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Article 
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Abstract: This publication aims to disseminate a step-by-step process that walks through the 

conceptualization and building of a low-cost (~$150 monitoring device for airborne fine particulate 

matter (PM2.5), based on miniaturized sensors and components. Details on the implementation of the 

hardware and software are provided which facilitate the data acquisition, capture and analysis. The 

central components and their setup discussed in what follows include: the sensor device (called 

“P.ALP”—Ph.D. Air quality Low-cost Project), Arduino IDE (Integrated Development Environment) 

and R code (open-access software). A monitoring device for PM2.5, using low-cost sensors and 

technologies was successfully conceptualized, designed, and implemented. The P.ALP monitoring 

system was designed and developed to be a basic device, which can be further customized and 

implemented using the wide range of low-cost sensors available on the market. 

Keywords: miniaturized monitors; Arduino; air quality; air pollution; exposure assessment;  

low-cost monitor 

 

1. Introduction 

1.1. Background 

An increasing interest in the development of small, portable, and low-cost sensors for measuring 

airborne particulate matter concentrations and PM2.5 specifically (i.e., airborne particles with 

aerodynamic diameter < 2.5 µm) occurred in the past decade [1]. Prolonged exposure to fine PM is 

well known to have significant impacts on health in both the general population [2–4] and workers 

exposed in occupational settings [5]. The increased use of “next-generation” sensors and devices (i.e., 

low-cost, miniaturized, placeable, wearable, and implantable sensor technologies) for occupational 

hygiene and their role in the future of workplace-exposure assessment and risk assessment has 

recently been widely discussed [6–14]. Even though commercially-available products for researchers 

and citizen scientists became widely available in the last decade, the push for research on NGMSs 

(“next generation” monitors and sensors) [13] originated mainly in the occupational hygiene domain, 

as interest in practical applications for personal exposure assessment has increased [15]. 

Environmental hygiene applications of NGMSs are also of particular interest: PM2.5 concentrations 

(as well as other air pollutant concentrations) exhibit significant spatial and temporal variability, that 
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may not be well described by the existing network of fixed-site monitoring stations [16,17]. The 

improvement of the detail of air pollution monitoring variability (especially in areas and settings 

where limited to no monitoring stations exists) could improve exposure assessment studies and thus 

also the understanding of the determinants of the exposure, possibly helping to reduce exposure and 

therefore the health risk [18,19]. As such, there has been a growing interest in new, lower-cost ways 

of measuring PM2.5 to achieve these goals [1]. Several technologies have emerged concerning the 

NGMSs, but the most relevant ones are based on optical methods (i.e., light scattering) for PM 

monitoring [1,11,13,20,21], making these sensors sensitive to changes in particle size distribution and 

composition, which may affect particle density and aerosol optical properties [20,21]. Further, these 

technologies could be affected by variations in temperature (T) and relative humidity (RH) [22,23] 

which must be taken into consideration during performance evaluation studies. 

1.2. Problem statement 

Overall, it is expected that the application of NMGS can make the exposure and risk assessment 

in environmental and occupational settings increasingly more convenient and more comprehensive 

[7,8,11,12,24]. To date, NGMSs cannot be used as reference-grade instrumentation for regulatory 

purposes, but they can be easily adopted for specific applications, improving exposure assessment 

studies in terms of spatiotemporal resolution, wearability, and adaptability to different types of 

projects and needs. When paired with reference methods, NGMSs can elevate the exposure 

assessment studies to a higher level of detail. Nevertheless, improvements are needed to further 

enhance the performance of NGMSs and allow their wider use in the field of exposure assessment 

[1,12,13]. There are plenty of different sensors and devices available on the market for PM2.5 

measurement, based on different measuring principles [13] but most of the devices are sold as “black 

boxes” (i.e., a system that can be viewed in terms of its inputs and outputs (or transfer characteristics), 

with minimal knowledge of its internal workings). For this reason, the users usually are not inclined 

to (or cannot) customize these devices to find out the best setting which can best accommodate their 

needs. Furthermore, the study’s design could be driven by the characteristics of the available 

instrumentation, rather than the actual needs dictated by the work, thus affecting the results of the 

study (i.e., the exposure assessment and the risk assessment process). 

