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Abstract: Real-time exposure air monitoring is essential to protect the respiratory health of the 
Malaysian traffic police. However, the data from monitoring stations have been inadequate to provide 
accurate information about their exposure. This report describes the conceptual design of a wireless 
exposure indicator system, and then evaluates the field performance of the system by collocation. The 
study tested the accuracy of particulate matter size 2.5 (PM2 .5 ), carbon monoxide (CO), and nitrogen 
dioxide (NO2 ) by comparing the measurements from the prototype with the measurements from 
reference instruments. The field testing found that the data tested were significantly correlated with 
each other (PM2.5 -rs = 0.207, p = 0.019; NO2 -rs = 0.576, p = 0.02 and CO-rs = 0.545, p = 0.04). The 
prototype proved to be successful as it can compute and transmit real-time monitoring data on the 
level of exposure to harmful air.

Keywords: ambient air monitoring; air pollution; wireless sensor; occupational exposure; field evaluation

1. In troduction

M alaysia is facing a draw back in safety and health due to rapid industrialization 
and urbanization, w ith  increased pollution (notably air pollution) resulting in  a low er 
quality of life and reduced life expectancy [1]. Referring to an article by  the World Health 
O rganization  (W H O ) (2018), air pollution w ill leave an im pression on those w ho w ere 
exposed to it. Polluted air can cause respiratory irritation or breathing difficulties even for 
healthy people [2]. The actual risk depends on the current health status, the pollutant type
and concentration, and the length of exposure to polluted air [3 ]. Despite that, traffic police, 
especially, are directly exposed to polluted air daily as they constantly work outdoors. This
is in line w ith several studies w hich found that these traffic police are affected in term s of 
their respiratory health due to the exposure to high concentrations of particulate m atter in 
the polluted air [4,5 ]. With N95 face masks as their only protection in congested areas daily 
for eight w orking hours, it is sim ply not enough to protect their respiratory health [4 ].

Air pollution m onitoring is used for m any purposes, from im proving the quality of life 
to m ilitary operations, as demonstrated by El Raey [6 ]. However, conventional methods are 
n ot m obile, available only in  fixed locations, expensive, have a lim ited spatial resolution,
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and are inefficient in com m unicating the results [7]. M ost im portantly, the m ethods to 
com m unicate air quality  data v ia governm ent w ebsites are ineffective and troublesom e 
because of the low spatial and tem poral resolutions [8 ]. Although the low spatio-tem poral 
resolution is ideal for environm ental m onitoring, it is highly inadequate for com m unities, 
especially outdoor w orkers, to know their exposure to air pollution, and cannot represent 
individual health risks [9 ]. M araiya, Kant, and Gupta have demonstrated a new technology 
equipped w ith low-cost sensors that can directly track air pollutants and deliver online and 
real-tim e results using the W ireless Sensor Network (WSN) [10]. Per the recom m endations 
of the US Environm ental Protection Agency (EPA) and the European Union (EU) Directive, 
various studies have been  conducted on the use o f real-tim e air m onitoring u sing low - 
cost sensors [11- 13] . The new  technology has leverage in term s of low -cost requirem ents, 
being  m obile, relatively sm all in  size, having low  pow er usage, large coverage area, and 
m ost significantly, online availability of data on w ebsites and sm artphone applications [7]. 
Hence, this present study describes an available air monitoring method for ambient air and 
low -cost sensors used as a new  technology, w hich  has attracted attention in recent years. 
The search concludes on the gap w hich is the lack of a m obile air m onitoring system  that 
provides real-tim e data com m unicated w irelessly am ong the users using low -cost sensors. 
Reliable data generated from the sensors are also a gap to address. The developm ent of the 
prototype is explained in the study, focusing on the m ethodology of its developm ent and 
initial testing in field deploym ent.

The necessity  for a useful tool that can efficiently  assist in the detection of air con
tam inants w as highlighted by several earlier studies conducted am ong the M alaysian 
traffic police [14,15]. Im plem enting an indicator system  w ith  real-tim e exposure to air 
pollutants allows the traffic police to be alert and aware of the changes in their surrounding 
environm ent. This w ill encourage them  to act accordingly w hen the exposure exceeds 
the acceptable lim it set by the M alaysian D epartm ent of Environm ent (DOE) at any given 
tim e. H ence, it is crucial to develop a device that can help m onitor and control the level 
of exposure to outdoor air pollution. N evertheless, air quality m onitoring devices that 
are currently  equipped w ith  this technology are still lim ited in M alaysia. In response to 
this problem , this study proposes a conceptual design of a w ireless outdoor individual 
exposure indicator system prototype for the traffic police according to their needs while on 
duty and conducts field testing for the functionality of each com ponent of the prototype.

2. M aterials and M ethods
2.1. The System

O ne prom ising technology for m onitoring am bient air pollution is u sing low -cost 
sensors, w hich  have m obile characteristics and low  requirem ents for m aintenance [16]. 
Subsequently, these sensors theoretically allow air pollution m onitoring to becom e feasible 
in  far m ore locations [17] . In the field of air m onitoring, low -cost sensors have a w ide 
range of applications bu t are not restricted to personal exposure and health  m onitoring, 
com m unity m onitoring, and am bient air m onitoring [18].

These small and lightweight sensors offer wearable applications, an opportunity that could 
play a key role in determining the effect of air pollution on hum an health in the future [19]. 
In addition, the sensors can be incorporated on various mobile and stationary monitoring 
frameworks to proactively manage pollutant sources and originating regions. With promising 
results, these sensors have already been evaluated against reference methods [19,20].

A real tim e outdoor w ireless system  w as developed using W ireless Sensor N etw orks 
(W SN s) equipped w ith  low -cost sensors (PM 2 5, CO, and N O 2, relative hum idity, and 
temperature). This system differs from other existing systems in that it addresses the needs 
of the M alaysian traffic police and is aim ed at m obility and efficient data com m unication 
regarding air pollution. The system uses optical light scattering sensors for the PM monitor 
and electrochem ical sensing principles for CO  and N O 2 m onitors. C om m unication w ise, a 
W ireless Sensor N etw ork (W SN) is used w ith Arduino as its m icrocontroller and low -cost



Toxics 2023,11, 385 3 of 19

sensors for the air pollutants. This system  has been used for a num ber of research projects 
and has been proven to w ork w ell for m ultiple purposes [2 1 ] .

2.2. Im portance fo r  Traffic Police

Oince air pollution is often caupied w ith congested traffic in densely populated areas, 
traffic police officers in [Malaysia are overw holm ed by the consequences of w orking to 
regulate traffic congestion [IS i, as the d iesel engines in  freight and passenger vehicles 
produce extrem ely fine particles that are hazardouc to hum an health  [22]. The im pact of 
ambient air pollution can be seen annually among traffic pulice officers [4,5]. However, it is 
difficult te lim it or regulete eerto n n e l's  exposure to air pollutants as their w ork dem ands 
them  to be outdoors for m ost of the time. Therefore, the alternative solution is to m onitor 
their exposure and to have them act accordingly w hen the reading is high. To address this 
issue, this research offers a conceptual design of a w ireless outdoor individual exposure 
indication system  prototype for traffic cops based on their needs w hile on duty, as w ell as 
field testing of the prototype's perform anc e.

