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a b s t r a c t 

Respiratory sensing provides a simple, non-invasive, and efficient way for medical diagnosis and health moni- 

toring, but it relies on sensors that are conformal, accurate, durable, and sustainable working. Here, a stretch- 

able, multichannel respiratory sensor inspired by the structure of shark gill cleft is reported. The bionic shark 

gill structure can convert transverse elastic deformation into longitudinal elastic deformation during stretching. 

Combining the optimized bionic shark gill structure with the piezoelectric and the triboelectric effect, the bionic 

shark gill respiratory sensor (BSG-RS) can produce a graded electrical response to different tensile strains. Based 

on this feature, BSG-RS can simultaneously monitor the breathing rate and breathing depth of the human body 

accurately, and realize the effective recognition of the different human body’s breathing state under the support- 

ing software. With good stretchability, wearability, accuracy, and long-term stability (50,000 cycles), BSG-RS is 

expected to be applied as self-powered smart wearables for mobile medical diagnostic analysis in the future. 
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. Introduction 

With the aging of the global population and the aggravation of air

ollution, the prevalence of various respiratory diseases continues to

ise [ 1 , 2 ]. Particularly at the moment, COVID-19 is raging around the

orld. There is a huge demand for equipment to detect respiratory ab-

ormalities [3] . Clinical respiratory system detection mainly includes

edical imaging, pulmonary function test, and auscultation [4] . These

linical medical tests usually require expensive medical testing equip-

ent or professional physician guidance [ 5 , 6 ]. In contrast, the detec-

ion of human respiratory movement is relatively easy. The respiratory

ovement of the human body contains important physiological infor-

ation, including breathing frequency and breathing depth, which can

rovide critical indicators for predicting or diagnosing potential respira-

ory diseases such as chronic obstructive pulmonary disease and respira-
∗ Corresponding authors. 

E-mail addresses: deng@bit.edu.cn (Y. Deng), zli@binn.cas.cn (Z. Li). 
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ory dysfunction caused by cystic fibrosis [7–9] . For some people with a

otential risk of chronic diseases, long-term and continuous monitoring

f respiratory status is required, which inconveniences both patients and

octors. In addition, some respiratory diseases such as COVID-19 and tu-

erculosis are highly infectious, so remote detection and diagnosis are of

reat importance [ 10 , 11 ]. It is highly urgent to develop a wearable res-

iratory sensing system with low power consumption, high monitoring

ccuracy and comfort [12] . 

The piezoelectric nanogenerator (PENG) and triboelectric nanogen-

rator (TENG) can convert the mechanical energy of the human body

nto electricity [13–16] , which can be used as an ideal active sensor to

onitor the respiratory movement of the human body without the need

or an external power supply. Liu et al. proposed a piezoelectric active

ensor for respiratory sensing based on an electrospinning PVDF film

17] . Zhang et al. reported a lateral sliding mode TENG to monitor res-

iratory rate by sensing the change of abdominal circumference when
Ai Communications Co. Ltd. This is an open access article under the CC 
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reathing [18] . A washable fabric-based TENG was developed and in-

egrated with a chest strap to detect the movement of the chest during

reathing [19] . A noncontact self-powered pressure sensing bed sheet

ith a flexible hollow microstructure was also designed to detect contin-

ous respiratory signals and transmit them to a mobile phone wirelessly

20] . These respiratory sensors based on TENG and PENG have greatly

romoted self-powered wearable devices for physiological signal moni-

oring. However, current devices still face some challenges in practical

se. The first is that the sensing units do not match the modulus of hu-

an tissue. The design of sensing units with comparable mechanical

roperties of human tissue can better respond to the mechanical dis-

lacement caused by respiration, reduce mechanical energy loss, and

mprove the comfort of human wearing [ 21 , 22 ]. The second is that the

ensors may be interfered by other body movements during respiratory

onitoring. The high sensitivity makes the sensors generate electrical

ignals from all perceptible body movements, which may disturb the

arget signal [23] . The third is the accuracy and stability of the sensors

nder long-term monitoring. Especially for chronic respiratory diseases,

ong-term respiratory monitoring has specific requirements for sensors

n terms of fatigue resistance and stability [ 24 , 25 ]. 

