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ABSTRACT: Respiration monitoring enables continuous assessment of physiological status and 

potential diseases. We reported a polyacrylonitrile/carbon nanotubes/latex composite membrane 

(PCM) capable of converting exhalation into a distinct current signal for respiratory rate and depth 

detection. The latex encapsulation design of respiratory sensor screens moist and thermal fluctuation 

of respiration and enables an accurate and reliable monitoring of exhaled gas flow. By modulating 

the compositional ratio, topological characters of interdigital electrode and aperture area, a rapid 

response time of 192 ms and recovery time of 104 ms, together with great fidelity and reliability were 

attained for discriminating breathing depth and rate. Combining with machine learning, versatile 

breathing patterns can be effectively discerned, achieving effective prognosis of respiratory diseases 

like diabetes, wheezing and obstructive sleep apnoea syndrome. This work endows a low-cost, 

efficient and stable route for sustainable wearable physiological assessment and disease recognition. 

 

 

Graphical abstract 

 

KEYWORDS: Respiratory sensor, hierarchical-structured, PAN/CNT composite membrane, physiological 

monitoring, machine learning 
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Respiratory monitoring carries vital information about the breathing functionality and health status of the 

individual, accelerating early disease prognosis and physiological status acquisition [1-6]. The potential 

ramifications of not timely recognizing irregularities in respiratory characteristics can result in the 

escalation of negative health consequences, leading to increased risks and complications [7-9]. For instance, 

prolonged recurrent wheezing might cause pulmonary dysfunction and rise the risk of chronic obstructive 

pulmonary disease (COPD), pneumonia and asthma [10-11]. Sleep apnea not only reduces the quality of sleep 

and physical health, but also brings about neurological disorders, brainstem damage and congestive heart 

failure [12-16]. Additionally, deep and rapid breathing patterns (Kussmaul breathing) arising from 

euglycaemic diabetic ketoacidosis renders severe metabolic acidosis, which can also serve as an indicator 

of the prevalence of type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM) [17-18]. However, 

in the absence of early detection and prompt interevent, prolonged and untreated symptom of 

hyperglycaemia gives rise to complications like cardiovascular disease, retinopathy, kidney disease and 

neuropathy. Due to intriguing merits of the portability and applicability, respiratory sensors enable 

continuous and reliable monitoring of respiration traits, achieving early recognition of potential diseases as 

well as prompt customized therapeutic regimen [19-22]. Nonetheless, the bulky, complicated and expensive 

sensing devices restrict the application of continuous on-body biomonitoring over a long periods of time 
[23-24]. As a consequence, a low-cost, widely-applicable, high-efficient respiratory sensor is desperately 

needed.  

To date, existing wearable respiratory sensors fall into three categories according to the sensing mechanism: 

humidity sensitive mode [25-28], thermal sensitive mode [29-31] and pressure sensitive mode [32-37]. Among 

them, humidity sensitive mode respiratory sensors rely on the capacitance variation arising from the 

humidifying and dehumidifying associated with inhalation and exhalation of respiration; thermal sensitive 

mode respiratory sensors lie in the temperature fluctuation stemmed from periodic breathing behaviors. 

These two factors co-exist and interfere with each other, inevitably decaying the detection accuracy and 

stability [38-41]. Benefiting from its unique sensing principle, pressure sensitive mode sensors are insensitive 

to moist and thermal undulation in comparison with thermal and humidity modes counterparts, endowing 

fidelity and reliability for respiratory detection. One typical type of pressure sensitive mode respiratory 

sensors was enabled by evaluating expansion and contraction in the abdomen and chest, whereas body 

movement (e.g. limb motion or cough) easily gives rise to crosstalk signals [42]. Another type of pressure-

mode respiratory sensors converts exhaled airflow into electric signal to eliminate the interference of limb 

movement. It is worth noting that a great deal of pressure mode respiratory sensors always relied on 

piezoelectric [43-45] and triboelectric effect [46-47], which cannot probe static gas flow rates and therefore fails 

to efficiently distinguish various breathing patterns [48-53]. To boost the accuracy in identifying inhalation 

and exhalation, Simran et al. developed a graphene/liquid elastic strain sensor integrated with a commercial 

mask to monitor respiratory airflow in real time through the deformation of the device under impact of 

respiratory airflow. However, this device suffers from severe baseline drift [42]. Therefore, a stable, reliable 

and accurate respiratory monitoring method is highly desired. 