2 3 . The Conceptual Design

The conceptual design c f  the indrvidual outdoor exposure indicator using a wireless 
system  involves several stages ar summarized (Figure 1). Stage One is focused on the level 
of exposure o4 traffic police te  outdoor air pollution in a hoavy traffic area using secondary 
data from  D O E, w hich is presented in another article by the sam e author [11]. O nce the 
current situ atioe of the traffic police is identified in Stage O ne, tho next stage involves 
fecognioing the occupational hazards fsceU by M alaysian traffic police in current situations 
using previous literature as Stage Two, w hich is discussed in a recont publication i2S]. The 
review in Stage One and Stage Two presents a better knowledge of the actual situation and 
the w orking environm ent [oo]. Both stages are critical for identifying and recognizing the 
M alaysian traffic police's criteria and needs for the indiviUual outdoor exposure indicator 
using a w ireless syrtom. D ata from  these studies w ere analyzud and used as an m p ^  for 
the third stage which is the conceptual design. A closeO discussion was held a dew times in 
January  2019 at Bukit A m an H eadquariers; in w hich  ahe neseatrh team  (a representative 
from  an Eleetronic S y !tem  D esign and Softw are D evelopm ent aompany, a  Supervisory 
C om m itteei arid a representative o i Royal M alaysian Police) successfully worked together to 
narrow down the criteria that were m utuelly agreed on, based on the scope eud lim itatirns 
of thr system r developed in previous studies. The Uiscosrions w ere cerried out in order to 
determ ine the m ost ruitable and essential criteria ind u d id g  the prototype's com poneets. 
The explanation of tho concept devolopment is further disoussed in detail in another recent 
publicotion by the sam e aufhor iOU].

Figure Summary of the design pfocess.

These tw o stages illustrate a list of criteria (Figure 2). These criteria are subsequently 
expanded into a Product Design Specification (PDS) document, w hich serves as a reference 
throughout the prototype developm ent process. Thereafter, a wireless outdoor individual 
exposure indicator system prototype is developed, and initial testing to test its functionality 
is conducted. The developm ent process is a continuous process starting w ith  the PD S 
d evelopm ent to the field testing. The field-testing stage is critical for ensuring that the 
system  is free of m ishaps [26].
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Figure 2. Criteria of the proposed system.

2.4. Experim ent Location

The n ext stage is to condu ct a use and field evaluation process w hich  is undertaken 
according; to the guidelines of the N ational Exposure R esearch Laboratory of the U nited 
States Environm ental Protection A gency [16] and the U nited Kingdom  of Environm ental 
A gency Technical G uidance N ote [27].

The prototype involved in this study w as designed utilizing user-centered concepts 
w ith the goal of being a low-cost m obile m onitoring device, and detailed designs have been 
published by the sam e author elsewhere. The study tested the accuracy of the prototype's 
tem perature, relative hum idity, dM 2 .5 , CO, and N O 2 m easurem ents by  com paring them  
w ith  m easurem ents from  D ustTrak II for P M 2 .5  and data from  D O E for the rest of the 
param eters. Tabte 1 show s the paeameters and the instrum ents used fnr tom pariaon.

Table 1. Parameters and reference mnnitors used in the study.

Parameters Reference Monitor

Particulate Matter with diameter ot less than 
2.5 micrometers (PM2 .5 )

TSI DUSTTRAK II Aerosol Monitor 8532

Carbon Monoxide (CO)

Nitrogen Dioxides (NO2 )
Data provided by Malaysia's Department of 

Environment (DOE)

M alayaian D O  151 it  a departm ent that is responsible fos m onitoning the air quality  in 
M alaysia. Air quality is continuously and routinely monitored to detect any changes in the 
air qualit}'' status w hich m ay cause harm  to hum an health and ahe environm ent [28]. This 
m onitoring is know n as C ontinuous A ir Q uality  M onitoring (CA Q M ). The D epartm ent 
of Environm ent (DO E) tracks the am bient air quality  o f the country across a natw ork of 
51 stations. In order to identify any m ajor change in a ti quality that could be detrim ental 
to h u m a n h ea lth  and the environm ent, these m onitoring stationa are strategically located 
in  suburban, traffic, and industrial areas. O f the 51 stations bu ilt in M alayaia, 26%  are 
industrial stations, 57°% are residential, 2 0% are traffic, 2 0% are backgronnd stations, and 
13% are PMxt stations. These are m ethod t of high resolution w hich  provide continuous 
records of the levels of pollutants. W ith m inim al operator interference, they m ay w ork 
over prolonged periods (w eeks or m onths) [29]. They have a high degree of accuracy 
of m easurem ent and have levels of detection around one order of m agnitude or m ore 
below  norm al levels of background. These are the m ost expensive m ethods of tracking, 
as w ould be expected. For good data quality, a high standard of m aintenance, calibration, 
and operational and quality control procedures are required [30]. The system  consists of a 
sensor m ode gatew ay and back-end platform  controlled by the lab view  softw are system , 
in which the data can always be recorded in a database. The system is installed to the main
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road in the city  to observe the carbon m onoxide concentration caused by  the vehicle, but 
m ost of these strategies are expensive, provide low  resolution collected data, and these 
stations are less densely deployed [31].

The D ustTrakTM  II A erosol M onitor 8530 w hich  io m anufactured ray TSI Incorpo
rated, M innesota, United States of Am erica ([USA.) is a data-logging, single-chanoel, light- 
scattering laser photom eter that captures a gravim etric sam ple and provides real-tim e 
aerosol m ass values. It m akes use of a sheath  air system  to keep the optics clean for in- 
crea-ed dependabil[ty and little maintenance. Thus system separates the aerosol m the optics 
chamber. I .  is appropriate for both  sterile office rettings and tough industrial locetions, as 
w ell as for outdoor applications and construction and environm ental sites. D ust, sm oke, 
fum es, and m ists are am ong the oeeosol pollutangs that the D ustTrak II A erosol M oni
tor m onitors. W ith gravim etric sam pling, the D ustTrakTM  II A erosol M onitor proviOes 
real-tim e aerosol m ass data for particle sizes ranging from  e .1  to 1 0  m  [32 ].

Duo to the M ovem ent C ontrol O rder (M CO ) i n M al aysia follow ing the CO VID -19 
pandem ic, a field research study is restricted; thus, the m onitors w ere installed w ith in  a 
residential area. For the stationary testing, the m onitors w ere set to m easure pollutants 
sim ultaneously at 1  min intervale for eight hours (daily- (working hours), for 16 consecutive 
days ( fr im  13 N ovem ber 2020 to 28 N ovem ber 2020). Figure 3 showo the location  of the 
stationary testing  Sor the collocotion. The m onitors w ere aesem bled eft a ju nction  in  a 
high-density residential area, in a suburban tow n, Am pong Jaye, near the Kuala Lum pur 
city center. The m onitor- w ere located a[ an ap p ro p ria te  height oS 1 m. (Taro w as taken to 
eneure the m onitors w ere placeO away from any direat pollutant sources, heat sources, and 
ventilation d u d s or upenings.

