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A B S T R A C T   

The fast-spreading of novel coronavirus disease (COVID-19) has been sweeping around the globe and brought 
heavy casualties and economic losses, which creates dire needs for technological solutions into medical pre-
ventive actions. In this work, triboelectric nanogenerator for respiratory sensing (RS-TENG) has been designed 
and integrated with facemask, which endows the latter with respiratory monitoring function. The output of RS- 
TENG for respiratory flow can reach up to about 8 V and 0.8 μA respectively although it varies with different 
respiratory status, which proves the high sensitivity of RS-TENG for respiratory monitoring. An apnea alarm 
system can be constructed by combining the smart facemask with circuit modules so that timely alarm can be 
transmitted after people stop breathing. Furthermore, RS-TENG can be used to control household appliances, 
which brings convenience to the life of the disabled people. Considering its incomparable advantages such as 
small volume, easy fabrication, simple installation and economical applicability, such design is helpful for 
developing multifunctional health monitoring gadgets during the COVID-19 pandemic.   

1. Introduction 

Coronaviruses are a family of viruses that can cause illnesses such as 
the common cold, severe acute respiratory syndrome (SARS) and Middle 
East respiratory syndrome (MERS). In 2019, a new coronavirus was 
identified as the cause of a disease outbreak and is now known as the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. 
Given the special importance of the harmful consequence, spotting a 
case of COVID early could very well be the key to stopping widespread 
transmission. And while most people know the most common symptoms 
of the virus, we may not know what to keep an eye out for in its earliest 

stages, taking measure in the earliest stages may plays a central role in 
lowering COVID19 incidents and mortality rates. Thus, finding a simple, 
accurate, cheap and quick detection approach for SARS-CoV-2 at early 
stage of the viral infection is urgent and at high demand all around the 
world. 

Based on the typical symptoms such as shortness of breath, dyspnea 
and irregular breathing [2], many precaution diagnostic methods have 
been developed based on respiratory, heart rate and temperature mea-
surement for COVID-19 health screening [3]. 

Although current technologies may detect illnesses symptoms such 
as temperature, heart rate, and even stress and other physiological 
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conditions, most of them suffer the declination of precision from a social 
distancing in performing the health screening on masked participants 
[4–6]. In addition, there are also other hidden issues. For example, 
traditional respiratory monitoring sensors usually have complex struc-
ture, huge volume and need external power supply [7–9], which has 
brought many inconveniences in using, analyzing and moving. And most 
of these technology monitor the breath state by measuring many other 
parameters, such as detecting sounds of breath, humidity of air flow, 
pressure differential, chest vibration and so on. These technology often 
need complex equipment and can not monitor respiratory state directly 
[10–15]. There is a tremendous need to develop a more simple and 
portable respiratory monitoring equipment which can identify a respi-
ratory infection early—before a worker or student feels ill. 

As a new energy harvesting technology, triboelectric nanogenerator 
(TENG) has invoked intense research interests since its invention in 
2012. Based on the coupling effect of triboelectrification and electro-
static induction [16–19], TENG can effectively harvest all kinds of me-
chanical energy in the environment [20], including human motion 
[21–23], wind energy [24–26], water energy [27,28], tire rotating en-
ergy [29], vibration energy and so on. TENG is widely used in wearable 
[30], intelligent sensing [31–34], biomedical [35], environmental 

protection [36] and other fields. In the past several years, it has also 
demonstrated that TENG based sensors have excellent material 
compatibility, low cost, and flexibility. TENG based sensors technology 
must be a promising artificial intelligence technology for new genera-
tion of sensing systems that collect information by large amounts of 
self-powered sensors [37,38]. Thus it is ideal to combine TENG with 
facemask to seek a wearable device which can continuously track the 
key precautionary symptoms with very simple structure for COVID-19 
and other respiration diseases at the very early station from hospital 
to home. 

