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Abstract. Air pollution in one of the main problems that big cities have
nowadays. Traffic congestion, heaters, industrial activities, among others produce
large quantities of Particulate Matter (PM) that have harmful effects on citizens’
health. This paper presents the design, development and initial validation of a
wearable device for the detection of PM concentration, with communication
capacity via WiFi and Bluetooth Low Energy and an end user interface. The
results are promising due to the high accuracy of measurements collected by the
developed device. This solution is a step forward in empowering citizens to
prevent being exposed to high levels of air pollution and is the beginning of what
could be a macro-network of air quality sensors within a Smart City.
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1 Introduction

Air pollution affects the quality of life (QoL) of people in large cities [1]. Vehicular
traffic, heaters and lack of clean transport alternatives are some of the causes of this
problem [2]. According to the World Health Organization, only 20% of cities world-
wide comply with the required air quality standards [3].

Among the most dangerous pollutants, the Particulate Matter (PM) is one of the air
pollutants that causes most damage to people’s health due to its characteristics of size
and composition [4]. PM;y or Coarse Particles have a diameter of less than 10 pg,
PM, 5 or Fine Particles less than 2.5 pg, and PM, less than 1 pg/m? [5].

Due to the long-term exposure to air pollutants, especially PM, 5, the mortality of
people with chronic diseases is increasing [6]. Cardiovascular, respiratory and neu-
rodegenerative diseases are directly affected by the effects of these pollutants [7, 8].
One of the ways to reduce exposure to pollution is by providing awareness about the
pollution levels within the cities. Smart Cities offer data that come from the air quality
stations installed in the city from which different services and applications (e.g. PulsAir
application [9]) could gather data to empower citizens with urban, environment and
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health recommendations. However, the data currently available come from fixed sensor
stations, and do not necessary cover the entire city.

On the other hand, there are few wearable devices available in the market that seek
to provide the user with the necessary information about the pollution levels in a
precise location of the city. These solutions present certain weaknesses like the
Sparrow [10] and ATMO sensors [11] only focus on CO, detection, and The Plume
Flow [12] only uses Bluetooth as a communication protocol which limits the possibility
to scale-up this solution to other services within a Smart City.

This manuscript presents the design, development and initial validation of a
wearable real-time Air Quality (AQ) monitoring device based on PM concentration
detection, with a user-friendly interface to show AQ levels, and to report warnings,
alerts and recommendations based on the pollution levels detected. The device allows
to send the gathered data to other devices or services through WiFi and Bluetooth Low
Energy (BLE) and can be programmed to use different communication protocols. This
solution is presented as the initial step for a result applicable to large Smart Cities in
order to increase the granularity of air quality information that allows the public
authorities to develop the appropriate policies to improve the QoL of the citizens.

The next sections are organized as follows: Sect. 2 presents the methodology and
material used to develop the proposed solution; Sect. 3 includes the design, develop
and evaluation of the system; and finally, Sect. 4 presents discussions, conclusion and
future steps to extend this work.

2 Materials and Methods

The proposed solution includes the design development and initial validation of the
wearable device for air quality measurement, with a user-friendly interface and multiple
communication capabilities. The materials used throughout this work are the following:

e PMS7003 Air Quality Sensor (Plantower, Co.): this device can measure concen-
trations of PM;, PM, s, and PM;,. It has a built-in flow system that allows air
circulation through the device enabling to measure pollution levels.

e ESP32 microcontroller (Espressif Systems, Co.): it can establish communication via
Serial, WiFi and BLE protocols, which gives great versatility when transmitting or
receiving data to/from sensors, actuators and services.

e Sketch-Up software (Trimble, Inc.): is the software used to design the 3D case of
the wearable device to be printed in the Ultimaker 3 extended (Ultimaker BV).

e Air Visual Pro Air Quality device (IQAir, Inc): a commercial fixed air quality
device, capable to measure PM;, PM, 5, and PM (. The device has a test config-
uration, that allows to run tests and extract the data collected.

e Arduino Integrated Development Environment (IDE): is an open-source develop-
ment software to program multi-platform microcontrollers boards [13].
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The following methodology has been established:
1. First Phase, state of the art study of AQ sensors and protocols:

In this phase, a research of the main air pollutants and their impact on the people health
was carried out. Additionally, air quality protocols were studied in order to select the
one to be applied in our system, based on current regulations and standards. Finally, a
study of air quality sensors available in the market and comparisons were done in terms
of size, accuracy communication and energy consumption. Findings of this phase were
used to design the proposed device.

2. Second Phase, design and development of the solution:

Once the AQ sensor was selected the design and development of the electronics
necessary for the operation of the device were conducted. As a final stage, the wearable
case, where all the technology developed is built in, was designed with the 3D design
sketch tool and produced in the 3D printer.

3. Third Phase, initial validations:

This phase consisted on analysing the operation of the device according to the estab-
lished design, making the necessary adjustments and comparisons with a commercial
device to study its accuracy.

Tests were carried out following two stages to analyse the measured quality of the
solution developed compared with the Air Visual Pro air quality monitor. In the first
stage, the PM sensor was placed without any encapsulation. In the second stage, the
same test was conducted with the final design (including the case) in order to verify that
the design of the 3D encapsulation did not affect the sensor accuracy. The devices were
placed in a home kitchen and synchronized to measure PM, 5, PM; and PM,, every
five minutes. These tests were carryout for a total of six days, three continuous days in
each test.