Figure 3. Stationary field-testing locations. The red star indicates the exact position where the 
prototype was deployed. (Source: Google Maps available at https: //www.google.com/maps/place/ 
Pandan+Indah,+Kuala+Lumpur,+Selangor/@3.1311177,101.7523725,16z/data=!4m5!3m4!1s0x31cc3 
65f86dd4897:0xdb6d184b895e07c7!8m2!3d3.133892!4d101.7516751, acceseed on 10 November 2020).

To test its functionality w hile m obile, a m obile m onitoring w as deployed around the 
sam e area due to thee M CO . The m obile testing w as carried out on 24 N ovem ber 2020 far 
two continuous hours. The routes teken bu rine m ebile testing are show n in Figure 4 .

https://www.google.com/maps/place/Pandan+Indah,+Kuala+Lumpur,+Selangor/@3.1311177,101.7523725,16z/data=!4m5!3m4!1s0x31cc365f86dd4897:0xdb6d184b895e07c7!8m2!3d3.133892!4d101.7516751
https://www.google.com/maps/place/Pandan+Indah,+Kuala+Lumpur,+Selangor/@3.1311177,101.7523725,16z/data=!4m5!3m4!1s0x31cc365f86dd4897:0xdb6d184b895e07c7!8m2!3d3.133892!4d101.7516751
https://www.google.com/maps/place/Pandan+Indah,+Kuala+Lumpur,+Selangor/@3.1311177,101.7523725,16z/data=!4m5!3m4!1s0x31cc365f86dd4897:0xdb6d184b895e07c7!8m2!3d3.133892!4d101.7516751
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Figure 4. Routes followed in the mobile testing around the area of Pandan Indah, on 24 November 
2020. (Source: Google Maps available at https://www.google.com/maps/place/Pandan+Indah, 
+Kuala+Lumpur,+Selangor/@3.1311177,101.7523725,16z/data=!4m5!3m4!1s0x31cc365f86dd4897: 
0xdb6d184b895e07c7!8m2!3d3.133892!4d101.7516751, accessed on 10 November 2020).

2.5. Data A nalysis

The data from  both  m onitors w ere exported into IBM  SPSS Statistics Version 24 for 
statistical analysis. The Kolmogorov Smirnov test rejected the hypothesis of norm al distribu
tion. Therefore, the Spearm an's rank eo-relation was carried out to determine the correlation 
of both monitors. The linearity am ong the m onitors w as tested using linear regression.

3. R esults
3.r. Crnceptual Design Based on PDS

A detailed product design specification (PDS) w as developed based on the criteria 
acquired from  previous research studies. PD S is used to analyze, design, m anufacture, 
and construct a com ponent to achieve a specified degree of efficiency, perform ance, or 
quality [33]. The PDS criteria w ere chosen for the developm ent of the individual outdoor 
exposure indicator using a wireless system. The details are tabulated in Table 2 . The assem 
bly of tire prototype os the individual outdoor* exposure indicator using a  w ireless system  
to m easure PM, CO, and NO 2 levels and other factors or influenee such as temperature end 
hum idity am ong theM alaysian  traffic police and the external view  is illustrated (Fisure 5) .

Table 2. PDS for thc individual outdoor exposure indtcator using wireless system.

Criteria Requirements

1 Performance Using a cellular connectivity and rechargeable power supply; Data to be measured and uploaded
at 5 s time interval.

2 Environment It can withstand relatively high and low temperatures (0-60°), vibration, and shock.

3 Life in service?
It can withstand up to 2 to 5 years with regular calibration as claimed by the manufacturer, 

SHINYEI Technology Co., Ltd. (Osaka, Japan). Further long-term experimentation needs to be
conducted to support the claim.

4 Maintenance r Easy regular calibration is required for accuracy of data and efficient performance.

5 Standard & 
Specification

Able to measure important parameters iaccording to the. Malaysian Department of Environment 
it and US EPA) of air pollution:

Particulate Matter (PM2 .5)
Carb on Monoxide 
Nitrogen Dioxide 

Temperature and humidity 
Multe gases (Propane?, Butane, Ammonia)

https://www.google.com/maps/place/Pandan+Indah,+Kuala+Lumpur,+Selangor/@3.1311177,101.7523725,16z/data=!4m5!3m4!1s0x31cc365f86dd4897:0xdb6d184b895e07c7!8m2!3d3.133892!4d101.7516751
https://www.google.com/maps/place/Pandan+Indah,+Kuala+Lumpur,+Selangor/@3.1311177,101.7523725,16z/data=!4m5!3m4!1s0x31cc365f86dd4897:0xdb6d184b895e07c7!8m2!3d3.133892!4d101.7516751
https://www.google.com/maps/place/Pandan+Indah,+Kuala+Lumpur,+Selangor/@3.1311177,101.7523725,16z/data=!4m5!3m4!1s0x31cc365f86dd4897:0xdb6d184b895e07c7!8m2!3d3.133892!4d101.7516751
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Table 2 . Cont.

Criteria Requirem ent

6 Size Handheld size and mobile

7 Weight Lightweight material (<1 kg)

8 Target Mrodutt Cost Much lower cost compared to the conventional air monitor mg station.

9 Materials It must be made Crom a strong, lightweight, water-resistant, and sheckproof housing for all the
sensors to be embedded inside.

1 0 Customer Traffic policemen (exposed lo outdoor air pollution).

1 1 Installation

Easily operated with a switch on the casing and is powered using a power bank. Once switched 
on, the data are uploaded to the website andmobile epplicatioa. The website serves as a platform 

to collect aad stoee the measured data at 5 s intervals.
The device is wearable and mobile, does not need to be fixed to anything.

(a ) (b )

Figure 5. Prototype (a) Internal Connection. (b) Ebternal case.

It is im portant to u n lersta n d  the requirem ents and functionality  of an outdoor in 
dividual exposure indicator system  to m onitor the outdoor air quality. Tinea system  flow 
for m onitoring outdoor air quality is dem onstrated (Figure 6 ) . The flow  starts w ith  the 
sw itching on of the device, and all tho sensors w ill autom atically oun to m easure the data 
w h ith  hre displayed on the w ebsite. If there are no data displayed oo captured on the 
w ebsite or apps, the user needs to restart the eystem by sw itchm g it off and on again. The 
design, as diecussed, enables the delivery of real-tim e data and inform ation that: can be 
acceused trom personal computers and smartphones [34i . This eystem uses minimal human 
interaction w ith  tho device, has a  sm all d im ension, and it  lightw eight a s w ell as molbile. 
The com plete internal architectuoe of the system  design is illustrated (Figure 7).

Figure 6 . The flow of the sysfem.
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Figure 7. Internal Architecture of the Wireless Outdoor Individual Exposure Indicator System Prototype.

Specifically, the proposed system  consists of sensor nodes equipped w ith  a pow er 
supply, C PU , 4G  W i-Fi M odem , and three sensors— each m easuring PM , N O 2, and CO, 
tem perature, and hum idity. The connectivity  of the prototype com ponents to further 
understand its w orking princip le is dem onstrated (Figure 8 ) . The senso rs collect data in 
an analogue pattern, w hich are later converted into digital data by  the CPU a n d  then sent 
w irelessly to the w eb server by the 4G W i-Fi M odem . D ata from  the three sensors w ill be 
displayed in the form  of tables in Excel and PDF through the webserver. The data can also 
be actessed  by  sm art devices, im plying that it can be view ed anyw here in rea 1-tim e and 
online. The functions of each sensor node w ere tabulated (Table d).

