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ABSTRACT Air pollution is a critical contributor to the global climate change crisis and poses severe threats 

to human health worldwide. In this context, this paper introduces an innovative multi-sensor air quality 

monitoring (AQM) device designed to address the critical challenge of atmospheric pollution in urban 

environments. The AQM device features an optimized geometry specifically suited for mobility. It enables 

precise air quality (AQ) monitoring by measuring concentrations of NO2, O3, and CO, along with particulate 

matter (PM) across three size categories: PM1, PM2.5, and PM10. The AQM device ensures reliable 

operation across temperature variations from 10°C to 40°C and humidity levels ranging from 10% to 70%. 

Outdoor experiments were conducted in the city of Marseille to validate the efficiency of the AQM device 

and assess its ability to provide street-level air quality data. The AQM device was validated by comparing its 

measurements with data from four reference instruments (i.e., government-operated fixed stations) located 

within an 8 km radius of the center of Marseille. Real-time data is made available through a dedicated 

software server platform, offering geo-localized air quality information and detailed reports. The developed 

device offers excellent autonomy, with a full battery discharge lasting up to 28 hours, allowing it to be used 

throughout an entire day without the need for recharging. The proposed multi-sensor device was developed 

in the scope of the SMILE project (Self-calibrating air pollution Multi-sensors and ICDT platform to 

Leverage citizen’s Empowerment). The project aims to empower end users with the responsibility of carrying, 

activating, and monitoring their own sensor devices while utilizing specialized apps on their mobile phones. 

INDEX TERMS Air quality, Citizen’s empowerment, Monitoring system, Network, Sensor.

I. INTRODUCTION 

Since pollutants that may be present in the air have a direct 

impact on people's health and climate change [1]-[3], air 

quality has become a major concern. Thanks to increasing 

public awareness and easier access to information, both 

municipalities and citizens are becoming more interested in 

improving air quality (AQ) [4]. Facilitating access to a 

mobile AQ monitoring device that is affordable, accurate, 

and easily transportable could play a key role in educating 

citizens about the importance of AQ [5], [6]. 

Traditionally, AQ monitoring relies on static measurement 

units made of expensive and complex reference instruments 

[7]. These static measurement systems are usually larger, 

more energy-consuming and more expensive compared to 

mobile systems. A reference instrument is typically defined 

as a device certified by an official regulatory body and 

aligned with a reference method recognized in legal 

standards [7]. For instance, instruments to measure air 

pollutants for regulatory compliance purposes must be 

approved by the Environmental Protection Agency (EPA) 

for use in the USA or nominated for type testing according 

to the European Committee for Standardization (CEN) for 

use in the European Union. Reference instruments measure 

specific air pollutants to predefined criteria, such as 

precision, accuracy, drift over time, among others [8], to 

provide data that meets regulatory requirements. These AQ 

reference data [9] can have validity in courts of law. 

However, even though these static reference stations are 

highly accurate, their remoteness [10] could not permit to 
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map AQ at the street level. In this context, this article 

proposes the design of a mobile AQ monitoring device [11] 

able to provide personalized environmental information at a 

micro-scale (street level) leveraging a network of low-cost 

sensors deployed across a specific area.  

Mobile AQ devices are usually made of an integrated system 

that comprises one or more sensor sub-components and 

other supporting components needed to create a fully 

functional, autonomous and connected measurement device 

[8]-[17]. The deployment of these mobile systems [12] is 

pushed by recent developments in both microelectronics and 

wireless technologies which has enabled the rise of small, 

“low cost” and energy-efficient devices that that can be 

organized into networks [5], [10]- [12], [18]- [26]. In the 

scope of this work, a “low-cost” mobile sensor refers to the 

initial purchase cost of a single functional sensor system 

when compared to the purchase cost of a single reference 

instrument measuring the same or similar atmospheric 

parameter(s). A sensor system is considered “low-cost” if 

the price of such a system is 100X orders of magnitude lower 

than a comparable reference instrument. Based on this new 

generation of mobile sensors, AQM can now be achieved 

using readily deployable low-cost devices, transforming the 

way environmental pollution is approached. In the last few 

years, many projects involving dense low-cost sensor 

networks deployed in the field have emerged to better 

understand the spatial variability of air pollution, in 

particular within the Smart City trend [11], [12], [25], [27], 

[28]. The approach adopted in this work follows the 

approach adopted in the previous projects by leveraging a 

Wireless multi-sensor Network (WSN) where each citizen 

could use a low-cost mobile device as a wearable for AQM. 

The proposed device is used in combination with a cell 

phone to communicate its measurements via Bluetooth low 

energy (BLE) protocol. The cell phone relays measured data 

to dedicated servers via the different cell phone data 

communication protocols (Wi-Fi, EDGE, 3G or 4G) [29]. 