Gills are the respiratory organs of fish to enable gas exchange un-

erwater. Shark is a cartilaginous fish with soft and elastic gill cleft

tructure compared to the hard gill cover of bony fish. There are pairs

f almost parallel gill clefts on each side of the shark. With these gill

lefts, sharks can maintain effective breathing while swimming in the

ea. This work proposes an elastic deformation structure inspired by the

hark gill cleft, which can transform transverse deformation into longitu-

inal deformation under stretching. Based on the bionic shark gill (BSG)

tructure, a stretchable shark gill-like nanogenerator is constructed by

ombining the triboelectric and piezoelectric effects. After optimizing

he BSG structure, a graded response to tensile strain is achieved. A

tretchable multichannel respiratory sensor is further fabricated based

n the optimized BSG structure. The bionic shark gill respiratory sensor

BSG-RS) can simultaneously monitor the respiratory rate and respira-

ory depth by perceiving the changes in the human body’s abdominal

ircumference or chest circumference. In addition, a wearable wireless

eal-time respiratory monitoring and analysis system is developed by

ntegrating BSG-RS with a wireless signal transmission module and a

upporting software based on pattern recognition algorithm, which can

ealize real-time monitoring of breathing movement under different pos-

ures and identifying different breathing states according to the signals

ecorded in multiple channels. 

. Material and methods 

Fabrication of BSG structure: The molds of the BSG structure were

repared by 3D printing polylactic acid (Raise 3D Technologies), in-

luding an upper layer with strip grooves and a flat substrate layer. The

ilicone (Ecoflex TM 00–30, Smooth-On, Inc.) consisting of Part A and

art B was mixed thoroughly (1:1 by weight), poured into the molds,

nd placed in a vacuum drying chamber 3 min to remove bubbles. Af-

er curing at 50 °C for 2 h, the silicone was peeled off from the molds,

nd the upper and substrate layers of the BSG structure were obtained.

he PDMS (Dow corning, Sylgard 184) main agents and curing agents

10:1 by weight) were mixed thoroughly and vacuum degassed for 30

in before filled the strip grooves of the upper layer. After curing at 80

C for 4 h, the upper layer was overlapped with the substrate layer, and

he edges were encapsulated together with a preformed gel of silicone.

inally, curing at 50 °C for 2 h, the BSG structure was completed. 

Fabrication of BSG nanogenerator: The BSG nanogenerator was fab-

icated on the basis of the BSG structure. For BSG-PENG, a commercial

etallized Piezo Film Sheet (Measurement Specialties, Inc., TE Connec-

ivity company.) was cut as the size of the strip groove in the upper

ayer of the BSG structure. Then the piezoelectric strips connected with

he varnished wire were placed in grooves and filled with PDMS. Af-

er curing at 80 °C for 4 h and assembling with the substrate layer, the
620 
SG-PENG was fabricated. For BSG-TENG, the copper tapes connected

ith varnished wire were fixed to the bottom of the strips in the upper

ayer of BSG structure. Then a substrate layer with a groove (the same

ize as the functional area of the upper layer) is prepared to fill with the

gNWs and cover by silicone. After assembling the upper layer with the

ubstrate layer, the BSG-TENG was fabricated. For BSG-PTNG, the same

pper layer as BSG-PENG was prepared. Then, a substrate layer similar

o BSG-TENG was prepared for coating the AgNWs to the surface rather

han the interior. After assembling the upper layer with the substrate

ayer, the BSG-PTNG was fabricated. 

Fabrication of BSG-RS: The entire fabrication process of BSG-RS is

hown in Fig. S1. BSG-RS was fabricated based on an optimized BSG

tructure and BSG-PTNG. The length of the middle strip in the upper

ayer of BSG-RS was set as 35 mm, and the lengths of the strips on both

ides decreased to 30 mm, 25 mm and 20 mm, respectively. The width

f all strips was set as 6 mm, the thickness was set as 2 mm (composed

f 1 mm silicone layer, 1 mm PDMS layer and 122 𝜇m piezo film sheet),

nd the spacing between strips was set as 1 mm. The thickness of the

ilicone substrate was set as 2 mm. The dimensions of the entire BSG-RS

ere 90 mm × 50 mm × 4 mm. 

Construction of wireless real-time respiratory monitoring and anal-

sis system: The wireless real-time respiratory monitoring and analysis

ystem was constructed by a BSG-RS, a multichannel wireless signal ac-

uisition/ transmission module (including an OpenBCI 8 bit Board and

n OpenBCI programmable dongle), a laptop, and supporting software.

he BSG-RS was connected with the OpenBCI 8 bit Board to capture

nd transmit respiratory signals of the human body. The OpenBCI pro-

rammable dongle was connected with the laptop to receive signals.

he supporting software was used to display the real-time respiratory

ignals (including respiratory waveforms, respiratory depth and respi-

atory rate), record and analyze the relevant data. 

