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Asthma is a prevalent chronic respiratory ailment which affects 7.1 million children 

in the United States.  Asthma is aggravated by environmental and physiological 

factors, including air pollutants such as particulate matter.  Particulate matter includes 

solid and liquid particles suspended in the air, such as pollen, dust, dander, and 

smoke.  This research contributes to the development of a low-cost, low-power 

particulate matter sensor.  The particulate matter sensor will aid in the determination 

of the triggers for asthma by allowing for more accurate identification of particle 

concentration, size, and type.  This project involved a detailed characterization of the 

Shinyei PD42NS particle sensor.  The particle sensor uses a process known as 

nephelometry, light scattering, to measure the particle concentration.  The sensor 

performance was characterized for varying particle types and sizes, including sodium 

chloride (NaCl), polystyrene latex (PSL) microspheres, and incense smoke.  

Modifications to the sensor by changing the LED type, increasing the air flow rate, 

and lowering the threshold of detection were investigated.  Ultimately, this work will 



  

inform the development of a new low-cost, wearable PM sensor that will be deployed 

for pediatric asthma research. 
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1.0 Introduction 

Pediatric Asthma is a major health problem in the United States, affecting ~8-

9 percent of children.1  There are many phenotypes of asthma which each have their 

own environmental triggers and management plans.  Phenotypes are classified by the 

severity of the symptoms, the frequency of the symptoms, the age of onset, and the 

triggers of symptoms.  Even in pediatric asthma, there are many different types and 

proper identification is crucial for proper treatment.2  Pediatric asthma is often 

allergenic asthma and has no cure: therefore, the approach to treatment uses symptom 

management to control the disease.  In addition to the use of pharmaceuticals, 

avoidance of allergens and air pollutants are used to mitigate symptoms.  

Exacerbation of asthma can be life threating, so it is important to identify risk factors 

unique to each individual patient.3 

Particulate matter (PM) consists of solid and liquid particles suspended in the 

air.  Particulate matter is known to aggravate asthma symptoms.4  Also, maternal 

smoking and exposure to outdoor air pollutants have been identified as increased risk 

factors for the development of asthma in children.5  Particulate matter from traffic has 

been shown to increase the probability of developing chronic asthma.5 Black carbon 

(pure carbon which comes from incomplete combustion of biomass and fossil fuels), 

PM2.5 (particles with diameters less than 2.5 μm) and PM10 (particles with diameters 

less than 10 μm) are associated with the development of asthma, as well.6 

Due to the variability in pediatric asthma phenotypes, the disease is most 

effectively managed on the individual patient level.7  This includes an understanding 

of the particulate matter types and concentrations that an individual is exposed to 
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each day.  However, the cost of current PM measurement technology precludes such 

an assessment, given the high number of sensors that would be required.  This has 

motivated the development of new, low-cost sensors that can be deployed to measure 

PM exposures in pediatric asthma patients.  The ideal sensor needs to be able to 

differentiate between various types of PM.  This will allow for the identification of 

the particle types that aggravate asthma along with being able to distinguish allergens 

from other particulates in the air.  For example, some children’s asthma is aggravated 

by pollen while others are most sensitive to traffic-related PM.7-9  Pollen and traffic 

emissions have drastically different chemical and physical properties.10, 11 

The target sensor needs to be wearable so it goes with the child and measures 

the actual particulates to which a child is exposed.  Throughout the day people are 

exposed to different microenvironments which have varying particulate matter 

concentrations due to the different sources that affect the environments differently.12, 