1.3. Aim of the study 

Based on what is reported above, this study aims to document the process of designing and 

assembling a self-made complete device for monitoring PM2.5 as well as T and RH because these latter 

can deeply affect the PM data quality [11]. The device has been called P.ALP (PhD. Air Quality Low-

cost Project), and it was conceptualized and built using miniaturized and low-cost sensors and 

components. The miniaturized and low-cost components (which are widely available in normal 

public purchase channels as e-commerce websites at an affordable cost) and the here-reported step-

by-step guide about the device development, would allow anyone interested to get the components 

and to build their own monitoring device. 

2. Materials and Methods 

This paragraph describes the P.ALP monitoring system, based on an ArduinoTM board including 

the design specification and conceptualization (Section 2.1), the hardware components that have been 

acquired and assembled to create the device (Section 2.2) and the assembling of the device (Section 

2.3) that reports the PIN (Personal Identification Number) connections including the wiring diagram. 

The following subparagraph is about the software development, which is also fundamental for the 

usage of the P.ALP (Section 2.4). The latter section explains the usage of the P.ALP. (Section 2.5) 

reporting the user manual of the monitoring device. All the sensing hardware components were 

selected and acquired based on the outcomes coming from previous systematic literature reviews 

[12,13] because of their wide usage and reliability. 
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2.1. Design Specification and Concept 

To better introduce the readers to this section, the P.ALP will be described by splitting it into 

five different units: (i) the “microcontroller board unit”; (ii) the “sensing unit”, composed of a sensor 

for PM2.5 measurement, and a sensor for measurement of two additional parameters, namely 

Temperature (T) and Relative Humidity (RH); (iii) the “power supply” unit; (iv) the “data storage 

unit”; and (v) the “timing unit”. 

The conceptualization of the monitoring system (i.e., the relationships between the units listed 

above) is reported in Figure 1. Details of each hardware component are presented in Table 1 and 

Section 2.2. The microcontroller board unit (#1 in Figure 1—i.e., “the core” of the P.ALP) conducts the 

mathematical operation needed to convert the analog signals received from the two sensors (#2) (the 

sensing unit) into PM2.5 [µg/m3], T [°C] and RH [%] value and store this information in the data storage 

unit (#4). The “power supply unit” (#3) supplies energy for the entire system. The “timing unit” (#5) 

provides the right timing to the system, to have a “timestamp”, and therefore to create a series of data 

in chronological order, that can be stored in the “data storage unit” and then downloaded on a 

computer (#6). Proper software/code is needed to make the device work and to manage the collected 

data. Other peripheral materials (cables, adapters, etc.) may be necessary in the packaging phase. 

The description of the P.ALP implementation has been divided into three sections. Section 2.2 is 

focused on reporting all the hardware components that have been acquired and assembled to obtain 

the device. Section 2.3 reports the PIN connections and the wiring diagram of the device. Section 2.4 

is about software development, which is also fundamental for the usage of the P.ALP. 

 

Figure 1. Conceptualization of the P.ALP unit. * A computer with proper software/coding is needed 

to upload the code on the microcontroller board before the first use to make the device work and to 

handle the collected data. 

Table 1. Main units of the P.ALP monitoring system; Note: # In an early phase of the project Arduino 

Uno R3 ($28.50) board was used to design and develop the initial prototype of the device. Later, the 

Elegoo Uno R3 board was used, aiming to further reduce the costs of production of the device. * cost 

at the time of writing (July 2023). 

