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Abstract: In urban areas, people are systematically exposed to fine particulate matter (PM, )
while commuting or engaging in public activities. Therefore, it is crucial to use devices for mea-
suring PM, .. Low-cost sensors (LCS) are an emerging technology with the potential to enable
accurate measurements at a fraction of the cost and on a mobile platform. This study provides
insights into the construction, programming, and calibration of LCS-equipped devices, along
with the initial findings from pedestrian measurements on streets and avenues in the historic
center of Puebla. The results show that, in addition to vehicle emissions, the resuspension of par-
ticulate matter by automobiles at pedestrian crossings is an essential factor for PM, . exposure
among individuals who halt at traffic lights. PM, . levels in several areas of Puebla City’s historic
center exceed permitted levels, underscoring the importance of this research for public health.
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1. Introduction

Fine particulate matter (i.e., particulate matter with
aerodynamic diameter less than 2.5 pm) (PM, ) poses a
serious public health risk as it can enter the circulatory
system and accumulate in various body organs (Thangav-
eletal.,2022). In urban areas, PM, . is emitted from diesel
vehicles, fossil fuel burning, industrial activities, biomass
burning, and airborne dust.

To effectively measure PM, . exposure and mitigate its
effects, local governments worldwide must systematical-
ly measure ambient PM, . levels. However, the widespread
use of fixed monitoring stations is constrained by signif-
icant installation, operation, and maintenance costs,
particularly in low- and middle-income countries (Cromar
et al., 2019; Desouza et al., 2020). Moreover, fixed moni-
toring sites can only provide representative data within a
radius of up to 3 km and are generally unable to detect
high concentrations or sudden changes, unlike mobile
monitoring equipped with low-cost sensors (LCS) (Khreis
et al,, 2022; Pang et al., 2021).

LCS is an emerging technology for assessing pedestri-
an exposure to air pollution on urban roads. They offer
valuable information to improve public understanding
and communication of air quality (Feenstra, 2020; Gao
et al., 2015; Lee et al., 2019; Liu et al., 2020), especially
for those with health concerns, such as asthma, wheez-
ing, and seasonal allergies (Raysoni et al., 2023), and
in air quality planning (Omidvarborna & Kumar, 2024).
Likewise, LCS are optical sensors based on the miniatur-
ization of optical particle counters (OPCs) that use light
scattering to measure the particle-size distribution of fine
particulate matter, according to Mie scattering theory (Ye
et al., 2012). Unlike traditional air quality monitoring sta-
tions, a mobile LCS network enables dynamic monitoring
across the environment and delivers data with unprec-
edented real-time resolution (Desouza et al., 2020). LCS
also enables indoor monitoring applications, outdoor
air quality monitoring, emissions monitoring, port and
bulk-handling terminal monitoring, mining site moni-
toring, fence-line monitoring, IT hardware intelligence,
contamination hotspot testing, and personal exposure
monitoring, among others (WMO, 2024).

The bustling commercial, cultural, and tourist activi-
ty in the historical center of Puebla City poses a risk of
exposure to elevated PM, . concentrations exceeding
safe levels for pedestrians. In this paper, we introduce
the design and set-up of a device equipped with LCS

for PM, , also including temperature, relative humidity,
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Figure 1. Schematic representation of
the research methodology.

geolocation, time, and data storage/display modules;
the design of a protective carcass for personal and out-
door measurements; testing and calibration of devices
for accuracy, and results of mobile measurements in the
historic center of the city of Puebla to analyze pollutant
sources and PM, . exposure in pedestrian environments.

2. Materials and Methods

Figure 1 details the study’s stages. The process begins with
thoroughly documenting the technical specifications for
various sensors and electronic components, including GPS,
temperature and humidity sensors, particle sensors, aclock,
an LCD screen, and a storage module. Next, these com-
ponents are interlinked, programmed, and appropriately
encased. Next, we performed extensive sensor intercom-
parison tests to evaluate power supply performance and
ensure consistent measurements across all devices.