Development of supporting software: The supporting software was

eveloped based on Python 3.8 and Pycharm to real-time analyze the

ollected data and judge the breathing state. There are five steps: (1)

irst, call the Serial module to communicate with OpenBCI and read

nformation in real-time. (2) Call the Butterworth low-pass filter of the

ignal module to perform preliminary data filtering (up to the frequency

f 3.6Hz). Then, the low-frequency information of the signal (0.2Hz) is

xtracted and subtracted to complete the baseline repair. (3) According

o the Matplotlab.Pyplot module, the signal images of seven channels

re plotted with a fixed time length. Meanwhile, normalize the signal

o the interval of (0, 256), set the Colormap to Reds and map the real-

ime signal to the interval. The color block contrast images are plotted

ccording to the real-time signal intensity. The images are transmitted

o the software’s interface in real-time through the Tkinter module, and

he FPS is set to 30. (4) Use the sliding window to intercept the signal

f the effective interval. (5) Search the peak, calculate the peak-valley

alue and the peak position. Extract the amplitude and frequency of the

egment of data according to these values. Judge the breathing state

ccording to the set breathing depth/rate interval, and transmit to the

isplay interface. Other Python library calls include Numpy, Pandas,

andom, and Scipy. 

Characterization and measurement: The SEM images were taken by a

eld-emission scanning electron microscope (Hitachi SU8020). An elec-

ric vertical test bench (ESM301/Mark-10) was used for the mechanical

ensile test, and a force gauge (Mark-10/M5) was used to detect the ten-

ile force. A fixed position digital camera was used to take photos of the

SG structures under different tensile strains, and the arch heights of

ifferent strips in the optical photos were counted by ImageJ Pro, error

ars were calculated using mean ± SD. with a group size n ≥ 3. A linear

otor (LinMot E1100) was used to apply periodic tensile loads on de-

ices. Different working frequencies and tensile strains were achieved

y adjusting the displacement, velocity, and acceleration of the linear

otor. An electrometer (Keithley 6517) was used to measure the I SC and

 SC . An oscilloscope (Teledyne LeCroy DPO6450) was used to measure

he V OC . 
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Fig. 1. Bionic principle and structure of bionic shark gill nanogenerator. (a) Schematic diagram of the shark’s respiratory system and the anatomy of gill cleft. 

(b) Schematic diagram of bionic shark gill nanogenerator in different stretched states. 
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. Results and discussion 

.1. Bionic principle and structure of shark gill-like nanogenerator 

Biological structures in nature often contain a lot of wisdom [ 26 , 27 ].

ere, the gill structure of a shark brings us inspiration for the design of

 stretchable self-powered multichannel biosensor. The gill of sharks is

ainly composed of gill arch, gill filament, gill septum and gill pouch

28] . The respiration of sharks mainly depends on the gill cleft struc-

ure on both sides of the head, usually with five to seven on each side

 Fig. 1 a). The opening and closing of several pairs of gill clefts are syn-

hronized under the coordinated control of branchial muscle groups

hen shark breathing [29] . More details on the structure and operation

f shark gill tissue are provided in Note S1. 

By imitating the gill cleft structure of the shark, we designed an elas-

ic deformation structure and constructed it into a stretchable multi-

hannel nanogenerator ( Fig. 1 b). The device can be divided into two

ayers according to its function. The upper layer is the main functional

ayer, consisting of several parallel strip-shaped power generation units.

ach power generation unit is a sandwich structure consisted of sili-

one, polyvinylidene fluoride (PVDF) metallized piezo film sheets, and

olydimethylsiloxane (PDMS). The lower layer is the substrate layer for

upporting and also acts as a friction layer, which is composed of sili-

one and silver nanowires (AgNWs). The SEM images of the structure

f the two layers are shown in the middle of Fig. 1 b. The parallel strip-

haped power generation units mimic the gill cleft structure of sharks.

he PDMS at the bottom of the strip is similar to the gill arch cartilage,
621 
hich mainly supports the strip structure. The PVDF in the middle of

he strip is equivalent to the gill filament, which is the core component

or electricity conversion. The silicone on both sides of the strip-shaped

ower generation units is like gill muscles, which effectively connects

he strips with the substrate layer and regulates the shape of the strips

hen stretching. In a working cycle, multiple strip-shaped power gen-

ration units will deform synchronously and generate the synchronous

lectrical response. 