Unit Number Unit Name 
Components 

(Model, Manufacturer) 
Cost ($) * 

1 Microcontroller board unit # Elegoo UNO-R3 Board 16.99 

2 Sensing unit 
PMS5003 35.99 

DHT22 8.99 

3 Power supply unit Power-Bank  10.99 

4 Data storage unit 
Micro-SD card adapter; 12.99 

Micro-SD card 14.79 

5 Timing unit DS3231 8.99 

Generic hardware   

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 September 2023                   doi:10.20944/preprints202309.0111.v1

https://doi.org/10.20944/preprints202309.0111.v1


 4 

 

 Prototype board 5.99 

 (Solderable board) 9.99 

 USB type C to B converter 8.99 

 USB type C to A cable 7.99 

 Jumper wires 6.98 

 Airtight container 11.50 

Total Cost   

 The minimum cost of one prototype 151.81 

2.2. Hardware 

Table 1 shows a summary of each hardware component. A brief description of each component 

is provided below. 

2.2.1. Microcontroller 

Concerning the microcontroller board selection, the information collected by two recent 

systematic reviews of the literature [12,13] suggested that the most used microcontrollers are the 

ArduinoTM Uno R3 Board and the Raspberry Pi microcontroller. While both boards have pros and 

cons, it was decided to develop the prototype on the ArduinoTM Uno R3 Board because it is generally 

recognized as more user-friendly than the Raspberry Pi. The ArduinoTM Uno R3 board was used to 

design and develop the initial prototype of the device. In a later phase of the development, four 

Elegoo Uno R3 boards have been acquired, aiming to further reduce the production costs ($16.99 for 

the Elegoo board instead of $28.50 for the Arduino one) of the device. Elegoo Uno-R3 board (Figure 

S2) has the same characteristics as the Arduino one and it is also equipped with the ATmega328P 

microcontroller. 

2.2.1.1. Arduino/Elegoo UNO-R3 Board 

ArduinoTM and Elegoo Uno R3 (Figures S1 and S2) are low-cost microcontroller boards, 

equipped with the AT mega328P microcontroller, 6 analog input PINs (A0-A5), and 14 I/O digital 

PINs. The dimensions of the boards are 68.6 mm (length) and 53.4 mm (width). The boards can be 

powered through a 5V DC external power supply or also with the USB B port. All the specifications 

of the Arduino [25] and Elegoo [26] boards are summarized in Table 2. 

Table 2. Arduino and Elegoo Uno R3 microcontroller boards’ electronic components and their 

specifications. DC—Direct Current; I/O—Input/Output; PMW—Pulse-Width Modulation; SRAM—

Static Random Access Memory; EEPROM—Electrically Erasable Programmable Read Only Memory; 

LED—Light Emitting Diode. Source of the data [25,26]. 

Arduino Uno R3 Components Specification 

Microcontroller ATmega328P 

Operating Voltage 5V 

Input Voltage recommended 7-12V 

Input Voltage limit 6-20V 

Digital I/O PINs 14 (6 of those provide also PWM output) 

Analog Input PINs 6 

DC Current for I/O PINs 20 mA 

DC Current for 3.3V PINs 50 mA 

Flash Memory (Microcontroller) 32 KB 

SRAM (Microcontroller) 2 KB 

EEPROM (Microcontroller) 1 KB 

Clock Speed 16 MHz 

Built-in LEDs 13 
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2.2.2. PMS5003 Sensor 

The Plantower PMS5003 sensor (Figure S3) is a particle concentration sensor, which can be used 

to obtain the number of suspended particles (PM2.5) in the air and to output them, in the form of a 

digital interface, providing concentration data over time. The working principle is based on light 

scattering by using a laser to radiate suspending particles in the air, then collect scattering light to a 

certain degree and finally obtain the curve of scattering light change with time. The equivalent 

particle diameter and the number of particles with different diameter per unit volume can be 

calculated by a microprocessor-based on Mie scattering theory. Those types of sensors are commonly 

tested and calibrated by the producer on a standard aerosol (e.g., Arizona Road Dust—ARD) and 

then should be tuned in the field based on the optical performance of the sensor for the specific 

aerosol present in the environment. Moreover, based on PM2.5 data, the sensor, if properly 

programmed, can extrapolate data for PM1 and PM10 as well. The unit volume of the obtained particle 

number is 0.1L and the unit of mass concentration is µg/m3. The manufacturer uses a proprietary 

algorithm to convert the number of pulses to PM concentration. The standard option for digital 

output is the active mode which means that the sensor, once it has been powered, would send serial 

data to the host automatically. PMS5003 technical specs (Table 3) [27] and the PIN’s function 

definition (Figure 2 and Table 4) are reported below. 

