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Abstract

:

We present the design, fabrication, and testing of a drone-mountable gas sensing platform for environmental monitoring applications. An array of graphene-based field-effect transistors in combination with commercial humidity and temperature sensors are used to relay information by wireless communication about the presence of airborne chemicals. We show that the design, based on an ESP32 microcontroller combined with a 32-bit analog-to-digital converter, can be used to achieve an electronic response similar, within a factor of two, to state-of-the-art laboratory monitoring equipment. The sensing platform is then mounted on a drone to conduct field tests, on the ground and in flight. During these tests, we demonstrate a one order of magnitude reduction in environmental noise by reducing contributions from humidity and temperature fluctuations, which are monitored in real-time with a commercial sensor integrated to the sensing platform. The sensing device is controlled by a mobile application and uses LoRaWAN, a low-power, wide-area networking protocol, for real-time data transmission to the cloud, compatible with Internet of Things (IoT) applications.
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1. Introduction


Detection and identification of volatile compounds in remote locations for air quality monitoring are crucial to establish and enforce environmental policies on greenhouse emission or provide early warning for dangerous air-borne agents. To enable these applications, gas sensors must not only feature high sensitivity and selectivity to specific molecules, but also have practical in-field characteristics, such as being compact, light-weight, deployable, and low cost [1,2,3]. One strategy consists of miniaturizing the design of gas sensing technologies first developed in research in laboratories. This approach was used for gas chromatography/liquid chromatography-mass spectroscopy (GC/LC-MS) [4,5], and ion mobility spectroscopy (IMS) [6,7,8]. In these contexts, such an approach can ensure high sensitivity as well as selectivity, but the structural complexity of these devices puts a limit on their minimal size and cost.



Previous work demonstrated that, when exploring new compact sensing technologies, graphene-based chemiresistors satisfy many requirements for gas sensing applications [9,10]. For example, their lightweight, low power consumption, and chemical stability position them advantageously to play a key role in future sensing technologies [11,12,13,14,15]. Notably, graphene-based sensors have an especially high gas detection sensitivity that can be attributed to the two-dimensional nature of the material, ensuring that adsorbed molecules on the surface significantly affect its macroscopic electrical properties [16,17]. Scalable approaches to fabrication of graphene, for example by chemical vapor deposition (CVD) or liquid phase exfoliation (LPE), provide a pathway to large-scale fabrication of sensor arrays [18]. Those advantages combined with recent progress on improving selectivity of graphene-based chemiresistors have made possible to envision the large-scale deployment of this technology for environmental monitoring and warfare agents detection [10,19]. Finally, graphene-based sensors have demonstrated mechanical strength and flexibility, which are essential characteristics to many devices used in real-life applications [20].



In parallel to the development of smaller gas sensing devices, programmable 32-bit microcontrollers (μC), such as ESP32, are increasingly used to achieve compact and portable processing platforms [21,22,23,24]. In addition to their small size and low cost, they are energy efficient and can readily interface with electronic hardware and components, such as Wi-Fi and Bluetooth transmitters. These hardware features are critical to enable Internet of Things (IoT) applications and allow emerging technologies, such as in-field gas sensing, [21,22,25,26] to be integrated into the design of unmanned automated vehicles. Among those, drones offer the ability to sample large remote areas, including those otherwise inaccessible due to geographical landscape or safety concerns. Therefore, there is considerable interest in developing sensing platforms with an architecture compatible with drone sizes, shapes, and movements [27]. A specific challenge is ensuring that sensing devices can be operated over large distances for remote monitoring and provide accurate readings despite the drone’s rapid movement and environmental fluctuations. In particular, changes in humidity and temperature are known to induce changes in graphene’s electrical properties, potentially leading to a high noise level when graphene is used as a chemiresistor [28,29,30,31]. Recent research showed that environmentally induced signal variations can be resolved when the device is kept at a high temperature of 110 °C [27]. However, this technique requires a heat-resistant hardware configuration and demands a higher power consumption, which reduces the battery lifetime. In other work, fluctuations were counterbalanced by real-time computer normalization using a model provided by a trained artificial neural network (ANN) [32]. Although showing promise, this technique requires a large dataset to train the algorithm and ultimately reach the desired accuracy.



Here, we report a drone-mountable sensing platform using a graphene chemiresistor array fabricated integrated to a battery-powered μC development board and accessible with short- and long-range wireless communication systems. More importantly, we demonstrate the possibility to integrate graphene-based sensing technology into a drone-mountable platform for real-life applications. We propose a compact design and explore some of the main limitations, including environmental noise caused by temperature and humidity fluctuations. In a lab setting, the device reading accuracy is similar to the one provided by a state-of-the-art multi-meter (Model 2400, Keithley Instruments, Solon, OH, USA). Tests performed during flights and under rapidly changing environmental conditions show a significant increase in noise level. We were able to reduce signal fluctuations by about an order of magnitude when normalizing the signal against independent temperature and humidity readings from a commercial sensor also integrated into the sensing platform.