The technical specifications of the sensors offer in-
sights into the performance and functionalities of each
component integrated into two devices: the (i) PM, .
Mobile Monitoring Devices (MD) and (ii) PM, . Static
Monitoring Devices (SD). The SD were used to assess
reproducibility and for calibration purposes. Calibrated
MD were used to perform pedestrian georeferenced mea-
surements along four pre-established routes (R1, R2, R3,
and R4). The following sections provide insights into each
stage of this project.

2.1 Modules and Sensors
2.1.1 Geolocation

The NEO-6M GPS module in the MD determines precise
location using the Global Positioning System (GPS). It
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enables georeferencing for each measurement cap-
tured along the way. Location data is a vital metric for
correlating PM, . measurements with specific environ-
mental conditions within each zone. This enables the
identification of areas with higher pollutant concentra-
tions, offering a comprehensive spatial perspective on air
quality across locations.

2.1.2 Temperature and Humidity Sensor

The DHT11 sensor measures temperature and relative hu-
midity (RH). Itincorporates a thermistor whose resistance
changes predictably with temperature. As temperature
increases, resistance decreases; as temperature decreas-
es, resistance increases. This change in resistance is
directly related to temperature and is converted into a
digital signal by an analog-to-digital converter (ADC). The
temperature measurement’s resolution depends on the
digital output’s bitdepth. When generating humidity data,
the DHT11 sensor incorporates a hygrometer that mea-
sures the capacitance variation of a metal-oxide polymer
as ambient humidity changes (Adhiwibowo et al., 2020).
DHT11 sensors are typically factory-calibrated, ensuring
they operate within the manufacturer’s specified limits.
While factory calibration suffices for most applications,
manual calibration is an option. This process involves
comparing DHT11 readings against those of more pre-
cise sensors and applying software offsets to correct
temperature and humidity values as necessary. The
DHT11 sensor is an ideal choice for applications where
high precision is not required, offering an affordable and
practical solution. Its minimal maintenance consists of
simple tasks, such as cleaning the pins and ensuring the
sensor is free of visible damage. Additionally, it should be
protected from excessive moisture to maintain optimal
performance.

2.1.3 Particulate Matter Sensor (PM, )

The SDSO011 sensor operates by sampling ambient air
containing suspended particulate matter, using a fan to
draw the air into the sensor. Once inside, the air enters
the measurement chamber, where a laser and a photodi-
ode analyze the particulate matter. The laser emits light
at specific wavelengths, typically in the near-infrared
range. Notably, the SDS011 sensor uses two lasers: one
at 650 nm and the other at 780 nm. Such wavelengths
are suitable for detecting PM, . and PM,, particles, re-
spectively. The choice of wavelength is critical because it
determines how suspended particles interact with light.
In the SDS011 sensor, airborne particles scatter the laser

light. Two photodiodes, positioned at specific angles rel-
ative to the laser beam, measure this scattered light. The
first photodiode measures light scattered in a direction
that helps estimate the number of larger particles. The
second photodiode measures light scattered in another
direction, enabling estimation of smaller particles (Noth-
helfer et al., 2023). The amount of light correlates with the
number and size of particles in the air. By measuring the
received light, the sensor can determine the concentra-
tion and size distribution of airborne particles. After the
photodiodes detect scattered light, the signal-processing
phase begins, enabling the SDS011 to provide accurate
particulate matter readings. When the microcontroller
receives signals from the photodiodes, it uses algorithms
and equations based on optical and mathematical prin-
ciples to calculate the particle concentration in the air.
These calculations establish relationships between
scattered light and particle characteristics, translating
the amount of scattered light reaching each photodiode
into information about particle quantity and size. Once
the data has been processed, it is transmitted through
a communication interface. This interface is typically
digital, with options such as UART, UART-TTL, or USB,
enabling seamless communication with devices such as
microcontrollers, computers, and monitoring systems
(Badura et al., 2018). The data is sent in a specific frame
format, which includes headers and checksums to ensure
data integrity. The sensor transmits data at configurable
regular intervals. In this investigation, the transmission
frequency was set to every 2 seconds. Regular basic
maintenance, such as cleaning the air inlet port and pro-
tecting the sensor from prolonged exposure to adverse
conditions, is crucial to ensure accurate measurements
over time. Additionally, according to the manufacturer,
the sensor has a specified lifetime of one year. After this
period, it is necessary to check or recalibrate the sensor
to maintain measurement accuracy. Recalibration can be
performed by comparing the sensor readings with those
from calibrated reference equipment (Liu et al., 2019).