13  These different environments affect one differently and require a higher temporal 

and spatial resolution than stationary measurements provide.  Often, PM 

concentrations in different microenvironments have no correlation with the 

concentrations measured by stationary instruments deployed for ambient regulatory 

monitoring.14, 15  This sensor will help determine the air quality in the various 

microenvironments which a child is exposed to throughout the day and help 

determine the environmental factors affecting pediatric asthma on the individual 

level.  Also, most regulatory PM monitoring stations employ 24-h integrated 

measurements.  Asthma, though, is often aggravated by acute exposure to PM on 

timescales shorter than 24 h. 6, 16  This means that our ideal sensor needs to provide 
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measurements with a fast response time to capture episodic peaks in PM 

concentrations that may occur throughout the day.  As a wearable sensor, our sensor 

will need to be lightweight, small, and have a low power consumption.  These factors 

allow the device to be portable and worn throughout the day.17-20 

The work described in this thesis is part of the Pediatric Research using 

Integrated Sensor Monitoring Systems (PRISMS) Research Grant from the National 

Institutes of Health (NIH).  This grant funds research into the development of a low-

cost, low-power, wearable sensor to measure the environmental triggers of asthma. 

The following factors were considered during the design of the environmental 

sensor for the triggers of asthma: 

• The sensor must be a wearable, low-cost particulate matter sensor for use in 

research causes of asthma aggravation. 

• The sensor needs to accurately measure particulate matter in the air. 

• The sensor shall determine/identify the type of particulate matter, e.g. pollen 

or smoke, to help to identify allergens and PM sources that lead to asthma 

aggravation to inform source avoidance. 

The research accomplished in this phase of the project was a detailed 

characterization of the Shinyei PD42NS under its default configuration and with 

several modifications.  The Shinyei PD42NS is a commercial, low-cost (~$15) PM 

sensor that uses light-scattering (nephelometry) as the measurement principle.  The 

Shinyei sensor has been used to measure ambient PM concentrations and is one of the 

most widely used low-cost PM sensors on the market.  Numerous studies 

investigating the Shinyei’s effectiveness in both lab and ambient conditions have 
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been published.21-23  The characterization of the Shinyei sensor was done to 

understand the strengths, weaknesses, and general operation of a current low-cost 

sensor to inform the design and development of the UMBC prototype sensor. 
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2.0 Background 

2.1 Particulate Matter 

Particulate Matter (PM), also known as aerosols, is solid and liquid particles 

suspended in the air.  It is one of the six criteria air pollutants regulated by the 

Environmental Protection Agency under the Clean Air Act.24  Particulate matter is 

classified as course, where particulates have diameters ranging from 2.5 to 10 μm, 

and fine (PM2.5) where particulates have diameters less than 2.5 μm.  These categories 

exist due to increased health risks posed by smaller particulates in the PM2.5 category.  

Particulate matter is classified as either primary or secondary.  Primary aerosols are 

directly released into the atmosphere, while secondary aerosols are formed from gases 

reacting in the atmosphere. 

2.1.1 Sources of Particulate Matter 

There are many sources of particulate matter that are both natural and 

anthropogenic in nature.  Common natural sources of particulate matter are 

volcanoes, mineral dust, and sea spray.  A common anthropogenic source is fuel and 

biomass combustion.  Particulate matter is either a primary aerosol (directly released 

to the atmosphere) or secondary aerosol (particulate formed in the atmosphere).  

Secondary aerosols include sulfates, nitrates, and organics formed from VOCs.25  

Combustion of fossil fuels has been shown to be a major source of particulate matter 

in cities.26  A major source of particulate matter from fuel combustion is car 

emissions.  Numerous studies have shown elevated particulate concentrations in 

traffic and near roadways.5, 6, 10, 14, 27-30   
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2.1.2 Regulatory Standards 

The EPA has established the National Ambient Air Quality Standards 

(NAAQS) which regulate the ambient air quality in the United States.  The World 

Health Organization (WHO) has published standards for ambient air quality limits 

based on particulate matters’ effect on human health.  The NAAQS and WHO 

standards are shown in Table 2.1; the NAAQS standards are the regulatory limits for 

ambient air quality in the US. 