Herein, we reported a polyacrylonitrile/carbon nanotubes/latex composite membrane (PCM) based 

piezoresistive respiratory sensor. The PCM is constructed by combining PAN electrostatic spinning and 

CNT electrostatic spraying. By modulating the compositional ratio, topological characters of interdigital 

electrode and aperture area, a rapid response time of 192 ms and recovery time of 104 ms, together with 

great fidelity and reliability were attained for discriminating breathing depth and rate. Assisted by machine 

learning, PCM enabled sensors are capable of identifying versatile breathing patterns including 'normal, 

deep and rapid' and 'Kussmaul Breath', and discerning respiratory diseases like diabetes, wheeze and 

obstructive sleep apnoea syndrome (OSAS). This work opens up a new paradigm for developing respiratory 

sensors with low cost, rapid and stable wearable bioelectronics in the field of noninvasive physiological 
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biomonitoring. 

2. Experimental section 

2.1 Materials 

The Multi-walled carbon nanotube DMF dispersion (1.5 wt%) was purchased from Chengdu Organic 

Chemistry Co., Ltd. (China). The PAN (25014-41-9) was purchased from Wuhan Kermit Biomedical 

Technology Co., Ltd. (China). N, N- dimethylformamide (DMF), acetone, and nanosilver conductive ink 

(N196405) were purchased from Aladdin (Shanghai, China). Mechanical anemometer and hairdryer 

purchased from BOE. All the chemicals were used as received without further purification. 

2.2 Fabrication of PAN/CNT composite membrane 

The parameters of electrostatic spraying of multi-walled carbon nanotubes DMF dispersion were as follows: 

the working voltage was 18 kV, the speed of the injection pump was set to 2 μL/min, 4 μL/min and 6 μL/min, 

respectively. The distance between the collecting devices (aluminium foil on rollers) and the needle was 10 

cm, and the electrostatic spraying time was 2 h. The electrospinning solution was prepared by adding 1 g 

of PAN to a mixed solution of 3 mL of actone and 7 mL of DMF, followed by magnetic stirring at 60 °C 

for 4 hours. The electrospinning parameters of PAN nanofibre membranes were as follows: the working 

voltage was 18 kV, the speed of the injection pump was 5 μL/min. The distance between the collecting 

devices (aluminium foil on rollers) and the needle was 10 cm, and the electrospinning time was 2 h. 

Electrostatic spraying and spinning at the same time, spraying and spinning needles are 10 cm apart. 

2.3 Device fabrication 

Interdigital electrodes were screen printed onto a plastic substrate and then the hollow structure of the 

plastic was fixed over the interdigital electrodes with adhesive. The colloidal dispersion was sprayed onto 

an ultra-thin latex film and then the PAN/CNT composite membrane was bonded to the latex film. The latex 

film was secured over the hollow structure of the plastic with adhesive tape so that the PCM was suspended 

above the interdigital electrode. 

2.4 Characterization and measurement 

The morphology of the PAN/CNT composite membranes was obtained by scanning electron microscopy 

(SEM, Inspect F50, FEI, USA), and the elemental content analysis of the PCM was analysed by SEM and 

Fourier transform infrared spectroscopy (FTIR, Nicolet 6700, Thermo Fisher, USA). The hairdryer was 

switched on and the maximum wind speed generated by the hairdryer was measured by an anemometer to 

be 14m/s (Fig. s4). The air speed is adjusted by adjusting the distance between the hairdryer and the sensor, 

using an anemometer to determine the exact distance. The electromechanical response of the sensor was 

measured by a Keithley 4200 SCS semiconductor parameter analyzer. The current measured at 1 m/s was 

used as the initial current I0, and the sensitivity formula being expressed as S= (I-I0)/ I0Δⅴ.  

3. Results and discussion 

3.1 Sensor structure 

Figure 1a elucidates the synthesis process of PCM based respiratory sensor by coupling electrospinning 

and electrostatic spraying, endowing excellent mechanical robustness and great piezoresistive characters 

for real-time respiration monitoring. In comparison to the spinning membranes impregnated with 

conductive materials, the combination between electrostatic spinning of hierarchical substrate and 

electrostatic spraying of conductive materials results in a more homogeneous and repeatable composite 

membrane. The low-density, porous and three-dimensional interconnective flexible PAN electrospun fiber 

membranes are responsible for durability and stretchability under exhaled airflow [54-55]. Incorporation of 

high-conductive, low-density carbon nanotubes (CNTs) into electrospun PAN scaffold establishes 

conducting pathway for enabling piezoresistive perception without scarifying the mechanical properties [56-

58]. Due to the intrinsic hydrophobicity and good flexibility, encapsulation of the PAN/CNT membranes 

using latex film eludes moisture interference originating from exhaled gases (Fig. 1b), enabling an accurate 
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and reliable monitoring of exhaled gas flow in terms of mechanical deformation. This device configuration 

design guarantees the sensitivity and stability of the PCM based respiratory sensors (Fig. 1c). 