Regarding the targeted pollutants, the proposed device 

considers the following pollutants: (i) Reactive gases 

including NO2, O3, CO and (ii) particulate matter (PM) in 

various size classes. The Air Quality Index (AQI) is also 

directly provided by the device. 

Although the deployment of mobile sensors is within 

technical reach, important issues remain to be addressed. 

Recent scientific literature shows that the integration of 

different sensors in an IoT device at an affordable cost and 

under specific energy consumption constraints remains a 

challenge [5], [7]. In particular, the choice of sensors 

significantly impacts the battery lifetime. Moreover, 

selecting low-power sensors and optimizing operational 

parameters, such as sampling frequency (i.e., how often the 

sensors take measurements), can significantly extend battery 

life. Also, identical sensors may report measurement values 

differently, hence, sensor-to-sensor variations need to be 

evaluated accurately before deployment. On top of that, real-

time, geo-localized and high-resolution AQ data need to be 

guaranteed for better decision-making and public awareness. 

In this context, the main contributions of this work are: 

- The development of a low-cost, low-power, connected 

sensing device integrated with a mobile application for 

air quality monitoring. 

- The development of a collaborative server-side 

platform for data visualization and sharing. 

- The evaluation of the system's ability to measure, 

analyze, and report data in real-time for a specific area 

and across various use cases. 

The remainder of this paper is organized as follows: Section 

II describes the AQM device design and implementation at 

the hardware level. Section III focuses on the software level 

implementation of the AQM device. Section IV presents the 

experimental calibration and validation of the multi-sensor 

device before deployment with a focus on sensor-to-sensor 

variations. Section V is dedicated to a real urban 

environment experimentation (city of Marseille) and 

provides a benchmark of the device performances versus 

state-of-the-art AQ sensors. Section VI discusses the social 

impact of the proposed solution. Finally, Section VII 

concludes the paper. 

 
II.  HARWARE LEVEL IMPLEMENTATION 

A. AQM DEVICE DESIGN 

Fig. 1(a) presents the AQM device prototype along with its 

embedded sensors and supporting components (battery, 

USB charger, microcontroller with its integrated BLE 

antenna, Flash memory, etc.). The developed AQM device 

is powered by two 1-Ah Lithium Polymer batteries 

compliant with the device form factor, facilitating the 

device integration into its case (Fig. 1(b)). In addition to 

the rigorous selection of sensors, the project places 

significant emphasis on user-friendliness [21] as shown in 

Fig. 1(b) where a cloud-shaped prototype case housing the 

device is presented. This ergonomic design is intended to 

facilitate practical usage in both indoor and outdoor 

configurations. The designed enclosure ensures ease of 

handling and placement, allowing its integration into urban 

furniture ("street corners"). The device is combined with a 

mobile application to promote intuitive operation, making 

it accessible to a wide range of users (i.e., mobile 

application download), including citizens and city officials. 

Cost-effectiveness and compacity of the device have been 

improved by the design of a custom double-sided 

electronic board (Fig. 1(c)). The different modules 

constituting the AQM device are specified in the following 

subsection. 

B. AQM DEVICE SPECIFICATIONS 

Before the design stage, several critical requirements have 

been defined to ensure the proper operation of the system 

[30]: 

1. Temperature range: The device is designed to operate 

at temperatures of up to 40°C, ensuring it can 

withstand variable environmental conditions. 
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2. Form factor: The device's Printed Circuit Board (PCB) 

form factor has been constrained to a compact 35 mm 

× 47 mm size to facilitate its deployment. 

3. Power source: The device is designed to be powered 

by a rechargeable battery, ensuring its autonomy and 

mobility for urban deployment. 

4. Cost-effectiveness: Maintaining an affordable cost for 

the multi-sensor device is crucial, and it has been 

designed to be priced under $90 to ensure its 

accessibility. 

During the multi-sensor mobile device design, a particular 

emphasis has been placed on the reliability of all its 

components. The elementary sensors were carefully 

chosen to meet one of the main constraints of the device 

specifications, namely the power consumption. The target 

minimal operating time has been set to 12 hours without 

interruptions and with all sensors activated. 

C. AQM DEVICE MODULE CHOICE STRATEGY 

Table I shows a comparison of the main components of the 

AQM device (column 3) against similar items in terms of 

price and specifications (column 4). The following items 

have been considered: 

• BMD-360: This is the integrated, low-energy MCU 

that supports BLE communication [31]. 

• MX25R6435F: This 64Mb flash memory has been 

chosen to record various configuration parameters and 

measurement data [32]. 