Table 2.1: Particulate Matter Ambient Regulations 

Particulate Matter Regulatory 

Designation 

NAAQS (μg/m3)31 WHO (μg/m3)32 

PM2.5 1 year Primary 12.0 10.0 

Secondary 15.0 

24 hr Primary and Secondary 35.0 25.0 

PM10 1 year Primary and Secondary 150 20.0 

24 hr  50.0 

 

2.1.3 Ambient Particulate Matter Concentrations 

There is significant variation in PM concentrations depending on proximity to 

the source of the PM.  In an analysis of US cities, the ambient PM2.5 concentration 

was found to range between 4.14 to 22.7 μg/m3 with means for different clusters 

within the cities ranging from 12.2 to 14.1 μg/m3 based on the age of the city and 

usage of air conditioning.33  This shows that ambient PM in the U.S. has 

concentrations in the range of the NAAQS standards.  This implies that a sensor 

needs to be able to distinguish PM at these low levels. 
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2.1.4 Particulate Matter size distributions 

The distribution of particles in the atmosphere is characterized based upon the 

number of particles as a function of particle diameter, or based on the volume (or 

mass) of particulate matter as a function of particle diameter.  The number 

distribution represents the number of particles at each size while the mass distribution 

represents the mass of particles at each size.  The number distribution is based on the 

count of particles of each size.  The mass distribution is based on the mass of particles 

present at each size.  For example, if a system has 10 1 μm particles of uniform 

composition and 1 10 μm particle of the same composition, then in the number 

distribution will show the larger number of 1 μm particles whereas the mass 

distribution will show the greater mass of the 10 μm particle.25 

In a typical urban environment, the number distribution tends to show that the 

majority of particles are less than 0.1 μm while the volume distribution shows two 

peaks, one between 0.1 μm and 1 μm (the accumulation mode) and the other between 

1 μm and 10 μm (the coarse mode).  This distribution shows how most particulate 

matter are fine aerosols and shows the significance of detecting smaller particles.  In a 

study on bioaerosols, which are common allergens for many people, on dry days, it 

tends to be mostly coarse particulates like pollen, but after a rain event the coarse 

particulates mostly washout leaving behind only the fine particulates.11 

2.1.5 Health Effects of Particulate Matter 

Particulate matter has been shown to have many adverse health effects, which 

include effects from both chronic and acute exposures.  Acute effects of particulate 

matter are death from respiratory and cardiovascular diseases, increase in 
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hospitalizations, heart attacks, and lung inflammation.  Chronic effects of particulate 

matter are slowed lung growth, the development of asthma, damage to lungs, death 

from cardiovascular disease, hospitalization from asthma, and low birth weight.1, 4, 5, 8, 

9, 33-61 Particulate matter is the largest environmental health risk with ambient 

particulate matter concentrations attributed to 76 million disability-adjusted life years 

lost and household air pollution from solid fuel combustion attributed to 108 million 

disability-adjusted life years lost worldwide in 2010.43  Particulate matter has been 

shown to increase mortality by 0.33% for each  increase of 10 μg/m3 in PM2.5.
33  

During the Utah Valley Steel Mill Strike, many health effects of particulate matter 

were discovered due to a 43% reduction in ambient PM10.  There were reductions in 

hospital admissions for asthma, bronchitis, pleurisy, and pneumonia.  The respiratory 

and cardiovascular mortality also decreased during the period of the shutdown.53  A 

similar situation occurred during the copper smelter strike of 1967, during which 

there was a decrease of about 60% of sulfate particulates which correlated with a 

2.5% decrease in mortality in Arizona, Nevada, New Mexico, and Utah.52  On the 

other hand, coarse particulate matter has been shown to have a weak correlation 

between short-term exposure and ambulance dispatches,45 while fine particulate 

matter has a stronger correlation between short-term exposure and ambulance 

dispatches for respiratory diseases.46 

2.1.5.1 Asthma  

Particulate matter is known to both exacerbate asthma and can lead to the 

development of asthma.  Particulate matter affects developing lungs and can affect 

the development of asthma in children younger than fourteen.  The different types of 
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particulate matter that affect asthma are dust, dander, mold, and smoke along with 

elevated levels of ambient air pollution.  Asthma patients react differently to these 

different particulate types with variance in allergies and phenotypes of asthma.  In a 

survey of asthma patients, 72% of participants claim that dust is a trigger for their 

asthma, 59% smoke, 58% air pollution, 51% mold, and 50% animals.9  Particulate 

matter inflames the lung and can also increase sensitivity to allergens.3, 7, 9, 16, 42, 49, 62 