2.1.4 RTC Module DS3231

To accurately characterize PM, . concentrations, it is es-
sential to associate each measurement with the specific
time (hh:mm) taken. The Real-Time Clock (RTC) module
DS3231 provides precise time stamps for each measure-
ment. This module uses a quartz crystal with a stable
vibration frequency to generate an accurate signal for
time measurement. The crystal pulses are counted in bi-
nary, allowing the module to track time in hours, minutes,
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and seconds (hh:mm:ss), as well as in day, month, and
year (dd:MM) formats. Temperature changes can alter the
accuracy of time measurements; however, the DS3231
module includes built-in temperature compensation. This
circuitry adjusts the clock frequency in response to tem-
perature variations, ensuring consistent measurement
quality regardless of thermal changes. Additionally, the
moduleincludesabattery backup that maintains accurate
timekeeping even when external power is unavailable.

2.1.5 Data Display Interface

The LCD (I12C) display provides a direct interface for view-
ing real-time data. This allows an immediate review of
measurements and provides feedback on air quality at the
device’s location. In addition, it facilitates adjustments
and configuration changes, which are useful during the
calibration phase and to ensure that the equipment func-
tions correctly during measurements. The LCD I2C module
includes an 12C driver that manages communication be-
tween the Arduino and the display. This feature reduces
the microcontroller’s load and simplifies programming.
Several key points should be considered regarding main-
tenance to ensure optimal data transfer. These include
periodically checking the physical connections between
the 12C LCD, the PCF8574 converter, and the ATmega328P
microprocessor development board to ensure they are
properly connected and free of physical damage. It is also
essential to keep the associated libraries up to date to
ensure compatibility with the latest versions of the Ar-
duino IDE and benefit from potential improvements in
performance and stability (Akinwole & Oladimeji, 2018).

2.1.6 Data Storage

In addition to displaying data in real-time, storing all infor-
mation for later analysis is essential. The microSD module
enables recording and storage of all data obtained during
measurements. The device facilitates reading and writing
data to the microSD memory card using the SPI interface,
a synchronous communication protocol that enables fast
data transfer between devices. Ensuring that the microSD
card reader is connected correctly to the development
board and configured for proper SPI communication is
essential. The microSD card reader is an excellent choice
for projects requiring portable data storage. It offers di-
rect access through the development board and provides
a cost-effective, low-power solution. The durability and
ease of use of the microSD card make it ideal for standard
applications.

2.2 Implementing and Constructing

Measuring Devices

Two types of measurement devices were constructed:
static devices (SD) and mobile devices (MD). The SDs were
designed to be placed outdoors to collect data for sen-
sor calibration. The SD consists of a single development
board with an ATmega328P microprocessor, hereinafter
referred to as Circuit One (C1). The temperature, humidi-
ty, PM, ., microSD, and clock sensors are installed on C1.
The MDs are built for georeferenced measurements and
are designed to be economical and straightforward for
experimental purposes. These devices consist of two cir-
cuits. The first circuit corresponds to C1, as described
above. The second circuit (C2) includes GPS, clock, display,
and data storage modules. Integrating these two circuits
(C1 and C2) helps avoid memory saturation and prevents
interference between sensors. The development board
was programmed using the Arduino Integrated Develop-
ment Environment (IDE) to implement the sensors and
measurement devices. Arduino was selected for its wide-
spread adoption, user-friendly interface, and adaptability
to electronics projects. Its extensive developer commu-
nity provides robust technical support and a wealth of
online resources, making it effortless to find examples
and solutions for sensor integration.

