak width becomes
wider when the human body breathes deeply. Compared to
normal breathing, deep breathing has a higher intensity but a
lower rate.
Based on the good match between the VOC of the HFSSs
and the commercial electronic spirometer measurement
results, a self-powered smart spirometer has been developed,
which can quantify the volume of airﬂow per expiration. As
shown in Figure 5b, an HFSS-based chest strap is secured to
the upper part of the abdomen to convert the expansion and
contraction of the abdomen into electrical signals. Then the
results are obtained by analyzing the amplitude and slope of
the waveforms. Figure 5c and Movie S2 (Supporting
Information) show the self-powered smart spirometer,
including real-time voltage signals, calculation results of FVC,
FEV1, PEF, and FEV1/FVC, and ﬁnal diagnosis results.
Among them, FEV1/FVC is an important indicator to judge
whether there is a respiratory disease.39,40 Here, the standard
of the FEV1/FVC is set at 80%. When the measurement value
is greater than this value, the spirometer’s indicator shows
green, indicating normal; otherwise, the indicator shows red,
indicating possible disease. It is worth noting that “a” and “b”
are variable parameters in the formulas FVC = aVtotal, FEV1 =
aV1s, and PEF = bSmax. The changeable parameters change with
the change of the test object, so they need to be corrected for
diﬀerent test subjects.
In addition, respiratory arrest is often life-threatening
because it is not found in time. Therefore, a self-powered
intelligent alarm based on HFSSs is developed. As displayed in
Figure 5d, the alarm consists of an HFSS-based chest strap, a
signal processing circuit, a global system for a mobile
communication (GSM) module, and a mobile phone. HFSSbased chest straps can continuously monitor the respiratory
status of the human body in real time. As displayed in Figure
S20 (Supporting Information), a chest strap is attached to the
chest or abdomen to monitor chest breathing and abdominal
breathing. It can be seen that the HFSSs can provide a steady
electrical output in both sitting and lying positions,
respectively. The signal-processing circuit includes an
ampliﬁcation circuit (Figure 5e-i) to amplify the electrical
signals and eliminate some of the interference, a voltage
comparator (Figure 5e-ii) to convert the ampliﬁed signals into
stable square wave signals, and a single-chip microcomputer
(SCM, Figure 5e-iii) to receive the square wave signals and
send instructions to the GSM (Figure 5e-iv). As displayed in
Figure 5f, the top is the ampliﬁed signal produced by the
HFSSs, and the middle is the square wave signal transmitted by
the voltage comparator. The bottom is the switch signal of the
SCM, which is utilized to control the GSM. When the body
normally breathes, the HFSSs produce continuous electrical
signals. Once the respiration stops, the electrical signal is
discontinued. When the signal stops for more than 6 s, the
GSM module will automatically call the preset mobile phone
for help under the control of the SCM (Figure 5g and Movie
S3, Supporting Information), so that the patient can be treated
as soon as possible.

EXPERIMENTAL SECTION
Fabrication of HFSSs. The nylon/Ag braided ﬁbers and PTFE/
Ag braided ﬁbers are core−shell ﬁbers. The shell ﬁbers (PTFE ﬁber or
nylon ﬁber) were twined around the core ﬁber (silver-plated ﬁber)
and interwoven with each other by a multiaxial ﬁber winding machine.
Then, two identical motors were placed opposite each other, and the
two ends of the stretchable substrate ﬁber were ﬁxed on the motors.
In the end, a pair of synchronously running motors drove the nylon/
Ag braided ﬁbers and PTFE/Ag braided ﬁbers to alternately wind on
the substrate ﬁber to form the ﬁnal ﬁber.
Characterization and Measurement. The electrical output
performance was measured using a Keithley 6514 electrometer with a
Labview program. A linear mechanical motor provided the external
forces for HFSSs to stretch and release. Field-emission scanning
electron microscopy (FEI Nova Nano SEM 450) was utilized to
observe the surface morphology and the section of ﬁbers. A tensile
machine (Instron EP3000) was utilized to test the cyclic tensile
strength of HFSSs.
Self-Powered Smart Spirometer. An HFSS-based chest strap
was used to convert the expansion and contraction of the human chest
cavity and abdomen into electrical signals. The data processing and
analysis software was constructed by a computer with LabVIEW. The
software displays the measurement results, including real-time voltage
signals, FVC, FEV1, PEF, and FEV1/FVC, and ﬁnal diagnosis results.
When the measurement value of FEV1/FVC is greater than 80%, the
spirometer’s indicator shows green, indicating normal; otherwise, the
indicator shows red, indicating possible disease.
Self-Powered Intelligent Alarm. The HFSS-based chest strap
continuously outputs electrical signals when the human body is
breathing normally. Once breathing stops for more than 6 s, the SCM
senses this and turns on the GSM module to call the corresponding
mobile phone. The modules used include an ampliﬁcation circuit
(AD620), voltage comparator (LM393), SCM (STM 32F4), and
GSM (SIM800C).
Informed consent was obtained from the volunteers who
participated in the experiments.
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