• MICS6814: This sensor measures nitrogen dioxide 

(NO2) and carbon monoxide (CO) concentrations [33]. 

• PM3015: This sensor detects microparticulate matter 

that can impact AQ [34]. 

• ZMOD4510: This sensor is employed to monitor 

ozone (O3) concentration and to determine the Air 

Quality Index (AQI) [35]. 

• Si7006: This sensor is responsible for capturing 

temperature and humidity changes, ensuring that 

environmental conditions are properly sensed [36]. 

D. AQM DEVICE ENCLOSURE DESIGN 

The geometric analysis of the developed AQM sensor 

was conducted using a modeling tool during the 

prototyping phase. During this stage, the constituent 

material was meticulously selected to ensure the AQM 

device is protected against static electricity discharges. The 

enclosure was designed to allow heat dissipation without 

reducing the sensor's performances. For the mobile 

version, the proposed shape is designed to avoid sharp 

edges so as not to hurt the user (see Fig 1b). The production 

of a mini-series of 250 sensors was carried out with respect 

to DFMA (Design For Manufacturing and Assembly [37]). 

Molten wire additive manufacturing was used to prototype 

a master case that will be submitted to future users for 

feedback. After incorporating aesthetic elements (e.g., 

labels) and geometric adjustments, additive manufacturing 

[38] was employed to create a mass-production-ready 

enclosure to validate the constraints associated with IP 

(Ingress Protection) & IK (Impact Resistance) standards. 

 

 
FIGURE 1. (a) Prototype of the SMILE device, (b) enclosure design concept and (c) 3D visualization of the double-sided electronic 
board featuring a 35 mm × 47 mm form factor. 
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Table I 
Specification and Cost Comparison of Si7006, MICS6814, ZMOD4510 and PM3015 Sensors 

Module Specification BMD-360 Ophelia-I 

MCU for 

BT=BLE 
5.1 

Size 14x9.8x1.9 mm 7x9x2 mm 

Interfaces SPI, UART, I2C, GPIO, PWM, PDM UART, SPI, I2C, ADC 

Processing 64 MHz Arm Cortex-M4 processor 64 MHz Arm Cortex-M4 processor 

Memory 192 kB Flash, 24 kB RAM 192 kB Flash, 24 kB RAM 

Consumption 0.3 µA sleep, 7 mA transmit, 4.6 mA receive 0.3 µA sleep, 9.3 mA transmit, 6.8 mA receive 

Radio Output power=4 dBm, Sensitivity=-97 dBm Output power=4 dBm, Sensitivity (@50 Ω)=-93 dBm 

Price 4.80 € 9.27 € 

Flash mem 

Specification MX25R6435F S25FL064LABMFI013 

Size 4.1x4.1x0.6 mm 8x5.28x0.19 mm 

Interfaces SPI SPI 

Memory 64-Mb 64-Mb 

Life-span 100 000 Cycles and 20 years retention 100 000 Cycles and 20 years retention 

Clock rate 33 MHz 108 MHz 

Consumption Read 6.5 mA, Program 10 mA for 33 MHz, 

9 mA for 80 MHz read 

Read 20 mA, Program 17 mA for 108 MHz, 10 mA for 

50 MHz read 

High performance mode Up to 320 MHz fast read Up to 108 MHz 

Price 1.64 € 2.79 € 

CO/NO2 

sensor 

Specification MICS-6814 MICS-4514 

Detected Gas CO, NH3, NO2, et divers hydrocarbures CO et NO2 

Size 5 mm x 7 mm 5 mm x 7 mm 

Consumption 33mW 40mW 

Price 7 € 10,76 € 

PM 

Specification PM3015 HPMA115C0-004 

Detection PM1, PM2.5, PM10 PM1, PM2.5, PM4.0, PM10 

pm1, pm2,5 0~35µg/m3, ±5µg/m3 PM2.5: ±15 μg/m3; PM1.0, PM4.0, PM10: ±25 μg/m3 (0 
μg/m3 to 100 μg/m3) 

pm1, pm2,5 >35µg/m3, ±15% of reading   

pm10 0 ~100µg/m³, ±30 µg/m³ PM2.5: ±15 %; PM1.0, PM4.0, PM10: ±25% (100 μg/m3 

to 1000 μg/m3) 

pm10 101 ~1000µg/m³, ±30% of reading   

MTTF 37,297 hrs  87600 hrs 

Size 42×35×23.7 mm 44 mm x 36 mm x 12 mm (for compact) 

Consumption working 100mA, standby 20mA Inrush current 600mA, Supply current 80mA, standby 

current 20mA 

Price 16 € 77 € 

O3/AQI 

sensor 

Specification ZMOD4510 110-4xx 

Detected Gas NO2 (non-selective) O3 (selective and non-
selective depend on mode) 

