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Fig. 1. Schematic diagram of the curve of pulmonary function parameters obtained by forced exhalation test: (a) The expiratory

flow-volume curve is used to describe the relationship between the airflow velocity and volume changes of an individual during ex-

halation (or inhalation); (b) the expiratory volume-time curve is used to measure the individual’s time during a period of time. The

expiratory or inspiratory flow rate and corresponding volume within the time period are obtained.
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Fig. 2. Respiratory function detection and measurement principle of the wearable respiratory spectrometer and the schematic dia-
gram of the entire system. (a) Pulmonary function testing process: (i) Traditional pulmonary function testing instruments can only
take the form of exhaling forcefully from the mouth, and require professional medical staff to be present for guidance; (ii) a wear-
able respiratory spectrometer based on dynamic sensing technology can mouth breathing and nasal breathing are quantitatively de-
tected and monitored to ensure that the subject breathes normally while the device is also easy to wear. (b) Schematic diagram of
the principle of quantitative measurement of human respiration by a wearable respiratory spectrometer. Take the exhalation pro-
cess as an example. During the exhalation process, human respiratory moisture enters the wearable respiratory spectrometer, and
the moisture content and gas pressure in the wearable respiratory spectrometer increase. Under this pressure difference, the mois-
ture in the wearable respiratory spectrometer leaves its interior through the resistance cotton. This process complies with the Darcy’s
law, that is, the volumetric flow rate of moisture is directly proportional to the partial pressure difference of water vapor inside and
outside the wearable respiratory spectrometer. (¢) The wearable respiratory spectrometer system based on dynamic humidity sens-
ing technology includes. (i) Dynamic humidity sensor: Quantitatively converts the moisture changes during human breathing into
electrical signals. (ii) Mobile application software: Established and worn real-time connection of respiratory spectrometer. (iii) Cloud
platform: Send data to the cloud backend in real time through mobile phone. (iv) Server and (v) data analysis: Perform quantitat-

ive analysis, calculation and storage of original electrical signals.
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Fig. 3. Flow and volume waveform generator testing: (a) Photo of the flow and volume waveform generator test system; (b) schem-
atic diagram of the flow path of simulated moisture during the testing process; (c) the waveform output by the flow and volume
waveform generator is the A waveform and B waveform specified in the industry standard “YY/T 1438-2016"F% to simulate the

change of flow rate of respiratory moisture with time.
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Fig. 4. Wearable respiratory spectrometer based on the capacitive flexible moisture sensor is used for quantitative respiratory mon-
itoring: (a) The relationship between the capacitance of the flexible moisture sensor and the relative humidity of the environment.
Experimental results show that the electrical signal strength of the flexible moisture sensor, that is, the capacitance value, increases
with the increase in humidity, consistent with the power function relationship of Eq. (6); (b) use a flow and volume waveform gen-
erator to study the capacitance value of the flexible moisture sensor in a wearable respiratory spectrometer relationship to PEF and
FVC. Experimental results show that the intensity of changes in electrical signals increases with the increase in FVC. Under differ-

ent PEF, the intensity of changes in the electrical signal for the same expiration volume is basically the same.
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Fig. 5. Quantitative relationship between the maximum
change rate of relative humidity Max(dn/dt) in the wear-
able respiratory spectrometer and PEF. The results show
that Max(dn/dt) is linearly related to PEF (R? = 0.9993).
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Table 1. Indication error, adjacent test error and frequency response error test results”.
SZBRIGEE Vi o ABIBHE A n+ 1A (E BRI AE R BRI i
PEF, ../ (L-min!) PEF,./(L-min ') PEF,;/(L-min!) PEFg/(L-min!) <10% R <5% R2E<12%
180 180.9 177.8 182.5 0.4% 0.9% 1.8%
360 359.8 355.9 360.4 0.6% 0.5% 0.7%
540 544.7 557.4 539.8 2.0% 1.2% 2.0%
600 591.6 621.5 — 1.1% 2.5% —
720 713.5 746.7 — 1.4% 2.3% —
840 834.7 830.9 — 0.9% 0.2% —
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Fig. 6. Quantitative relationship between the changes in
electrical signals sensed by the wearable respiratory spectro-
meter and FVC. The results show that FVC is proportional
to the product of the electrical signal change and the expir-
ation time, so the respiratory volume can be determined

