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Table 1.  Molecular interaction respiratory sensors.
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Fig. 1. Flexible humidity sensor based on intermolecular forces: (I) Sensing principle, the adsorption and desorption of water mo-

lecules on (a) fibrous and (b) porous substrates can cause changes in resistance or capacitancel'?; (II) flexible humidity resistance

respiratory sensor moisture sensitive mesoscopic intermolecular force: Silk molecule crystals grasp graphene, and silk molecules

stretch and contract the graphene conductive network under the action of moisture, causing the graphene conductive network to

disconnect (a) and reconnect (b).
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Fig. 2. The overall system schematic developed in this study,
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the quantitative respiratory wave system based on flexible sensing

consists of three main components: digital mask, cloud platform, and mobile terminal.
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Fig. 3. The capacitance humidity hysteresis loop of a respira-
tory sensor under various environmental humidity, the re-
sponse curve when entering a high relative humidity envi-
ronment (RH = 86%, 91%, 97%, 97.5%) from a low rela-
tive humidity environment (RH = 61.6%), and returning to
the original environment after a stable state, it can be seen
that the absorption and solution absorption curves almost
overlap, this indicates that the absorption and desorption of
moisture by this type of sensor are reversible, this perfor-
mance is particularly important for the measurement con-
sistency of respiratory function. The experimental system
and steps can be found in Refs. [1,2].
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Fig. 4. (a) Appearance and structure of a closed digital
hood; (b) the digital mask quantitatively converts the res-
piratory wave of the airflow into an electrical signal respir-

atory wave.
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Fig. 5. The principle of quantitative measurement of digital masks and the results of simulated respiratory humidity testing and
pulmonary function testing: (a) Schematic diagram of the principle of using masks for PFT, the illustration shows the traditional
PFT testing process, which requires professional guidance; (b) schematic diagram of the principle of quantitative respiratory sens-
ing, taking exhalation as an example, breathing humidity into the mask increases the internal pressure, due to the pressure differ-
ence, humidity is expelled through the air filter membrane, and this dynamic process follows Darcy's law; (c¢) schematic diagram of
respiratory waveform and related quantitative physical parameters, AC represents the difference between the lowest and highest
points of a single breath waveform, based on this relationship, calculate the RH curve (as shown in the illustration) and further de-
termine the maximum rate of relative humidity change during exhalation, namely Max (dn/dt); (d) the quantitative relationship
between Max (dn/dt) and maximum expiratory flow rate (PEF), the results indicate a linear relationship between Max (dn/d¢) and
PEF (R? = 0.9993), suggesting that respiratory flow rate can be calculated through the rate of change of electrical signals; (e) the
quantitative relationship between AC and forced vital capacity (FVC), the results indicate that FVC is proportional to AC within
the expiratory flow rate range of 150-600 L/min, therefore, based on the calculated PEF, respiratory volume can be further determ-
ined according to changes in electrical signals; (f) the quantitative relationship between AC and tidal volume (VT)?, the results in-
dicate that within the range of 12-24 L/min expiratory flow rate, VT is proportional to AC, which is consistent with the typical
tidal respiratory flow rate in humans; (g) respiratory waveform obtained from lung function test using a mask. The testing protocol
includes the subject first performing normal tidal breathing, followed by deep inhalation and then maximum exhalation to expel as
much gas as possible from the lungs; (h) the lung function test expiratory volume-time curve calculated based on the quantitative
relationship of respiratory wave-related parameters obtained from (g).
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Fig. 6. Comparison of the measurement of respiratory function parameters FEV, (a), FVC (b), and PEF (c) between flexible sens-
ing respiratory function testing equipment (Feixing spectrum equipment) and commercially available lung function equipment

(Hongxiang equipment).
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Table 2.  Comparison, statistics and correlation
analysis of lung function parameters measured by
flexible sensing respiratory function equipment (Feix-

ing spectrum equipment) and red imaging equip-

ment.
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Table 3. Comparison, statistics and correlation analysis of lung function parameters measured by flexible sensing respira-

tory function equipment (Feixing spectrum equipment) and PowerCube Body equipment.