Programming was executed in the Arduino IDE using
the C/C++ programming language native to Arduino. The
code was developed to configure and retrieve data from
PM2.5 particulate matter, temperature, and relative hu-
midity sensors. Each sensor requires specific libraries
to facilitate communication and ensure precise mea-
surements. The sensors are physically connected to the
development board via cables or pins to transmit data
and power. Each sensor requires specific connections for
power, ground, and data, which are identified and linked
to corresponding pins on the development board accord-
ing to the sensor’s technical specifications. In addition to
sensor integration, a display interface was implemented
to visualize data in real-time and facilitate user interac-
tion with the device. The code was designed to present
measured values clearly on the screen, enabling users
to monitor air quality in real time. A data storage device,
such as an SD memory card, was utilized to store the
collected data. The code included routines to save mea-
surement values into a log file on the memory card. This
allows continuous data storage over time, enabling later
analysis and interpretation.
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Arduino programming is accessible to individuals with
varying levels of programming and electronics experi-
ence, facilitating the implementation and development
of customized projects such as our low-cost air quality
measurement system, thereby enhancing monitoring ca-
pabilities in the municipality of Puebla. Detailed reference
to the programming lines of code used in both the static
measurement device (SD) and the mobile measurement
device (MD) is available upon request to the authors of
this manuscript. The housing was designed in SolidWorks,
enabling 3D modeling to create a virtual representation
with detailed specifications. After completing the design,
drawings were exported to ensure accurate laser cutting
and fabrication. A laser cutting machine was then used to
cut and engrave the MDF parts to specification, per the
SolidWorks design. Once the components have been cut,
the housing is assembled using cross-jointing and screws
to ensure structuralintegrity and secure the partsin place.

The housing features several openings: (1) to allow
airflow into the PM, . particle sensor, (2) to accommo-
date the GPS antenna for satellite signal reception, and
(3) for the display screen placement. Subsequently, tests
were conducted to verify that the housing fits the devices
and meets the design and functionality requirements es-
tablished in SolidWorks. This design is experimental and
requires optimization to serve as a prototype, potentially
leading to the future commercialization of equipment.
It is essential to adhere to electrical safety standards to
protect electrical devices installed outdoors. This en-
closure is moisture-proof (IP65), sunscreen-protected,
and anti-corrosion, providing additional security against
weather-related environmental hazards. The mobile
devices (MD) house circuits C1 and C2 for conducting
georeferenced pedestrian measurements were integrat-
ed into an MDF housing.

2.3 Mobile Devices (MD) Comparison

To evaluate reproducibility and test the MD’s autono-
my, simultaneous PM, . measurements were conducted
under stable conditions using four MDs. In addition to
theoretical calculations of each circuit’s consumption,
physical tests were conducted in which each MD was
connected to a 6V, 4A battery to assess performance and
autonomy. The correlation between the PM, . measure-
ments from the different MDs was also analyzed using
standard statistical methods.

2.4 Measurements at the Reference Site
Two SD were placed at the “Las Ninfas” (NIN) monitor-
ing station, positioned just below the air sampling inlets

of the reference sensors. The purpose of such measure-
mentsisto generate data for calibrating the measurement
devices. Hourly PM, . measurements from the NIN ref-
erence site and the SD were collected over two months
and compared. A multiple linear regression analysis was
performed to adjust the PM, . values measured by the
SD to the reference site measurements. The authorities
of the Puebla Environmental Secretariat granted access
to the NIN site facilities. The parameters derived from the
linear regression model, which is formed using PM, . from
SD and temperature and humidity measurements from
the NIN site, facilitate data calibration. These parameters
are subsequently applied to the on-foot measurements
conducted with the Mobile Device (MD) to enhance the
accuracy and reliability of the readings. The mean abso-
lute error (MAE) is calculated to evaluate the difference
between the reference data and the calibrated model
results.