 

Figure 1. The fabrication process of the polyacrylonitrile/carbon nanotubes/latex composite membrane 

(PCM) based exhalation flow sensor and application sketch. (a) PCM preparation procedure. (b) Sensor 

structure. (c) Expiratory test. 

3.2 Morphological and elemental analyses 

To unravel the morphology of PCM based respiratory sensors, scanning electron microscope (SEM) was 

employed to characterize the as-electrospun PAN/CNT composite membranes. As shown in Fig. 2a, the 

randomly distributed pores impart sufficient surficial area and adsorbed sites for decoration of conducting 

fillers. Moreover, modulation of electrostatic spinning rate of PAN as well as electrostatic spraying rate of 

CNT varies the topological structure of hierarchical PCM films (Figs. 2b-d). It can be clearly seen that the 

CNTs gradually agglomeratea on the hierarchical scaffold of as-prepared PAN textile with increasing 

electrostatic spraying rate (Figs. 2b-e). The homogeneity of the PAN/CNT composite membrane implies 

the successful inclusion of CNTs as the conducting fillers as displayed in the enlarged section of Figure 2e. 

To investigate the compositional properties of the prepared PCMs doped with various CNT concentration, 

Energy Dispersive Spectroscopy (EDS) and Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy 

were performed as shown in Figures 2f-i. Clearly, the density of nitrogen gradually dilutes with increasing 

electrostatic spraying rates of 0, 2, 4 and 6 µl/min (Fig. 2f). The EDS results show that the density of carbon 

is proportional to CNT doping amount, in which the specific mass ratio of carbon to nitrogen increases 

from 70.1:29.9 to 78.04:21.96 (Fig. 2g，Fig. 2h and Tab. S1) [59-60]. According to the FTIR results, the 

characteristic peaks at 2926, 2244 and 1452 cm-1 are attributed to the stretching vibration of the -C-H bonds, 

the -C-N bonds and the bending vibration of the -C-H bonds, respectively [61-62]. Strikingly, the penetration 

of CNT into the electrospun PAN fibers dramatically decay the reflectance of PCMs owing to the strong 

light absorption of CNT fillers (Fig. 2i). Furthermore, absorption peaks of C=C bonds at 1647 cm-1 were 

observed in all the PCMs, indicating successful loading of CNT via electrostatic spraying [63]. 
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Figure 2. Characterisation of PCMs. (a) Scanning electron microscope (SEM) image of PAN spun 

membrane with an electrostatic spinning rate of 5 μL/min. (b-d) SEM image of PCMs synthesized with an 

electrostatic spinning rate of 5 μL/min and an electrostatic spraying rate of 2 μL/min (b), 4 μL/min (c), 6 

μL/min (d). (e) Cross-section of PCM in (d). (f) Elemental carbon and nitrogen scans were performed on 

PCMs prepared at electrostatic spraying rates of 0, 2, 4 and 6 µl/min. (g) Mass ratios of carbon to nitrogen 

for PCMs produced at electrostatic spray rates of 0, 2, 4 and 6 µl/min. (h) EDS mapping of PCMs fabricated 

with an electrostatic spraying rate of 0, 2, 4 and 6 µL/min. (i) FTIR of PCMs fabricated with an electrostatic 

spraying rate of 0, 2, 4 and 6 µL/min. 

3.3 Sensing mechanism 
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Figure 3a and 3b elucidate the sensing mechanism of as-prepared PCMs based respiratory sensor. Under 

the initial status without exhalation, a constant gap distance between PCM and the interdigital electrodes 

blocks the transportation of conducting carriers (Fig. 3a). Therefore, no current was detected in the initial 

state. Once exhalation occurs, the exhaled gas compresses the distance and forms conducting routes 

between PCM and the interdigital electrodes (Fig. 3b). The increasing exhalation flow rate continuously 

shrinks the gap distance, achieving a larger contact area and thus greater conducting current (Fig. 3c). Under 

relative low expiratory flow, the device resistance is dominated by contact area between the hierarchical 

PCMs and interdigital electrodes. Whilst, under high breathing flow, the device resistance is mainly relied 

on the contacting area among doped CNT fillers (Fig. 3d) [64-65]. 