Figure 8 . Connectivity of the individual outdoor exposure indicator using wireless system.
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Table 3. Functions of sensor nodes.

Items Functions

Power Supply Module 
Battery

A battery is a device that stores chemical energy and converts it into electrical energy 
which produces an electrical current that can be used to do work [3 5 ].

Voltage regulator The voltage regulator produces an output voltage of a fixed magnitude that remains 
constant in relation to changes in its input voltage or load conditions [3 6 ] .

Charging circuit Functions switch between the conductive state to enable the current flow and the 
non-conductive state to prevent the current flow [37].

Dust Sensor (Shinyei 
PPD42NS Low-Cost Particulate 
Matter Sensor)

Capable of detecting dust in the environment using an optical sensing method. A 
photosensor and an infrared light-emitting diode, known as the IR LED, are optically 
arranged in the dust sensor module. The photosensor (PT) detects the reflected IR 
LED rays which are bounced off of the dust particles in the air [38].

DHT 11 (Temperature and air humidity) A digital temperature and humidity sensor is used to measure the surrounding air and 
emits a digital signal to the data pin (no analog input pins are needed) [39].

CPU ESP32 
Wi-Fi Module

It can either host an application or import all WiFi networking functions from another 
application processor [40].

General Purpose Input Output Sends signals from sensors to the system [41].

Serial Communication To transmit or receive one bit of data at a time [24].

Multi-channel Gas Sensor
A sensor for the environment which is capable of detecting multiple gas types. Three 
gases can be measured simultaneously due to its multi-channel; hence, it is able to 
monitor more than one gas concentration [42].

4G Modem +  Wi-Fi Transparent communication between mobile phones and serial devices [24].

A ccording to A ustin [43], w ithin a set of predeterm ined settings, the Shinyei sensors 
can be dependably utilized to detect particles w ith  sizes ranging from  0.5 to 2.5 ^m . In 
addition, after translating each sensor response to a m ass concentration using a linear 
regression, as m entioned in the techniques section, the accuracy of the m ean response of 
these 20 sensors in the linear 0 -50  ^ g /m 3 range w as estim ated to be 9%. This is consistent 
w ith the EPA's description of particles in the respirable range.

The system  is connected to the end user application (website and sm artphone applica
tion) to display the measurement data from the sensors. First, the initial com ponent (sensor 
netw ork) com prises m ultiple nodes that integrate various types of sensors. The netw ork 
nodes were connected using the Arduino processor and a gateway w as required to receive 
data from each node and retransm it it to the cloud system . The gatew ay m ust also ensure 
that packets from netw ork nodes and the cloud system  are received. Both the sensors and 
the in ternet gatew ay w ere integrated w ithin  the prototype developed in  this study. The 
cloud system  is also in charge of receiving data from  the sensor netw ork and delivering 
particular data storage, categorization, and request services. Finally, end-user softw are 
applications that provide services for requesting data from the cloud system  m ake up the 
final component. The prototype used a cloud system to provide a clearer understanding of 
how  it w orks (Figure 9) .

The prototype uses the Internet o f Things (IoT) concept to transm it the data w ire
lessly  by  using the 4G  M odem  +  W i-Fi com ponents, w hich  transm it the data to other 
devices. The reading from  the prototype w as displayed in  tw o m anners: (i) the w ebsite 
and (ii) the sm artphone application. The data m easured are displayed on a w ebsite at 
h ttp s://o irp clu ticnm cnitcr.w eb.op p  (accessed on 23 Novem ber 2020). The interface of the 
webpage for the air quality m onitoring system and the display on a sm artphone application 
are illustrated (Figure 10).

https://airpolutionmonitor.web.app
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Internet Connection

The prototype equipped 

with sensor nodes and 

I internet gateway (4G Modem + WiFi)

.\COi

°nOe(
C loud System

'Wo n

Figure 9. Cloud system used by the prototype.

Dashboard 1 Device A  H  Time Recorded: 2020-11-23 13:28:39

Dust Temperature Humidity

391.67 31.10 73.00

pcs/0.01 cf •c %

Ammonia (NH3) Carbon Monoxide (CO) Nitrogen Oxide (N02)

0.05 0.21 0.70
ppm ppm ppm

Propane (C3H8) Butane (C4H10)

9.66 12.48

ppm ppm

Hydrogen (H2) Ethanol (C2H50H)

0.01 0.03

ppm ppm

0.01

ppm

0 3  Ad,

Figure 10. Wireless Outdoor Individual Exposure Indicator System display on different platforms. 
(a) Display on a website. (b) Display on smartphone application.
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A w a rn in g  system  w as also integrated , w here the traffic police in the location w ith  
a  high level o f PM 2 .5  receive a w arning in  term s of m essages to take actions, such as 
leaving the area and switching w ith ather colleagues. Before the system is ready it m ust be 
tested prior to launching it as a reliable m easuring device. Tha developed prototype w as 
evaluated for field testing to confirm  that the system captures and transm its all the data to 
the softw are applications and is critical for ensuring the system  is free of errors [25].

3.2. M easurem ent Results

Figuce 11 shows the tem poral distributions of PM 2.5 during the collofation cam paign 
for 16 days from 13 N ovem bfr 20C0 to 28 N ovem eer 2020 (stationary field testing). The data 
displayed ara the static data collected at as'unction in a  suburban town, Am pang Jaya, near 
the Kuala Lumpur city center. Thia shows that the prototype was able to serve its function of 
collecting PM 2 .5  daia in an environmental setting sim ilcrto  the working environment of the 
M alaysian traffic police. The trend indicates an increased concentration of PM 2 .e on working 
days ftom  16 Novembea to 20 Nnvember 2020, while fewer vehiiles were seen on site in the 
follow ing w eek due to stricter CM CO regulations and w orkers' year-end holidays.

Figure 11. Temporal distribution of PM2.5 during the testing.

The average readings of PM 2.5 during the mobile test on 24 November 2 0 2 0  can be seen 
in Figure 12. The trend shows that the prototype was able to capture data and Oransmit it to 
tho w ebsite and sm artphone applic eticns w hich w ere accessible online. To furthe r analyze 
tho perform ance in term s of accuracy, the m easurem ents from  both the prototype and the 
DustTrak (reference instrument) w ere compared and are displayed in the graph below.

Figure 12. Hourly average of PM2.5 during the mobile test run.
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Figure 13 shows the daily average PM 2 .5 mass concentration for the prototype and the 
DustTrak (reference instrument). Over the 16 days of the testing period, the PM 2 .5  daily limit 
of 35 |j.g/m3 w as exceeded w hen com pared to the M alaysian N ew  A m bient A ir Q uality 
Standard 2020 [44]. This w as due to the associated traffic em issions and m eteorological 
conditions during testing; the result is consistent w ith that of a past study in 2016 [45]. 
Testing occurred at an average temperature of 34.4 degrees Celsius with an average relative 
hum idity of 56.6%. The prototype is extra privileged w hich allow s notification in both the 
website and sm artphone application w henever the average of PM 2 .5 exceeds the daily limit 
of M alaysian N ew  A m bient A ir Q uality Standard 2020. Figure 14 show the sm artphone's 
m essage display during the collocation. By  having such system , it is possible to take 
im m ediate fiction, such as avoiding polluted areas or staying at hom e as agreed upon by 
Tomic et al. in their study on Supervisory Control and D ata Acquisition system  [22].