Ozone 

Range 20 to 500 ppb (ozone) 0 to 500 AQI  0 to 10 ppm 

AQI ±50 - 

Ozone ±8% 2% 

MTTF proven over 15 years (5 years tested) Over 10 years 

Size 3x3x0.7 mm 20x20x3 mm 

Consumption 0.2 mW 50 µW 

Price 8.38 € 18.39 € 

Temp / HR 

sensor 

Specification Si7006-A20 Si7021-A20 

Temp ± 1 °C ± 0,4 °C 

HR ± 5 % ± 3% 

MTTF 10 years 10 years 

Size 3x3x0.75 mm 3x3x0.75 mm 

Consumption 60 nA standby, 150 µA Active 60 nA standby, 150 µA Active 

Price 2.5 € 7.95 € 

III.  SOFTWARE LEVEL IMPLEMENTATION 

Whether it is the mobile application or the server interface, 

creating a visually pleasing and user-friendly interface is 

essential. The latter bridges the gap between complex 

technology and everyday users, ensuring that monitoring 

and improving AQ in urban areas is a task that can be 

undertaken by all [28], [29], [39]. The software 

environment around the sensing device takes the form of a 

mobile application, which serves as an intermediary 

between the device and the data processing server, as 

depicted in Fig. 2. 

A. MOBILE APPLICATION 

The mobile application is the central component of the 

AQM system, serving as the interface between the users 

and the portable monitoring device. The mobile application 

enables users to activate or deactivate specific sensors to 

suit their needs and select specific measurement 

parameters (such as the capture period) for the different 
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sensors as shown in Fig. 3(a). Moreover, the application 

has been designed to maintain a stable BLE connection 

with the mobile device, ensuring smooth data transmission 

and user experience. The Flutter reactive BLE library [40] 

was chosen for its stability.   

B. DATA SERVER 

The server infrastructure is responsible for storing, 

managing, and facilitating access to the data collected from 

the portable monitoring device. The server was developed 

according to the following specifications: 

• Data Storage and Scalability: The server, designed 

to retrieve, store, and process data over time, is 

equipped with high-throughput connectivity and 

large storage capacity. The server also provides 

scalability to accommodate increasing volumes of 

data. 

• Authentication and Authorization: An 

authentication and authorization system has been 

implemented to regulate user access to specific data 

sets (e.g., access to a single user or multiple users’ 

data, access to a single gas or multiple gases, access 

to specific areas, etc.) and maintain security. 

• Data Visualization: The server offers different data 

visualization options, including displaying data on 

maps or in tabular form. Additionally, users can sort, 

and filter data based on various criteria to facilitate 

data analysis. The filtering can target specific gas, 

specific sensor devices, or a specific period. Fig. 3(b) 

presents PM2.5 measurement concentration results 

obtained in the city of Marseille. The color code 

ranges from green (0 µg/m3) to red (35 µg/m3). These 

limit values are implemented on the server side. 

 
FIGURE 2.  Sensing device (SMILE device) and data transmission through the mobile application to the data server. Request to 
the data server provide air pollution street-level information.  

 
FIGURE 3. (a) Mobile application interface and (b) server-side filtered data visualization (map in French) with gas concentrations 
provided at the street level. 
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IV.  AQM SYSTEM VALIDATION 

Different prototypes of AQM devices were tested in a 

laboratory climatic chamber for validation. The obtained 

results including the calibration are examined in this section. 

A. FACTORY CALIBRATION 

Temperature and humidity can significantly affect the 

accuracy of measurements in mobile monitoring systems, 

especially when it comes to pollutants. To implement a 

compensation scheme, a formula specific to each sensor is 

typically used which considers the sensor concentration 

sensitivity to temperature and humidity. The formulas 

developed in this section have been derived experimentally 

considering four different mobile devices. Before 

establishing the compensation formulas, the S17006 

temperature and humidity rate (HR) sensor is consistency 

evaluated. 
1) S17006 HR AND TEMPERATURE CALIBRATION  

The temperature and HR sensor accuracies are ±1°C and 

5%. To conduct the calibration, the PCB is placed inside a 

calibrated environmental chamber presented in Fig. 4 

which acts as a reference instrument [41].  

 
FIGURE 4. Temperature and humidity sensors 
characterization in a climatic chamber ( Smile device,  
battery,  climatic chamber and  reference instrument). 