2.5 Mobile Pedestrian Measurements

Georeferenced mobile pedestrian measurements were
conducted in the streets and avenues of the historic cen-
ter of Puebla using calibrated MD. These measurements
were taken during the daytime (11 AM) and the evening (3
PM). These times were selected because they correspond
to peak activity periods in the historic center, charac-
terized by high vehicle and pedestrian traffic as people
commute to work or return home. The measurements
were conducted along four specific routes (R1, R2, R3, and
R4) that start and end at “Las Ninfas” (NIN) Park, as shown
in Figure 2. Each pedestrian route takes approximately
45 minutes to walk. The routes were chosen to include
various typical areas such as residential, commercial, and
tourist zones. Factors such as vehicular flow, commercial
activity, public transportation availability, and green ar-
eas were considered.

Route R1 allows for measurements in areas with signif-
icant vehicular traffic and commercial activity. Route R2
was selected to evaluate areas with high pedestrian flow
and local businesses, which could influence air quality. In
contrast, the R3 route allowed for measurements in areas
near parks and green spaces. Finally, R4 included areas
with cobblestone streets and various types of vehicular
traffic. Photographic and video evidence were collected
during all the walks to later correlate sudden increases in
PM, . concentrations to emission sources.

The data cleaning process generated the following
outputs: (i) maps of roadway concentrations, (ii) time se-
ries plots of concentrations, and (iii) a frequency analysis
of peak PM, . concentrations by emission source. These
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Figure 2. Map of downtown Puebla and collection
data routes (R1, R2, R3, and R4), all of which started
and ended at the “Ninfas” (NN) monitoring site.

analyses provide valuable information for informed deci-
sion-making. They enable the identification of areas with
high particulate matter concentrations along avenues,
enabling targeted pollution control efforts, policies, and
actions to improve air quality in affected urban areas.

3. Results and discussion

3.1 PM, . Sensor Wiring Diagrams

The SD used to compare with the reference site is integrat-
ed into a single circuit, “C1,” as shown in Figure 3(a). This
figure shows a schematic of the connections between the
sensors (MicroSD, DHT11, RTC DS3231, SDS011, and LCD)
and the development board (Arduino UNO).

The MD used for on-foot measurements consists of C1
and C2 circuits. The C2 circuit incorporates a GPS mod-
ule that provides real-time georeferenced data, which
is displayed on a screen and stored on a Micro SD card
along with the registration date. The data logging date is
synchronized between C1 and C2, enabling seamless inte-
gration of both databases. Figure 3 (b) shows a schematic
of the connections for C2.

The circuits were housed in Static Devices (SD) for ref-
erence-site measurements and in Mobile Devices (MD) for
on-foot measurements, as shown in Figure 4.

(@)

RTC  Micro-SD :
DS3131

(b)

Micro-SD GPS

LCD DHTI11

VAl

—

Figure 3. Circuit diagram of circuits: (a) C1 and (b) C2.

o -
e

Figure 4. Image of (a) Static Devices (SD) for
reference site measurements and (b) Mobile
Devices (MD) for on-foot measurements.

3.2 Reproducibility and Intercomparison

of Measurements with MDs

Figure 5 shows the placement of battery-powered MDs for
simultaneous PM, . measurements.
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Figure 5. Simultaneous PM, . measurements
were performed using the MDs placed in a stable
environment inside the University of Puebla.

Figure 6 shows the temporal variation of PM, . concen-
trations (mg m-3) obtained with the four MDs. The four
devices operate similarly; they respond with the same
accuracy to sudden changes in PM, . concentrations. The
measurements are practically the same if the uncertainty
(+15%) provided by the manufacturer is considered.