2. Materials and Methods


We design a compact and light-weight (185 g) sensing platform using commercially available μC devices and compatible components (see Figure 1). The functional component is an ESP32-based development board, which controls the general operations of the device. The sensor array contains three graphene chemiresistors, which consist of 0.7 × 0.7 cm CVD graphene layers placed onto a 1.0 × 1.0 cm Si/SiO2 substrate with parallel gold electrodes deposited on the surface. The chemiresistors are fabricated following the technique described in [17]. Although the board can accommodate a fourth graphene sample, in this experiment we use instead a commercial static resistor, which monitors the electronic stability of the system.



A high-accuracy 32-bit analog-to-digital converter (ADC) monitors real-time resistance of the four devices by measuring the voltage across four reference resistances directly mounted on the sensor board. Note that the ADS1262 ADC model used in this configuration could allow up to eight channels to be read simultaneously. The μC performs a circuit calculation using these voltages to retrieve the resistance of each three chemiresistors and the static resistor (details in Supplementary Materials). These values are sent in data packets to another remote μC device, referred here as the gateway, via Semtech’s LoRa protocol using a 915 MHz center-frequency. The gateway then unpacks the packets and sends the resistance digital values to either: (i) a computer via serial cable or (ii) a smartphone running a mobile application allowing data transfer over Bluetooth. The LoRa communication in our application has been tested to work consistently at distances up to 1 km from the operator while sending a steady stream of data. This range can be improved by using higher gain antennas. Components used in the device configuration, such as the μC, ADC converter, and fan, are commercially available; here we present an original design, assembly, and overall architecture involving these components to demonstrate a drone-mountable sensing platform.



A commercial temperature and humidity (TH) sensor (model BME280) monitors environmental fluctuations. Its readings are used to normalize the graphene sensors’ response as we demonstrate later. A comprehensive functional diagram including all device components can be found in Figure S3 (see Supplementary Materials). The information collected by all sensors comprised in the platform is registered every 210 ms (or at a rate of 4.8 Hz). However, the device performs a moving average to reduce noise, yielding a time resolution of ~1 s and matching the time resolution of the BME280 sensor.



The sensing platform architecture is adapted to the drone size and shape (see Figure 2). The 3D printed casing has a length and width of ~85 mm and a height of 46 mm. An intake fan located at the top of the device allows air to flow across the sensing chamber, which contains both the quad sensor panel and TH sensor, and then exit by the exhaust located on the side of the casing. USB ports are used to charge the lithium-ion battery (right port) and access the ESP32 μC (left port) for firmware updates. PCB boards are stacked vertically to minimize lateral footprint. An adapter at the base of the casing ensures solid mounting of the device on the top of the drone. Note that the platform could not easily be located under the drone as it tends to obstruct optical sensors necessary for the drone’s advanced obstacle avoidance system.



We demonstrate the practicality of the device by testing it under different experimental conditions: (1) in a laboratory setting, inside an enclosure under a controlled environment, (2) mounted on a drone during an indoor flight, and (3) outdoor while being exposed to wind and sun. In the laboratory, experiments are conducted with a standard configuration (see Figure 3) for evaluating the sensing platform’s response when exposed to precise concentrations and exposure times of two target analytes: ethanol and water vapour. Although graphene-based chemiresistors are not especially sensitive to ethanol [33], here we use this low-cost, easily accessible, and low-toxicity chemical to demonstrate the concept of a compact and portable sensing platform. Three mass flow controllers (MFCs) are used to control the concentration of gases supplied inside a plexiglass enclosure in which the sensing platform is placed. Two gas lines are connected to a bubbler to provide saturated vapours of ethanol and water. Computer-automated 3-way valves allow us to determine the precise exposure time to each analyte. Indoor flight tests are conducted inside a 10 m × 5 m × 4 m drone area, allowing us to investigate the effect of the drone movement on the sensors. We also explore the ability to detect humidity changes while flying the drone. In these experiments, the drone is initially placed at one end of the drone cage, and a commercial humidifier at the opposite end. We fly the drone within 1 m of the water vapour jet of the humidifier for the detection test. Finally, in the third experimental setting, the sensing platform was tested outdoor under rapidly fluctuating conditions due to wind and sun exposure.