 

Figure 3. Sensitive mechanisms and performance of devices. (a) Initial state of the device. (b) Deformation 

of PCM of the device. (c) The increased contact of the PCM with the interdigital electrode improves sensor 

response as airflow increases. (d) Hierarchical structure on the surface of the PAN/CNT membrane 

improves the response of the sensor as the airflow increases. (e-g) I-V curves of sensors at different 

pressures with an electrostatic spraying rate of 2 µL/min (e), 4 µL/min (f), and 6 µL/min (g). (h) Sensor 

performance for electrostatic spraying rates of 2, 4, and 6 µL/min at different airflow rates. (i) Performance 

of sensors with different width-to-spacing at different airflow rates. (j) Performance of sensors with 

different opening size at different airflow rates. 

To explore the sensing performance of the PCM-based respiratory sensors with various compositional ratios, 

we characterize the output current of fabricated sensors in response to diverse exhaled flow (Figs. 3e-g). 

Notably, all PCMs exhibit good ohmic contacts, where the initial resistance is reversely proportional to 

CNT concentration. Apparently, the pressure sensors synthesized with an electrostatic spraying rate of 4 
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µL/min demonstrate superior sensitivity in comparison with other versions (Fig. 3h). This is because that 

the sparse CNTs cannot build up compact piezoresistive conducting network (Fig. 2b) while the excessive 

CNTs screen the relative resistance change under a constant applied force (Figs. 2d and e). To ensure the 

optimal sensing performance, the following measurement was conducted using the sensor based with an 

electrostatic spraying rate of 4 µL/min. 

Figure 3i and Figure s2 shows the dependence of sensing response of PCM-based devices on the width-to-

spacing ratio of interdigital electrode. It can be clearly seen that the augmented width-to-spacing ratio 

gradually up-regulates the sensitivity of the device. This tendency can be explained by the fact that 

enhancement of the spacing between the interdigital electrodes is detrimental to the formation of a 

conductive path, which considerably reduces the carrier transportation between the electrodes and the 

PCMs. Additionally, the influence of plastic sheet opening areas on the sensing performance of PCM-based 

sensors was uncovered in Figure 3j and Figure s3. It is worth noting that a slight increase in sensitivity 

stemmed from an expanded opening area, which in turn resulted in a reduction in miniaturization and 

portability. To ensure the portability of the respiratory sensor, the following tests were conducted via an 

opening area of 1.5 cm x 1.5 cm. 

3.4 Device Performance 

 

Figure 4. Performance of the device. (a) Response time and recovery time of the device under the flow rate 

of 5 m/s. (b) Device response to varying airflows. (c) Repeatability of device response at 5m/s airflow. (d) 

The ability of the device to discriminate the intensity of respiration. (e) The ability of the device to 

discriminate between respiratory frequencies. (f) The ability of the device to discriminate between 

respiratory rhythms. (g) Real-time response of the device to slow expiration. (h) Real-time response of the 
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device to rapid expiration. (i) Real-time response of the device to deep exhalation. 

Figure 4a elucidates the dynamic response of PCM enabled respiratory sensor under impact of exhaled gas 

flow, where a response time of 193 ms and recovery time of 104 ms was observed, respectively. The rapid 

response behaviors assure the device to discriminate the real-time breathing characteristics even under rapid 

respiratory pattern (Fig. 4a). A linear relationship between output current and airflow velocity corroborates 

the great capability in distinguishing the respiratory traits (Fig. 4b). Moreover, unnoticeable attenuation and 

distortion of output signals were detected after 600 cycles of loading and unloading of 5 m/s breathing flow, 

implying the durability and reliability (Fig. 4c). To verify the competence for respiratory monitoring, the 

PCM based sensor was mounted on a wearable mask to capture the real-time output signal profiles for deep, 

normal, shallow breathing patterns (Fig. 4d). Note that the respiratory rate and depth can be respectively 

associated with interval and peak-to-peak intensity of signal waveforms. Evidently, a deep breathing pattern 

contributes to a larger interval and huger peak-to-peak intensity. As a consequence, the as-prepared PCM 

based sensor can not only discern breathing rhythms such as normal breathing, deep breathing, kussmaul 

breathing, pause in breathing, etc., but also identify respiratory dynamics under physiological training (Figs. 

4e and 4f) [66-68]. Figures 4g-i display the real-time waveforms towards slow expiration, rapid expiration 

and deep exhalation. Among these three different simulated respiratory patterns, the intensity and interval 

of the signal varies distinctly with other versions, confirming capability in discriminating respiratory 

characteristic.  

