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Abstract
Low‐cost off‐the‐shelf particulate matter (PM) sensors have the potentiality to be used
for evaluating the air quality in outdoor settings. Monitoring of air quality in surface coal
mines is an example of such applications. In coal mines, long‐term exposure to inhalation
of coal dust is harmful and can lead to coal workers' pneumoconiosis, which is a
potentially disabling lung disease. Therefore, continual monitoring of air quality in coal
mines is a must and vital and can potentially assist in preventing such diseases. Although,
using and deploying of the existing low‐cost and lightweight sensors can help to improve
monitoring resolution in a much cost‐effective manner, there are some concerns
regarding the reliability of the collected data from these sensors. Therefore, low‐cost PM
sensors are required to initially be compared with the standard reference instruments and
then be calibrated. In this study, three different types of low‐cost, light‐scattering‐based
widely available PM sensors (Shinyei PPD42NS, Sharp GP2Y1010AU0F and Laser
SEN0177) are evaluated, compared, and calibrated with the reference instruments in a
controlled environment as well as in a field experiment (surface coal mine).

KEYWORD S
calibration, sensors, wireless sensor networks

1 | INTRODUCTION

Particulate matter (PM), also recognised as particle pollution, is
a term that is used to describe a combination of liquid and
solid droplets suspended in the air [1]. PM, which typically used
as a measure of air quality, is one of the common measurement
metrics among other environment‐related parameters such as
volatile organic compound (VOC), carbon dioxide (CO2),
humidity and temperature [2–5]. From the health point of view,
increased levels of PM are directly associated with various
health‐related adverse effects for humans [6]. Black lung, lung
cancer, cardiopulmonary and cardiovascular diseases are some
examples of the aforementioned adverse effects [7–9]. Coal

workers' pneumoconiosis (CWP) is another example of such
adverse effects [10]. CWP is a preventable occupational lung
disease, which is caused by long‐term inhalation of coal mine
dust [11] and can lead to premature death among coal miners
[12]. Progressive massive fibrosis (PMF) is the advanced
version of CWP [13] that can often be fatal [14]. In order to
prevent the occurrence of CWP disease in miners, The Federal
Coal Mine Health and Safety Act of 1969 established a strict
policy for maximum exposure to respirable dust (2.0 mg/m3)
in underground and surface mines [15]. Later, initial surveil-
lance data indicated that the prevalence of CWP among un-
derground coal miners decreased from 11% in the early 1970s
to 2% in the mid‐to‐late 1990s [16]. However, more recent
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surveillance results have shown that the prevalence of CWP
has increased over the past decade, and national institute for
occupational safety and health (NIOSH) estimates that the
prevalence of the most severe form of CWP (PMF) has
reached the highest levels since the early 1970s [16]. In
response to an upsurge in the prevalence of CWP, in 2009 mine
safety and health administration (MSHA) initiated a campaign,
which featured a proposed new rule to lower miners' exposure
to respirable coal mine dust [17]. The resulting final rule in-
cludes a reduction in the limit for respirable dust concentra-
tions from 2.0 mg of dust per cubic metre of air (mg/m3) to
1.5 mg/m3 at underground and surface coal mines [18–20]. To
measure various levels of PM concentration, United States
Environmental Protection Agency (EPA) has standardised and
approved several instruments. Standardized instruments use
three different methods to measure various levels of PM
concentrations. An instrument may use a filter‐based gravi-
metric method such as personal DataRAM (pDR‐1500), a
microbalance‐based method such as Tapered Element Oscil-
lation Microbalance (TEOM) and Quartz Crystal Microbalance
(QCM), or an optical‐based method such as DustTraK and
SidePak [21]. Although measurements obtained from the filter‐
based gravimetric instruments are accurate and precise and can
assist in collecting data reliably, they are unable to instanta-
neously present and demonstrate the collected data in real time.
Occasionally, it may take days or even weeks from the time that
samples are collected until when the presentable data becomes
available. This time delay prevents the air quality monitoring
agencies from responding promptly to fast‐changing parame-
ters of the air quality in an environment [22]. In addition, to
perform the accurate analysis of the collected data, filter‐based
gravimetric instruments are required to sample ambient air for
long duration of time in order to be able to collect sufficient
amount of particles [23]. Moreover, calculation of PM con-
centration using the gravimetric instruments is designed based
on taking the mean values of low and high levels of PM
concentration, which in practice, can lead to a severe disad-
vantage. For cases in which samples are collected for longer
time, it would be very hard to detect short‐time duration of
signal spikes that are relevant to high PM concentrations [22].
For such cases, missed signal spikes may be responsible for
some of the adverse health effects. In order to address the
challenges associated with using existing filter‐based gravi-
metric instruments, real‐time monitoring systems are used.
Real‐time monitors such as DustTrak II Aerosol Monitor 8530
have drawn considerable attention in the last decade. These
instruments can provide sufficient temporal information and
can quickly identify and notify important moments of exposure
to high levels of PM concentrations. However, they are rela-
tively expensive (a typical monitor costs more than $6000.00),
which leads to obtaining insufficient spatial information from a
typical monitored environment [24]. Several real‐time air
quality monitoring systems operate based on light‐scattering
principles such as photometers and optical particle counters
(OPCs). OPC uses a photodetector to detect the scattered light
from an aerosol particle. In this measurement method, pulses
of scattered light are counted to provide an approximate