In this work, we designed a smart facemask for respiratory moni-
toring. The smart facemask conducts the respiratory monitoring work by 
a novel structured respiratory sensing triboelectric nanogenerator(RS- 
TENG) attached to it. When human body wear the smart facemask and 
breathe, the RS-TENG assembled on the facemask can generate a 
maximal output voltage of about 8 V and a maximal output current of 
0.8 μA. The electrical signals can be used to monitor people’s breathing 
status and served as a diagnostic index of some respiratory diseases such 
as COVID-19 pandemic. More importantly, the breath-driven human- 
machine interface (HMI) system integrated with the smart facemask can 
help disabled people to control small household appliances through 

Fig. 1. Basic design and output of RS-TENG. (a) Detail structure of RS-TENG. (b) Photograph of facemask assembled with RS-TENG. (c) The working principle of RS- 
TENG when people inhale and exhale. The ideal (d) output voltage and (e) output current of RS-TENG. 
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breathing. An apnea alarm system was further constructed and 
demonstrated, so that timely alarm can be transmitted after people stop 
breathing.This work greatly prompts the development of respiratory 
monitoring, it is also expected to play a greater role in the treatment of 
respiratory diseases. 

2. Result and discussions 

The specific structure of the respiratory sensing triboelectric nano-
generator (RS-TENG) can be seen in Fig. 1a. The whole structure RS- 
TENG is simple and light. In order to realizing convenient respiratory 
monitoring, RS-TENG was assembled on a facemask to construct a spe-
cial smart facemask. Fig. 1b directly displays the photograph of the 
smart facemask assembled with RS-TENG. The weight of RS-TENG is 
4.7567 g while the mass ratio of RS-TENG and facemask is about 1.5: 1. 
Thus, RS-TENG is easily to be fabricated and fixed on many other res-
piratory monitor devices. 

The working mechanism of RS-TENG is schematically shown in 
Fig. 1c. When people wear the smart facemask and inhale, FEP film and 
Al foil will make contact driven by the air flow. Due to tribo-
electrification effect, their surfaces will generate equal amount of 
different charges. Then when people begin to exhale, FEP film and Al foil 
will separate. Due to electrostatic induction effect, there will be a po-
tential difference between Al foil and conductive cloth tape. If wires 
were used to connect Al foil and conductive cloth tape, the electrons will 

flow along the wires under the driving of the potential difference. Thus 
generates electric current. As people inhale again, the FEP film close to 
Al foil again, and there will be a reverse current generated. Thus, the 
periodical current will be generated when people breathe continually. 

For measuring the electrical output of RS-TENG during human’s 
respiration, RS-TENG was connected with an electrometer (Keithley 
Model 6514 system). When people wear the smart facemask assembled 
with RS-TENG and breathe, the electrical output signals can be 
measured and recorded by Keithley 6514 electrometer. The basic output 
voltage and output current are presented in Fig. 1d and e. It can be seen 
that RS-TENG can reach up to a high output about 8 V and 0.8 μA under 
an ideal condition. Thus the smart facemask can be used to monitor 
human’s breath. 

Before testing the output property of RS-TENG, it is necessary to 
investigate the potential distribution. Fig. 2a illustrates the calculated 
results of different working states for the RS-TENG. When FEP film and 
Al foil firstly contact under an inhale process, the potential differential is 
minimum (step i). Then the FEP film and Al foil separate under an exhale 
process, which result in the increase of potential differential (step ii). 
Finally, when the distance between FEP film and Al foil reach the 
maximum value, the potential differential also reach the maximum (step 
iii). After that, the distance and potential differential decrease when the 
wearer inhales. And the whole process come to next circle, so that the 
periodic change of potential different caused by breathe will finally form 
periodic current if the FEP film and Al foil was connected by wires. 

Fig. 2. Potential distribution and the output of RS-TENG driven by nose breath. (a) Potential distribution simulated by COMSOL. (b) The output voltage of RS-TENG 
when people breathe with nose in weakly intensity, (c) normal intensity, (d) moderate intensity and (e) high intensity. 
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One of the most important characteristic for respiratory sensor is its 
sensibility in different breath state, which varies with intensity and 
speed of breathe. In the same way, RS-TENG should be able to produce 
considerable signals in different breathe states, even in very weak 
breath. To further investigate the sensibility of RS-TENG, the electrical 
output of RS-TENG in different breath speed and different breath 
strength was measured, which can prove its sensibility and stability in 
complicated working state. When human body wears the smart face-
mask and breathes with nose, the corresponding output results of RS- 
TENG in different breath strength and speed have been measured. As 
shown in Fig. 2b, under weakly breath, it can be seen that the output 
voltage of RS-TENG can reach nearly 1 V. And for normal breath 
strength, as shown in Fig. 2c, the output voltage of RS-TENG is around 
1.4 V. For moderate intensity breath, as shown in Fig. 2d, RS-TENG can 
reach a maximum output voltage of nearly 1.6 V. For high intensity 
breath, as shown in Fig. 2e, RS-TENG can reach a maxium output voltage 
nearly 4 V. The output voltages of RS-TENG with different breath 
strength illustrate its output signal is sensitive with different breath 
strength and increase with the breath strength. 