Figure 7 illustrates the correlation between the MD
measurements. The ratio shown in 7(a) between MD,
and MD, is highly consistent, with a correlation close to
unity (0.96). Figure 7(a)-(e) shows that the ratios are gen-
erally above the 1:1 line, except for the MD3-MD4 ratio,
which shows the opposite trend. In some cases, such as
Figures 7(c) and 7(e), the linear fit shows that as particle
concentration increases, the differences between sensor
measurements also increase. However, this is not defini-
tive, as Figures 7(a), 7(b), and 7(d) show fits that are almost
parallel to the 1:1 line. According to the performance
tests, the MD operates effectively for less than 4 hours,
which is sufficient to complete mobile on-foot measure-
ments lasting less than one hour.

3.3 Battery Autonomy Time
The battery discharge time for C1 and C2 is as follows:

tdcy = 43% = 40h 1)
4Ah
tdcx = Fogsx = 42h (2)

As a result, the battery in C1 lasts 40 h and powers the
static device SD and an LCD screen. For C2, the battery
lasts 42 hours, which, when combined with the SD and
an LCD screen, forms the mobile device MD. These cal-
culations assume the use of separate batteries for each
circuit. Alternatively, a single battery could power the en-
tire MD, providing approximately 20.5 hours of discharge
time (6V, 4A battery). However, it is important to note that
during actual measurements, the discharge time may be
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Figure 7. Correlation between mobile devices (MD).
The black line represents a 1:1 ratio, and the red line
represents the linear fit to the MD correlation.

slightly less due to various factors. Additionally, the sys-
tem draws 50 mA in idle state. Given this information,
there is no issue with using the MD for monitoring, as the
time required to complete the pedestrian routes in a day
is less than 4 hours.
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Figure 8. Static device (SD) placed next to the
reference instruments at the Las Ninfas site (NIN).

3.4 Reference Site Measurements

Figure 8 (a)-(b) shows the placement of the SD just below
the air inlet of the “Las Ninfas” (NIN) reference monitor.
Figure 8(c) shows the interior of the SD equipped with the
PM, . LCS, the storage module, and the temperature and
humidity sensors.

Amultiple linear regression analysis is performed to fit
the LCS data for particulate matter assembled at the SD
to the reference-site data. Figure 9 shows the time series
of PM, . from (a) July 13 to July 17, (b) July 17 to July 21,
(c) July 26 to July 29, and (d) July 29 to August 2, 2022.

The fit of PM, . concentrations showed a moderate
correlation with the reference data (R2 = 0.61, RMSE =
7.3 mg m3). The MAE of the PM, . regression model is
between 4.9 and 5.2 g m=3, depending on the period of cal-
ibration, which agrees with the MAE intervalof 1.9t0 8.4 g
m-3 for SPS30, SD011, and OPC-N3, respectively, reported
by Hofman et al. (2022). This comparison is appropriate,
given that the PM, . concentrations in that study are like
those in this paper (< 20 mg m3). Although the calibrated
LCS derived from this study provides valuable insights, it
achieves only a moderate level of performance compared
with others’ reports. Table 1 summarizes the main fea-
tures (price and model) of different calibrated low-cost
sensors (LCSs) reported in the literature, highlighting the
achieved accuracy and the calibration algorithms used.

3.5 Mobile Measurements

The PM, . mobile measurements along the routes have
standard deviations of 3.26 ug m. Morning routes have
an average PM, . level (12.17 ugm-3), similar to that of the
afternoon (11.61 ugm3), and in both cases, the calibrat-
ed MD underestimates the reference values; the BIAS is
slightly lower during the afternoon (-5.08) than during the
day (-5.47). Figure 10 shows a map of the spatial distribu-
tion of the measurements and their correlation with the

—SD — LF —NIN

PM, 5 (ngm?)
=

o wn

317 14/7 15/7 1677 1777
Date

——SD — LF = NIN

PM, 5 (g m?)

26/7 217 2877 2077

PM, 5 (ug m?)