estimate for total number concentration and pulse heights and
are measured to estimate the size of particles [25]. Photometers
use an aerosol sampler to measure the total amount of scat-
tered light. For particles with diameters similar to the wave-
length of the light, photometers respond linearly to the mass
concentration. In photometers, the scattered light from a
particle is highly dependent on particle size and the light
wavelength [26]. Although, instruments designed based on
OPC and photometer principles are widely being used in in-
dustry sectors for real‐time monitoring of air quality, they are
not able to simultaneously work together within a smart
network to be able to exchange data in real‐time and cover
wider geographical areas. Therefore, a lack of an alternative
intelligent and cost‐efficient real‐time air quality monitoring
system is identified. Many original equipment manufacturers
nowadays offer low‐cost particulate matter sensors such as
Shinyei PPD42NS, Sharp GP2Y1010AU0F and Laser
SEN0177 to measure PM concentrations. Although, these
sensors can be deployed in large numbers because they are
cost‐efficient, there are still some concerns regarding the
quality of data produced by these sensors [27–29]. In addition,
the accuracy and precision of these sensors may not be
acceptable for the regulatory use [30]. Various models of low‐
cost PM sensors have been evaluated and tested in the past by
many scientists under laboratory conditions as well as in field
settings. Authors in Ref. [31] evaluated the performance of
three widely used low‐cost PM sensors based on light scat-
tering (Shinyei PPD42NS, Samyoung DSM501A, and Sharp
GP2Y1010AU0F) and compared the results with commonly
used reference air quality instruments [SidePak and Scanning
Mobility Particle Sizer (SMPS) spectrometer]. In Ref. [32],
authors evaluated the performance of four low‐cost optical
sensors (Sharp, Shinyei, Samyoung and Oneair) using two
reference instruments [TSI DustTrak and Personal Dust
Monitor (PDM)] in a controlled environment, in which parti-
cles were generated in different size distributions and com-
positions. Authors in Ref. [33] characterised the field‐based
performance of different PM sensors in an outdoor urban
environment. In this study, authors investigated the long‐term
(a year‐long) evaluation and comparison of several sensors of
various models in a field setting, which were arranged to work
together as a network of sensors. Authors in Ref. [34] inves-
tigated the performance of two different types of low‐cost PM
sensors in terms of precision, accuracy, noise and limit of
detection over 320 days under different ambient conditions
including fireworks and wildfires and showed that during these
specific environments, the daily level of PM2.5 could increase
significantly. The aim of this work is to initially evaluate,
compare and calibrate various models of low‐cost PM sensors
using different sizes and types of particles [three different sizes
of Arizona road dust (A1 Ultrafine Test Dust, A2 Fine Test
Dust and A3 Medium Test Dust) as well as one type of coal
dust] under laboratory conditions. This test specifically
focusses on evaluating the low‐cost PM sensors for consid-
ering the new strict policy that has recently been introduced by
MSHA in 2009, which requires that the maximum level of
exposure to respirable dust must be limited to 1.5 mg/m3 at
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underground and surface coal mines and then to evaluate and
validate the performance of the low‐cost PM sensors in a real
scenario in a surface coal mine.

