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Abstract

:

Irregularities in breathing patterns can be detected using breath monitor sensors, and this help clinicians to predict health disorders ranging from sleep disorders to heart failures. Variations in humidity during the inhalation and exhalation of breath have been utilized as a marker to detect breath patterns, and graphene-based devices are the favored sensing media for relative humidity (RH). In general, most graphene-based RH sensors have been used to explore resistance change as a measurement parameter to calibrate against the RH value, and they are prone to noise interference. Here, we fabricated RH sensors using graphene ink as a sensing medium and printed them in the shape of interdigital electrodes on glossy paper using an office inkjet printer. Further, we investigated the capacitance change in the sensor for the RH changes in the range of 10–70%. It exhibited excellent sensitivity with 0.03 pF/% RH, good stability, and high intraday and interday repeatability, with relative standard deviations of 1.2% and 2.2%, respectively. Finally, the sensor was embedded into a face mask and interfaced with a microcontroller, and capacitance change was measured under three different breathing situations: normal breathing, deep breathing, and coughing. The result show that the dominant frequency for normal breath is 0.22 Hz, for deep breath, it is 0.11 Hz, and there was no significant dominant cough frequency due to persistent coughing and inconsistent patterns. Moreover, the sensor exhibited a short response and recovery time (<5 s) during inhalation and exhalation. Thus, the proposed paper-based RH sensor is promising wearable and disposable healthcare technology for clinical and home care health applications.
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1. Introduction


Abnormalities in the human respiration rate is a vital sign of health disorders. For a healthy adult at rest, the normal breathing rate ranges from 12 to 20 breaths per minute. By detecting irregularities in the breathing rate and respiration pattern, clinicians can predict acute events such as chronic obstructive pulmonary disease (COPD) [1], heart failure [2], muscular dystrophy [3], chronic kidney disease [4], sleep disorder problems [5], and the principal symptom of COVID-19 [6]. The early diagnosis of these abnormalities can aid clinicians in providing early treatments that reduce the risk of serious health complications.



In general, there are two methods for measuring the respiratory rate, i.e., contact-based and contactless ones [5]. Contact-based sensing approaches are mostly used for respiration rate monitoring [7,8,9,10]. The sensing device is attached directly to the subject’s body to measure the respiratory airflow, breathing sound, air temperature, air humidity, chest and abdominal movements [11]. However, the contact-based device may restrict the patient’s daily activities and mobility during long-term monitoring [12]. To overcome these problems, exploring other flexible substrate materials is an important strategy to develop high-performance flexible sensors.



In recent years, paper has been considered as a promising sensor substrate owing to its low cost, flexibility, lightweight, biodegradability, and disposability [13,14]. Great progress has been made in paper-based sensors for monitoring gas [15,16], humidity [17,18,19], and the strain [15,20] of the human body and the environment. Paper-based humidity sensors have widespread multifunctional applications that are used to measure breath rates [14,15,21,22], baby diaper wetting [23], skin humidity [24,25], and volatile organic compounds detection [26]. In addition, various sensing materials are used to enhance the functionality of paper humidity sensors in terms of its sensing performance, such as polymer [20], carbon paste [27], graphite [22], graphene [23], graphene oxide [19,28], reduced graphene oxide [29], and carbon nanotube [30]. Various paper-based humidity sensors have been reported in the literature.



The ideal humidity level that comforts the human body is between 40% and 70% at the appropriate temperature [31]. The humidity sensor therefore employs relative humidity (RH) for real-time respiration monitoring and provides useful health information, as human breath has a high humidity content, where exhaled breath is more humid than the inhaled air is [32]. On the other hand, graphene possesses ultra-high specific surface areas, and high electron mobility, low electrical noise, and high electrical conductivity values due to the excellent stability of its crystal lattice [33,34]. These properties ensure that graphene-based materials have great potential for use in humidity sensors [35,36]. For conventionally developed humidity sensors, multiple steps are required in the device fabrication process, including the conductive deposition of electrodes onto the substrate, and the coating of sensing materials/flexible film is indispensable [34]. Recently, low-complexity printing methods (e.g., screen or inkjet printing) have been realized due to their cost reduction and increased mass production capabilities, which in turn eliminates multiple steps in the device fabrication [37].