Table 3. Plantower PMS5003 Technical index. DC—Direct Current. Source of the data [27]. 

Parameter Index Unit 

Range of measurement 0.3-1.0; 1.0-2.5; 2.5-10 µm 

Effective Range (PM2.5) 0-500 µg/m3 

Maximum Range (PM2.5) 1000 µg/m3 

Resolution 1 µg/m3 

Standard Volume 0.1 L 

Single Response Time <1 s 

DC Power Supply 5.0 (from 4.5 to 5.5) V 

Active Current ≤100 mA 

Standby Current ≤200 µA 

Working Temperature From -10 to +60 °C 

Working Humidity From 0 to 99 % 

Dimensions 50 × 38 × 21 mm 

 

Figure 2. Plantower PMS5003 PIN1 and PIN8 definition is a figure. 
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Table 4. Plantower PMS5003 connector definition. VCC—Voltage Common Collector; GND—

Ground; SET—set PIN; TTL—Transistor to Transistor logic; RX—receiver; TX—Transmitter; RESET—

reset PIN; NC—Not Classified; n.d.—not defined. Note: * Starting from the right one to the left one as 

indicated in Figure 2. 

PIN * Code Specification 

1 VCC Positive power 5V 

2 GND Negative power 

3 SET Set PIN/TTL level at 3.3V 

4 RX Serial port receiving PIN TTL level at 3.3V 

5 TX Serial port sending PIN TTL level at 3.3V 

6 RESET Module reset signal/TTL level at 3.3V 

7 NC n.d. 

8 NC n.d. 

2.2.3. DHT22 Sensor 

The DHT22 (also called AM2302) (Figure S4) is a low-cost humidity and temperature sensor. It 

provides, through digital signals, data about ambient temperature and relative humidity. It uses a 

capacitive humidity sensor and a thermistor to measure the surrounding air and generates a digital 

signal on the data PIN. DHT22 technical specs [28] (Table 5) and the PIN Definition (Figure 3 and 

Table 6) are reported below. 

Table 5. DHT22 technical specifications. DC—Direct Current; RH: relative humidity. Source of the 

data [28]. 

Parameter Specification 

Power supply 3.3-6V DC 

Output signal Digital via a single bus 

Sensing element Polymer capacitor 

Operating range humidity From 0 to 100 RH% 

Operating range temperature From -40 to 80 °C 

Accuracy humidity ±2%RH 

Accuracy temperature ±0.5 °C 

Resolution humidity 0.1%RH 

Resolution temperature 0.1 °C 

Sensing period 2s 

Dimensions 22 x 28 x 5mm 

 

Figure 3. DHT22 PIN definition. 
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Table 6. DHT22 connector definition. VCC—Voltage Common Collector; GND—ground. Note: * 

Starting from the left one to the right one as indicated in Figure 3. 

PIN * Description 

1 VCC (+5V) 

2 Signal 

3 GND 

2.2.4. Real Time Clock DS3231 

The DS3231 (Figure S5) is a low-cost I2C (Inter-Integrated Circuit) real-time clock (RTC) with an 

integrated temperature-compensated crystal oscillator (TCXO). The device incorporates a battery 

input and maintains accurate timekeeping when the main power to the device is interrupted. This 

RTC maintains seconds, minutes, hours, days, months, and years information. The DS3231 technical 

specs [29] (Table 7) and the PIN definition (Figure 4 and Table 8) are reported below. 

Table 7. DS3231 technical specifications. DC—Direct Current; VCC—Voltage Common Collector; 

SDA—Serial Data; SCL—Serial Clock; I2C—Inter-Integrated Circuit. Source of the data [29]. 