3. Results and Discussion


3.1. Tests in a Laboratory Setting


In a first experiment, the sensing platform is placed inside a plexiglass enclosure under steady conditions and we investigate the optimal sensitivity of the device by analyzing the noise characteristics with a series of continuous measurements. Figure 4a shows the corresponding data points collected by the sensing platform’s ESP32 μC and ADC components during a period of 575 s. Figure 4c shows that the distribution of data points is Gaussian-like and has a standard deviation of ΔR/R0 = 0.012%. The response ΔR/R0 provided by a sensor is defined as the change of resistance ΔR of the graphene sheet divided by its resistance R0 at the beginning of the experiment. We performed a similar series of measurements using a state-of-the-art sensor monitoring system. This system extracts the electrical resistance from the linear I-V characteristic curve obtained by a multimeter (Keithley 2400) by keeping the voltage constant and reading the current. Results shown in Figure 4b,d indicate a noise level that is only larger by a factor of two (ΔR/R0 = 0.006%). Considering that the standard laboratory data acquisition equipment is significantly more bulky and expensive than our compact sensing platform, we believe this comparison not only demonstrates the ability to use μC-based infrastructure for sensitive remote gas sensing, but also its potential to replace standard data acquisition equipment to save space and costs. All data acquisition in Figure 4 is performed at the common sampling rate of ~1 Hz.



In another experiment, also performed in the laboratory setting described in Figure 3, the sensing platform monitors devices’ resistance changes when we introduce analytes into the plexiglass enclosure. Figure 5a shows the recorded resistance changes of the three graphene sensors, G1, G2, and G3, and the static resistance, RStatic, (top panel), as well as the recorded relative humidity and temperature provided by the TH sensor (bottom panel). In this experiment, water vapour is first introduced in the enclosure. We see a correlation between the humidity level (blue line) and the signal (ΔR/R0) provided by the three graphene sensors, where R0 is the resistance at time 0 s. The fact that RStatic remains constant during the experiment demonstrates the stability of the electronic configuration and reliability of the resistance readings.



The signal G = ΔR/R0 of a graphene sensor depends on ambient humidity and temperature, which are varying parameters difficult to control in real-life applications. In practice, this can result in signal fluctuations reducing the sensor’s sensitivity to a targeted gas. Here, we independently measure humidity and temperature and use signal processing to account for the effects of these two environmental parameters on the sensor. We build a model, based on previous work [13,31], to calculate Gmod, the projected signal derived from humidity and temperature readings only:


   G  mod   = a Δ  H  a b s    e     E d     N A   k B  T     + b    (  T − 273.15  )   c   



(1)




where T is the temperature in K,   Δ  H  a b s    ( T )    is the change in absolute humidity, NA kB (referred as the gas constant 8.314 J/mol K) is the Avogadro’s number multiplied by the Bolzmann constant, and Ed is the energy for water desorption (4.64 × 104 J/mol [34]). The variables a, b, and c, are determined for each individual graphene sensor, as the relationship between the signal and the parameters in Equation (1) depends on intrinsic graphene electrical properties, such as the doping level [34]. These three variables are determined by minimizing the adjusted signal (   G  adj     =   G −  G  mod    ) during an experiment performed under rapidly fluctuating environmental conditions. We use the same values, listed in Table 1, in all other experiments to obtain the adjusted signal. Signal variations due to changes in humidity or temperature can then be significantly decreased, by about an order of magnitude (Figure 5a).



Figure 5b demonstrates the practicality of this normalization step to detect ethanol vapours. In this experiment, we trace the signal of a single graphene sensor while varying the concentrations of water and ethanol, both successively and simultaneously, inside the enclosure containing the sensing platform. The monitored relative humidity (blue line, bottom panel) indicates significant and random-like modulations, which are also reflected in the original signal G. After adjustment, most of these modulations are cancelled out and we are left with a signal perfectly correlated with the exposure times to ethanol. More strikingly, the slope of ΔR/R0 (green dashed lines) is changing accordingly to the ethanol concentration, which is equal to 7800 ppm in the light red region and 13,700 ppm in the darker red regions. Chemiresistors used in this work have a response time of ~20 min [10], which is defined as the time required for the sensor in a lab setting to display a signal ΔR/R0 reaching 90% the maximum signal associated with a constant analyte concentration. For real-life applications, other features, such as the maximum slope of the time-dependent signal, or a comparison between the responses provided by different types of sensors, could be monitored to reduce the time necessary to detect and identify chemicals [19]. Furthermore, a shorter response time and recovery time can be achieved by structural modifications of the sensing platform, e.g., by optimizing the chamber design [35], implementing a functionalization of the graphene surface [36], or using of a heterodyne sensing configuration [37]. The tests performed in a controlled laboratory setting show promises for the sensitive detection of specific gases in field applications under fluctuating environmental conditions. However, more external factors can potentially influence the signal when the sensor is mounted on a flying drone.