Another consideration is the sensor readout, which can be either resistive or capacitive. Many humidity sensors are resistive-type ones, which respond to a change in the resistance with relative humidity [37,38]. However, the drawback of the resistance-based measurement is that it generates signal drift and wide variation in the conductance with respect to respiration due to the temperature effect [39]. Meanwhile, the advantages of the capacitive-type humidity sensor over the resistive-type sensor are that it is quite stable, it does not consume a lot of power or depend largely on the temperature, and it has a high output signal [40,41]. In this work, capacitance change was explored as a sensing principle by measuring the change in the dielectric constant of the substrate due to changes in the moisture content, in which the difference in moisture adsorbed onto the paper’s surface during inhalation and exhalation activities.



Accordingly, we present an inexpensive, disposable, and sensitive capacitive-and paper based humidity sensor for respiration sensing. The sensor was fabricated through one-step fabrication technique, which only required an inkjet printer, glossy paper, and graphene printing ink. In addition, the paper-based humidity sensor was designed with an interdigitated electrode (IDE) pattern to increase the effective sensing area and the capacitance of the sensor. The RH-sensing characteristics of the fabricated sensor were investigated in the range of 10–70% RH. To demonstrate that the sensor enables continuous, real-time breathing monitoring, the sensor was studied under three different breathing situations (e.g., normal breathing, deep breathing, and coughing) and the respiratory frequency rates and patterns were analyzed.




2. Materials and Methods


2.1. Materials


Graphene printing ink with a viscosity in the range of 10–20 cP was purchased from GO Advanced Sdn. Bhd. (Selangor, Malaysia). A4 glossy inkjet photo paper (180 gsm) and dual-sided conductive copper tape (5 mm × 20 m) were obtained from INRO Electronic (Penang, Malaysia). The Arduino Mega2560 and BME680 environmental sensors were purchased from Cytron Sdn. Bhd. (Penang, Malaysia).




2.2. Instruments


All the paper sensors were prepared using Brother Model MFC-J200 inkjet printer. The surface morphology of graphene-printed glossy paper was characterized using a field emission scanning electron microscope (FESEM) (Hitachi SU8010, Tokyo, Japan). The chemical composition of the graphene-printed surface was characterized by X-ray photoelectron spectroscopy (XPS) (Nexsa G2, Thermo Fisher Scientific, Waltham, MA, USA). Raman spectra characterization with a 532 nm excitation was performed in the 3200–100 cm−1 range using Raman Spectroscopy (Renishaw InVia Raman Microscope). The surface contact angles for a 20 μL droplet on the surfaces of glossy paper with printed graphene and without printed graphene were measured using a goniometer (Model 590, Ramé-Hart Instrunt Co., Roxbury Township, NJ, USA).




2.3. Fabrication of Paper-Based Inkjet-Printed Graphene Sensor


The device fabrication protocol for the paper-based Inkjet-printed-graphene sensor is schematically shown in Figure 1. Graphene printing ink was used as a sensing material, with a viscosity in the range of 10–20 cP. The interdigital (IDE) electrodes were designed and printed on A4 glossy inkjet paper (180 gsm) using the Brother MFC-J200 inkjet printer. The IDE-based design was selected to increase the effective sensing area and to increase the effective capacitance of the sensor. The geometries were designed using 13 fingers (number of electrodes) of 16 mm × 25 mm as the active sensing area. The length (L) between the electrodes was 10 mm, the width (w) of each electrode was 1 mm, and the electrode separation (s) and finger interspacing (i) were 1 mm, respectively. In this experimental work, the pattern of IDE was prepared from 1 to 6 layers during multiple rounds of printing. It was necessary that we performed a drying step by applying a hair dryer between the printed layers, and this step was left to proceed for a day before use to ensure that the printed paper was completely dry. The conductive copper tape was then pasted on two end sides of the IDE pattern and soldered with wires, yielding a paper-based sensor.