TR AT H FEV, FVC FEV,/FVC FEV,%pred
AR IRZE A 43 LR/ % 7.26 8.15 6.37 9.32
M 1R/ % 0.000-£0.206 0.000£0.315 0.000+5.7 0.000+8.649
FEIRBRAHOCREL 0.969 0.935 0.921 0.944
ICC3 0.968 0.933 0.917 0.942
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Fig. 7. Comparison of four lung function parameter measurements with PowerCube Body FEV, (a), FVC (b), FEV,% pred (c), and
FEV,/FVC (d) measurements using a flexible sensing respiratory function device (Feixing Spectral Device), the dark blue dots rep-

resent female volunteers, while the orange dots represent male volunteers.
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Fig. 8. Comparison of FEV,% pred (a) and FEV,;/FVC (b) measurements of four lung function parameters between a flexible sens-
ing respiratory function device (Feixing Spectrum device) and a PowerCube Body device. The dark blue dots represent non COPD
volunteers, and the orange dots represent COPD patients.
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Table Al.  Performance comparison between the flexible

moisture sensor used in this work and other flexible mois-

ture sensors.
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Table C1. The main types of traditional respiratory sensors.
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Table C2. Common flexible respiratory sensors.
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Medical-grade development of flexible respiratory sensing
technology: Pathways for medical physics implementation
and clinical pulmonary function data validation”

YANG Yingqi? LI Keyi® LIN Guiyang® LIN Yihua?
ZHENG Guanying®  XIE Baosong?  CUI Lina! LIU Xiang Yang V??

1) (College of Textile and Apparel Quanzhou Normal University, Quanzhou 362000, China)
2) (State Key Laboratory of Marine Environmental Science (MEL), College of Ocean and Earth Sciences,
Xiamen University, Xiamen 361102, China)
3) (School of Medicine, Xiamen University, Xiamen 361102, China)
4) (Department of Pulmonary and Critical Care Medicine, Fujian Provincial Hospital Provincial Clinical
Medical College, Fujian Medical University, Fuzhou 350001, China)
5) (Department of Pulmonary and Critical Care Medicine, The First Affiliated Hospital of Xiamen University, Xiamen 361003, China)

( Received 3 April 2025; revised manuscript received 1 May 2025 )
Abstract

The rapid monitoring devices, but there are still challenges in achieving medical-grade accuracy in
quantitative pulmonary function assessment. This study integrates water molecule-responsive flexible sensing
technology, wearable devices, and cloud-based intelligent analysis platform to develop the first medical-grade
flexible respiratory sensing system (SFMS). By utilizing the synergistic effect of bionic microcavity differential
pressure sensing and humidity-sensitive interfaces, combined with a pressure difference-flux dynamic model, the
system can simultaneously resolve peak expiratory flow (PEF) and forced vital capacity (FVC), accurately
obtaining core pulmonary function indicators such as FEV,;/FVC. Clinical validation of 454 cases demonstrates
high consistency with gold-standard spirometry (intraclass correlation coefficient [ICC] =0.93-0.97), with a sensitivity
of 89.7% and specificity of 92.3% in differentiating chronic obstructive pulmonary disease (COPD) from asthma.
Technologically, this work pioneers a medical-grade flexible sensor for quantitative pulmonary testing, and
eliminates dependence on specialized operators through an embedded edge computing architecture that supports
real-time cloud data interaction. The system establishes disease-specific profiles through multi-parametric
physiological correlation analysis. Practically, its low cost, portability, and user-friendly operation facilitate
seamless integration into primary healthcare and home health management, providing technical tools for
hierarchical diagnosis and treatment of chronic respiratory diseases. Aligned with WHO's Respiratory Health
Action Plan, this innovation enables universal monitoring to advance early screening and long-term disease
management. As this innovation possesses significant clinical translation potential, it provides a groundbreaking
solution for building a comprehensive prevention and control framework for respiratory diseases.

Keywords: flexible sensing, respiratory waves, quantitative monitoring, lung diseases
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