3.2. Indoor Flight Tests


As a first step towards assessing the performance of the drone platform in real-life environments, we mounted the sensing platform on a drone while collecting data with the sensors on-board. Figure 6a shows the signal measured while the drone is in motion. After switching on the sensing platform electronics and before activating the drone propellers (still switched off), we observe a slow but gradual rise in temperature causing a drift in the signal of all sensors. When the drone is in flight mode and starts hovering 0.5 m above the floor, the signal initially oscillates significantly but, within a minute, tends towards a plateau due to the increased air flow contributing to regulating the temperature. The drone is then kept at a constant height and repetitively moved over an 8 m distance at different speeds, first at ~1 m/s and then ~3 m/s. No significant changes can be observed due to the motion of the drone in the horizontal direction. We draw the same conclusion when the drone is repetitively moved vertically from 0.5 m to 3.1 m during the last series of measurements for this test.



We also investigated the response of the graphene sensors to a sudden increase in humidity during in-flight tests by approaching the flying drone to a humidifier releasing a jet of water vapour (Figure 6b). Interestingly, the monitored humidity varies irregularly in time and the largest related signal is observed during the time period corresponding to 11 to 12 min. We attribute the irregular fluctuation to the local increase in humidity induced by the humidifier jet, which is periodically sampled by our sensing platform as the drone propellers mix up different volumes of air in a turbulent manner. By monitoring the humidity and temperature with a TH sensor, we then use Equation (1) and the parameters listed in Table 1 to calculate Gadj and significantly reduce the effects of fluctuating humidity.




3.3. Outdoor Tests


In a final experiment, we investigate the response of the sensing platform when it is left outdoor (under direct sunlight at an ambient temperature of 24 °C, humidity 27%, and wind speed 11.3 km/h), while being exposed to fluctuating environmental conditions. The results are presented in Figure 7. After switching the device on, we immediately notice an increase in temperature due to the electronics warming up the device, but more importantly because of the direct sunlight exposure. This leads to a gradual increase in the graphene sensor signal, which simultaneously shows relatively large and fast fluctuations correlated to the varying relative humidity. We apply the normalization procedure based on Equation (1) to reduce the influence of these environmental factors and notice a significant decrease in signal fluctuation in the adjusted signal Gadj. The standard deviation of the three signals from the graphene sensors (G1, G2, G3) decreases, on average, from 0.53% to 0.08%. In other words, the noise decreases by a factor of ~7. For the experiment shown in Figure 7, the commercial TH sensor is an HDC1080 (instead of the BME280 used in previous experiments) with a time response approaching 10 s. As a result, a 50-sample moving average is applied on the graphene sensor signals to optimize the signal synchronization between all sensors. We would expect to significantly improve noise reduction using a TH and graphene sensors having a perfectly matching temporal response.





4. Conclusions


We demonstrate the use of a microcontroller (μC) and related components to produce a lightweight, compact, and low-cost platform, which can be mounted on a drone for remote gas monitoring over distances of 1 km. Under controlled conditions, our platform can relay a signal G (ΔR/R0) with relatively low noise (0.06%), only two times higher than the one measured with standard, state-of-the-art laboratory equipment. When exposed to water and ethanol vapours, graphene sensors show a clear response. We build a model of the graphene response as a function of monitored changes in humidity and temperature, and use it to obtain an adjusted signal Gadj independent of these two environmental parameters and distinctively revealing the presence of specific gases. We demonstrate this concept by exposing our sensors to fluctuating water vapour concentrations while detecting ethanol. Indoor flight tests show that the flying drone motion does not significantly affect the sensing response, especially when the platform temperature has reached an equilibrium. Finally, we demonstrate that fast-varying outdoor environmental conditions increase graphene-based chemiresistor noise. This poses a major obstacle to the deployment of sensing technologies in the field. However, cross-data analysis on data provided by a commercial temperature/humidity (TH) sensor and graphene sensors can be used in real-time to decrease unwanted signals created by environmental fluctuations. We demonstrate a noise reduction approaching an order of magnitude with room for further improvements, which can be achieved by perfectly matching the time response of the TH and graphene sensors. In our experiment, three graphene chemisensors fabricated with the same technique are tested simultaneously to demonstrate reproducibility. This compensation method for temperature and humidity is software-driven and can be easily applied to graphene-based sensor systems. In a lab-setting, we demonstrate that our platform can achieve a signal-to-noise comparable to the one obtained with high-quality commercial multimeters. Previous work has established correlations between air flow and the relative positioning of the sensors. The fan included in our device architecture helps sample the surrounding area but a more in-depth study of the placement and orientation of the air intake could still improve the overall performances of our gas sensing platform [38,39,40]. In future experiments, selected graphene-based sensors could be functionalized chemically or optically [33] to enhance sensitivity to specific gases and improve selectivity. A different sensing board design could also accommodate a larger number of sensors with graphene sheets of smaller area [41].
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The following are available online at https://www.mdpi.com/article/10.3390/s22062383/s1, Figure S1: High-level circuit schematic of resistance monitoring module of the graphene sample (a) Sensor board, (b) Analog to digital converter (ADC), (c) ESP32 microcontroller, Figure S2: Schematic of the circuit and sample calculation to retrieve the resistance of the graphene chemiresitor G1. V0 is provided by an external battery and voltage regulator, RG1 is the actual resistance of the graphene sensor G1, R1Ref is a 1 kΩ commercial resistor and V1 is the voltage read by the ADC. The same technique is applied to monitor the resistance of other graphene samples on-board the sensing platform as well as the static resistor, Figure S3: Complete functional schematic of the sensing platform.