2.4. Relative Humidity Sensing Setup and Measurement


The RH sensing setup is illustrated in Figure 2a. The setup was equipped with two mass flow controllers, MFC1 and MFC2. The commercial environmental sensor, BME680, was placed inside the sensing chamber to continuously record the RH condition inside the chamber. The BME680 and the fabricated graphene ink-paper sensors were interfaced with Arduino Mega2560 to log the measured RH values. The sensing chamber had a fixed volume of approximately 210 cm3 with two peripheral holes that acted as the inlet and outlet. The inlet and outlet were always open for the continuous flow of gas mixture through the chamber to achieve a constant gas pressure. Purified nitrogen, N2, gas was supplied by a gas tank (Alpha Gas Solution, Kuala Lumpur, Malaysia) at a pressure of 1.5 bar was regulated by both of the MFCs (Hitachi Metals, Tokyo, Japan). During humidification, the N2 gas was flowed through a bubbler filled with deionized water into the sensing chamber at a fixed flow rate of 200 sccm, which was regulated by MFC2. The chamber was dehumidified by flowing dry N2 gas through the chamber at flow rate 711 sccm, which was regulated by MFC1. The fabricated paper sensor was placed in a homemade sensing chamber that was interfaced with the microcontroller for the humidity detection tests. Further, a data logging system was utilized to record the RH conditions using a PC. The operating ranges of the chamber for RH were controlled and monitored to stay within the range from 10% to 70%. The sensitivity of the sensor is expressed as Equation (1), where ΔC is the capacitance change due to the humidity, and ΔRH is the relative humidity variation [42].


  S = [ log Δ C ] / Δ R H  



(1)








2.5. Monitoring for Breath Patterns


The description of the experimental setup used to investigate the response of the printed paper sensor to variable breath conditions is as follows: The paper sensor was embedded into a commercial KN94 mask for human respiration monitoring, as shown in Figure 2b. The paper sensor with 6 layers that had been printed with graphene ink was chosen and used throughout the breath tests. The breath pattern in terms of capacitance as a function of time with normal breath (N), deep breath (D), coughing (C), and the holding of breath (H) were measured and recorded. The breathing rates were calculated by determining the number of breaths in 1 minute. All of the data were imported, processed, and plotted using MATLAB software (R2022a). The capacitance recorded in time series was transformed into the frequency domain by the application of Fast Fourier transform (FFT) algorithms. Then, dominant frequency peaks were determined. Based on the standard protocol, during deep breathing, a dominant peak was observed at 0.07–0.16 Hz (4–10 breaths/minute), while during normal breath, a dominant peak was observed at 0.2–0.267 Hz (12–16 breaths/minute).





3. Results and Discussion


3.1. Characteristics of Paper-Based Inkjet-Printed Graphene Ink


FESEM was applied to examine the morphology of the printed sensing material at varied magnifications. The SEM images of the bare glossy paper (i–iii) and the graphene-printed glossy paper (iv–vi) at magnifications of 10 K, 20 K, and 50 K are shown in Figure 3a, respectively. From the comparison, it can be seen that the bare glossy paper became smooth after it was printed with graphene ink, with the gap of approximately between 58.3 nm and 109.1 nm and particle size of approximately between 49.6 nm and 57.7 nm, respectively. The printed graphene ink followed the substrate and formed a continuous film without introducing roughness to its surface. Furthermore, the hydrophobic or hydrophilic characteristics were studied using a contact angle meter. A surface is generally considered to be hydrophilic if the water contact angle is less than 90° [43].



Hydrophilicity was investigated by measuring the water drop contact angle of the bare paper substrate and graphene ink film samples. Figure 3b shows the measured surface contact angle of bare glossy paper without printed graphene ink, which is 60.2° (left), which indicates that the glossy paper substrate used in this experiment is moderately hydrophilic. After the graphene ink was printed onto the glossy paper surface, the contact angle was reduced to 29.2° (right), indicating an increase in the hydrophilicity and the potential for enhanced condensation of water molecules to the surface.



In addition, the elemental composition analysis on the energy dispersive XPS chart of the graphene-printed paper surface further confirms this result, illustrating the expected elemental peaks of carbon (C1s) and oxygen (O1s). From the XPS survey spectra in Figure 3c, it was revealed that the graphene-printed paper surface exhibits C1s and O1s species with binding energies at ~286 eV and ~533 eV, respectively. The carbon and oxygen contents on the surface of the graphene-printed paper are approximately 39.73% and 39.26%, respectively. In general, the charge references of aliphatic sp3 carbon and aromatic sp2 carbon are within the range of 284.5–285 eV [44,45]. The XPS analysis results show that the graphene-printed paper had a main peak at 286 eV, which is attributed to the hydroxyl (C–OH) functional groups, owing to the chemical shift of the carbon in the graphene. In addition, it also showed the peak at 533 eV, which was attributed to an oxygen bond singly to carbon: C–O. Therefore, the appearance of the hydroxyl component (OH−) could be due to the water vapor on the graphene-printed paper surface and its origin in the surrounding environment [46]. In Figure 3d, a Raman spectrum analysis was conducted for the graphene-printed paper surface characterization, with two most prominent peaks corresponding to the D-band (1400 cm−1) and broad G-band (1584 cm−1), indicating the graphene layer that was inkjet printed onto the paper substrate [47]. The presence of the G-band represents the in-plane vibration of the sp2 bonded carbon atoms in the graphitic structure [48]. The presence of the D-band is due to the disorder in graphene structure indicates a reduction of the size of the in-plane sp2 crystal structure due to oxidation [49,50].