Figure 13. Daily average of PM2.5 mass concentration for the prototype and the DustTrak.

(a) (b)

F igure 14. The smartphone display messages (a) in Malay language, and (b) in English Language.
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Figure 15 shows the hourly average PM 2 .5  mass concentration for the DustTrak and the 
prototype. The range of reading for the prototype w as recorded from 33.01 to 75.7 ^ g /m 3, 
w hereas the range for the D ustTrak II w as recorded from  23.61 to 62.24 ^ g /m 3. The 
trend show s sim ilar readings from  all the instrum ents. The finding indicates reliable 
m easurem ents from  the prototype. The sim ilarity w as found w ith  previous w orks of 
literature [46- 48].

Hourly average of PM2.5 Concentration
80 

70

60 

50 

' 40

S  30 
20 

10 

0
9.25 AM 10.25 AM  11.25 AM 12.25 PM 13.25 PM 14.25 PM 15.25 PM 16.25 PM

DustTrak Prototype

Figure 15. Hourly average of PM2.5 mass concentration.

H ourly average N O 2 and CO m easurem ents in F ig u res 116 and 1 7 w ere derived from 
the prototype itself and the D O E's records. There w as a sim ilar range of readings for both 
the prototype and the D O E's records, i.e., 0.03(0 to 0.045 ppm  for N O s . As for C O , the 
range recorde d by the prototype w as from 1.36 to 5.4 ppm , whereas the rango from 1. 64 to 
5.5 ppm  w as D O E's cecords. The results suggest sim ilar seadings from all the instrum ents, 
w hich also indicates that the sensors used in  the prototype are dependable. This; agrees 
w ith the results reported by  other researchers [49,56].

Figure 16. Daily average of NO2 mass concentration.
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D A I L Y  A V E R A G E  OF CO M E A S U R E M E N T

Figure 17. Daily average of CO mass concentration.

3.3. Correlation between the Prototype and the Reference Instrum ent fo r  PM 2.5, N O 2, and CO  

A  Spearm an's rank-order correlation w as run for further analysis to determ ine the 
relationship betw een the prototype and the D ustTrak (reference instrum ent) for PM 2.5 

measurement. There was a moderate, positive correlation between the prototype's data and 
the D urtTrak's data, w hich w as statisticatly significant (rs =  0.207, p  =  0.019), as show n in 
Table 4 below. This is consistent with similar conclusions made by other researchers [49- 52].

Table 4. Correlation test for PM2 .5 , NO2 , and CO.

Variables Frequency r Value p Value

PM2.5 Prototype/DustTrak 128 0.216 0.014*

NO2 Prototype/DOE 128 0.576 0 .0 2 *

CO Prototype/DOE 128 0.545 0.036 *
* Correlation is significant at the 0.05 level (2-tailed).

For CO and N O 2 meosurements, Spearm an's correlation was carried out for correlation 
testing, "[’here w as a m oderote, positive correlationbetw een  the prototype's data and the 
D O E 's records, w hich  w as statistically  significant fos both  N O 2 (rs =  0.576, p  =  0.02) and 
(SO (rs =  0.545, p =  0.04), as shown in Table 4 . Clearly, the sensors in the prototypo provide 
reliable and accusate seadings. The positive correlation is supported by  sim ilar studies 
using the sam e technology [46- 48S.

3.4. Linear Regression Test fo r  Calibration

The field calibration w as perform ed in Septem ber 2020, w here the prototype w as 
placed n ext to a seference instrum ent (DustTrak) in A m pang Jaya in a near-road location 
ju st east of K uala Lum pur city  center. Tlie prototype w as positioned at about the sam e 
he.gh t and faced the sam e orientation as the D ustTrak. The horizontal gap betw een 
the prototype and D ustTrak w as approxim ately  30 cm . The calibration in  the field w as 
perform ed for 128 It.

Linear regressions were used to evaluate the calibration of prototype sensors; the inde
pendent variables were signalr and data frcm prototype sensors, while the concenteation of air 
pollution from DustTeak was the dependent variable (Table 5). The regression equation 'was

H ourly average for Prototypem odel1 =  9.188 + 0.768DustTrakvalue (1)
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Table 5. Linear regression.

Variables b (95%, Cl) t Statistics p Value r2

DustTrak 0.768 (0.684, 0.889) 12.552 * < 0 .0 0 1 0.556
* Simple linear regression.

The p value <  0.001 rejects the null hypothesis.
The PM 2 .5  sensor had a varied peeform ance w ith  an R 2 =  0.556. The PM 2 .5  increased 

from 0.5-42 to 0.593. As the p-value is greater than 0.05, NO2, CO, tem perature, and relative 
hum idity  w ere not included in  the m odel. The PM 2 .5  sensors presented a high R 2 (>0.5), 
w hich indicates good agreem ent w ith  the fitted m odel show n in Figure 18. D ue to she 
C O V ID -19 pandem ic and financial restrictions, the testing of tho prototype in  this study 
w as conducted in a short period oe tim e. A lthough the collocation is carried! out over a  
period of 16 days, the outcom es are regarded as reliable. The research w as conducted 
w hile M alaysia w as under a M C O  because o f the C O V ID -1S outbreak at the tim e of the 
study, w hich also contributed to the research restrictions of tim e limita for delta collection. 
It w as highly suggested that the prototyp e should be tested for a longer peri od (more than
6  months) and that a more detailed analysis should be conducted to provide more evidence 
regarding the prototype perform ance.

Figure 18. Regression of poUutant concentrationa PM2.5 prototype compa red to DustTra k reseTence 
monitors. The linear regression equation is issued.

Before eonducping any m easurem ents w ith  these low -cost sensors, calibration in the 
ffeld is highly recom m ended [46]. The m od sl cam be used es a calibration function as 
signiftcant im provem ents w ere seen after using them  as stated by K aragulian et al. [53]. 
Since the sen sor's  sensitivity  varies over tim e, w hich  w e estim ate to be ~ 3  m onths, the 
calibration m u st be carried out regularly. W e conclude that the prototype can achieve 
acsurate am bient air quality  m easurem ents for m ost o f the pollutants exam ined w ith  
adequete calibration aed  m onitoring of sensor efficiency.

4. C onclu sions

The developm ent of a w ireless outdoor individual exposure indicator system  proto
type allow s for an inexpensive tool to capture real-tim e data and inform ation that can be
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accessed online using computers and smartphones. As an alternative approach to overcom
ing the num erous problems faced by the M alaysian traffic police in tracking their exposure 
to air pollution, this device is extrem ely im portant as such technology is very  lim ited in 
Malaysia. In this study, the prototype system was presented to address its field performance 
by collocation w ith reference m onitors. It can be used as a portable m onitoring unit in real 
w orld  scenarios. For this study, the test w as perform ed to sim ulate the M alaysian  traffic 
police's w orking environm ent, w hich involves roadsides w ith dense traffic.