Normally, human body sometimes also breathe with mouth, the 
electrical output when human body wears the smart facemask and 

breathes with mouth was also tested. The corresponding electrical 
output results of RS-TENG in different breath speed and different breath 
strength are shown in Fig. 3a. When people wear the smart facemask and 
breathe weakly, it can be seen that the output voltage of RS-TENG can 
reach up to nearly 1.5 V. And for normal breath strength, as shown in 
Fig. 3b, the output voltage of RS-TENG is around 4.5 V. For moderate 
intensity breath, as shown in Fig. 3c, RS-TENG can reach a maxium 
output voltage nearly 6 V. For high intensity breath, as shown in Fig. 3d, 
RS-TENG can reach a maxium output voltage about 8 V. All the elec-
trical output results shows that RS-TENG is sensitive in different breath 
conditions. In addition, people also can breath with mouth and nose 
simultaneously in some special situations and the RS-TENG output in 
such situation is also investigated. The related experiment can be found 
in the Supporting Information. Also, the output RS-TENG is sensity to 
the position of RS-TENG on the face so the RS-TENG is always opposite 
to the mouth in above experiment. And the impact of position is also 
tested, related experiment detail can be found in the Supporting Infor-
mation. Modern medicine has confirmed that long-term oral breathing 
will cause certain harm to human health. If the air passes directly into 
the respiratory tract without nasal filtration, the bacteria, viruses, dust 
and even PM 2.5 dust in the air can easily block the airway, and even 

Fig. 3. (a) The output voltage of RS-TENG when people breathe with mouth in weakly intensity, (b) normal intensity, (c) moderate intensity and (d) high intensity. 
(e) The comparison of output voltage of RS-TENG when breathes with mouth and nose respectively. (f) Schematic diagram of mouth and nose respiratory monitoring 
alarm light. 
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lead to pneumonia, bronchitis and various lung related diseases. More-
over, oral breathing not only affects people’s health, but also affects 
their appearance, body shape, intelligence and other aspects. By 
comparing the voltage of human body breathing with nose and mouth, a 
very simple but practical application can be achieved. As illustrated in 
Fig. 3e, The highest voltage of human body breathing with nose is much 
lower than 3 V, while the lowest voltage of human body breathing with 
mouth is much higher than 3 V under normal breath strength. Usually, 
when the voltage across the LED exceeds 3 V, the LED will be lighted on. 
Therefore, an LED can be used to indicate the breathing mode of the 
human body. As shown in Fig. 3f, one LED was connected to the smart 
facemask. When people started breathing with mouth, the LED will be 
lighted up immediately, the warning signal from the LED can help 
people correct the breathing mode in time. Furthermore, the ability of 
RS-TENG to distinguish mouth breath and nose breath in high humidity 
also investigated, the RS-TENG can still light LED by mouth breath, 
detail experiment can be found in the Vedio S1 in the Supporting 
Information. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106612. 

In order to make RS-TENG better used in daily life, many external 
factors that affect the output performance of RS-TENG need to be 
investigated. For standardlizing driving signal and getting more accu-
rate data, a small air-blower and a signal generator were used to simu-
late human breathing. The air-blower is controlled by the pulse signal 
generated by signal generator to generate periodic air supply and air 
stop, which simulates the breathing patterns of human body. For con-
venience, all the following experiments were completed in the form of 
simulated human breathing. Fig. 4a shows the driving signals of the 
signal generator. The Vm presents the working voltage of air-blower 
which provided by signal generator and it was setted to 12 V. And the 
T1, T2 present the action time of high level signal and low level signal 
respectively. T1, T2 were always kept equal and setted to 1s in this 
experiment unless otherwides stated. The real tested driving signal was 
shown in the inset of Fig. 4a. 