Author Contributions


Draft preparation: J.P. (Jaewoo Park) and J.-M.M.; Project management: F.J. and J.-M.M.; In-lab test: J.P. (Jaewoo Park) and J.P. (Justin Power); Prototype development and in-field tests: F.J., J.P. (Justin Power), M.R., Y.E., and M.A.J.; Software development: J.P. (Justin Power), F.J., M.R., and A.R.; Data analysis: J.P. (Justin Power), F.J., M.R., and J.-M.M.; Supervision: A.L.-M. and J.-M.M. All authors have read and agreed to the published version of the manuscript.




Funding


The authors acknowledge financial support from the Department of National Defense of Canada (IDEaS-1-1A-CP-0122).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data supporting the findings of this study are available within the article and its supplementary materials.




Acknowledgments


We are grateful to Aditya Gupta, Paul Duivenvoorden, and John Zhao for technical assistance. We also thank the LTA Flight Lab for the indoor drone flying facility.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Feng, S.; Farha, F.; Li, Q.; Wan, Y.; Xu, Y.; Zhang, T.; Ning, H. Review on Smart Gas Sensing Technology. Sensors 2019, 19, 3760. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, D.M.; Hoyt, S.; Janata, J.; Booksh, K.; Obando, L. Chemical Sensors for Portable, Handheld Field Instruments. IEEE Sens. J. 2001, 1, 256–274. [Google Scholar] [CrossRef]

	



Ollé, E.P.; Farré-Lladós, J.; Casals-Terré, J. Advancements in Microfabricated Gas Sensors and Microanalytical Tools for the Sensitive and Selective Detection of Odors. Sensors 2020, 20, 5478. [Google Scholar] [CrossRef]

	



Vargas Medina, D.A.; Maciel, E.V.S.; Lanças, F.M. Miniaturization of Liquid Chromatography Coupled to Mass Spectrometry. 3. Achievements on Chip-Based LC–MS Devices. TrAC Trends Anal. Chem. 2020, 131, 116003. [Google Scholar] [CrossRef]

	



Holland, P.M.; Chutjian, A.; Darrach, M.R.; Orient, O.J. Miniaturized GC/MS Instrumentation for in Situ Measurements: Micro Gas Chromatography Coupled with Miniature Quadrupole Array and Paul Ion Trap Mass Spectrometers. In Proceedings of the First Jet Propulsion Laboratory In Situ Instruments Workshop, Bellingham, Passadena, CA, USA, 11–13 June 2002. [Google Scholar]

	



Kolakowski, B.M.; Mester, Z. Review of Applications of High-Field Asymmetric Waveform Ion Mobility Spectrometry (FAIMS) and Differential Mobility Spectrometry (DMS). Analyst 2007, 132, 842–864. [Google Scholar] [CrossRef]

	



Kafle, G.K.; Khot, L.R.; Sankaran, S.; Bahlol, H.Y.; Tufariello, J.A.; Hill, H.H. State of Ion Mobility Spectrometry and Applications in Agriculture: A Review. Eng. Agric. Environ. Food 2016, 9, 346–357. [Google Scholar] [CrossRef]

	



Li, L.; Wang, Y.; Chen, C.; Wang, X.; Luo, J. Comprehensive Theoretical Analysis and Experimental Exploration of Ultrafast Microchip-Based High-Field Asymmetric Ion Mobility Spectrometry (FAIMS) Technique. J. Mass Spectrom. 2015, 50, 792–801. [Google Scholar] [CrossRef]

	