Figure 9. Time series of PM, . concentrations with static
devices (SD) and corresponding reference data from
the NIN site. The green line represents the fit of PM, .
concentrations after calibrating with multiple linear
regression (LF) for periods (a) July 13 to July 17, (b) July 17
to July 21, (c) July 26 to July 29, and (d) July 29 to August
2,2022. The whiskers represent one standard deviation.

time series of PM, . concentrations for route R1 on July
14,2022.

Likewise, photographs and videos captured during
the routes were used to identify PM, . sources. This iden-
tification process was complemented by a comparative
analysis of maps showing hot spots and graphs depicting
measurement data. The highest recorded peaks for each
route (R1-R4) on the morning and evening routes were
documented and attributed to specific emission sources,
as detailed in Table 2.
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Table 1. Summary of parameters to compare
different calibrated LCS PM, . results.

Make and Model  Cost RMSE R? Calibration
(USD) (mgm3) Method

Alphasense ~500 10.6 @LRM +
OPC-N3 Optimization
iPlug - 7.06 0.88 (PILRM (T + RH)
AM100
TPI - 7.85 0.87 (ILRM (T + RH)
Sniffer4D
Plantower 12 1.03 0.83 (F)LRM (RH)
PMS7003
Plantower, 26 - 0.67 ([dMLRM
PMS 5003
Nova Fitness, 26-60 - 0.83- (MLRM +
Alphasense, 0.92  Optimization
Sensirion,
SDS011, OPC-N3,
SPS30.

@ Kaur & Kelly, 2023, ?) Kang & Choi, 2024, 9Aix et al., 2023, @S et al.,
2020, ©Hofman et al., 2022.

Table 2. Frequency of occurrence of PM, . sources
associated with locations where recurrent increases in
particulate matter measurements were observed.

Route Number of Sources
v N C R BB
R1 838 337 183 526 19
R2 1027 303 211 317 35
R3 851 382 191 482 0
R4 956 238 269 338 0
Total 3672 1260 854 1663 54

VN = Vehicles; N = Natural, C=Crossing, R = resuspension; BB = Biomass
burning

Motor vehicles are the predominant source of emissions
in pedestrian areas (51%). We have identified two scenar-
ios that occur at crosswalks: (/) When pedestrians wait at
crosswalks, vehicles accumulate while awaiting a traffic
light change, often positioning themselves within prox-
imity (< 2m) to the pedestrians. In these instances, diesel
vehicles are the primary contributors to emissions; (ii)
In the second scenario, pedestrians wait at crosswalks
while vehicles drive at low speeds on poorly maintained
or cobblestone streets, not only the generation of PM, .
emissions, but also in the resuspension of dust from the

—PM;;
(ngm?)

10:36  10:58  11:20  11:42  12:04  12:26  12:48
Time (hours)

Figure 10. Hot spots map and diurnal variation of PM, .
(+3.2) along R1 route (morning) on July 14, 2022.

ground, accounting for 21%. The sources of biomass burn-
ing identified include small, fixed, or itinerant businesses
such as rotisseries or establishments that use firewood as
fuel. These sources were relatively scarce and were pri-
marily located near downtown (0.7%). Additionally, other
significant sources of particulate matter were found near
green areas such as natural parks. These open spaces,
which allow for greater wind flow, act as collectors of
dust, pollen, and other particulate matter, thereby con-
tributing to the recorded measurements, accounting for
15.9%.