Although the system was evaluated in a relatively short period of time, and at limited 
locations due to the pandem ic, this w ork is the first step in  determ ining the system 's 
suitability for different field applications. In conclusion, the advantages of using the system 
to evaluate various pollutants have been proven. All the tested data significantly correlated 
w ith  each other (PM 25-rs =  0.207, p  =  0.019; N O 2-rs =  0.576, p  =  0 . 0 2  and C O -rs =  0.545, 
p =  0.04). The calibration model was obtained from linear regression. The developed proto
type demonstrates that an individual outdoor exposure indicator using a wireless system is 
suitable to ensure a safe and healthy w orking environm ent for the M alaysian traffic police. 
The system  is able to m easure PM 25, N O 2, and CO  data w ith  sufficient accuracy, so it is a 
reliable tool for m onitoring the exposure to air pollution, w hich w ill benefit traffic police 
officers on duty  in  M alaysia. N onetheless, for com prehensive m onitoring, it is advised 
that several im portant sensors such as sulfur d ioxide and carbon dioxide be included in 
the system . It is w orth  noting that adding m ore sensors w ill elevate the system 's cost, 
w hich is a critical criterion for the prototype. This study also has lim itations because only 
a sm all part of M alaysia— not the entire nation— w as exam ined. D ue to the C O V ID -19 
pandem ic at the time of the study, M alaysia was under an M CO, which also contributed to 
the study's w eakness: inadequate equipm ent and tim e constraints for data collection. As 
a result, several innovative and trustw orthy solutions w ere created to satisfy the study's 
objectives. The prototype is intended to be an engineering intervention that w ill assist the 
M alaysian traffic police in tracking their w orkplace outdoor air pollution exposure. There 
is a suggestion for advancem ent to include all the air qu ality  indicators, such as sulfur 
dioxide, ozone, and carbon dioxide. Keep in m ind that adding all the sensors m ay result 
in an increase in cost; therefore, a thorough assessm ent of the PD S is suggested for future 
research. A  cost rise m ust be avoided because the prototype concept is a low -cost gadget. 
In  addition, a longer testing period  (m ore than 6  m onths) for in-depth testing is required 
to dem onstrate the long-term  sensor perform ance and the sensor reliability, w hich  is not 
possible for the present study due to the pandem ic and M C O  in M alaysia. To enhance the 
prototype of the individual outdoor exposure indicator using a w ireless system , w hich is 
easier to use and m ore durable, the design m ust be im proved. O ne possible enhancem ent 
is to incorporate a w earable concept. Finally, future studies are recom m ended to validate 
additional assessm ents by  using the calibration  m odel. Su ch  data can be used to ensure 
that the relevant laws and guidelines protect the safety and health of traffic police officers.

Author Contributions: Conceptualization, P.A.S.M.J. and K.K.; writing— original draft, P.A.S.M.J.; 
writing—review and editing, P.A.S.M.J., N.A.D.M.Y. and K.K.; data curation, P.A.S.M.J.; formal 
analysis, P.A.S.M.J., N.A.D.M.Y. and K.K.; investigation, P.A.S.M.J., N.A.D.M.Y. and K.K.; funding 
acquisition, K.K. and N.S.A.; methodology, P.A.S.M.J., K.K. and I.R.; project administration, V.H.; 
supervision, K.K., I.R., V.H., S.B.M.T. and S.S.; validation, P.A.S.M.J., N.A.D.M.Y., M.H.S. and K.K.; 
visualization, M.H.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Higher Education, Malaysia, grant number 
FRG S/1/2022/SKK06/U PM /02/2, Universiti Teknologi Malaysia through UTM Encouragement Re
search, grant number PY/2022/03803, and Universiti Tunku Abdul Rahman through UTAR Research 
Fund, grant number 6555/2P04. The APC was funded by the Ministry of Higher Education, Malaysia.

Institutional Review Board Statement: Permission to carry out the study was sought from the 
management of the respective traffic police stations and ethical clearance was approved by the Ethical 
Committee of Universiti Putra Malaysia (Ref: JKEUPM-2019-120 and Date of Approval: 30 May 2019) 
for studies involving humans.



Toxics 2023, 11, 385 17 of 19

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study. 

Data Availability Statement: Data sharing is not applicable to this article.

Acknowledgments: The authors are thankful to the Royal Malaysian Police (RMP) for their support 
and guidance in preparing this article.

Conflicts of Interest: The authors declare no conflict of interest.

R eferences

1. Ahmad, R.H. We're unaware that air pollution is a silent killer. New Straits Times, 29 August 2019, p. 1.
2. World Health Organization. How Air Pollution Is Destroying Our Health; World Health Organization: Geneva, Switzerland, 2018.
3. Fattore, E.; Paiano, V. Health risk in relation to air quality. Res. Pract. 2008, 24, 6 .
4. Jamil, P.A.S.M. Risk Factors of Respiratory Effects from Works Exposure and PM2.5 among Traffic Policemen. Master's Thesis, 

Universiti Putra Malaysia, Selangor, Malaysia, 2017.
5. Sulaiman, N.S.; Zurahanim, F.A. DNA changes in lymphocytes among Malaysian traffic police officers exposed to air pollutants. 

J. Occup. Saf. Health 2014,11, 77.
6 . El Raey, M. Air Quality and Atmospheric Pollution in the Arab Region; Regional Office for West Asia Report; ESCWA: Beirut, Lebanon; 

League of Arab States: Cairo, Egypt, 2006.
7. Purwanto, P.; Suryono, S.; Sunarno, S. Design of air quality monitoring system based on web using wireless sensor network. J. 

Phys. Conf. Ser. 2019,1295, 012043. [CrossRef]
8 . Kim, S.; Paulos, E.; Mark, D.G. WearAir: Expressive t-shirts for air quality sensing. In Proceedings of the Fourth International 

Conference on Tangible, Embedded, and Embodied Interaction, Cambridge, MA, USA, 24-27 January 2010; pp. 295-296.
9. Yi, W.Y.; Lo, K.M.; Mak, T.; Leung, K.S.; Leung, Y.; Meng, M.L. A survey of wireless sensor network based air pollution monitoring 

systems. Sensors 2015,15, 31392-31427. [CrossRef] [PubMed]
10. Maraiya, K.; Kant, K.; Gupta, N. Application based study on wireless sensor network. Int. J. Comput. Appl. 2011, 21, 9-15. 

[CrossRef]
11. Kaivonen, S.; Ngai, E.C. Real-time air pollution monitoring with sensors on city bus. Digit. Commun. Netw. 2020, 6 , 23-30. 