3.2. Performance Measurement in Humidity Sensing


For the RH measurement, the paper sensor was tested with a tailor-made humidity sensing setup (Figure 2a). In this work, the IDE pattern enabled the quick access of humid air to the paper and increased the sensitivity, owing to its increased surface area. The printed graphene-based humidity sensor was printed in different layers (up to six layers) using a commercial office inkjet printer, however, when more than six layers are printed, the small size of the IDE pattern will be affected, and asymmetry will occur after multiple rounds of printing. In Figure 4a, the six-layered printed sensor achieved the highest RH change from 10% (9 pF) to 70% (16 pF) compared to those of the other printed layers. As expected, more printed layers exhibit large capacitive responses to humidity changes of 10–70% RH. However, the sensor without graphene and with fewer graphene layers on the glossy paper (<three layers) were less sensitive to the change in humidity, and they showed a constant capacitance value of 9 pF from the 10% to 70% RH range (Figure 4b). It should be noted that the breath pattern can be detected using the RH changes in the range from 10% to 70%. For the stability test (Figure 4c), a 10 day test was performed on the paper sensor, and the t-test revealed that the p value is 0.247 (p value > 0.05), which indicates that a not statistically significant difference occurred from day 1 to day 10. As a result, paper sensors can maintain good short-term stability during humidity testing. The repeatability of test on the paper sensor was evaluated by performing three cycles within the intraday (within same day) and interday (between days) range from 10% to 70% RH. The results of the paper sensor are considered to be highly repeatable, with relative standard deviations (RSD) of 1.2% (Figure 4d) and 2.2% (Figure 4e) for the capacitive change after three runs. The RSD values are relatively small, implying that the proposed paper-based sensor is reusable and reproducible.



The dielectric nature of the paper surface and the air above the IDE electrodes contributed to a finite capacitance value. The graphene ink IDE electrodes served the purpose as resistive electrodes, as well as an active sensing element to adsorb the moisture. It can be inferred from the XPS characterization that the graphene ink had a significant presence of oxygen-rich groups. Hence, the graphene basal surface that functionalized with the oxygen-containing functional groups endowed the ink with hygroscopicity, and consequently, it enhanced the moisture adsorption properties. The carbon backbone of graphene, together with oxygen, serve as the active sites for the adsorption of water molecules in humid air/breath through a physisorption mechanism. During an increase in the RH, water molecules are physiosorbed through single hydrogen bonding on the hydroxyl groups. Thus, the adsorbed water molecules altered the dielectric properties across the IDE electrodes, resulting in an increase in the capacitance or an increase in the RH, or vice versa. This is due to the fact that the dielectric constant of water molecules is higher compared to that of air.




3.3. Breathe Patterns Monitoring


The paper-based breath sensor was fabricated by embedding a printed-graphene paper into a facemask, as shown in Figure 2b, and then, it was interfaced with the Arduino circuit board as a portable data acquisition system for monitoring the respiration rate. The paper sensor with six layers of printed graphene showed a better response, and it was stable while it was producing repeatable results in terms of the capacitance change, therefore, it was chosen and used throughout the breathing tests. The breathing patterns in terms of capacitance as a function of time were measured during exhaling and inhaling exercises, and these were normal breathing (N), deep breathing (D), and coughing (C). Indeed, the breath monitoring of patients can be a useful technique to assess the health condition of patients. Generally, normal breathing rates for an average adult at rest range from 12 to 16 breaths per minute. The respiration frequency mainly falls within the range of 0.2–0.27 Hz. The respiration frequency of deep breathing mainly falls within the range of 0.07–0.16 Hz. It roughly corresponds to between four and ten breaths per minute [51]. In this case, if any person experiences a breathing rate that falls below or beyond the reference range, it is categorized as abnormal breathing.