Exposure to PM increases hospitalization among children with asthma.16, 63  PM from 

fuel combustion has been found to especially exacerbate asthma6, 16 and increase the 

chance of development of asthma.6  There can be up to a 24-h lag between exposure 

to particulate matter and the exacerbation of asthma.9   

2.2 Microenvironments 

Wearable sensors provide a measure of an individual’s exposure to particulate 

matter encountered in the different environments that they inhabit.  Since there can be 

spatial variation of particulate matter that is not discernable by widespread air quality 

sensor networks, the use of wearable sensors is critical to measure individual PM 

exposures.  The stationary monitoring sensors are often not representative of the 

exposure of the average person.14, 15, 35, 64-68  People spend about ninety percent of 

their life indoors,69 so it is important to consider the indoor environment in addition to 

the variations in outdoor PM.  Particulate matter in indoor air is often different due to 

the variation of sources, such as cooking, dust, dander, and indoor smoking.70  

Personal exposure has been found to be as much as twelve times higher than that 

estimated from outdoor, stationary measurements.65  On biking routes, there has been 

significant variation in particulate matter measured with concentrations ranging 
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between 45.5 to 79.8 μg/m3.  The higher concentrations occur near traffic lights and 

other locations where traffic slows and stops.  The concentration was also affected by 

buildings and wind velocity.14  Green areas have been shown to have lower 

concentrations of particulate matter.71  Homes with larger yards have been shown to 

have lower indoor and outdoor particulate matter concentrations along with lower 

overall exposure to the residents.71  High levels of fungal and bacterial bioaerosols 

indoors have been found exceeding the acceptable maximum values for personal 

exposure.72 

2.3 Nephelometry 

Nephelometry is the measurement of light scattered by particles.  Light 

scattering can be divided into three categories: elastic scattering, quasi-elastic 

scattering, and inelastic scattering.25  Elastic light scattering occurs through the 

processes of reflection, refraction, and diffusion where the wavelength of the light 

does not change.  Reflection is when light bounces off the surface of a particle.  

Diffraction is the process where light is bent around the edge of the particle when 

passing next to a particle.  Refraction is the primary form of scattering by particulate 

matter and is described below.  Inelastic light scattering occurs through processes 

such as Raman scattering and fluorescence, where the scattered wavelength is 

different from the incident light.25 

Refraction is the change in angle of light’s path due to movement through a 

boundary of two different materials.  For example, light entering a particle from the 

air and then exiting the particle back to air is bent or refracted both going in and 

leaving the particle.  The amount of refraction of the light is dependent on the type of 
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particle.  The ratio between the refractive indexes of the two materials determines 

how much the light will be bent or changed when crossing a boundary.  The refractive 

index for a vacuum is 1 and is essentially 1 for air.25  Different materials have 

different refractive indexes and cause different amounts of light refraction. 

The complex refractive index equation is shown below, with n being the real 

value and k being the imaginary value.  The imaginary component relates to the 

amount of light that is absorbed by a particle. 

N = n + ik 

Below is a Table 2.2 of refractive indexes from different sources.73-79 
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Table 2.2: Sample Refractive Indexes 

Location/Type Refractive index 

n                                                k 

Average ambient aerosol 1.5 0 

Average dry aerosol 1.57 0 

Ambient aerosol 1.53 0.02 

Inorganic nitrates and 

sulfates 

1.53 0 

Organic aerosols 1.5-1.55 0 

Saharan mineral dust 1.5-1.55 0 

Secondary organic aerosols 1.45-1.7 0.0 – 0.04 

Large dust particles 1.5-1.6 0 

Urban Aerosols 1.37-1.6 0 

Mixed Industrial Aerosol 1.35-1.45 0.0 – 0.01 

Biomass Burning 1.425-1.55 0 

2.3.1 Mie Theory 

Mie Theory describes the magnitude of light scattering caused by a single 

particle.  Mie Theory is a derivation of the Maxwell Equations, which describe how 

electromagnetic waves travel through space.  Mie theory solves for the scattering of 

light from a homogeneous spheroid using the Maxwell Equations.  Light scattering is 

dependent on particle diameter, wavelength, and the refractive index of the particle 

composition.  Mie theory can be used to explain how multiple particles scatter light.  