[CrossRef]
12. Morawska, L.; Thai, P.K.; Liu, X.; Asumadu-Sakyi, A.; Ayoko, G.; Bartonova, A.; Bedini, A.; Chai, F.; Christensen, B.; Dunbabin, 

M.; et al. Applications of low-cost sensing technologies for air quality monitoring and exposure assessment: How far have they 
gone? Environ. Int. 2018,116, 286-299. [CrossRef]

13. Castell, N.; Dauge, F.R.; Schneider, P.; Vogt, M.; Lerner, U.; Fishbain, B.; Broday, D.; Bartonova, A. Can commercial low-cost sensor 
platforms contribute to air quality monitoring and exposure estimates? Environ. Int. 2017, 99, 293-302. [CrossRef]

14. Jamil, P.A.; Karuppiah, K.; Rasdi, I.; How, V.; Tamrin, S.B.; Mani, K.K.; Sambasivam, S.; Yusof, N.A.; Hashim, N.M. Associations of 
Occupational, Socio-Demographic and Lifestyle Factors with Lung Functions in Malaysian Traffic Policemen. Ann. Glob. Health 
2020, 86, 84. [CrossRef]

15. Jamil, P.A.; Yusof, N.A.; Karuppiah, K.; Rasdi, I.; Jalalludin, J.; Tamrin, S.B.; How, V.; Sambasivam, S.; Hashim, N.M. Malaysian 
Traffic Police in Highly Populated Areas: Is it Safe Working Outdoors on a Daily Basis? Aerosol Air Qual. Res. 2020, 20, 2003-2011. 
[CrossRef]

16. Instruction Guide and Macro Analysis Tool: Evaluating Low-Cost Air Sensors by Collocation with Federal Reference Moni
tors. Available online: https://www.epa.gov/air-research/instruction-guide-and-macro-analysis-tool-evaluating-low-cost- 
air-sensors-collocation (accessed on 2 January 2020).

17. Michel, G.; Laurent, S.; Annette, B. Measuring Air Pollution with Low-Cost Sensors; European Commission: Brussels, Belgium, 2017.
18. Emily, S.; Paul, S.; Ronald, W.; Eben, T.; Dena, V. Low Cost Sensors-Current Capabilities and Gaps. ISEE Conf. Abstr. 2013,2013,5840.
19. McKercher, G.R.; Vanos, J.K. Low-cost mobile air pollution monitoring in urban environments: A pilot study in Lubbock, Texas. 

Environ. Technol. 2018, 39,1505-1514. [CrossRef]
20. Johnson, K.K.; Bergin, M.H.; Russell, A.G.; Hagler, G.S. Using low cost sensors to measure ambient particulate matter concentra

tions and on-road emissions factors. Atmos. Meas. Tech. Discuss. 2016, preprints. [CrossRef]
21. Fezari, M.; Boumaza, M.S.; Al-Dahoud, A.; Al-Dahoud, A. WSN for AIR Quality Monitoring in Annaba City. In Proceedings of 

the 7th International Conference on Information Technology ICIT, Amman, Jordan, 12-15 May 2015; pp. 283-288.
22. Tomic, J.; Kusljevic, M.; Vidakovic, M.; Rajs, V. Smart SCADA system for urban air pollution monitoring. Measurement 2014, 

5 8 ,138-146. [CrossRef]
23. Jamil, PA.; Karuppiah, K.; Rasdi, I.; How, V.; Tamrin, S.B.; Mani, K.K.; Sambasivam, S.; Naeini, H.S.; Yusof, N.A.; Hashim, N.M. 

Occupational hazard in Malaysian traffic police: Special focus on air pollutants. Rev. Environ. Health 2021, 6,167-176. [CrossRef]
24. Othman, M.F.; Shazali, K. Wireless sensor network applications: A study in environment monitoring system. Procedia Eng. 2012, 

4 1 ,1204-1210. [CrossRef]
25. Jamil, P.A.; Yusof, N.A.; Karuppiah, K.; Rasdi, I.; How, V.; Tamrin, S.B.; Mani, K.K.; Naeni, H.S.; Sambasivam, S.; Nata, D.H. The 

Impacts of Urban Air Pollution on Malaysian Traffic Police: A Framework for Evaluation of Real-Time Monitoring System on Its 
Usability. IOP Conf. Ser. Earth Environ. Sci. 2022,1013, 012003. [CrossRef]

http://doi.org/10.1088/1742-6596/1295/1/012043
http://doi.org/10.3390/s151229859
http://www.ncbi.nlm.nih.gov/pubmed/26703598
http://doi.org/10.5120/2534-3459
http://doi.org/10.1016/j.dcan.2019.03.003
http://doi.org/10.1016/j.envint.2018.04.018
http://doi.org/10.1016/j.envint.2016.12.007
http://doi.org/10.5334/aogh.2895
http://doi.org/10.4209/aaqr.2020.02.0080
https://www.epa.gov/air-research/instruction-guide-and-macro-analysis-tool-evaluating-low-cost-air-sensors-collocation
https://www.epa.gov/air-research/instruction-guide-and-macro-analysis-tool-evaluating-low-cost-air-sensors-collocation
http://doi.org/10.1080/09593330.2017.1332106
http://doi.org/10.5194/amt-2015-331
http://doi.org/10.1016/j.measurement.2014.08.036
http://doi.org/10.1515/reveh-2020-0107
http://doi.org/10.1016/j.proeng.2012.07.302
http://doi.org/10.1088/1755-1315/1013/1/012003


Toxics 2023,11, 385 18 of 19

26. Meiryani, S.A. System development method with the prototype method. Int. J. Sci. Technol. Res. 2019, 8,141-144.
27. Environment Agency. Monitoring Ambient Air; Version 2; Environment Agency: Bristol, UK, 2011.
28. Department of Environment. Air Quality Air Quality in the Country Is Monitored Continuously . . . .  Available online: https: /  / www.doe. 

gov.my\T1\guilsinglrightportalv1\T1\guilsinglrightuploads\T1\guilsinglright2013/01 (accessed on 2 January 2022).
29. United Stated Environmental Protection Agency. Ambient Air Quality Source Measurement and Emissions Factors Research. 

Available online: https://www.epa.gov/air-research/ambient-air-quality-sourcemeasurementandemissions-factors-research 
(accessed on 2 January 2022).

30. New Zealand Government. Report of the Ministry for the Environment for the Year Ended 30 June 2010. Available on
line: https://environment.govt.nz/publications/report-of-the-ministry-for-the-environment-for-the-year-ended-30-june-20 
10/overview-of-the-200910-year/ (accessed on 2 January 2022).

31. Liu, J.H.; Chen, Y.F.; Lin, T.S.; Lai, D.W.; Wen, T.H.; Sun, C.H.; Juang, J.Y.; Jiang, J.A. Developed urban air quality monitoring 
system based on wireless sensor networks. In Proceedings of the 2011 Fifth International Conference on Sensing Technology, 
Palmerston North, New Zealand, 28 November-1 December 2011; pp. 549-554.

32. DustTrak™ II Aerosol Monitor 8530. TSI Incorporated. Available online: https://tsi.com/products/aerosol-and-dust-monitors/ 
aerosol-and-dust-monitors/dusttrak%E2%84%A2-ii-aerosol-monitor-8530/ (accessed on 2 January 2022).