.2. Mechanical analysis of bionic shark gill structure 

To understand the mechanism of the spontaneous arching upward of

he strips in the BSG structure during stretching, we have made a pri-

ary mechanical analysis of the elastic deformation process ( Fig. 2 a).

uppose the long axis direction of the BSG structure is the x-axis, the

hort axis direction of the structure is the y-axis, and the thickness di-

ection of the structure is the z-axis. When tension from the x-axis di-

ection is applied to both ends of the structure, the entire structure will

longate along the x-axis direction. The Poisson’s ratio of silicone is

bout 0.5, which is similar to that of incompressible material. There-

ore, the entire structure will also be significantly deformed (narrowed)

n the y-axis direction, resulting in the pressure on both ends of the

trip structure in the upper layer, which makes the strip structure un-

table. Due to the discontinuity of the upper layer of the BSG structure,

he lower substrate layer is the main part to bear the tensile load. The

ubstrate layer becomes stiffer than the upper layer under the action

f tensile load, causing the unstable strip structure in the upper layer
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Fig. 2. Elastic deformation and mechanical analysis of the bionic shark gill (BSG) structure during stretching. (a) Mechanical analysis of BSG structure when 

stretched. (b) Simulation result of BSG structure under 60% strain. (c) Optical photos of BSG structure under 0%,30% and 60% strain. (d-f) Arch height statistics of 

BSG structures with strips of different lengths, widths, and PDMS thicknesses under 60% strain. (g-i) Arch height statistics of middle strips of BSG structures with 

different lengths, widths and PDMS thicknesses strips under 30% and 60% strains. All data in (d-i) are presented as the mean ± SD. 
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o deform along the z-axis direction, thereby arching upward sponta-

eously. 

The overall strain of the BSG structure is continuous according to

ontinuum mechanics, while the stress distribution of each part is dif-

erent under the same strain due to the difference in Young’s modulus.

pecifically, the stress of the PDMS layer in strip structure is greater

han that of the silicone layer. The surface stress distribution of the BSG

tructure in the tensile state is verified through a finite element simu-

ation using COMSOL Multiphysics ( Fig. 2 b). The optical photos of the

SG structure under no stretching, 30% tensile strain and 60% tensile

train are shown in Fig. 2 c. The surface stress distribution of the corre-

ponding state through the finite element simulation is shown in Fig. S2.

 surface stress dynamic model is also constructed to verify the stability

f the BSG structure during stretching (Note S2, Video S1). 

Since the pressure from silicone on both ends of the strip is con-

tant when the BSG structure is under the fixed tensile state, the main
622 
actors influencing the arching shape depend on the structural features

f the strip itself. The strips with different lengths, widths and PDMS

ayer thicknesses are set as different groups to fabricate BSG structure,

espectively. The arching heights of the strips in different groups are

ounted respectively when the BSG structure is under 60% tensile strain

 Fig. 2 d-f). The statistical results show that the arching height increases

ignificantly with the increase of the length of the strip. The strips can

ardly arch upward when the length of the strip is reduced to 10 mm.

n contrast, the arching height decreases with the increase of the width

f the strip and the thickness of the PDMS layer. In addition, it is noted

hat the arching height of the middle strip in the BSG structure is the

ighest and tends to decrease along both sides. The arching heights of

he middle strip of different BSG structures in 30% and 60% tensile

tates are also counted ( Fig. 2 g-i). When the tensile strain of the BSG

tructure increases from 30% to 60%, the arching height of the strip

ncreases significantly. The deformation of the BSG structure along the
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Fig. 3. Working principle and output performance of a bionic shark gill structure piezo-tribo hybrid nanogenerator (BSG-PTNG). (a) Schematic diagram 

of the working mechanism of BSG-PTNG. (b) Optical photo of BSG-PTNG. (c) Open-circuit voltage of BSG-PTNG under different strains (at 1 Hz). (d) Open-circuit 

voltage of BSG-PTNG under different working frequencies (60% strain). (e) Short-circuit current and transferred charge of BSG-PTNG (60% strain, at 1 Hz). (f) 

Open-circuit voltage in multiple channels of BSG-PTNG (10% ∼60% strain). (g) Voltage response of BSG-PTNG to a range of strains (10% ∼60%). (h) Peak voltage of 

BSG-PTNG in multiple channels (60% strain). All data in (g, h) are presented as the mean ± SD. 
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-axis direction will increase with the increase of the deformation of

he BSG structure along the x-axis direction, which in turn causes the

eformation of the BSG structure along the z-axis direction to increase.