 

The measurements are made with the card outside its 

casing for practical wiring reasons. However, it is 

important to note that the casing has been designed to allow 

the airflow to pass through it as much as possible. The card 

is powered by two batteries to reproduce the actual 

conditions of use. The temperature and humidity setpoint 

values are provided by the reference chamber: the climatic 

chamber temperature is changing from 10°C to 40°C with 

5°C step and the climatic chamber HR is changing from 

10% to 70% with a 20% step. These values are referred to 

as Temperature reference and Humidity rate reference 

respectively in Fig. 5. After stabilization, the temperature 

and humidity values provided by the 4 considered mobile 

sensor devices are recorded and compared to the setpoint 

values to compute the error. The evolution of the 

temperature (Fig. 5(a)) and HR (Fig. 5(b)) errors is shown 

with respect to the variations of the humidity setpoint 

levels for the 4 devices. It can be observed that the 

temperature differences remain stable around 2°C and the 

average HR difference is around 6%. To compensate for 

these differences, formulas (1) and (2) have been 

implemented for each device. 

 

comp raw OffsetT T T= +    (1) 

comp raw OffsetHR HR HR= +   (2) 

where (Tcomp,HRcomp) and (Traw,HRraw) represent the 

compensated and directly measured temperature and HR, 

respectively. Table II shows the different offsets computed 

for each device and integrated at the device firmware level. 
 

Table II 
Temperature and HR Compensation Offset 

Tested device TOffset (°C) HROffset (%) 

Device 1 -1.9 5.6 
Device 2 -2.4 6.6 
Device 3 -2.2 6.2 
Device 4 -1.9 5.8 

 

 
FIGURE 5. (a) Temperature and (b) HR measured errors with 
respect to reference curves before compensation for 4 
different devices.  
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FIGURE 6. (a) Temperature and (b) HR measured errors with 
respect to reference curves after compensation for 4 different 
devices. 

 
The application of the compensation formulas for the 4 

considered devices results is Fig. 6(a)-(b) where the sensor 

temperature and HR values are compensated. The average 

temperature error is maintained below 0.23°C and the HR 

one below 3.77%. 

 
2) NITROGEN DIOXIDE (MICS6814) 

A compensation formula is defined to track the NO2 

concentration changes according to temperature and HR 

variations as seen in Fig. 7. The formula is based on a 

matrix of different pairs of temperature and HR values. For 

different setpoint pairs (temperature, HR), the NO2 

concentration is measured. The temperature step is set to 

5°C (green curve) and the HR step is set to 20 % (orange 

curve). 

The NO2 raw concentration is expressed in ADU (Analog 

to Digital Converter (ADC) Unit) corresponding to the 

voltage at the sensor output measured by the 

microcontroller ADC. The ADU value is given by: 

max

0

outADC V
ADU

V
=   (3) 

where Vout and ADU represent the sensor output voltage 

and the ADC result, respectively. V0=3.3 V and 

ADCmax=4095 correspond to the ADC reference voltage 

and the ADC full-scale range (for a 12-bit ADC), 

 

 

 
 

FIGURE 7. Evolution of the NO2 concentration versus 
temperature and HR for 4 devices. 

 
respectively. From the NO2 concentration measurement 

matrix, the generic compensation formula is expressed in 

(4). Equation (4) parameters are provided in (5). 

 

𝐴𝐷𝑈𝑁𝑂2𝑐𝑜𝑚𝑝
= 𝐴𝐷𝑈𝑁𝑂2𝑟𝑎𝑤 + 𝑐ℎ1𝐻𝑅𝑐𝑜𝑚𝑝

2 + 𝑐ℎ2𝐻𝑅𝑐𝑜𝑚𝑝 + 𝑐ℎ3        (4) 

with: 

2

1 1 1 1

2

2 2 2 2

2

3 3 3 3

h comp comp

h comp comp

h comp comp

c a T b T c

c a T b T c

c a T b T c

 = − +


= + −


= − −

 (5) 

where 𝐴𝐷𝑈𝑁𝑂2𝑐𝑜𝑚𝑝  represents the compensated NO2 

concentration, 𝐴𝐷𝑈𝑁𝑂2𝑟𝑎𝑤  represents the measured 

concentration, and Tcomp and HRcomp are the compensated 

temperature and HR parameters, respectively. According 

to (4), the compensated NO2 concentration includes the 

raw one added to a polynomial regression expression 

accounting for the temperature and HR parameters. In (6) 

and (7), the ADU image is converted into actual NO2 

concentrations in ppm. 

2

2 ( )

α

NOratio
NO ppm

β
=   (6) 

with: 

𝑟𝑎𝑡𝑖𝑜𝑁𝑂2 =
𝐴𝐷𝑈𝑁𝑂2

𝐴𝐷𝑈0𝑁𝑂2
  (7) 

where α=1.007 and β=6.855 are coefficients supplied by 

the sensor manufacturer, ADUNO2 is the compensated ADU 

measurement and ADU0NO2 is the measurement after the 

initial laboratory calibration. 
3) CARBON MONOXIDE (MICS6814) 

The above-mentioned temperature and humidity 

compensation process is repeated for CO concentrations 

(i.e., the same matrix of temperature and HR pairs is used). 