Buckley, D.J.; Black, N.C.G.; Castanon, E.G.; Melios, C.; Hardman, M.; Kazakova, O. Frontiers of Graphene and 2D Material-Based Gas Sensors for Environmental Monitoring. 2D Mater. 2020, 7, 032002. [Google Scholar] [CrossRef]

	



Alzate-Carvajal, N.; Park, J.; Pykal, M.; Lazar, P.; Rautela, R.; Scarfe, S.; Scarfe, L.; Ménard, J.-M.; Otyepka, M.; Luican-Mayer, A. Graphene Field Effect Transistors: A Sensitive Platform for Detecting Sarin. ACS Appl. Mater. Interfaces 2021, 13, 61751–61757. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Huang, D.; Yang, Z.; Xu, S.; He, G.; Li, X.; Hu, N.; Yin, G.; He, D.; Zhang, L. A Review on Graphene-Based Gas/Vapor Sensors with Unique Properties and Potential Applications. Nano-Micro Lett. 2016, 8, 95–119. [Google Scholar] [CrossRef]

	



Demon, S.Z.N.; Kamisan, A.I.; Abdullah, N.; Noor, S.A.M.; Khim, O.K.; Kasim, N.A.M.; Yahya, M.Z.A.; Manaf, N.A.A.; Azmi, A.F.M.; Halim, N.A. Graphene-Based Materials in Gas Sensor Applications: A Review. Sens. Mater. 2020, 32, 759. [Google Scholar] [CrossRef]

	



Akinwande, D.; Petrone, N.; Hone, J. Two-Dimensional Flexible Nanoelectronics. Nat. Commun. 2014, 5, 5678. [Google Scholar] [CrossRef] [PubMed]

	



Bandodkar, A.J.; Jeerapan, I.; Wang, J. Wearable Chemical Sensors: Present Challenges and Future Prospects. ACS Sens. 2016, 1, 464–482. [Google Scholar] [CrossRef]

	



Yang, S.; Jiang, C.; Wei, S. Gas Sensing in 2D Materials. Appl. Phys. Rev. 2017, 4, 021304. [Google Scholar] [CrossRef]

	



Schedin, F.; Geim, A.K.; Morozov, S.V.; Hill, E.W.; Blake, P.; Katsnelson, M.I.; Novoselov, K.S. Detection of Individual Gas Molecules Adsorbed on Graphene. Nat. Mater. 2007, 6, 652–655. [Google Scholar] [CrossRef] [PubMed]

	



Rautela, R.; Scarfe, S.; Guay, J.M.; Lazar, P.; Pykal, M.; Azimi, S.; Grenapin, C.; Boddison-Chouinard, J.; Halpin, A.; Wang, W.; et al. Mechanistic Insight into the Limiting Factors of Graphene-Based Environmental Sensors. ACS Appl. Mater. Interfaces 2020, 12, 39764–39771. [Google Scholar] [CrossRef]

	



Bonaccorso, F.; Lombardo, A.; Hasan, T.; Sun, Z.; Colombo, L.; Ferrari, A.C. Production and Processing of Graphene and 2d Crystals. Mater. Today 2012, 15, 564–589. [Google Scholar] [CrossRef]

	



Yan, J.; Guo, X.; Duan, S.; Jia, P.; Wang, L.; Peng, C.; Zhang, S. Electronic Nose Feature Extraction Methods: A Review. Sensors 2015, 15, 27804–27831. [Google Scholar] [CrossRef]

	



Kitadai, H.; Yuan, M.; Ma, Y.; Ling, X. Graphene-Based Environmental Sensors: Electrical and Optical Devices. Molecules 2021, 26, 2165. [Google Scholar] [CrossRef]

	



Christoe, M.J.; Han, J.; Kalantar-Zadeh, K. Telecommunications and Data Processing in Flexible Electronic Systems. Adv. Mater. Technol. 2020, 5, 1900733. [Google Scholar] [CrossRef]

	



Arroyo, P.; Gómez-Suárez, J.; Suárez, J.I.; Lozano, J. Low-Cost Air Quality Measurement System Based on Electrochemical and PM Sensors with Cloud Connection. Sensors 2021, 21, 6228. [Google Scholar] [CrossRef] [PubMed]

	



Macías Macías, M.; Enrique Agudo, J.; García Manso, A.; García Orellana, C.J.; González Velasco, H.M.; Gallardo Caballero, R. A Compact and Low Cost Electronic Nose for Aroma Detection. Sensors 2013, 13, 5528–5541. [Google Scholar] [CrossRef] [PubMed]

	