2 | MATERIALS AND METHODOLOGY

2.1 | Low‐cost particulate matter sensors

In this work, three different types of low‐cost PM sensors
(Shinyei PPD42NS [31, 35, 36], Sharp GP2Y1010AU0F
[31, 37, 38] and Laser SEN0177 [39–41]) are selected for
evaluation (herein referred to as PPD4, GP2Y, and SEN0,
respectively). Sensors evaluated in this work are designed to
operate based on an optical measurement technique of particles
by the use of a light scattering principle. A typical PM sensor
consists of a light source [laser diode or infrared light‐emitting
diode (IR LED)], a light‐detecting device (phototransistor or
photodiode), and an optical lens. Dust particles are passed
through a light beam that is generated by the light source, and a
photodetector is used to capture the scattered light. The light
intensity detected using the photodetector is directly associated
with the particle concentrations. Sensors usually contain mini
blowers or heated elements to pass the flow of air through the
light scattering region. In this work, three different classes of
sensors are selected for evaluation. The PPD4 sensor uses a
100‐Ω resistor to generate 0.25 Wof heat. In this way, a natural
convection mechanism is used to make particles flow through a
light beam generated by a LED. Unlike the PPD4 sensor that is
self‐aspirated via the use of an internal resistor for the transfer
of particles, and the SEN0 sensor that includes a built‐in fan to
supply airflow to the sensor, the GP2Y sensor does not contain
any internal resistor or built‐in fan to provide airflow to the
sensor. Although, adding some types of external airflow (e.g.
from wind or natural convection) can assist the sensor to react
faster to variations in dust concentration, not including an
airflow mechanism can also be valuable as it can provide
flexibility in terms of sensor positioning and orientation. In
addition, a GP2Y sensor including a regulated external con-
vection may react differently to particle concentrations in
comparison to a GP2Y sensor that does not include a regulated
external convection. The PPD4 sensor outputs modulated
pulses where there is a direct relationship between the low
pulse occupancy (LPO) (time duration in which the sensors
output a low voltage in a total sampling time of 30 s) time and
the size of the particles and particle concentrations. The PPD4
sensors can be used to detect particles ranging in size from 0.5
to 2.5 μm [42]. The SEN0 sensor is a digital sensor. It calculates
and outputs PM concentrations (the number of suspended
particulate matter in a unit volume of air within 0.3 to 10 µm).
The SEN0 sensor can detect particles ranging in size from 0.3
to 10 μm [39]. The GP2Y sensor calculates and outputs the
voltage. A formula is then used to convert the output voltage
into dust density values. The Sharp GP2Y sensor can detect
particle sizes of approximately less than 0.8 μm [43]. Dust
concentration increases linearly with respect to the output
voltage. In order to enable sensors to collect and store data,

each sensor was separately connected to a battery‐powered
acquisition device, which was programmed to log the sensor
data.