The evolution of the concentration of CO for different 

temperatures and HR values is presented in Fig. 8. 

Temperature ranging from 10°C to 40°C (green curve) and 

HR ranging from 10% to 70% (orange curve).  
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FIGURE 8. Evolution of the CO concentration versus 
temperature and humidity. 

 
Based on Fig. 8, the extracted compensation formula is 

given by (8): 

𝐴𝐷𝑈𝐶𝑂𝑐𝑜𝑚𝑝 = 𝐴𝐷𝑈𝐶𝑂𝑟𝑎𝑤 + 𝑐ℎ1𝐻𝑅𝑟𝑎𝑤
2 + 𝑐ℎ2𝐻𝑅𝑟𝑎𝑤 + 𝑐ℎ3 (8) 

 

where 𝐴𝐷𝑈𝐶𝑂𝑐𝑜𝑚𝑝 and 𝐴𝐷𝑈𝐶𝑂𝑟𝑎𝑤are the compensated and 

raw CO concentrations, respectively. According to (8), the 

compensated CO concentration is made of the raw one 

added to a polynomial regression to compensate for 

temperature and humidity variations. Finally, the CO 

concentration in ppm is given by: 

 

𝐶𝑂(𝑝𝑝𝑚) =
𝐴𝐷𝑈𝐶𝑂𝑐𝑜𝑚𝑝−𝐴𝐷𝑈0𝐶𝑂

𝜃+
𝑇𝑐𝑜𝑚𝑝−𝜁

𝜂

  (9) 

where 𝐴𝐷𝑈𝐶𝑂𝑐𝑜𝑚𝑝 is the compensated CO concentration 

digital image, ζ=20, η=10 and θ are coefficients supplied 

by the manufacturer, 𝐴𝐷𝑈0𝐶𝑂  is the measurement after the 

initial laboratory calibration. Note that the proposed 

calibration focuses on compensating for the effects of 

temperature and humidity. Issues related to poisoning and 

drift are not addressed. 

B. DEVICE CO-LOCATION TESTS IN A CONTROLLED 
ENVIRONMENT 

To rigorously assess the sensor system precision across 

various pollutants in controlled indoor environments, a 

series of tests involving co-located devices has been 

conducted. A warm-up period tailored to each gas sensor is 

essential before taking measurements. This step ensures 

that both the sensors and the climatic chamber are fully 

operational. 
1) CARBON MONOXIDE (MICS6814) 

In CO co-location tests, two compensated sensors are 

placed within the same indoor setting. After CO gas 

injection, Fig. 9(a) and Fig. 9(b) confirm an excellent 

correlation between the two CO concentrations. In Fig. 

9(a), the two considered devices show the same trend for 

varying CO concentrations measured during 700 s. 

 
FIGURE 9. (a) Evolution of CO concentration during a gas 
injection test for 2 different devices and (b) correlation curve.  

 
In addition, the correlation curve plotted presented in Fig. 

9(b) shows that the two-device concentrations are well 

correlated. Indeed, if we use the coefficient of 

determination (R2) as the parameter of interest, we obtain a 

curve close to the y=x curve with R2 = 0.992. 
2) NITROGEN DIOXIDE (MICS6814) 

The co-location test method employed for CO 

concentration is similarly applied to NO₂ concentration. 

The co-location test results presented in Fig. 10(a) indicate 

that, for two different devices within the test window of 

1400 to 2400 seconds, the NO2 concentrations exhibit the 

same trend. In addition, the correlation curve presented in 

Fig. 10(b) shows that the two device concentrations are 

well correlated with R2 = 0.995. 
3) OZONE (ZMOD4510) AND AQI (ZMOD4510) 

Like its predecessors, the O3 sensor test results are very 

encouraging. The two tested devices' trend is similar with 

the exception of an offset for high and low concentrations
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FIGURE 10. (a) Evolution of the NO2 concentration during a gas injection test for 2 different devices and (b) correlation curve.  

 
FIGURE 11. Evolution of (a) O3 concentration during a gas injection test and (b) correlation curve.  (c) AQI index evaluation 
during a gas injection test and (d) correlation curve. 