4. Concluding Remarks

This study demonstrated the feasibility of utilizing Low-
Cost Sensor (LCS) technology to develop calibrated
devices for monitoring pedestrian exposure to PM, .. Spe-
cifically, these devices facilitate (i) the measurement of
PM2.5 exposure for pedestrians, (ii) the identification of
areas with high particulate levels during their routes, and
(iii) the detection of sources contributing to elevated PM, .
levels in downtown Puebla. Two types of circuits were de-
veloped. When used together, they form a mobile device
(MD). For the static device (SD), circuit C1 was modified
by removing the LCD screen. Both devices were equipped
with sensors for PM2.5, temperature, relative humidity,
GPS, timers, MicroSD storage modules, and displays for
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real-time data visualization. They were programmed on
an ATmega328P microcontroller using an Uno board,
which operates at 16 MHz and has 32 KB of Flash memory
and 2 KB of RAM. The Uno board also features 14 digital
pins, 6 analog pins, and serial and USB communication
ports. The MD was housed in a medium-density fiber-
board (MDF) casing, while the SD required an IP65-rated
enclosure to ensure waterproofing and protection from
physical damage.

Inter-comparisontestsshowed anaverage Pearson cor-
relation coefficient of 0.93 among the devices, indicating
consistent measurement behavior for PM2.5 concentra-
tions. Measurement discrepancies were attributed to a
+15% margin of error. Circuit C1 consumed 0.1 A, and
circuit C2 consumed 0.0954 A, allowing battery-powered
circuits to operate for up to 40 or 20 hours using a single
battery per circuit. Calibration using a multiple linear re-
gression model yielded a moderate adjustment accuracy
(MAE = 5.0; RMSE = 7.3 mg) for the device readings com-
pared to data from the “Las Ninfas” monitoring station.
This level of accuracy, though somewhat uncertain, is
comparable to that of other low-cost commercial sensors
operating under similar PM2.5 concentrations (Hofman
etal.,2022). The deviceis suitable for use in environments
with humidity levels not exceeding 90%, but calibration
should be tailored to specific environmental conditions.
For future studies, it is recommended to conduct a sensor
training period, involving measurements over at least 3
months across multiple locations, to improve confidence
in readings from low-cost sensors.

The results of this experiment are not directly appli-
cable to other seasons (Kang & Choi, 2024). It should be
emphasized that the experiment was conducted during
the rainy season in Mexico (June-September), which
provides information on the lower bound of PM, . con-
centrations to which pedestrians could be exposed. If
the experiment were conducted at another time of year,
in addition to the usual sources, which would be similar
at other times of the year, we would also have to add
higher background ambient concentrations and a greater
amount of dust in streets and avenues during the hot-dry
season (March to May) and similarly during the cold-dry
season (Decemberto February). Forthisreason,itisessen-
tial to conduct similar experiments at other times of the
year. The accuracy of measurement devices based on LCS
increases as particle size decreases, a relationship related
to airflow rate entering the devices and humidity (Kaur &
Kelly, 2023). The SDS011 low-cost sensor used in this ex-
periment measured both PM, . and PM,, concentrations;

however, we found that PM, ; concentrations showed poor
correlation with the reference measurements, and the
linear regression model was insufficient to significantly
reduce the gap between the experimental and reference
measurements. In this regard, only PM, . was used. On
the other hand, more recent LCS (e.g., SEN55) measure
ultrafine particulates (PM, () and NOx, whereas SDS011 is
limited to coarse and fine particulate matter. This study
was the first to measure pedestrian exposure to visitors
to the historic center of Puebla. However, we are currently
expanding the scope of the experiment to include mea-
surements of ultrafine particles (PM, ;) and considering
different heights to differentiate between children and
adults.

Survey data from Puebla’s historic center identified
motor vehicles as the primary source of sudden PM, .
spikes (57%), followed by particle resuspension (21%),
natural sources (15.9%), road crossings (10.8%), and
biomass burning (0.7%). Areas with cobblestone intersec-
tions or narrow streets experienced frequent increases
in PM, . concentration. To reduce particulate emissions,
public transportation routes should avoid unpaved roads
and cobblestone surfaces. Additionally, in areas where
pedestrians wait at traffic lights, maintaining a distance
of at least 1.5 meters from vehicles is recommended to
minimize exposure risk. Future studies should include
continuous PM, . measurements at crosswalks at dif-
ferent heights to assess personal exposure across age
groups.
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