based on the sensor electrical signal change.
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Fig. 7. Comparison of forced expiration test results: (a) PEF
and (b) FVC between a wearable respiratory spectrometer
and a commercial pulmonary function tester (Vitality Meter
B1, Guangzhou Hongxiang Medical Technology Co., Ltd).
The results show that under the test conditions adopted,
the wearable respiratory spectrometer has an accuracy com-
parable to or even better than that of lung function testers
on the market.
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Natural respiration spectrum
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Fig. 8. Wearable respiratory spectrometer monitors lung function through natural respiration: (a) Quantitative definition of the nat-
ural respiration spectrum obtained by the wearable respiratory spectrometer and its related physical quantities. The ratio of the in-
halation time tins and the expiration time texp is the inhalation-to-exhalation ratio (R), and the sum of the two is a natural respir-
ation cycle time (7TR). During the natural respiration period Ty, the difference between the peak and the trough of the respiratory
wave is defined as the respiratory amplitude, and its value is numerically equal to the electrical signal change amount AC. The nat-
ural respiration frequency (fz) is the reciprocal of Ty. The area enclosed by the expiratory segment of the respiratory wave curve
and the lowest point of the curve is defined as Sy, and its value can be estimated by the product of AC and At; (b) under simu-
lated natural respiration, S, has a linear relationship with NRV; (c) the expiratory volume-time curve of the natural respiration
process and the forced exhalation process obtained through the wearable respiratory spectrometer (inserted is the respiratory spec-
trum, that is, the change curve of the electrical signal with time); (d) the relationship between the natural respiration volume
(NRV) and FVC measured by the wearable respiratory spectrometer of healthy volunteers. The results show that NRV and FVC
are basically positively correlated and can be used as an important indicator for lung function assessment.
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Abstract

Traditional lung function detectors are based on measuring the changes in airflow and pressure during
expiration and inspiration to evaluate the respiratory function of the subject. These techniques are mainly based
on mechanical differential pressure sensors or turbine sensors which evaluate the lung function of the subject by
measuring the ability of the subject to blow and inhale and determine their lung function parameters, including
peak expiratory flow (PEF) and forced vital capacity (FVC). In this study, we present a wearable respiratory
function testing system called the wearable respiratory spectrometer, which is developed based on dynamic
humidity sensing technology. By exploring the principles and quantitative design of respiratory detection and
conducting simulations of humidity sensors, we investigate the comprehensive characteristics of the system.
According to Darcy’s law, the gas flow measured by the wearable respiratory spectrometer is directly
proportional to the pressure difference inside and outside the device, showing that the system follows the
differential pressure sensing principle. According to this basis and combining the structural characteristics of the
system, we establish a quantitative relationship among PEF, FVC, and the changes in sensor electrical signals.

The experimental results validate a linear positive correlation between the maximum rate of relative
humidity change inside the spectrometer and PEF. Additionally, the results of simulated moisture volume
experiments of the spectrometer show that in the measurement range from 180 to 840 L/min, the indication
error of PEF is less than 10%, the adjacent test error is less than 5%, and the frequency response test error is
less than 12%, which meet the industry standards for peak expiratory flow meters. Moreover, we compare the
spectrometer with traditional portable lung function testing devices in simulated moisture volume experiments
at different PEFs (300 to 720 L/min) and FVCs (3 to 6 L) . The results demonstrate that the average
indication error of measured PEF and FVC by the spectrometer are about 0.35% and 0.23%, respectively, both
are much lower than those of the portable lung function testing devices, thus fully verifying the accuracy and
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1 Corresponding author. E-mail: liuxy@xmu.edu.cn

038701-15


mailto:liuxy@xmu.edu.cn
mailto:liuxy@xmu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 3 (2024) 038701

reliability of this system for real-time lung function assessment. Importantly, under simulated free-breathing
conditions (PEF from 12 to 24 L/min, FVC from 0.5 to 0.7 L), the changes in the electrical signals of the
spectrometer maintain a linear relationship with the moisture volume. Therefore, the wearable respiratory
spectrometer can provide the long-term, free, dynamic, and quantitative monitoring of natural and weak nasal
breathing. The measured respiratory spectra of subjects have great potential in real-time monitoring of lung

function and remote monitoring of respiratory system diseases.
Keywords: flexible sensing, respiratory function detection, respiratory spectrum
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