2.2 | Reference instruments

Three different types of reference instruments were used to
evaluate and compare the performance of low‐cost PM sensors
with the real‐time reference instruments: DustTrak DRX
Aerosol Monitor, Thermo Scientific Personal DataRAM pDR‐
1500 Monitor and a PDM3700 Personal Dust Monitor. Similar
to the previously mentioned low‐cost PM sensors, the Dust-
Trak DRX Aerosol Monitor also measures particle mass con-
centration through a light scattering method. The DustTrak
uses a diaphragm pump to drag aerosol into the sensing
chamber continuously. A portion of the stream is detached
from the main aerosol stream before entering to the sensing
chamber and then passed via a HEPA filter and injected back
into the sensing chamber around the inlet nozzle as the sheath
stream. The other part of the aerosol stream that is called the
sample stream passes through the inlet and enters the chamber.
DustTrak DRX uses a laser diode as its light source. The
emitted light from the laser enters through a collimating lens
and afterwards, a cylindrical lens to generate a beam of light. A
gold‐coated spherical mirror is incorporated in the optical
system of this instrument to capture the light that is scattered in
a wide angle and try to focus them onto the photodetector.
DustTrak monitors measure particle sizes ranging from 0.1 to
15 μm [44]. The Thermo Scientific Personal DataRAM pDR‐
1500 instrument is a very sensitive nephelometric monitor
that uses a LED source to generate a beam of light with a
wavelength of 880 nm in order to measure particle concen-
trations. PDR‐1500's forward‐scattering‐angle covers a range
between 60 and 80°. pDR‐1500 is able to cover a broad mea-
surement range for mass concentrations, typically from 0.001 to
400 mg/m3 and also is capable of measuring a wide range of
particle sizes from 0.1 to 10 μm [45]. Unlike previously
explained widely used reference instruments that operate based
on optical measurement techniques, the PDM3700 Personal
Dust Monitor uses a tapered element oscillating microbalance
(TEOM) technology to measure particle concentrations [32].
TEOM is a mechanical method that is used for real‐time
monitoring of particles by measuring particles' mass concen-
tration. A coil driver pulses against two magnets on the tapered
element to initiate an oscillating movement. The pausing
magnetic field maintains the natural oscillation and air samples
start to flow through the system. Particles are collected on the
filter set on top of the TEOM. Over time, the particulate mass
increases and weighs down against the TEOM reducing oscil-
lation frequency. The change in frequency is measured using a
Hall effect sensor. Unlike the light scattering nephelometer,
which can be affected by changes in particulate characteristics,
the TEOM is unaffected and calibrates the response of the
nephelometer by providing a real‐time mass reference con-
centration [32]. The PDM3700 Personal Dust Monitor mea-
sures particle sizes of less than 4.5 μm [46].

GHAMARI ET AL. - 23



2.3 | Dust chamber for PM measurements

The aerosol test chamber used in this work is shown in
Figure 1. The test chamber is designed and manufactured such
that it has a hexagonal geometric shape. The chamber has an
approximate height of 2.4 m along with an actual inner diameter
of 1.2 m [47]. The aerosol test chamber uses an appropriate
aerosol generator such as a vibrating orifice aerosol generator
[48] or a fluidised bed dust generator [49] along with dilution air
at the top of the chamber to provide aerosol to the chamber.
From this section of chamber, the aerosol is then conducted
downward through a 10 cm honeycomb structure in which
turbulence in the air is decreased, thus, producing a low velocity
downward conducted aerosol stream through the test part of
the aerosol chamber. A table with an approximate diameter of
1.16 m that contains a perforated plate to let the air stream flow
through the table forms the floor of the test section of this
chamber. Underneath the table, the aerosol that is not sampled
goes through the HEPA filter and lower distribution plate, in
which the particles are detached from air flow. A blower is used
to exhaust the air from the test chamber. Three sides of the
hexagonal chamber are designed such that they can be used as
workstations. Each of these three sides is equipped with a
50 � 75 cm lightweight and shatter‐resistant window in addi-
tion to a pair of glove ports. These windows enable up to three
persons (one person at each window) to work simultaneously
on instrumentation placed within the chamber during a test.
Windows are held in place by quick‐acting toggle clamps. Thus,
windows can quickly be removed in order to ease placement of
instruments into and out of the chamber.

3 | IN‐LAB EXPERIMENTAL SET UP

Nine low‐cost PM sensors, three for each type, are interfaced
with Arduino boards (Arduino Uno REV3) in order to enable
sensors to collect the data. Experiments generally consist of
placing these nine low‐cost PM sensors along with reference