.3. Working principle and characterization of shark gill-like 

anogenerator 

Based on the elastic deformation mechanism of BSG structure during

tretching, a stretchable piezo-tribo hybrid nanogenerator (PTNG) that

imics shark gill is constructed. Each strip in the BSG structure can be

repared into a single PTNG. The working principle of a single PTNG

n the BSG structure is shown in Fig. 3 a. In the initial state, the stirp in

he BSG structure is horizontal, and the power generation unit does not

ork. When the BSG structure is stretched, the strip bends into an arch

nd separates from the AgNWs area of the substrate layer. The PVDF film

n the strip is compressed to generate piezoelectric polarization charges

30] . Meanwhile, the PDMS layer of the strip and the AgNWs surface

f the substrate layer carry triboelectric charges with opposite polarity
623 
ue to the triboelectric effect [31] . The triboelectric induced charges

re generated on the electrode at the bottom of the PVDF film under

he electrostatic induction. An electric field is formed between the elec-

rodes on both sides of the PVDF film in the coupling of the piezoelectric

olarization charges and the triboelectric induced charges, driving elec-

rons to flow from one electrode to the other through an external circuit

 32 , 33 ]. When the tension is released, the strip in the BSG structure re-

urns to a horizontal state. The electric field generated by piezoelectric

olarization charges and the triboelectric induced charges disappears,

ausing the electrons to flow back in the opposite direction via the ex-

ernal circuit. The PTNG with BSG structure will produce continuous

lternating current output in such a working cycle. The optical photo of

TNG with BSG structure is shown in Fig. 3 b. 

A linear motor is used to apply periodic tension to the nanogener-

tor with BSG structure along the long axis. The output open-circuit

oltage (V OC ) of the BSG-PTNG in single channel under different tensile

trains and different operating frequencies are shown in Fig. 3 c and d,

espectively. When the operating frequency is 1 Hz, the V of the BSG-
OC 
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TNG is ∼0.35 V, ∼0.71 V, ∼1.21 V under 10%, 30%, 60% tensile strain.

he output V OC of BSG-PTNG increases significantly with the increase

f tensile strain. When under 60% tensile strain, the V OC of the BSG-

TNG is ∼1.08 V, ∼1.21 V, ∼1.29 V, ∼1.36 V at operating frequencies

f 0.5 Hz, 1 Hz, 1.5 Hz, 2 Hz, respectively. The output V OC of BSG-

TNG increases slightly with the increase of the operating frequency.

hen BSG-PTNG is under 60% tensile strain and at 1 Hz operating fre-

uency, the output short-circuit current (I SC ) and short-circuit charge

ransfer (Q SC ) of BSG-PTNG is ∼10.17 nA and ∼0.43 nC, respectively

 Fig. 3 e). The nanogenerator with BSG structure based on piezoelectric

nit alone and triboelectric unit alone is also constructed and character-

zed. The corresponding working principle and output performance of

ENG and TENG with BSG structure is shown in Figs. S3, S4 and Notes

3, S4. It can be found that the output of PTNG with BSG structure is

mproved compared to PENG or TENG alone. This may be attributed

o the fact that the PENGs mainly respond to the changes in the stress

oaded on the piezoelectric materials, while the TENGs mainly respond

o the relative displacement between the friction layers during the de-

ormation process [34] . The response characteristics of PENG and TENG

an be complementary in a hybrid way, which leads to an improvement

f output performance of the hybrid PTNG as a sensor [35–37] . 

The V OC in multiple channels of BSG-PTNG under different strains

s shown in Fig. 3 f, each channel shows a similar electrical response.

he voltage response of BSG-PTNG is approximately linear over a strain

ange of 10% to 60% ( Fig. 3 g). It is worth noting that the peak V OC of

ifferent channels of BSG-PTNG is slightly different, taking 60% strain

s an example, shown in Fig. 3 h. This is mainly caused by the slight dif-

erence in deformation of the power generation units during stretching.

.4. Bionic shark gill respiratory sensor 

Although humans and sharks breathe in different ways, there are also

ome commonalities (Fig. S5). The respiration of the human body is ac-

ompanied by the contraction and relaxation of the diaphragm and in-

ercostal muscles, which in turn leads to changes in chest circumference

r abdominal circumference. The respiration of sharks is accompanied

y the contraction and relaxation of gill muscles, which regulates the

orphological changes of the gill pouch and gill arches in the gill cleft.

he output V OC of the nanogenerator with BSG structure is positively

orrelated with the tensile strain, which can be used to perceive changes

n the human body’s abdominal circumference or chest circumference.

he sensing of respiratory movement can be realized by converting the

echanical energy in the respiration process into electrical signals. Most

f the existing respiratory sensors have only a single channel; the respi-

atory frequency and respiratory depth are extracted from the respira-

ory signals collected by a single sensing unit. The single-channel respi-

atory sensor may be affected by many factors, such as fixed position,

isplacement of the device during the test, and movement from other

arts of the body. The nanogenerator with BSG structure can serve as a

ultichannel respiratory sensor because each strip in the BSG structure

an be prepared into an independent sensing unit. 