33. Sapuan, S.M.; Maleque, M.A.; Hameedullah, M.; Suddin, M.N.; Ismail, N. A note on the conceptual design of polymeric composite 
automotive bumper system. J. Mater. Process. Technol. 2005,159,145-151. [CrossRef]

34. Can, Z.; Demirbas, M. Smartphone-based data collection from wireless sensor networks in an urban environment. J. Netw. Comput. 
Appl. 2015, 58, 208-216. [CrossRef]

35. Bhatt, A.; Sharma, M.P.; Saini, R.P. Feasibility and sensitivity analysis of an off-grid micro hydro-photovoltaic-biomass and 
biogas-diesel-battery hybrid energy system for a remote area in Uttarakhand state, India. Renew. Sustain. Energy Rev. 2016,
61, 53-69. [CrossRef]

36. Murad, M.A.A.; Tzounas, G.; Liu, M.; Milano, F. Frequency control through voltage regulation of power system using SVC 
devices. In Proceedings of the 2019 IEEE Power & Energy Society General Meeting (PESGM), IEEE, Atlanta, GA, USA, 4-8 
August 2019; pp. 1-5.

37. Liu, Y.; Lin, Y.; Ren, G.; Zhou, D. Analysis on the classification and research direction of wireless charging technology. J. Phys. 
Conf.Ser. 2021,1972, 012008. [CrossRef]

38. Pritchard, H.; Gabrys, J.; Houston, L. Re-calibrating DIY: Testing digital participation across dust sensors, fry pans and environ
mental pollution. New Media Soc. 2018, 20, 4533-4552. [CrossRef]

39. Tianlong, N. Application of single bus sensor DHT11 in temperature humidity measure and control system. Microcontrollers 
Embed. Syst. 2010, 6 , 26.

40. Singh, P.; Saikia, S. Arduino-based smart irrigation using water flow sensor, soil moisture sensor, temperature sensor and ESP8266 
WiFi module. In Proceedings of the 2016 IEEE Region 10 Humanitarian Technology Conference (R10-HTC), IEEE, Agra, India, 
21-23 December 2016; pp. 1-4.

41. Verma, N.; Shoeb, A.; Bohorquez, J.; Dawson, J.; Guttag, J.; Chandrakasan, A.P. A micro-power EEG acquisition SoC with 
integrated feature extraction processor for a chronic seizure detection system. IEEE J. Solid-State Circuits 2010, 45, 804-816. 
[CrossRef]

42. Zhang, S.; Yang, M.; Liang, K.; Turak, A.; Zhang, B.; Meng, D.; Wang, C.; Qu, F.; Cheng, W.; Yang, M. An acetone gas sensor based 
on nanosized Pt-loaded Fe2O3 nanocubes. Sens. Actuators B Chem. 2019,290, 59-67. [CrossRef]

43. Austin, E.; Novosselov, I.; Seto, E.; Yost, M.G. Laboratory evaluation of the Shinyei PPD42NS low-cost particulate matter sensor. 
PLoS ONE 2015,10, e0137789.

44. Department of Environment Malaysia. New Ambient Air Quality Standard. Available online: https://www.doe.gov.my/portalv1 
/wp-content/uploads/2013/01/Air-Quality-Standard-BI.pdf (accessed on 2 January 2022).

45. Borrego, C.; Amorim, J.H.; Tchepel, O.; Dias, D.; Rafael, S.; Sa, E.; Pimentel, C.; Fontes, T.; Fernandes, P.; Pereira, S.R.; et al. Urban 
scale air quality modelling using detailed traffic emissions estimates. Atmos. Environ. 2016,131, 341-351. [CrossRef]

46. Gonzalez, A.; Boies, A.; Swason, J.; Kittelson, D. Field calibration of low-cost air pollution sensors. Atmos. Meas. Tech. Discuss. 
2019. preprint.

47. Genikomsakis, K.N.; Galatoulas, N.F.; Dallas, P.I.; Candanedo Ibarra, L.M.; Margaritis, D.S.; Ioakimidis, C. Development and 
on-field testing of low-cost portable system for monitoring PM2.5 concentrations. Sensors 2018,1 8 ,1056. [CrossRef]

48. Zheng, T.; Bergin, M.H.; Johnson, K.K.; Tripathi, S.N.; Shirodkar, S.; Landis, M.S.; Sutaria, R.; Carlson, D.E. Field evaluation 
of low-cost particulate matter sensors in high-and low-concentration environments. Atmos. Meas. Tech. 2018, 11, 4823-4846. 
[CrossRef]

49. Wahid, H. Design of a measurement device for air pollution concentrations using an open-source electronics software and 
hardware system. Int. J. Integr. Eng. 2017, 9, 61-70.

50. Husain, A.M.; Rini, T.H.; Haque, M.I.; Alam, M.R. Air quality monitoring: The use of arduino and android. J. Mod. Sci. Technol. 
2016, 4, 86-96.

51. Jiang, B.; Huacon, C.F. Cloud-based smart device for environment monitoring. In Proceedings of the 2017 IEEE Conference on 
Technologies for Sustainability (SusTech), IEEE, Phoenix, AZ, USA, 12-14 November 2017; pp. 1-6.

https://www.doe.gov.my/T1/guilsinglright%20portalv1/T1/guilsinglright%20uploads/T1/guilsinglright%202013/01
https://www.doe.gov.my/T1/guilsinglright%20portalv1/T1/guilsinglright%20uploads/T1/guilsinglright%202013/01
https://www.epa.gov/air-research/ambient-air-quality-sourcemeasurementandemissions-factors-research
https://environment.govt.nz/publications/report-of-the-ministry-for-the-environment-for-the-year-ended-30-june-2010/overview-of-the-200910-year/
https://environment.govt.nz/publications/report-of-the-ministry-for-the-environment-for-the-year-ended-30-june-2010/overview-of-the-200910-year/
https://tsi.com/products/aerosol-and-dust-monitors/aerosol-and-dust-monitors/dusttrak%E2%84%A2-ii-aerosol-monitor-8530/
https://tsi.com/products/aerosol-and-dust-monitors/aerosol-and-dust-monitors/dusttrak%E2%84%A2-ii-aerosol-monitor-8530/
http://doi.org/10.1016/j.jmatprotec.2004.01.063
http://doi.org/10.1016/j.jnca.2015.08.013
http://doi.org/10.1016/j.rser.2016.03.030
http://doi.org/10.1088/1742-6596/1972/1/012008
http://doi.org/10.1177/1461444818777473
http://doi.org/10.1109/JSSC.2010.2042245
http://doi.org/10.1016/j.snb.2019.03.082
https://www.doe.gov.my/portalv1/wp-content/uploads/2013/01/Air-Quality-Standard-BI.pdf
https://www.doe.gov.my/portalv1/wp-content/uploads/2013/01/Air-Quality-Standard-BI.pdf
http://doi.org/10.1016/j.atmosenv.2016.02.017
http://doi.org/10.3390/s18041056
http://doi.org/10.5194/amt-11-4823-2018


Toxics 2023, 11, 385 19 of 19

52. Ju, J.D.; Kim, J.S.; Kang, B.G.; Shim, J. Implementation of Mobile Multi-sensor System for Measuring an Environment. J. Korea 
Multimed. Soc. 2014,1 7 ,1020-1024. [CrossRef]

53. Karagulian, F.; Barbiere, M.; Kotsev, A.; Spinelle, L.; Gerboles, M.; Lagler, F.; Redon, N.; Crunaire, S.; Borowiak, A. Review of the 
performance of low-cost sensors for air quality monitoring. Atmosphere 2019,10, 506. [CrossRef]

Disclaimer/Publisher's Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.9717/kmms.2014.17.8.1020
http://doi.org/10.3390/atmos10090506