3.5 Machine learning and applications 
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Figure 5. Application of the device based on machine learning. (a) Flowchart of machine learning. (b) 

Classification of respiratory characteristics and possible causes of these respiratory characteristics. (c) 

Cough monitoring (per minute). (d) Speaking monitoring (per minute). (e) Irregular breathing while 

running (per minute). (f) Regular breathing while running (per minute). 

Failure in perceiving respiratory abnormalities gives rise to complications like diabetes mellitus, 

hyperglycaemia, cardiovascular disease and retinopathy. To boost the accuracy and fidelity in identifying 

respiratory traits, machine learning (ML) was adopted to analyze the acquired sensing signals and predict 

the potential diseases (Fig. 5a). Firstly, the large amount of raw time series data collected by the sensor was 

normalized before delivery to ML algorithms. Subsequently, the dataset was pre-processed in sequence by 

data cleaning, data organisation and feature extraction. Then, identification of respiratory patterns was 

realized by predicting the value of a new dataset accordingly. It is worth mentioning that, due to fluctuations 

in the signal, the data needs to be pre-processed and then fed to train a 1D CNN model. Data sets were 

created from four breathing patterns (normal breathing, wheezing, breathing failure, and kussmaul 

breathing). For each breathing pattern, the entire data was divided into a training set (80%) and a testing set 

(20%).  Notably, various breathing patterns feature with diverse regions of respiratory rate and respiratory 
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intensity were labeled in Figure 5b. Considering the constant oxygen consumption rate during static 

physiological state (e.g. sitting and driving), the duration of breathing is reversely proportional to the 

intensity of breathing. To this end, an obvious increased intensity of breathing with a fixed or even shorter 

duration implies a potential illness such as diabetes mellitus and pulmonary dysfunction. Wheezing causes 

a dramatic reduction in breathing time and apnoea renders a large interval between two cycles, which can 

be clearly differentiated in the time span axis (Fig. 5b). 

Nonetheless, discrimination of individual breath traces (depth and rate) does not means accurate 

identification of the potential respiratory diseases. This is because that the respiratory features of wheezing, 

speaking and light coughing are quite similar. To further identify predisposing factors for respiratory 

characteristics, an integration of respiratory characteristics over a period of time is demanded. Figures 5c 

and 5d reveal the respiratory characteristics extracted from a one-minute duration of coughing and talking, 

respectively. Significantly, they have a large overlap and it is impossible to distinguish between a light 

cough and speech. Evidently, acute cough can be clearly distinguished because of the abrupt increase in 

respiratory intensity, which can be used as an early warning of aggravation for coughing patients. 

Furthermore, the ML assisted respiratory monitoring can be implemented to direct the physical training. 

Amateurish runners deliver irregular and unstable respiratory rate and depth during running, which 

contributes to a relative large variation range in breathing intensity and duration (Fig. 5e). In contrast, a 

small variation range in breathing intensity and duration was observed from a regular exercise running 

person (Fig. 5f), indicating the practicability of PCMs in guidance and feedback of physiological training. 

In addition to respiratory monitoring, the sensor is capable of detecting wind speed through the recognition 

of real-time output current, making it an ideal solution for a wide range of applications, including weather 

monitoring, marine surveillance, agricultural management and so on. 

4. Conclusions 

We constructed a PCM-based respiratory sensor by combining electrospinning and electrostatic 

spraying. By modulating CNT loading amount, width-to-spacing ratio of the interdigital electrode, and 

aperture areas, a fast response time of 192ms and recovery time of 104ms, a sensitivity of 0.5677 (m/s)-1 

were attained, enabling accurate detection of respiratory behaviors. The implementation of high-sensitive 

respiratory sensors can facilitate the acquisition of more detailed data, thereby enabling the refinement of 

respiratory patterns. Accordingly, the device sensitivity should be augmented in future iterations to achieve 

enhanced performance. With the assistant of machine learning, versatile breathing modes as well as 

potential diseases can be efficiently identified. This work provides a new possibility for developing soft 

bioelectronics for wearable physiological monitoring and disease prognosis.  
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Highlights 

●A hierarchical CNT@PAN smart textile was constructed for biomonitoring 

●The latex encapsulation enables moist and thermal stability. 

●A rapid response/recovery time of 192/104 ms was achieved. 

●Versatile breathing patterns and respiratory diseases can be discerned. 
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