Parameter Specification 

Power Supply 2.3-5.5V DC 

Pullup voltage 5.5V 

Max voltage at SDA 0.3V 

Max voltage at SCL 0.3V 

Max voltage at VCC 0.3V 

Operating temperature From -45 to 80 °C 

Current consumption  <300 µA 

Accuracy (0-40 °C) ±2 ppm 

Battery CR2032 (3V coin) 

Communication interface I2C 

 

Figure 4. DS3231 PIN definition. 

Table 8. DS3231 connector definition. SQW—Square Wave Output; VCC—Voltage Common 

Collector; SDA—Serial Data; SCL—Serial Clock; GND—Ground. Note: * Starting from the left one to 

the right one as indicated in Figure 4. 

PIN * Description 

1 32K—oscillator output 

2 SQW—interrupt signal or square-wave output 

3 SCL—serial clock PIN for I2C interface 

4 SDA—serial data PIN for I2C interface 

5 VCC—power supply 

6 GND—ground 
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2.2.5. Micro-SD card adapter 

The micro-SD card adapter module (Figure S6) is the component that allows to store the data 

acquired from the sensors on a micro-SD card. The module includes an onboard ultra-low dropout 

voltage regulator capable of regulating voltage to 3.3V. The micro-SD card adapter also includes a 

74LVC125A logic level shifter chip, allowing for safe and easy communication with the 

microcontroller without damaging the SD card. The micro-SD card adapter technical specs [30] (Table 

9) and the PIN Definition (Figure 5 and Table 10) are reported below. 

Table 9. Micro-SD card adapter technical specifications. DC—Direct Current; FAT—File Allocation 

Table; SPI—Serial Peripheral Interface. Source of the data [30]. 

Parameter Specification 

Power Supply 4.5-5.5V DC 

Current requirement 0.2–200 mA 

File system supported FAT 

Card supported Micro-SD and micro-SDHC 

Communication interface SPI 

 

Figure 5. Micro-SD card adapter PIN definition. 

Table 10. Micro-SD card adapter connector definition. GND—Ground; VCC—Voltage Common 

Collector; MISO—master input slave output; MOSI—master output slave input; SCK—serial clock; 

CS—chip select. Note: * Starting from the left one to the right one as indicated in Figure 5. 

PIN * Description 

1 GND—ground 

2 VCC—power supply 

3 MISO—master input slave output 

4 MOSI—master output slave input 

5 SCK—serial clock 

6 CS—chip select 

2.2.6. Micro-SD card 

The micro-SD card is used to store the data acquired from the sensors, and processed by the 

microcontroller board, as an editable text file. The authors initially acquired four 1GB micro-SD cards 

(Figure S7) as data storage capacity was considered adequate for the project. If necessary to increase 

the storage capacity it is relatively inexpensive to acquire SD-Cards with higher capacity (as an 

example, in July 2023, a 16GB micro-SD is commercially available for $8.48). 

2.2.7. Mini PCB Prototype solderable Breadboard 

Initially, to build the P.ALP prototype, the authors used a prototype breadboard (Figure S8). 

Once the connections were defined, a tin solderable board (Figure S9) was acquired to avoid any 
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possible voltage drop due to the unreliable contact between the wire’s PINs and the prototype 

breadboard. 

2.2.8. USB type C to USB type B converter 

This converter (Figure S10) is used to be able to plug a normal power bank with the 

microcontroller board to provide its power supply. 

2.2.9. 4 Inch USB C cable 

The 4-inch cable, USB C male to USB A male (Figure S11), links the microcontroller board 

directly to the power bank. 

2.2.10. Power Bank 

The power bank (Figure S12) is the battery of the P.ALP and it can power supply the device for 

(at least) 48 hours. The authors acquired 4 batteries with a capacity of 10400mAh and equipped with 

a display that shows the percentage remaining of the charge, the electric potential in Volt (V), and the 

electric current in Ampere (A) that is coming out of the battery. 