 

as seen in Fig. 11(a). The strong correlation between the 

two devices presented in Fig. 11(b) is supported by an R2 

value of 0.956. The AQI indicates the overall state of air 

pollution. The higher the level of air pollution, the higher 

the AQI. To assess the sensor system's effectiveness in 

calculating the AQI, two co-located sensor concentrations 

are compared during NO2 and O3 injection. In Fig. 11(c), 

the AQI parameter evolution is plotted versus the O3 and 

NO2 concentration variations. Fig. 11(d) shows that these 

variations have a direct impact on the AQI value. 

Additionally, the AQI correlation line is once again 
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compared to the y=x curve. With an R2=0.98, the results 

are consistent across the two devices. 
4) MICROPARTICLES (PM3015) 

For PMs (PM1, PM2.5 and PM10), co-located sensors 

are tested using a nebulizer to diffuse particles. Fig. 12(a) 

shows that the PM concentrations exhibit similar trends 

pairwise. The correlation curves depicted in Fig. 12(b), 

12(c) and 12(d) are once again consistent according to the 

R2 parameter.  R2 results are summarized in Table III. The 

PM sensors utilized in this study demonstrate a strong 

correlation, with R2 values greater than 0.99. 
Table III 

R2 Coefficient of PM1, PM2.5 and PM10 

PM1 PM2.5 PM10 

0.99875 0.99875 0.99875 

C. DEVICE AUTONOMY EVALUATION  

An experimental characterization was performed to 

quantify the battery autonomy. AQM devices 1 and 2 were 

considered for the test protocol depicted in Fig. 13(a). An 

Arduino board connected to the AQM device is used to 

monitor the battery voltage over time and the smartphone 

terminal is used to display the battery autonomy evolution.  

In Fig. 13(b), we observe that the tested devices' battery 

discharge took 28 h, with all the sensors of the AQM 

activated along with a sampling time of 30 seconds. 

 

 
FIGURE 12. (a) Evolution of PM concentrations during particulate injection tests for 2 co-located devices, correlation curve for 
(b) PM1, (c) PM2.5 and (d) PM10. 

 
V.  OUTDOOR TEST AND COMPARISON WITH 
REFERENCE STATIONS 

In addition to laboratory tests, the following section 

evaluates the AQM device in real-world conditions in the 

city of Marseille, France. 

D. CONTEXT  

To conduct our experiment, we have first selected a route 

in the city of Marseille, which includes locations of air 

quality monitoring stations equipped with reference 

instruments (Fig. 14). The air quality was monitored at 30 

second intervals throughout the walking journey. As we 

approached within 2 meters of one of the four monitoring 

stations (Place Verneuil, Longchamps, Jean Moulin (which 

does not measure PM2.5) and Rabatau), we compared the 

measurements from our AQM device with those from the 

reference instruments. This comparison was conducted 

during a 30 minutes stop at each station. 
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FIGURE 13. (a) AQM device autonomy test protocol and (b) 
battery discharge results. 

 

E. PM2.5 WALK-MOVEMENT RESULTS  

The first experimentation involves conducting walk-

movement tests around four air quality stations acting as 

reference instruments and labeled with yellow markers in 

Fig. 14. It was determined that the most relevant pollutants 

to monitor in these sites are PM2.5 (i.e., sites with high 

traffic areas and construction sites). Fig. 15 shows the 

comparison between PM2.5 concentrations of the mobile 

sensor (30 seconds sampling time) and the concentrations 

of three different stations during a 10,000 s walk time. The 

comparison shows similar concentrations when the mobile 

sensor is close to the reference stations (less than 5 meters). 

Pollution peaks up to 80 μg/m3 are also detected due to 

occasional events such the proximity of trucks, smokers, 

etc. The obtained results highlight a good indicator of AQ 

for concentrations lower than 10 μg/m3 in Marseille urban 

area. 

F. OZONE AND PM2.5 STATIC EXPERIMENTAL 
RESULTS 

The second experiment considers a static test conducted 

close to an easily accessible reference station. O3 an PM2.5 

concentrations were measured every 30 seconds by the 

multi-sensor device. For the fixed stations (Marseille 

Longchamps), the particle concentration average was 

recorded every 15 minutes. 

 
FIGURE 14. Selected route in the city of Marseille for real-field urban tests. 

 
Measurement results were recorded for more than 14,000 

seconds. PM2.5 and O3 concentrations are plotted in Fig. 

16(a) and Fig. 16(b) respectively where the mobile device 

concentrations are compared with the fixed station 

(referred to as “Longchamps”) concentrations. The 

concentrations measured by the reference station show 

strong agreement with those recorded by the mobile sensor, 

achieving a R2 score of 0.91 for PM2.5 and 0.93 for O3. 

Also, it is worth mentioning that concentration peaks are 

also detected due to specific events (Parc Longchamps 

gardener's break).  