instruments including the PDM 3700, DustTrak DRX, PDR
1500, and personal sampling pump/cyclone, to yield estimates
of respirable dust concentration into the dust chamber as shown
in Figure 2. The primary reference measures of respirable dust
are the PDM 3700 and personal sampling pump with cyclone,
both of which yield gravimetric estimates of the respirable dust
concentration. The PDM 3700 also logs a 15 min time‐weighted
average (TWA) measure of respirable dust concentration to
which the dust sensor output can be compared. The perfor-
mance of the reference direct reading instruments is compared
in Figure 3, which shows the 15 min TWA respirable dust
concentration for the reference PDM 3700 along with the
respirable corrected dust concentrations logged by the Dust-
Trak DRX and PDR 1500 instruments. The DustTrak and PDR
1500 instruments are calibrated by the manufacturer using ISO
Ultrafine (A1) Arizona road dust and can be adjusted using a
correction factor for different dusts. The test dust used in this
experiment was ISO Fine (A2) test dust, and therefore a
correction factor was used to adjust the DustTrak and PDR
1500 results. The correction factor is simply the ratio of the
respirable dust concentration measured using a reference in-
strument (PDM 3700, or a sampling pump gravimetric/cyclone
result) and the DustTrak or PDM 1500 result, and then the
instrument results are multiplied by the resulting correction
factor. An example of readouts from the reference instrument
and corrected results is shown in Figure 3 for a range of PM
concentration. Note that instrument inlets locations, which
could affect dynamic response and/or spatial and temporal
variability of the concentrations within the chamber, are chosen
within approximately 6–12 inches of each other in order to
minimise spatial effects. The target concentration range for
experimental runs was approximately 0.15–3.0 mg/m3 respi-
rable dust, which represents a range of approximately 0.1–2�
the exposure limit of 1.5 mg/m3. The chamber concentrations
were controlled by varying the air flow rate and dust feed rates
into the fluidised bed dust generator that supplies the chamber.
Although it is difficult to precisely control the dust concentra-
tion, the intent is to vary concentrations several times over the
course of an experimental run over the range of interest.

F I GURE 1 Aerosol test chamber

F I GURE 2 Experimental set up inside the test chamber
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For experiments, PM sensors along with the reference in-
struments placed in the chamber, were exposed to different
levels of dust concentrations. We then compared the response
of low‐cost PM sensors with reference instruments.

4 | RESULTS AND DISCUSSIONS

4.1 | Data collection

Data was collected in a controlled environment. The experi-
mental set up that was previously described in Section 3was used
to collect dust data for our analysis. Data was collected from the
three different types of PM sensors along with the reference
instruments over a course of four days, and the same experi-
mental set up was used in all the experiments. However, for each
experiment, we either used different sizes of particles or different
types of particles. Thus, the type or the size of particles was
different for each experiment. The particle size and composition
can effectively affect the measuring performance of low‐cost
sensors. Authors in Ref. [50] investigated how low‐cost sen-
sors react to particles with different size and composition. Their
analysis showed that the performance of sensors was driven by
the particle sizemore than composition. In thiswork, for the first
three experiments, we used Arizona road dust, but each time
with different sizes of particles. For day one, we used A1 Ul-
trafine TestDust, which has an average size between 0 and 10 µm
[51]. For day two, we used A2 Fine Test Dust, which has an
average size between 0 and 80 µm [51] and for day three, we used
A3 Medium Test Dust, which has an average size between 0 and
80 µmwith a lower 0 to 5 µm content than A2 Fine Arizona Test
Dust [51]. In the last day of the experiment, we used coal dust
that has particles of 74 μm or less in diameter [52]. Please note
that the readout from the sensors not only depends on the
concentration of dust particles but also other factors, such as
humidity, temperature etc., affect the calibration. In the
controlled environment where we calibrated the sensors, the
temperature and humidity were kept fixed.

4.2 | Results for the linear regression model

A simple linear regression statistical method was used to
indicate the relationships of low‐cost sensors and one of the
reference instruments (DustTrak). Based on these relation-
ships, several equations were obtained, which were later used
for the calibration processes. PM sensors were used as
independent variables while the reference instrument
(DustTrak) was used as a dependent variable. The result of this
calibration process is illustrated as fitted curves. These fitted
curves are expressed in terms of polynomial functions given in
Tables 1 and 2. In Tables 1 and 2, the order of the polynomial
functions that can present the best performance among others
are also highlighted. Higher adjusted R2 [53] represents more
accurate models for each type of sensor. Laser sensors exhibit
more non‐linearity in their response. As can be seen, the best
calibration polynomial models for Sharp, Shinyei, and Laser
sensors are all third‐degree. To select the best regression
model for the calibration procedure, we employ statistical
tools such as the F test [54]. A statistic made of the variance
ratio, designated as the F test, is to test how well the fitted data
match the chosen model. The probability value (p value) also
shows the possibility of acquiring test results at least as
extreme as the results that were observed during an
experiment.