2.2.11. Breadboard jumper wires 

The jumper wires were used to connect the microcontroller board with the sensors, the RTC, the 

solderable board, and the micro-SD card reader. All the electrical connections were made using these 

wires which are provided in a 120-wire kit by Elegoo (Figure S13). In this latter, there are 40 F/F 

(Female/Female) wires, 40 M/M (Male/Male) wires, and 40 F/M (Female/Male) wires. 

2.2.12. Storage lid/airtight container 

A plastic box (Figure S14) was used to protect all the components of the P.ALP and to allow its 

usage in outdoor conditions. The plastic box was drilled and cut on one of its sides because of the 

need to leave the sensor’s inlets exposed to environmental conditions. The capacity of this box is 1.6L 

and the dimension are 165 × 231 × 68 mm. While this is a temporary solution, it allows for easy access 

to the components of the prototype at any time. It is possible to manufacture custom-made houses of 

different designs and materials. 

2.2.13. Hardware acquisition 

All the components needed to produce a P.ALP device are available on the market through, at 

least, one e-commerce website (Table 11). 

Table 11. Suggested e-commerce links where is possible to buy all the hardware components. 

Hardware Components Where to buy it 

Arduino UNO-R3 Board [31] 

Elegoo UNO-R3 Board [32] 

Plantower PMS5003 Sensor [33] 

DHT22 Sensor [34] 

RTC DS3231 [35] 

Micro-SD card adapter [36] 

Micro-SD card [37] 

Prototype breadboard [38] 

Solderable board [39] 

USB type C to B converter [40] 

USB type C to A cable [41] 

Power bank [42] 

Elegoo jumper wires [43] 

Airtight container [44] 
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2.3. PIN Connections and Assembling 

In this paragraph, an explanation of how to connect all the hardware components through the 

jumper wires is provided. By following this step-by-step guide, it is possible to obtain the prototype 

of the P.ALP device in its ready-to-use configuration. In Figure 6 all the electric connections between 

the microcontroller board and the other hardware components are reported. Table 12 summarizes all 

the PIN connections. When all the connections are completed and carefully verified, it is suggested 

to replace the breadboard with the solderable board to avoid any possible voltage drop. By inserting 

the micro-SD card in the micro-SD reader, data will be stored as a text file. The USB type C to B 

converter and the USB type C to A cable are the last two components to use that allow to power 

supply of the P.ALP with the power bank. To protect all the components from atmospheric and dirty 

agents, it is suggested to place the device inside a case (for example an airtight container as suggested 

above), while leaving the PMS5003 and DHT22 inlets exposed to real environmental conditions (so, 

for example, it might be necessary to cut a hole in one side of the case as shown in Figure S15).  

 

Figure 6. Wiring diagram of the P.ALP unit. It must be noted that the breadboard, once the 

implementation of the P.ALP is ended, should be replaced by the solderable board. 

Table 12. Hardware PIN linkage. TX—transmitter; GND—Ground; “-“—Negative pole; VCC—

Voltage Common Collector; “+”—Negative pole; SDA—Serial Data; SCL—Serial Clock; MISO—

master input slave output; MOSI—master output slave input; SCK—serial clock; CS—chip select. 

Sensors/Components PIN linkage 

Plantower PMS5003 

TX à Digital PIN2 Microcontroller 

GND à Breadboard – 

VCC à Breadboard + 

DHT22 Sensor 

GND à Breadboard – 

DHT22 Out (signal) à Digital PIN4 Microcontroller 

VCC à Breadboard + 

RTC DS3231 

GND à Breadboard – 

VCC à Breadboard + 

SDA à SDA Microcontroller 

SCL à SCL Microcontroller 

Micro-SD card adapter 

GND à Breadboard – 

VCC à Breadboard + 

MISO à Digital PIN12 Microcontroller 

MOSI à Digital PIN11 Microcontroller 

SCK à Digital PIN13 Microcontroller 

CS à Digital PIN10 Microcontroller 
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2.4. Software Design 

2.4.1. Arduino IDE 

The Arduino IDE [45] is the open-source software used to write the sketch, which is the program 

that allows to acquire the data coming from the sensors and save it, as a text file, on the Micro-SD 

card. Once the code is uploaded on the microcontroller board it immediately starts to acquire data. 