Therefore, the scatter from a group of particles can be scaled from the scattering of a 

single particle.25 

2.3.1.1 MiePlot 4600 

The MiePlot 4600 (http://www.philiplaven.com/mieplot.htm) is a software 

application which simulates Mie scattering.  It allows for variation of the independent 

variables which affect scattering intensity and calculates the scattering intensity based 

on the system of equations presented by Bohren and Huffman.80  Scattering intensity 
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is dependent on refractive index, particle size, wavelength, and scattering angle.  The 

refractive indices of atmospheric particles in urban environments have been found to 

range between 1.5 to 1.6 with the imaginary component ranging from 0 to 0.005.73 

2.3.1.2 Ångström exponent 

The Ångström exponent correlates the relationship between wavelength and 

scattering coefficient.  The Ångström exponent is used to determine the size of 

particles being measured.  The equation below shows this relationship: 

σλ
σλ0

= (
λ

λ0
)
−α

 

where 𝜎λ is the scattering coefficient, 𝜎λ0 is the reference scattering 

coefficient, λ0 is the reference wavelength and λ is the wavelength.  α is the Ångström 

exponent. 

The Ångström exponent is related to the particle size distribution.  Lower 

Ångström exponents indicate a greater contribution from large particles.  The 

Ångström exponent varies from 0.25 to 3.2 in urban environments.73  The Ångström 

exponent had an average value of 1.4-1.7 over India.81  There is  seasonal variation 

with higher values of the Ångström exponent in the winter and lower values in the 

summer.  This is due to biomass burning and fuel consumption in the winter which 

release lots of fine particles into the atmosphere.82  A critical element of the 

Ångström exponent is its size dependence: fine particles typically have values 

between 1.5 and 2, while coarse particles having values that approach zero.81   83 
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2.4 Low-Cost Sensors  

Dense monitoring networks are made economically viable using low-cost 

sensors with numerous sensors deployed over a relatively small geographic region.  

The sensor network provides greater coverage in determining spatial variation in 

particulate matter concentrations.84  There are often hotspots, such as roadways and 

industrial centers, which can be identified through network measurements.  Without a 

network of sensors, it would be far more challenging to identify local sources and 

work to address them.13 

The strength of low-cost sensors is their ability to be deployed in much denser 

networks to give greater spatial and temporal coverage.85-87  The low-cost sensors can 

be used in a wearable platform to provide an individual measurement of particulate 

matter exposure.  Some low-cost sensors take real time measurements instead of 

having a day-long integrated concentration like filter-based measurements employ, 

providing much better temporal information.  Low-cost sensor networks offer the 

potential to significantly improve the  spatial understanding of PM sources.13  The 

weakness of low-cost sensors is their lack of accuracy and precision.88  Low-cost PM 

sensors also have a variation in response based on the particles measured, which is 

problematic given the diversity of aerosol composition found in different locations.   

A variety of low-cost particulate matter sensors were tested with cigarette 

smoke and Arizona road dust. 88  Several of these were found to be very accurate.  