Differentiated response characteristic will endow the sensor with

ore selectivity. From the mechanical analysis of the BSG structure,

e know that the deformation of the middle strip is slightly greater

han that of the strips on both sides when the BSG structure is stretched.

he difference is also reflected in the power generation units prepared

ith BSG structure. Here an optimized BSG structure with strip length

ecreasing from the middle to the sides is designed to enlarge the defor-

ation difference of the strips under tensile state. The optimized BSG

tructure exhibits graded response to different tensile strains, as shown

n Fig. 4 a. When the tensile strain is small, only the strips in the mid-

le respond to bend and arch upward. As the tensile strain increases,

he strips at the edge bend and arch upward by degrees. The schematic

iagram and optical photo of a stretchable seven-channel respiratory

ensor based on optimized BSG structure are shown in Fig. 4 b and c,

espectively. The output V OC of the seven channels of the bionic shark
624 
ill respiratory sensor (BSG-RS) under different tensile strains (10% to

0%, 1 Hz operating frequency) is shown in Fig. 4 d, the overall output

 OC of BSG-RS increases with the tensile strain. It is worth noting that

he V OC of the channels at different positions also exhibits graded elec-

rical response to different tensile strains ( Fig. 4 e). The third, fourth and

fth channels in the middle position of BSG-RS always show strong and

pproximate linear electrical response in the range of 10% to 60% ten-

ile strain. The second and sixth channels near the edge of BSG-RS show

ell electrical response in the range of 20% to 60% tensile strain, while

he electrical response under 10% to 20% tensile strain is weak. The first

nd seventh channels at the most edge of the BSG-RS only exhibit ob-

ious electrical response in the range of 40% to 60% tensile strain. The

ensitivity of each channel of BSG-RS can be defined as = 

Δ𝑉 
Δ𝜀 , where

𝑉 is the relative change in output voltage of each channel and Δ𝜀 is
he relative change of the tensile strain of BSG-RS in long axis direc-

ion. The sensitivity and linearity of each channel of BSG-RS separately

ver the strain range of significant electrical response is shown in Table

1. The middle channel of BSG-RS has a highest sensitivity with a slope

f 0.02012, since the length of BSG-RS is 90 mm, the sensitivity can

lso be converted into 0.02236 V/mm. The comparison of BSG-PTNG

ased on BSG structure and BSG-RS based on optimized BSG structure

nder different tensile strains are shown in Fig. S6. The optical photos

nd normalized output V OC in each channel show that the optimized

SG structure can significantly amplify the deformation difference of

he strip power generation units under tensile strain and exhibit distinct

raded electrical response to different strains. Taking use of the graded

lectrical response of BSG-RS to different tensile strains, the abdomi-

al or chest circumference changes during breathing can be monitored

ccurately, and the respiratory depth can be reflected accordingly. 

The output V OC of the seven channels of BSG-RS at different operat-

ng frequencies (0.5 Hz, 1 Hz, 1,5 Hz, 2 Hz, 60% tensile strain) is shown

n Fig. 4 f. It can be seen that the overall output V OC of BSG-RS does not

hange significantly with the change of operating frequency, indicating

hat the operating frequency has little influence on the signal intensity

f BSG-RS. Therefore, the respiratory rate and respiratory depth of the

uman body can be monitored accurately and simultaneously by BSG-

S. The stress-strain curve of BSG-RS under tension is shown in Fig. S7.

he BSG-RS requires less than 3 N force when stretched to 60% strain

nd about 1.5 N force when stretched to 30% strain. Such a mechanical

oad is relatively small for the human body. Therefore BSG-RS does not

mpose an excessive burden on the human body when used in respira-

ory monitoring. The durability and stability of the sensor are essential

or long-term monitoring of human respiratory movement. Here a lin-

ar motor is used to apply long-term mechanical traction (30% tensile

train, 1.3 Hz) to the BSG-RS for fatigue testing. The output V OC of BSG-

S throughout 50,000 working cycles is shown in Fig. 4 g. The output

 OC of BSG-RS in seven channels has almost no attenuation after 50,000

orking cycles (Fig. S8). By comparing the cyclic stress-strain curves

f BSG-RS before and after fatigue testing (Fig. S9), the stretchability

nd elasticity of the device are almost unchanged, indicating that BSG-

S has good stability and fatigue resistance. The comparison of BSG-RS

ith similar self-powered respiratory sensors is shown in Table S2. 