As shown in Figure 5a, the normal breathing, deep breathing, and coughing tests were conducted with between twelve and fourteen breaths per minute, between six and seven of breaths per minutes, and between forty and forty-five coughs per minutes, respectively. During the exhalation process, the peak rises due to the water vapor from the exhaled air adhering to the surface of the paper sensor, resulting in a significant increase in the capacitance. Conversely, the capacitance value decreases during the inhalation process as the exhaled air contains less oxygen, but more carbon dioxide and more water vapor than that which was inhaled [15]. Thus, a breathing pattern resembling a continuous bell-shaped curve forms (e.g., exhalation rises and inhalation falls). Likewise, it was observed that the net of capacitance of the sensor increases during coughing, and it has higher minimum and maximum capacitance values compared to those of normal and deep breathing. The increased capacitance during coughing is attributed to more water molecules (e.g., cough droplets) [23,52] interacting with the sensor than in normal and deep breathing. In addition, the respiration frequency range was calculated, and it revealed the dominant peak, which mainly fall in the ranges of 0.20–0.23 Hz for N (Figure 5b) and 0.10–0.12 Hz for D (Figure 5c). However, it was difficult to quantify the cough frequency due to persistent coughing and inconsistent coughing patterns, so we obtained no significant dominant peak for C within the frequency range of between 0.10 Hz and 1.00 Hz (Figure 5d). From the amplitude spectrum, the dominant peaks of the normal breathing and deep breathing frequencies are 0.22 Hz and 0.11 Hz, respectively.



Figure 6a demonstrates the continuous breath monitoring according to three condition, which are N (twelve breaths), D (seven breaths), and C (forty coughs) every 1 minute, and the holding (H) the breath for 10 s, and these are in the order of N→H→D→H→C→H→N→H→D→H→C→H. It was observed that the average capacitance changes for each type of breathing were also determined as 3.47 pF for N and 2.90 pF for D. Moreover, to present the response and recovery time clearly, an amplified recovery and response curve is shown in Figure 6b,c. A healthy adult’s breathing rate at rest ranges from about 3 to 6 s per breath interval [21]. From the results, it can be observed that the response times for normal breathing and deep breathing were determined as 2.46 s ± 0.34 and 3.86 s ± 0.56, respectively, while the recovery times were determined as 2.63 s ± 0.49 and 4.27 s ± 1.02, respectively. Hence, this proves that the potential of fabricated paper for human respiratory rate monitoring, which benefits from the fast response and recovery characteristics of paper sensors within a short time interval (<5 s). In the literature, these reported paper-based humidity sensors can serve as benchmarks for our proposed sensors, as shown in Table 1. The paper-based breath sensor also provided significant results on the respiration rate data, demonstrating its potential for real-time health monitoring.





4. Conclusions


In conclusion, we have successfully fabricated and validated novel printed-graphene sensors on paper substrates for humidity and respiration monitoring. The fabricated sensors showed excellent sensing characteristics for RH in the range between 10% and 70%, with a sensitivity of 0.03 pF/RH%. These variations were easily measured using a tailor-made microcontroller circuit. As a proof of concept, the fabricated sensors were investigated to monitor human respiration rates and patterns. The results revealed that the proposed sensor was successful in detecting different breathing conditions (such as normal breathing, deep breathing, and coughing) in terms of the capacitance (pF) value and the breathing pattern, with fast response and recovery times of 2.46 s ± 0.34 and 3.86 s ± 0.56 for the exhalation rise time, and 2.63 s ± 0.49 and 4.27 s ± 1.02 for the inhalation fall time under normal breathing and deep breathing conditions, respectively. The prototype sensor has a low cost, and it is disposable when it is used for frequent breathing pattern recognition. The sensor requires the simple inkjet printing of graphene ink on glossy paper using a typical office inkjet printer. The method is also suitable for mass production at a low cost. However, there are limitations in terms of aligning the layer features while one is printing multiple layers on same piece of paper. Furthermore, functionalized graphene ink for the selectively sensing of volatile organic compound molecules in breathe can be investigated in future studies.
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Figure 1. Schematic illustration of the fabrication of Inkjet-printed-paper sensor with graphene printing ink. (i) 180 gsm A4 glossy inkjet paper, (ii) IDE pattern printed using a Brother MFC-J200 inkjet printer, (iii) graphene-printed paper sensor and sensor geometrical dimension, (iv) copper tape was pasted on both sides of the paper sensor, and (v) soldered wires on the copper tape. 