The sketch for the P.ALP is available in the Supplemental Material (SM) as a text file that can be 

simply copied and pasted into another Arduino IDE, so it is ready to be implemented or uploaded 

on the microcontroller board. Since the sketch could not be used to efficiently handle data retrieved 

from the sensors, mainly due to different data acquisition rates of the different components, a 

dedicated R-code was written and implemented to solve these issues. 

2.4.2. R Code 

R software is an open-source programming language for computing and graphics, it allows the 

use of precompiled executables provided for various operating systems. An R code has been 

produced to solve the abovementioned P.ALP’s issues and it is available in the SM, ready to be used 

in the R environment. Running this code needs, the operator, to (i) take note of the daytime when the 

P.ALP is powered and, once the monitoring ends, (ii) take out the micro-SD card from the device and 

(iii) insert it in a PC. The R-code will read the “.txt” file saved on the micro-SD card and, after the 

manual insertion of the starting monitoring time, will create two different databases in “.csv” format, 

the first one with a one-second resolution and the second one with one-minute resolution. 

2.5. Use of the P.ALP 

In this paragraph, the correct usage of the P.ALP monitoring system is reported in 7 step-by-

step passages: 

1. Once the hardware of the P.ALP is assembled, the operator needs to upload the Arduino sketch 

(available in the SM) on the microcontroller board, to program it to acquire and save data. This 

latter operation must be conducted by connecting the board to a computer using the proper cable 

(provided with the board) and using the Arduino IDE software. For more detail on this 

operation, you could visit the official tutorial link [46]. 

2. Unplug the microcontroller board from the computer to shut down the P.ALP. At this stage, it 

is important to remove the micro-SD card from the micro-SD reader and format it. 

3. Once the formatted micro-SD card is inserted back into the P.ALP the device will be ready to be 

used. 

4. To start a monitoring session, turn on the P.ALP, by plugging in the power bank. The device will 

start measuring automatically. It is critical to take note of the monitoring start time (in 24-hour 

format—hh:mm:ss) and date (mm/dd/yyyy). This is because every time that the P.ALP is 

powered take as starting time the one at the last time “step 1” was performed. 

5. To stop the monitoring session, it is enough to unplug the power bank. 

6. Data are stored in the micro-SD. The R code (available in the SM) prepared for the use of P.ALP 

allows the operator to extract the collected data and organize results in two different databases, 

in which the data are ordered in chronological order with two different time resolutions (1 

second and 1 minute). During this operation, it is fundamental to insert in the R-code the correct 

starting time and date, previously noted, of the monitoring session and to select the correct 

directory in which we want to work. 

7. Once the databases have been saved on a different storage device, the operator must format the 

micro-SD card and put it back in the P.ALP. In this way, the device will be ready for the next 

session which can be performed by repeating the passages starting from Step 4. 
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3. Further Considerations 

3.1. Practical tips for assembling the prototype 

Before assembling the entire P.ALP system unit, each component should be tested separately to 

be sure that it works properly as a stand-alone. This phase consists of two steps: (i) Each sensor and 

electronic component should be tested using a multimeter to measure the power rating. Subsequently 

(ii) each component must be integrated separately one by one with the microcontroller board to 

ensure that, singularly, works as expected. Only at that time, it is suggested to integrate all the 

components aiming to build the first prototype. The software for the microcontroller board follows 

somehow the same procedure as the hardware development. Several pieces of code should be 

assembled in the Arduino IDE, then matched, and adapted to obtain the final code, which allows to 

save data from the sensors. The result of the previous phases is the P.ALP monitoring unit, able to be 

powered through a power bank or supplied by electrical current depending on the study design’s 

needs. 