.5. Wireless real-time respiratory monitoring and analysis system 

By integrating BSG-RS with an OpenBCI data acquisition module and

 supporting software written by Python, a wearable wireless real-time

espiratory monitoring and analysis system based on BSG-RS is devel-

ped ( Fig. 5 a). The block diagram of the entire system is shown in Fig.

10. The software interface of the system can display the real-time res-

iratory waveform, average respiratory rate, and visualized respiratory

ntensity ( Fig. 5 b). By extracting data from multiple channels of BSG-

S, combined with a pattern recognition algorithm, the breathing state

an be comprehensively judged. Fig. 5 c, d shows the state of a subject

earing the system on the waist when inhaling and exhaling, respec-

ively. To test the effect of the system in respiration monitoring, the res-



Y. Zou, Y. Gai, P. Tan et al. Fundamental Research 2 (2022) 619–628 

Fig. 4. Characterization of multichannel respiratory sensor based on optimized bionic shark gill structure. (a) Optical photos of the optimized BSG structure 

under different strains. (b) Schematic diagram of the seven-channel BSG-RS. (c) Optical photo of a seven-channel BSG-RS under stretched state. (d) Open-circuit 

voltage of BSG-RS under different strains (at 1 Hz). (e) Voltage response of BSG-RS to a range of strains (10% ∼60%). (f) Open-circuit voltage of BSG-RS at different 

working frequencies (60% strain). (g) Open-circuit voltage of BSG-RS throughout 50,000 working cycles (50% strain, at 1.3 Hz). All data in (e) are presented as the 

mean ± SD. 
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iratory waveforms of the subject under three different breathing states

ere recorded ( Fig. 5 e-g). For short and shallow breathing state, only

he respiratory waveforms of the middle three channels (C3-C5) are ap-

arent. For normal breathing state, except for the two most marginal

hannels, the respiratory waveforms of other channels (C2-C6) are ap-

arent. For long and deep breathing state, the respiratory waveforms

ecorded by all channels (C1-C7) are apparent. The abdominal circum-

erence changes little when breathing is shallow, and the BSG-RS fixed

n the waist is stretched less, only the power generation units close to

he middle area are driven effectively. As the breathing depth increases,

he change in the abdominal circumference will increase significantly,

ausing the BSG-RS to be further stretched so that more power genera-
625 
ion units are effectively driven. Therefore, the respiratory depth can be

omprehensively estimated through the respiratory waveforms recorded

y multiple channels based on the graded electrical response of BSG-RS.

Respiratory status can reflect the features of some diseases to a cer-

ain extent, so the detection of respiratory status is of great significance

or remote assisted medical diagnosis. By setting the corresponding re-

ponse threshold for each channel and using the pattern recognition

lgorithm, the breathing state can be effectively recognized by ana-

yzing the respiratory signals collected in a period. The complete pro-

ess is shown in Video S2. The comparison of the respiratory wave-

orm recorded by BSG-RS and a commercial respiratory sensor (MP150,

iopac Systems) is shown in Fig. 5 h. P-P interval is the time between two
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Fig. 5. Wireless real-time respiratory monitoring and analysis system based on BSG-RS. (a) Schematic diagram of the whole system. (b) Software interface of 

the system. (c,d) Optical photos of the subject wore BSG-RS when inhaling and exhaling, respectively. (e-g) Respiratory physiological signals collected by BSG-RS 

and recorded by the system under different breathing states. (h) Comparison of respiratory waveforms recorded by BSG-RS and a commercial respiratory sensor. (i) 

Respiratory rate recorded by BSG-RS over a period of time (30 mins). 
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onsecutive peaks of the signals recorded by respiratory sensor, which

an be taken as a respiratory cycle and calculate the respiratory rate.

ake the respiratory waveform recorded by MP150 as the standard res-

iratory waveform, the accuracy ( 𝐴 ) of the respiratory rate monitoring

an be defined as the degree of closeness of the P-P interval of BSG-

S ( 𝑃 𝑃 𝐵𝑆𝐺 ) to the P-P interval of MP150 ( 𝑃 𝑃 𝑀𝑃 150 ), which can be ex-

ressed as: 

 = 

( 

1 − 

||𝑃 𝑃 𝐵𝑆𝐺 − 𝑃 𝑃 𝑀𝑃 150 ||
𝑃 𝑃 𝑀𝑃 150 

) 

× 100% 

The accuracy of BSG-RS reached ∼ 98.6% by statistical calculation,

emonstrating an accurate respiratory monitoring function of BSG-RS.

r  

626 
n addition, the respiration waveform recorded by BSG-RS can more

bviously reflect the waveform signals of the inhalation and exhalation

tages compared with the commercial respiratory sensor. The inhalation

nd exhalation stages of a respiratory cycle can be easily identified ac-

ording to the peak and valley phases of the respiratory waveform from

he BSG-RS. 