Figure 1. Schematic illustration of the fabrication of Inkjet-printed-paper sensor with graphene printing ink. (i) 180 gsm A4 glossy inkjet paper, (ii) IDE pattern printed using a Brother MFC-J200 inkjet printer, (iii) graphene-printed paper sensor and sensor geometrical dimension, (iv) copper tape was pasted on both sides of the paper sensor, and (v) soldered wires on the copper tape.



[image: Biosensors 13 00209 g001]







[image: Biosensors 13 00209 g002 550] 





Figure 2. Schematic illustration of (a) RH sensing and experimental setup. (b) The facemask with the embedded paper-based sensor for breath monitoring. 
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Figure 3. Characterization of paper-based inkjet-printed graphene. (a) FESEM images of bare glossy paper surface without printed graphene ink (i–iii) and glossy paper surface with printed graphene ink (iv–vi) in 2 μm scale, 20 K magnification; 1 μm scale, 50 K magnification; 500 nm scale, 100 K magnification, respectively. (b) Surface contact angles of glossy paper without printed graphene ink (left) and with printed graphene ink (right). (c) Raman spectrum of glossy paper with printed graphene ink. (d) XPS of glossy paper surface with printed graphene ink. 
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Figure 4. Performance of paper-based Inkjet-printed graphene in humidity sensing. (a) Capacitance change in paper sensor with RH change of 10–70%. (b) The effect of printing layers on the sensing performance of paper at constant RH. (c) Stability, (d) intraday repeatability, and (e) intraday repeatability of paper-based Inkjet-printed graphene in 10–70% RH range. 
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Figure 5. (a) The breath pattern of a subject under testing measured in terms of capacitance as a function of time during normal breathing (N), deep breathing (D), coughing (C), and the holding of breath (H). Single-sided amplitude spectrum of capacitance in (b) normal breath test, (c) deep breath test, and (d) coughing test. 
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Figure 6. (a) Continuous breath monitoring tests were performed under three conditions: normal breathing (12 breaths), deep breathing (7 breaths), and coughing (40 coughs) at every 1 minute, and the holding of breath for 10 s before the next one. The response time and recovery time of (b) a normal breathing and (c) deep breathing. 
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Table 1. Comparison of proposed sensor with other reported paper-based humidity sensor in the literature.
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	Type of Paper Substrate
	Sensing Material
	Fabrication Method
	Output Signal
	RH Range (%)
	a Response/

b Recovery Time
	Sensitivity
	Reference





	Filter paper (Whatman 4)
	carbon black (CB) and reduced graphene oxide (rGO)
	Coating and drying
	Resistance
	33–95%
	a 242 s/b 218 s
	
	
0.7 (33−75%)



	
1.5 (75−95%)





	[14]



	Printing paper
	Polyimide
	Laser writing
	Resistance
	0–90%
	-
	-
	[26]



	Cellulose filter paper
	cobalt chloride (CoCl2)
	Soaking and drying
	Voltage
	11–98%
	a 143 s/b 45s
	-
	[15]



	A4 printing paper
	A4 printing paper
	Facile pasting
	Current
	7.2–91%
	a 47 2s/b 19 s
	-
	[24]



	A4 porous paper (metallic pearl)
	graphite and silver nanoparticles
	Screen printing and pencil drawing technique
	Current
	70–95%
	b 1.5–2.5 s (depend on electrode gap)
	0.0564%
	[19]



	Printing paper
	glycidyl trimethyl ammonium chloride (EPTAC)
	Screen printing
	Impedance
	11–95%
	a 25 s/b 188 s
	
	
1.59(54% RH)



	
63.7 (95% RH)





	[15]



	Metalized paper (aluminum coated paper)
	polymeric layer
	Laser Ablation
	Capacitance
	2–85%
	a 266 s/b <10 s
	18.9 fF/%RH
	[24]



	Cellulose paper
	Carbon nanotube and polydimethysiloxane composite
	Screen printing
	Capacitance
	30–95%
	
	
a 1.178 s/b 0.88 s (normal breath)



	
a 1.56 s/b 1.6 s (deep breath)





	
	
0.375 pF/RH% (30–70%)



	
8.24 pF/RH% (70–95%)





	[19]



	Glossy paper
	Graphene printing ink
	Inkjet printing
	Capacitance
	40–70%
	
	
a 2.46 s/b 2.63 s (normal breath)



	
a 3.86 s/b 4.27 s (deep breath)





	0.03 pF/%RH
	This work







a response time of the sensor and b recovery time of the sensor.
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