3 Results

This section presents the results obtained from the design, development and initial
validations according to the methodology described in Sect. 2.

3.1 Main Components and Design

The designed solution has been conceived with the purpose of being wearable, easy to
use and with multiple communication capacity. There are 5 main components: (1) a
microcontroller, that mange the sensor, actuators and interface, makes the necessary
calculations, and establishes the communications via BLE or WiFi to other devices. It
has a lithium battery port and an embedded charger module, which guarantees the
portability of the solution; (2) a sensor, that detects the PM, 5, PM; and PM,, con-
centration and sends it to the microcontroller via serial communication; (3) a screen to
show the levels of air quality detected by the sensor; (4) a button which has the
functionality to activate the screen. In this way, battery consumption is decreased by
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not activating the screen unless the user decides to do so; and (5) a sound emitter,
which is activated in case of any health risk due to high pollution levels.

3.2 Development

For the development of the firmware, the Arduino IDE has been used taking advantage
of the compatibility with the ESP32 microcontroller.

The Air Quality Index (AQI) has been calculated with the data received through the
sensor, based on the Environmental Protection Agency standard [14], where 6 levels of
pollution are established according to the concentration level of PM. The system will
respond in different ways, depending on the AQI value, as presented in Fig. 1.

Three functionalities have been established: to sense the pollution levels, to show
the data collected, and to present the information through a user-friendly interface. The
measurements are later sent to other devices or services. The functionalities established
are the following:

Send Data Check Air
to Remote o
Device Quality
SHOW Data SHOW Data gencibata
to Remote
on Screen on Screen oo
evice
A A
YES YES
ACTIVATE
Buzzer —_—
Alarm NO YES NO NO

Fig. 1. Flow diagram of the solution.

1. Activation by button: when the button is pressed the device calculates the AQI and
shows on the screen the AQI levels, taking into consideration the colour scale
described by the AQI standard.

2. Remote communication: the device measurements and the calculated PM concen-
tration are sent, via BLE, to another device (e.g. smartphone) or service. This
functionality allows to present the historical data in a mobile application or to be
used by other services.

3. Pollution levels: the device reacts autonomously depending on the AQI calculated.
When the levels are in a safe range for health (PM, 5 concentration between 0 and
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12 pg/m*), the device remains in passive mode. However, when the detected levels
are harmful (PM, s concentration above 35.5 pg/m?), the system proceeds to alert
the user by emitting an alarm sound and showing on the screen the appropriate icon.
Furthermore, if a device or service are connected, the information is sent in order to
have a historical record of the event.

Each of the functionalities described above were developed individually, and later
assembled and incorporated into the case.

4 3D Case Design

Taking into account that the users of this device can have different needs, the case has
one top cover, were all the components developed are embedded, and then includes
three exchangeable lower caps, describes as follows: (1) lower cap with a clip to attach
the device on the side of the pants or belt; (2) lower cap with a hole in one side to hang
it on bags or purses; (3) lower cap with two holes to be used with an arm band,
designed for people who do physical activities.

4.1 Initial Validations

As described in Sect. 2, the validation was carried out in 2 phases in order to ensure
that the design of the 3D encapsulation did not affect the sensor accuracy. The first,
with the prototype developed not embedded in the designed case, and the second, with
the final prototype inside the case. In both phases was calculate the mean of the PM
concentration the accuracy and the correlation between the designed solution and the
Air Visual Pro monitor.

As a result of the first phase, the PM, 5 mean obtained had an accuracy of 91.42%
and a positive correlation of 0.86, which shows that the PMS7003 sensor has an
excellent performance for the detection of PM, 5. Regarding measurements of PM; and
PM,, a similar correlation can be observed however, the accuracy decreases but
remains over 75%.

On the second tests, the measurement of PM, 5 concentration has an accuracy of
92.69% and a correlation of 0.87. In the case of PM; and PM,, measurements, the data
collected show a high accuracy, over 70%, and a positive correlation.

5 Discussions and Conclusion

The system developed represents a novel monitoring device that will help improving
the quality of life of people within a smart city environment. Thanks to its small design
and wearability, users can have air quality information when moving around city areas
where the monitoring stations do not cover. Big cities have insufficient air quality
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monitoring stations, hence there is no granularity in the provided air pollution data, so
that the impact that public policies have on pollution levels cannot be measured with
total accuracy.

The proposed solution can be useful to implement a macro network of distributed
air quality sensors, monitoring the pollution levels in every corner of the city and thus
implement more efficient and effective public policies that will impact positively in the
quality of life of the citizens. Taking advantage of the portability and communication
capabilities of both BLE and WiFi technologies, the developed sensor can be easily
scalable and adaptable to other communication systems and protocols such as Web of
Things [15]. The initial validation demonstrates that there are no differences in the
measures made by the proposed solution and the commercial device Air Visual Pro
monitor.

Future research lines include: (1) the conduction of usability tests in order to
improve the design of the final product; (2) largest validations of the device with
respect AQ monitoring stations in major cities; and (3) the incorporation of this
technology as part of an innovative distributed sensor network for large Smart Cities.
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