Previous studies have shown that ambient humidity has a great 
impact on the output performance of TENG. Generally, humidity will 
greatly reduce the electrical output of TENG. As a lot of water vapor will 
be produced during the process of human breathing, it is necessary to 
investigated the humidity’s impact on the output of RS-TENG. Fig. 4b 

Fig. 4. (a) The driving signals of the signal generator. (b) The experimental arrangement for the humidity test. (c) The output signals of RS-TENG under different 
ambient humidity. (d) The trend chart of output voltage changing with ambient humidity. (e) The output voltage of RS-TENG in 20 min. (f) The output voltage of RS- 
TENG under different wind speed. 
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presents the experimental arrangement for the humidity test. A hu-
midifier is used to generate water mist to simulate different ambient 
humidity, and a hygrometer is used to monitor the degree of ambient 
humidity. The output voltage of RS-TENG under 10%, 20%, 30%, 40%, 
50%, 60%, 70%, 80% and 90% nine groups of relative humidity were 
tested. Fig. 4c shows the corresponding results. With the increase of the 
ambient humidity, the output voltage of RS-TENG shows a downward 
trend. The line chart in Fig. 4d intuitively shows the decreasing trend of 
humidity. It can be seen that when the humidity increases from 10% to 
50%, the output voltage of RS-TENG drops slowly.When the humidity 
increases from 50% to 80%, the output voltage of RS-TENG decreases 
significantly. When the humidity drops to 90%, the output voltage of RS- 
TENG is still about 4.2 V. The result indicated that the water vapor 
produced by human breathing will not affect the respiration monitoring 
effect of RS-TENG. Also, to investigate the output of RS-TENG in real 
environment, the contrast experiment is done in a rainy day, the output 

of RS-TENG drops by 3 V as the humidity increase in a rainy day so the 
impact of environment on RS-TENG should be considered in practical 
application. The detail of contrast experiment is shown in the Vedio S2 
in the Supporting Information. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106612. 

Respiratory monitoring requires good stability of the monitoring 
device，so that the real-time respiratory monitoring of the human body 
can be achieved. As a device applied in respiratory monitoring field, it is 
a necessary property for RS-TENG to be able to produce continuous and 
stable electrical output. Therefore, the output stability of RS-TENG 
under constant wind speed was tested. The output voltage of RS-TENG 
after 20 min cycle are shown in Fig. 4e. It can be seen that the RS- 
TENG can maintain a very stable output, which is very beneficial for 
the real-time respiratory monitoring. 

At the same time, the influence of wind speed on the output of RS- 

Fig. 5. (a) The control circuit diagram of the smart facemask. (b) The table lamp is off. (c) The table lamp is lighted on driving by the smart facemask. (d) The alarm 
is off. (e) The alarm sounds after the smart facemask is removed. 
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TENG was also investigated. Fig. 4f is the corresponding output voltage 
of RS-TENG. The wind speed around RS-TENG was controlled by con-
trolling the distance between the air-blower and RS-TENG. The distance 
was selected as 10 cm, 20 cm, 30 cm, 40 cm, 50 cm, 60 cm, 70 cm, 
80 cm, 90 cm. Each group of distance corresponds to a voltage value and 
a wind speed value. As the distance between the air-blower and RS- 
TENG increases from 10 cm to 90 cm, The wind speed around RS- 
TENG decreases from 6.147 m/s to 0.954 m/s, and the output voltage 
of RS-TENG decreases from 7.4 V to 2 V. When the distance reaches 
100 cm, the RS-TENG has no signal output. It can be known that the 
minimum wind speed for RS-TENG to produce electrical output is about 
0.954 m/s. 