The best calibration model for each type of sensor is
selected from Table 2 and illustrated in more detail in
Figures 4–6. The calibration equations obtained from
Tables 1 and 2 are then applied into the uncalibrated sensors'
output signals and shown in Figures 7 and 8. In Figures 7 and 8,
the DustTrak monitor was used as a reference instrument.
DustTrak uses a mass measurement technique, which is supe-
rior to either an OPC or a simple photometer [44]. Although
photometers are used for measuring the high mass concentra-
tions, they are not usually able to provide any information
related to size (unless used with size‐selective inlets). Alterna-
tively, OPCs offer size‐related information but cannot be used
at high mass concentration. The DustTrak monitor however

F I GURE 3 Comparison of direct reading
instruments for measurement of respirable dust
concentrations—15 min time‐weighted average for
PDM 3700, corrected PDR 1500, and corrected
DustTrak DRX
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can do both measurement techniques [44]. Light‐absorbing
particles composed of coal dust from coal mining [55] may
provide slightly different response to OPC style devices such as
DustTrak. As an example, authors in Ref. [56] used an OPC
device to measure the size distribution of the coal dust particles
and showed that the height of the output signal of the OPC was
considerably lower for the coal particles compared to the
spherical oil drops of the same size. In Figure 8 also can be seen
that the output response of the low‐cost sensors along with
DustTrak is slightly lower for the coal dust particles compared
to the different sizes of Arizona Road Dust. Different envi-
ronmental conditions and in particular relative humidity (RH)
can affect the performance of the low‐cost sensors as shown in
Refs. [57, 58]. The hygroscopic properties of coal dust have
been investigated in the past. As an example, authors in Ref.

[59] investigated the wetting performance of coal dust by
evaluating the contact angle and the reverse osmosis hygro-
scopic capacity. The hygroscopic properties of coal dust can
possibly affect the performance of the low‐cost sensors.
However, to the best of our knowledge, not much work has
been done in this domain in the past to evaluate the effect of
hygroscopicity on the performance of the low‐cost sensors.

5 | FIELD EXPERIMENT

A substantial number of coal deposits in the United States are
located near the surface of the Earth [60, 61]. Surface mining is
usually used when coal beads are located less than approxi-
mately 60 m underground [62]. Surface mining is carried out by

TABLE 1 Calibration equations and the best calibration models for different types of particulate matter sensors when Arizona Road Dust was used as the
main source of producing dust particles

Equation R2 (adj) (%) F test p value

DustTrak = 0.1114 + 0.7226 Shinyei − 0.0814 Shinyei^2 + 0.0109 Shinyei^3 84.53 1954.11 0.0001

Dust Trak = −0.02383 + 3.379 Laser + 5.247 Laser**2 − 6.780 Laser**3 79.30 1375.20 0.0001

DustTrak = −0.2489 + 0.5731 Sharp − 0.0250 Sharp2 + 0.0174 Sharp^3 86.15 2224.21 0.0001

TABLE 2 Calibration equations and the best models for different types of particulate matter sensors when Coal Dust was used as the main source of
producing dust particles

Equation R2 (adj) (%) F test p value

Dust Trak = 0.1679 + 1.965 Shinyei − 0.2962 Shinyei^2 − 0.2532 Shinyei^3 83.9 627.21 0.0001

Dust Trak = 0.07471 − 0.1288 Laser + 9.269 Laser**2 − 8.047 Laser**3 95.3 2454.22 0.0001

Dust Trak = 0.03483 − 0.1043 Sharp + 0.3206 Sharp^2 − 0.04581 Sharp^3 94.1 1906.31 0.0001

F I GURE 4 In this figure, regression is shown with a solid red line, confidence intervals = 95% and is shown with dashed green lines, and prediction
intervals = 95% and is shown with dashed pink lines
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removing the topsoil and rock layers to uncover the coal beads.
Different mining techniques can be used for surface mining.
However, operations such as drilling, blasting, loading and
hauling is included in most of the surface mining techniques
[62]. Surface mining is less expensive in comparison to un-
derground mining, and it produces most of the coal in the
United States. Unfortunately, coal workers who are

overexposed to coal dust are at great risk of developing lung
diseases. In order to gain insights into the possibility of inha-
lation of coal dust over the allowable limit in miners, a field
study was conducted in a surface coal mine site located in West
Virginia in the United States. For the initial test, a load‐out
platform was selected. Therefore, an area sample was
collected on the load‐out platform during rail car loading. Coal