Sarjerao, B.S.; Prakasarao, A. A Low Cost Smart Pollution Measurement System Using REST API and ESP32. In Proceedings of the 2018 3rd International Conference for Convergence in Technology, I2CT, Pune, India, 6–8 April 2018. [Google Scholar]

	



Prabowo, M.C.A.; Hidayat, S.S.; Luthfi, F. Low Cost Wireless Sensor Network for Smart Gas Metering Using Antares IoT Platform. In Proceedings of the International Conference on Applied Science and Technology (iCAST), Padang, Indonesia, 24 October 2020. [Google Scholar]

	



Suh, J.H.; Cho, I.; Kang, K.; Kweon, S.J.; Lee, M.; Yoo, H.J.; Park, I. Fully Integrated and Portable Semiconductor-Type Multi-Gas Sensing Module for IoT Applications. Sens. Actuators B Chem. 2018, 265, 660–667. [Google Scholar] [CrossRef]

	



Tanvir, N.B.; Yurchenko, O.; Laubender, E.; Urban, G. Investigation of Low Temperature Effects on Work Function Based CO2 Gas Sensing of Nanoparticulate CuO Films. Sens. Actuators B Chem. 2017, 247, 968–974. [Google Scholar] [CrossRef]

	



Hayasaka, T.; Kubota, Y.; Liu, Y.; Lin, L. The Influences of Temperature, Humidity, and O2 on Electrical Properties of Graphene FETs. Sens. Actuators B Chem. 2019, 285, 116–122. [Google Scholar] [CrossRef]

	



Quellmalz, A.; Smith, A.D.; Elgammal, K.; Fan, X.; Delin, A.; Östling, M.; Lemme, M.; Gylfason, K.B.; Niklaus, F. Influence of Humidity on Contact Resistance in Graphene Devices. ACS Appl. Mater. Interfaces 2018, 10, 41738–41746. [Google Scholar] [CrossRef] [PubMed]

	



Smith, A.D.; Elgammal, K.; Niklaus, F.; Delin, A.; Fischer, A.C.; Vaziri, S.; Forsberg, F.; Råsander, M.; Hugosson, H.; Bergqvist, L.; et al. Resistive Graphene Humidity Sensors with Rapid and Direct Electrical Readout. Nanoscale 2015, 7, 19099. [Google Scholar] [CrossRef]

	



Popov, V.I.; Nikolaev, D.V.; Timofeev, V.B.; Smagulova, S.A.; Antonova, I.V. Graphene-Based Humidity Sensors: The Origin of Alternating Resistance Change. Nanotechnology 2017, 28, 355501. [Google Scholar] [CrossRef]

	



Hossein-Babaei, F.; Ghafarinia, V. Compensation for the Drift-like Terms Caused by Environmental Fluctuations in the Responses of Chemoresistive Gas Sensors. Sens. Actuators B Chem. 2010, 143, 641–648. [Google Scholar] [CrossRef]

	



Park, J.; Rautela, R.; Alzate-Carvajal, N.; Scarfe, S.; Scarfe, L.; Alarie, L.; Luican-Mayer, A.; Ménard, J.M. UV Illumination as a Method to Improve the Performance of Gas Sensors Based on Graphene Field-Effect Transistors. ACS Sens. 2021, 6, 4417–4424. [Google Scholar] [CrossRef]

	



Smith, R.S.; Matthiesen, J.; Kay, B.D. Desorption Kinetics of Methanol, Ethanol, and Water from Graphene. J. Phys. Chem. A 2014, 118, 8242–8250. [Google Scholar] [CrossRef] [PubMed]

	



Lopez, L.; Copa, V.; Hayasaka, T.; Faustino-Lopez, M.A.; Wu, Y.; Liu, H.; Liu, Y.; Estacio, E.; Somintac, A.; Lin, L.; et al. Influence of Chamber Design on the Gas Sensing Performance of Graphene Field-Effect-Transistor. SN Appl. Sci. 2020, 2, 1185. [Google Scholar] [CrossRef]

	



Wu, J.; Tao, K.; Guo, Y.Y.; Li, Z.; Wang, X.T.; Luo, Z.Z.; Feng, S.L.; Du, C.L.; Chen, D.; Miao, J.M.; et al. A 3D Chemically Modified Graphene Hydrogel for Fast, Highly Sensitive, and Selective Gas Sensor. Adv. Sci. 2017, 4, 1600319. [Google Scholar] [CrossRef] [PubMed]

	



Kulkarni, G.S.; Reddy, K.; Zhong, Z.; Fan, X. Graphene Nanoelectronic Heterodyne Sensor for Rapid and Sensitive Vapour Detection. Nat. Commun. 2014, 5, 4376. [Google Scholar] [CrossRef]

	