Thus the sensor will have a considerable prospect in the fields of 
smart home and intelligent wearable devices. To prove the prospect of 
RS-TENG in the fields of smart home, intelligent wearable device and 
intelligent medicals. The RS-TENG on the smart facemask was combined 
with two circuit modules with two kinds of relay to construct a human- 
machine interface system and a respiratory arrest alarm system 
respectively. The schematic control circuit diagram is shown in Fig. 5a. 
When the RS-TENG produces an electrical signal by harvest the respi-
ratory energy, the electrical signal is firstly inputted the signal conver-
sion and transmission module, then it is amplified, converted, and 
finally transmitted in a wireless form. And the wireless signal is received 
by the signal reception and conversion module subsequently. Then it is 
converted into a proper form to control the relay to turn on or turn off 
the electric appliance. The only difference of two systems is different 
relay was adopt at the output end to realize different functions. The 
practical operation of Human-machine interface system base on RS- 
TENG is shown in Fig. 5b and c, the lamp is off at the beginning when 
wearer’s breath is in a normal state. Because the respiratory signal 
hasn’t reached the trigger threshold of signal conversion and trans-
mission module. The value of trigger threshold can be adjusted by 
adjusting the variable resistance on module so spurious triggering can be 
avoided. But when the wearer breathes heavily or blows to the mask 
directly, the respiratory signal will over the trigger threshold. Then the 
electric signal can be amplified, converted, and transmitted by signal 
conversion and transmission module, and received by signal reception 
and conversion module, then the table lamp will be turned on. More 
detail was shown in the Video S3 in the Supporting Information. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106612. 

An apnea alarm system was then constructed by combining the smart 
facemask with the circuit modules, so that timely alarm can be trans-
mitted after people stop breathing. The practical operation of the apnea 
alarm system base on RS-TENG is shown in Fig. 5d and e. The relay in 
this systems is normally closed and continually output electric signal to 
electric appliance. When wearer is in a normal breath state, the electric 
signal generated by breathe was continually proceed by two module and 
finally inputted the relay. Then the relay will open and stop the alarm, as 
shown in Fig. 5d. But if the wearer in a respiratory arrest state, the relay 
state will delayed for about 5 s and turn to a close state and trigger the 
alarm, as shown in Fig. 5e, the wear take off the mask to simulate res-
piratory arrest, and the alarm begin to sound. More detail was shown in 
the Video S4 in the Supporting Information. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106612. 

3. Conclusion 

In summary, we successfully fabricated a simple respiratory sensing 
triboelectric nanogenerator (RS-TENG) and assembled it on a facemask. 

By wearing the as-designed facemask, different breathing status of 
human body can be monitored. The RS-TENG shows high sensitivity and 
feasibility in respiratory monitoring, it can be used to diagnose many 
respiratory diseases of human bodies, especially in latest COVID-19 
pandemic. Moreover, the smart facemask was integrated into a smart 
breath-driven human-machine interface (HMI) system, so that people 
can control small household appliances through breathing. This will 
largely benefit the lives of the disabled people. The apnea alarm system 
which was further constructed based on the HMI system can be used to 
monitor human respiration, and give timely alarm after breathing stops. 
This work explores a simplified and portable device for respiratory 
monitoring, which can achieve self-powered respiratory sensing 
anytime and anywhere. It could greatly reduce the financial and human 
cost of respiratory monitoring, and prompt the development of medical 
field. 

4. Experimental section 

4.1. Fabrication of the RS-TENG 

An ultrathin FEP film and Al foil was choosed as the tribolelectric 
layers, and the conductive cloth tape was choosed as electrode. the 
acrylic boards were used as substrate and several hole was dilled in one 
of the acrylic board to allow the air flow pass through. One arched 
acrylic tablet was used to make a gap between two tribolelectric layers, 
another arched acrylic tablet was served as a buffer layer. Assemble the 
acrylic boards, Al foil, arched acrylic tablet, FEP film pasted with 
conductive cloth tape, arched acrylic tablet, acrylic boards with holes in 
turn, then connect two wires with conductive cloth tape and Al foil 
respectively to make RS-TENG work in a dual-electrode mode. 

4.2. Characterization 

RS-TENG was assembled on the facemask to test the output electrical 
performance. The electrical measurement of RS-TENG was measured by 
electrometer (Keithley Model 6514 system). A small air-blower and a 
controller are used to simulate human breathing, and the air-blower is 
controlled by the controller to generate the periodic working mode of air 
supply and air stop, so as to achieve the rhythm similar to human 
exhalation and inspiration. During the measurement of humidity’s 
impact, a humidifier is used to generate water mist to simulate the 
ambient humidity, and a hygrometer is used to test the ambient 
humidity. 
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