F I GURE 5 In this figure, regression is shown with a solid red line, confidence intervals = 95% and is shown with dashed green lines, and prediction
intervals = 95% and is shown with dashed pink lines

F I GURE 6 In this figure, regression is shown with a solid red line, confidence intervals = 95% and is shown with dashed green lines, and prediction
intervals = 95% and is shown with dashed pink lines
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loading operation was an example of a scenario where coal
workers may be at the risk of excessive inhalation of coal dust.
A train loading system works by passing a train through the
load‐out at a pre‐determined speed without stopping while

train cars are being loaded. Each batch is calculated based on
the maximum gross weight and the empty tare weight. Indi-
vidual car data is obtained either from a master database or via
a radio frequency badge installed on each car. In Figure 9, the

F I GURE 7 Calibrated data—on the left, with Arizona Test Dust‐ISO 12103‐1‐A1 Ultrafine and on the right, with Arizona Test Dust‐ ISO 12103‐1‐ A2
Fine

F I GURE 8 Calibrated data—on the left, with Arizona Test Dust‐ISO 12103‐1‐A3 Medium and on the right, with Coal Dust

F I GURE 9 On the left, load‐out platform. On the right, respirable dust monitoring during rail car loading operation
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reference dust sensing node consists of the TSI DustTrak
DRX with its environmental enclosure being placed along with
all three different types of inexpensive PM sensors (Sharp,
Shinyei, Laser) nearly 3 m away from the coal loader. During
this experiment, 54 cars were filled with coal, each car took

around 1 min and 22 s to be filled out and each car had a
length of 53 feet and a height of 12 feet and 10 inches.
Figure 10 shows the calibrated results of the above experiment.
As can be seen, all PM sensors and the reference instrument
have shown that particle concentration in this specific location

F I GURE 1 0 Calibrated result for respirable
dust monitoring during rail car loading operation
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is below the limit of 1.5 mg/m3. However, as can be seen in
Figure 10, these sensors follow the reference but with different
degrees of accuracy. The scatter plots of the low‐cost sensors
versus the DustTrack shown in Figure 10 illustrate the mea-
surements of these three sensors against the reference device.
As indicated in the scatter plot, the measurements show the
difference between the readouts from the three sensors. The
Shinyei sensor shows less sensitivity in the lower end of con-
centration. Sensors had small offsets, which could be due to
the change of the environment and measurement circum-
stances. We also used a moving average filter to smooth out the
response of the Sharp sensor. It can also be seen from this
figure that the Laser response closely matches the DustTrak,
which is also indicated in the lower root mean square error for
the Laser sensor. The mean square error for Shinyei, Laser and
Sharp sensors with respect to the reference sensor are 0.0311,
0.0206, and 0.0232, respectively. However, it should be noted
that this is only true for the low concentration regime. The full
picture becomes clearer when we consider the statistical anal-
ysis done in Section 5.

6 | CONCLUSION

Three different types of low‐cost PM sensors (Shinyei
PPD42NS, Sharp GP2Y1010AU0F and Laser SEN0177)
were evaluated, calibrated and compared with the reference
instruments. PM sensors were compared with the DustTrak
DRX Aerosol Monitor and Thermo Scientific Personal
DataRAM pDR‐1500 Monitor. The results showed that
although these sensors can be used as an alternative to the
more expensive instruments, they exhibit different levels of
accuracy. The statistical analyses done in Section 4 help to
better understand the characteristics of each sensors'
response. The methodology given here can be used to assess
whether the sensor is compliant with the required accuracy
of the proposed application. The use of such accessible
sensors will enable a wide network to be installed in the field
at different locations. The sensors can be congregated in one
location or spread out over a spatial spectrum. The optimum
configurations for placement of sensors are the subject of
future research. Once the data are collected wirelessly and
accumulated over the cloud for a fixed interval of time, a
more accurate picture of the environment is attainable. Tens
or hundreds of these low‐cost off‐the‐shelf PM sensors can
potentially simultaneously work together in mines and form
an intelligent wireless network [63]. This smart wireless
network consists of three main units of monitoring,
communication and control system and is able to intelligently
address the problems associated with safety monitoring of
coal miners.
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