3.2. Future Developments 

Four different P.ALP units were produced, and preliminary tests were conducted to verify their 

functionality, which has given a positive and satisfactory outcome. The technical functioning of the 

P.ALPs was assessed under several conditions to test its ability to perform in different types of study 

designs. As reported in the literature [12,23,47], the quality of the data generated by low-cost sensors 

is problematic, due to, for example, optical properties of the aerosol measured and interunit 

variability. The quality of the data will be evaluated and ideally managed creating correction factors 

(CF) which could be implemented straightly in the P.ALP code.  

The P.ALP monitoring system was designed and developed to be a basic device, which can be 

further developed in a modular setting following specific study design’s needs (e.g., other air 

contaminants, data acquisition rate, battery capacity, data storage, data format, physical bulk, etc.). 

P.ALP could be customized using the wide range of low-cost sensors available on the market 

[12,13,22]. Starting from this P.ALP version it is possible to reach several goals like an IoT (Internet 

of Things) device or implement a WSN (Wireless Sensor Network). These approaches could be 

adopted as the first step to obtain useful datasets (e.g., exposure maps, high spatiotemporal 

resolution information, and pollutants source identification) which could allow hygienists to better 

manage occupational and environmental risks. It is also critical to set that those technologies must be 

paired with traditional instrumentation which is validated and provides high-quality data. 

Implementing the P.ALP could be fundamental to making it usable in both outdoor [48,49] and 

indoor [50] environments. 

As mentioned, by following this step-by-step guide, it would be possible to obtain the prototype 

of the P.ALP device in its ready-to-use configuration. Shortly, a dataset collected in September and 

October 2022 at the Center for Direct Reading and Sensor Technologies, National Institute for 

Occupational Safety and Health based in Pittsburgh, PA will be analyzed and the results reported in 

a separate publication. Following previous publications like Borghi et al., 2018 [23], Ruiter et al., 2020 

[51] and the EPA Air Sensor Guide Book [52], the performances of the P.ALP unit will be evaluated 

under different exposure conditions, simulated through a calm air, well mixed aerosol Chamber with 

low spatial variability. The preliminary analysis of the abovementioned data has already been 

performed and suggests that the P.ALP could be used efficiently in monitoring studies [53]. A second 

dataset has already been acquired in-field, concerning 4 different microenvironments ((i) office; (ii) 

home; (iii) outdoor; (iv) rubber molding factory) to evaluate the P.ALP prototype also under real 

occupational exposure conditions. This latter will be analyzed aiming to place the P.ALP in its best 

application field. 
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4. Conclusions 

A monitoring device for PM2.5, using low-cost sensors and technologies was successfully 

conceptualized, designed, and implemented. This manuscript aims to allow the readers to build up 

their own monitoring devices starting from almost no knowledge about these topics. All the 

components needed to build a P.ALP can be purchased for about $150. Moreover, the verified and 

ready-to-use Arduino IDE and R codes needed to acquire and handle the monitoring data acquired 

by P.ALP are provided with the SM of this publication and could be used in open-access software. 

These codes can be freely used for data analyses. If results using this device and codes are published, 

the present paper should be acknowledged. Further development and implementation of the P.ALP 

will be performed to deeply explore and investigate the potential of these technologies. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Script S1: Arduino IDE sketch (text file); Script S2: R code (text file); Figure S1: 

Arduino Uno-R3 microcontroller board; Figure S2: Elegoo Uno-R3 microcontroller board; Figure S3: Plantower 

PMS5003 Sensor for Particulate Matter monitoring; Figure S4: DHT22 sensor; Figure S5: DS3231 Real Time Clock 

module; Figure S6: Micro-SD card adapter module; Figure S7: Micro-SD card; Figure S8: Prototype breadboard; 

Figure S9: Solderable board; Figure S10: USB type C (female) to USB type B (male) converter; Figure S11: USB 

type C (male) to USB type A (male) connection cable; Figure S12: 10400mAh power bank battery; Figure S13: 

Jumper wires Elegoo kit; Figure S14: Airtight container; Figure S15: Airtight box with the P.ALP’s environmental 

sensors. 
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