The respiratory signals of the subject were recorded during a period

f time (30 minutes), and the respiratory rates recorded by different

hannels during the period were counted by software ( Fig. 5 i). Com-

ared with the traditional single-channel respiratory sensor, multiple

hannels of BSG-RS can better reflect the changing trend of respiratory

ate within a period of time, so as to avoid the omission or over-counting



Y. Zou, Y. Gai, P. Tan et al. Fundamental Research 2 (2022) 619–628 

o  

T  

m  

m  

M  

f  

t  

s  

t  

i  

c  

i  

i

 

w  

(  

w  

B  

s  

a  

w  

v  

d  

t  

d  

t  

c  

s  

t  

t  

p

4

 

d  

t  

m  

g  

m  

f  

g  

a  

p  

a  

t  

b  

t  

s  

m  

c  

a  

t  

t  

B  

v  

e  

i

D

 

i  

t

D

 

w

A

 

(  

e  

m

S

 

t

R

 

 

 

 

 

 

 

 

 

[  

[  

[  

[  

[  

[  

[  

[  

 

[  

[  

 

[  

 

[  

 

[  

 

[  

[  

 

[  

 

[  

[  

 

[

Author's Personal Copy
f the single-channel sensor due to the interference from other factors.

o verify the anti-interference ability of BSG-RS, we tested the perfor-

ance of BSG-RS for respiratory monitoring when disturbed by limb

ovements, and compared it with the commercial respiratory sensor

P150, as shown in Fig. S11. BSG-RS can simultaneously record inter-

erence signals and normal respiratory signals unaffected by interference

hrough different channels. By comparing and analyzing the respiratory

ignals recorded in multiple channels of BSG-RS, we can effectively iden-

ify physiological parameters such as respiratory rate and respiratory

ntensity even with some interference from external factors, and even

ould make a simple discrimination of the interference signals accord-

ng to the channels in which interference signals are recorded (such as

nterference from the left or right side of the body). 

The BSG-RS worn on the waist could also obtain clear respiratory

aveform signals when the subject was sitting and lying, respectively

Fig. S12). Noise interference from exercise is a common problem for

earable sensors. In addition to static conditions, the performance of

SG-RS for respiratory monitoring under exercise was also tested. As

hown in Fig. S13, when the subject was walking, the BSG-RS could still

cquire legible respiratory waveform signals, while when the subject

as jogging, the acquired respiratory signals were accompanied by ob-

ious noise signals, and only the middle several channels (C3-C5) could

istinguish the respiratory waveform signals. The breathing method of

he human body mainly has two types of thoracic breathing and ab-

ominal breathing (Fig. S14). In daily life, people can switch between

hese two breathing methods as needed. We fixed the BSG-RS to the

hest and abdomen of another subject for respiratory monitoring, re-

pectively. The respiratory physiological signals of the subject in both

ypes of adopting thoracic and abdominal breathing could be well cap-

ured by the BSG-RS (Fig. S15), which further verifying the general ap-

licability of the BSG-RS. 

. Conclusion 

In summary, inspired by the tissue structure of the shark gill cleft, we

esigned a bionic shark gill structure, which can spontaneously convert

he transverse elastic deformation into the longitudinal elastic defor-

ation when it is stretched. Based on this feature, a stretchable nano-

enerator with multiple channels has been successfully constructed. A

ultichannel respiratory sensor based on bionic shark gill structure is

abricated through further structure optimization, which can produce

raded electrical responses to different tensile strains. The BSG-RS can

chieve the simultaneous detection of human respiratory rate and res-

iratory depth. In addition, a wireless real-time respiratory monitoring

nd analysis system is constructed based on BSG-RS to realize the moni-

oring of human respiratory movement under various postures. Different

reathing states can be identified effectively through further analysis of

he recorded respiratory signals by supporting software. The respiratory

ensing system based on BSG-RS has a core sensing component confor-

al matching with human tissues, and the bionic design of multiple

hannels makes it have a certain anti-interference ability, good stability

nd durability under long-term testing. In the future, the noise impact of

he exercise may be reduced by employing some efficient noise reduc-

ion algorithms or by optimizing the fabrication process to miniaturize

SG-RS and fit the human skin directly and tightly. With the rapid de-

elopment of machine learning and artificial intelligence [ 38 , 39 ], it is

xpected to be applied as a home health care system and remote auxil-

ary diagnosis tool for respiratory diseases. 
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