G. COMPARAISON WITH STATE-OF-THE-ART AQ 
DEVICES 

The innovative aspect of the proposed AQ device can be 

highlighted through a comparison with existing research 

studies[42]-[45]. Based on Table IV, we can state that the 

developed AQ device is innovative in terms of: 
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• The number of addressed pollutants: NO2, CO, 

O3, AQI, PM1, PM2.5, and PM10, 

• Compacity, 

• Mobility and portability for end-user citizens, 

• Battery lifetime (can last one day), 

• Accuracy. 

In addition, the AQ device is promising for potential 

applications to be explored in the continuation of the 

present study (e.g., monitoring of pollution data related to 

industrial sites). 

 
FIGURE 15. Evolution of PM2.5 concentrations during walking tests versus reference sites indicated in Fig. 14. 

 
FIGURE 16. Comparison of (a) O3 and (b) PM2.5 particulate concentrations with the Parc Longchamps reference site.
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Table IV 
Comparison of Gas and AQM Sensor Performances  

Device Name Measured Pollutants Power Source 
Accuracy (R² or 

others) 
Size Special Features 

AirVisual Pro [42] 
PM2.5, PM10, CO2, Temp, 

RH 
Battery/AC 

R² = 0.95 for 
PM2.5 

10.16 x 18.42 x 
8.26 cm 

Cloud data storage, mobile app 

PurpleAir PA-II 
[43] 

PM2.5, PM10 AC 
R² = 0.92 for 

PM2.5 
8.5×12.5 cm 

High data granularity, open 

API 
Aeroqual Series 300 

[44] 
O3, NO2, CO, VOCs Battery/AC R² = 0.90 for NO2 

19.5 x 12.2 x 

5.4 cm 
Swappable sensor heads 

Temtop M10 [45] 
PM2.5, HCHO 

(formaldehyde), VOCs 
Battery 

R² = 0.88 for 
PM2.5 

8.2 x 8.2 x 3.1 
cm 

Low-cost, portable 

Our work 
PM1, PM2.5, PM10, O3, 

NO2, CO, AQI, Temp, RH 
Battery/AC 

R² = 0.91 for 

PM2.5 and 0.93 for 
O3 

3.5 x 4.7 x 3.5 

cm 

Cloud data storage, mobile 

app, Low-cost, portable 

 

VI.  POLICY, CITIZEN, AND PUBLIC HEALTH IMPACT 

The SMILE project, with its ability to provide detailed data 

on local air quality, could play a key role in shaping public 

policies and raising citizen awareness in the PACA 

(Provence-Alpes-Côte d'Azur) region. For instance, in 

addition to initiatives led by AtmoSud, the regional air 

quality observatory agency in charge of reference stations, 

SMILE’s data could help refine the implementation of low-

emission zones (LEZ) in cities like Marseille and Nice by 

identifying pollution hotspots that are not currently well 

monitored. At the same time, by making SMILE’s data 

available to a large public through its dedicated application 

and online platform, SMILE could empower citizens to 

better understand air quality issues and act to protect both 

their health and the environment. For instance, citizens could 

use air quality information to avoid high-risk areas or times 

of day when pollution levels are at their peak. Additionally, 

on the public health side, SMILE’s data could be combined 

with local health statistics to identify areas with higher 

respiratory risks, supporting targeted prevention campaigns 

in collaboration with regional health agencies.  

VII.  CONCLUSION 

Air pollution, closely intertwined with daily life and global 

climate change, is a pressing concern for citizens and urban 

environments worldwide. In response to this challenge, the 

SMILE project, whose research work results are described in 

this paper, proposes a low-cost, mobile, and connected sensor 

device designed to provide street-level AQ data. The hardware 

and software design implementation of an innovative AQM 

devices is developed. A dedicated mobile application provides 

instant access to AQ data in the form of street-level mappings, 

offering geo-localized information. The device targets key 

reactive gases including pollutants such as NO2, O3, and CO, 

as well as PM in three size classes (e.g., PM1, PM2.5 and 

PM10). From a technical standpoint, the proposed AQM 

device was calibrated in a laboratory test room offering 

temperature and humidity control. The reliability of the sensor 

system has been assessed using two approaches: sensor-to-

sensor correlation results and comparison of the sensor results 

with those provided by a reference instrument. The evaluation 

demonstrated a strong correlation across various pollutants 

tested for co-located sensors, with particularly good results for 

PM. Real-world urban environment experiments were carried 

out by comparing the sensor data with reference stations in 

Marseille city. The results appeared to be well correlated 

between the reference instruments and the AQM devices. The 

developed AQM device is also innovative due to its ability to 

monitor different types of pollutants, along with its optimal 

design, portability, autonomy, and real-time data monitoring 

capability at an affordable cost (less than $90). 
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