Kim, J.S.; Lee, M.J.; Nam, H.; Do, S.; Lee, J.H.; Park, M.K.; Park, B.H. Indoor and Outdoor Tests for a Chemi-Capacitance Carbon Nanotube Sensor Installed on a Quadrotor Unmanned Aerial Vehicle for Dimethyl Methylphosphonate Detection and Mapping. ACS Omega 2021, 6, 16159–16164. [Google Scholar] [CrossRef] [PubMed]

	



Do, S.; Lee, M.; Kim, J.S. The Effect of a Flow Field on Chemical Detection Performance of Quadrotor Drone. Sensors 2020, 20, 3262. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Qi, L.; Zhang, H.; Musiu, E.M.; Yang, Z.; Wang, P. Design of UAV Downwash Airflow Field Detection System Based on Strain Effect Principle. Sensors 2019, 19, 2630. [Google Scholar] [CrossRef]

	



MacKin, C.; Palacios, T. Large-Scale Sensor Systems Based on Graphene Electrolyte-Gated Field-Effect Transistors. Analyst 2016, 141, 2704–2711. [Google Scholar] [CrossRef]








[image: Sensors 22 02383 g001 550] 





Figure 1. Diagram of the main functional components of the gas sensing platform. A battery powers the development board (ESP32 μC), which controls the graphene chemiresistor array via a 32-bit analog-to-digital converter (ADC). A fan, a long-range communication (LoRa) module and a commercial humidity/temperature/pressure sensing device are also accessible by the ESP32 μC using the I2C communication bus. 
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Figure 2. (a) Schematic of the gas sensing platform showing components and configuration. (b) Photo of the gas sensing device mounted on top of a drone, and unmounted in inset, with dimensions comparable to a tennis ball. 
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Figure 3. Schematic of the automated experimental setup used to characterize the sensor responsivity to different chemicals species (ethanol and water vapour) diluted in a N2 carrier gas. The sensing platform is located inside a plexiglass enclosure. 
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Figure 4. Resistance measurements of a graphene sensor under steady state conditions (a) measured with our sensing platform combining a μC and 32-bit ADC, and (b) extracted from the linear I-V characteristic curve obtained by an external multimeter (Keithley 2400) by keeping the voltage constant and reading the current. (c,d) show the statistical distribution of the time-dependent data presented in (a,b), respectively. 
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Figure 5. (a) The sensing platform inside an enclosure allows us to remotely monitor the signal (ΔR/R0) of three graphene sensors, G1, G2, and G3, one static resistance RStatic (top panel, with a vertical offset of 1% between all readings), as well as the relative humidity and temperature provided by the TH sensor (bottom panel). As we introduce varying concentrations of water vapour inside the enclosure a correlation is observed between the G’s and the humidity. We use Equation (1) to adjust the graphene sensors’ response to a signal, Gadj, more independent to fluctuations in humidity and temperature. (b) The experiment is repeated with one graphene sensor while introducing different concentrations of ethanol vapour (red regions) and water vapour (not indicated with background color but traceable from the relative humidity readings). The light red region corresponds to an ethanol vapour concentration of 7800 ppm and the darker red region to a higher concentration of 13,700 ppm. 
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Figure 6. The sensing platform mounted on a flying drone measures and relays in real-time the changes in resistance of graphene sensors while also monitoring the relative humidity and temperature with a commercial sensor (bottom panel). (a) The changes in the sensing response as a function of drone motion is investigated by performing measurements when the drone is powered off and on the ground (red region), hovering (yellow region), moving horizontally at speeds of 1 m/s and 3 m/s (green regions), or moving vertically (blue region). (b) As the flying drone is approaching a humidifier, the signal G relayed by the graphene sensors (only one is shown here) features large irregular oscillations. Equation (1) and parameters listed in Table 1 allow us to calculate Gadj, a signal independent of environmental variations such as humidity and temperature changes. 
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Figure 7. The sensing platform located outdoor allows us to remotely monitor the signal (ΔR/R0) of three graphene sensors, G1, G2, and G3, one static resistance RStatic (top panel), as well as the ambient relative humidity and temperature provided by the TH sensor (bottom panel). Equation (1) is used to decrease the effects of the change in humidity and temperature on G, to obtain the adjusted signal Gadj. A vertical offset of 2% for G2/G2adj and 4% for G1/G1adj is added for clarity. 
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Table 1. Fitting parameters used in Equation (1) to remove humidity and temperature dependence on signals from the three graphene devices in our sensing platform.
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	a (×10−9)
	b (×10−4)
	c (×100)





	G1
	4
	1.5
	2.8



	G2
	7.5
	1.6
	2.85



	G3
	4.9
	1.65
	2.7
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