The Speck is a sensor setup using Syhitech DSM501A sensor.  The TSI AirAssure 

and UB AirSense use the Sharp GP2Y1010AU0F sensor.  The regression fits are 
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shown in the Table 2.3 where the sensors were compared to values measured by an 

aerodynamic particle sizer from TSI.88 

Table 2.3: Regression Closeness of Fit for various PM Sensors 

Sensor Cigarette Smoke 

R2 

Arizona Road Dust 

R2 

Cost ($) 

Speck 1 .92 .96 
200 

Speck 2 .92 .96 

Dylos 1100 Pro .67 .89 200 

Dylos 1700  .7 .85 425 

AirAssure 1 .45 .98 

1,500 AirAssure 2 .99 .94 

AirAssure 3 .42 .98 

UB AirSense .85  100 

Grimm .89 .98 25,000 

  

Other studies have shown that low-cost PM sensors have highly variable 

results, where there are both strong correlations (R2 values 9) and weak correlations 

(R2 values between 0.4-0.6) that depend on concentration and PM type.  Studies show 

the promise of using the low-cost sensors, but there is a strong need for the 

improvement in accuracy and precision.21-23, 84-97  The low-cost sensors have the 

limitation in that they are not able to be calibrated to an EPA reference instrument 

yet, because there is too much variability in response to varying particulate types.  

Thus, the calibration can vary significantly from location-to-location, and even 

instrument to instrument.  Alternately, the calibration can change in a fixed location 

with changes in the aerosol composition.  If the sensor is calibrated in one location, 

that does not mean it is well calibrated for a different location.22  For example, low-

cost sensors have been shown to work better in areas with lower traffic than in areas 

with higher traffic.  In areas with high traffic, the PM was just released to the 

atmosphere.  In areas with low traffic, the PM has changed by aging and 
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restructuring.  The low-cost sensor was better able to identify the older PM.  The 

sensors have been shown though to provide a qualitative indication of the air quality; 

for example, whether the conditions are good, moderate, or poor.85 

2.4.1 Shinyei 

The Shinyei PPD42NS sensor is a particulate matter sensor which uses the 

principles of light scattering.  It detects the amount of light scattered by the sampled 

PM.  The Shinyei sensor has been tested with ambient concentrations along with lab 

testing of a variety of particulate types and sizes.  The strength of the Shinyei is its 

low cost ($15), its ease of operation, along with the other advantages listed above.21, 

23, 98  The weakness of the Shinyei sensor is the lack of accuracy and precision, 

similar to limitations encountered with other low-cost sensors.21, 23, 98  The Shinyei 

sensor is sensitive to the orientation due to the instrument design, which uses 

convective flow produced by a resistor as the method to sample air into the sensor.  

The Shinyei sensor also has a variation in response based on the type of particles 

measured.  The Shinyei sensor shows accurate calibrations with specified particulate 

types and sizes.21, 23  When the Shinyei sensor measures ambient PM concentrations, 

the goodness of fit decreased compared to measurements in the lab with a single 

aerosol type, likely due to the variation in ambient particulates.22, 86 

The Shinyei sensor has been shown to have a high dependence on 

composition and size of the particles, with a higher response observed for larger 

particles as compared to smaller particles. 23,21  The Shinyei sensor had a limit of 

detection of 1 μg/ m3  for PSL.21  The Shinyei sensor has been found to have a limit of 

detection of 6.44 μg/m3 in one study and 9.1 μg/ m3  by another for incense smoke 
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(this difference was noted and unexplained in Bergin et al.) and an R2 value of 0.93 

when compared to the TSI DustTrak sensor.23  The Shinyei was found to have a 

variance in R2 values of between 0.66 to 0.99 depending on the particulate type 

measured when compared to measurements from a TSI aerosol particle sizer.21  

Another study observed much lower R2 values (0.20) when compared to 

measurements from a TSI DustTrak sensor;  however, this study was conducted using 

particles from incense smoke.98  The lower R2 value observed for the test with 

incense smoke was likely due to variations in signal processing and sampling time.  

The Shinyei sensor has a high dependence on the relative humidity, but temperature 

does not appear to have a large effect on the accuracy of the Shinyei sensor.21, 23   

During testing in California, the Shinyei sensor was evaluated for the measurement of 

ambient concentrations of PM.  The study determined there was a correlation of the 

Shinyei to the DustTrak monitor (see Section 3.4.2), with R2 values between 0.64-.7 

for the period of the measurements.22  The Shinyei demonstrated a much stronger 

correlation to the DustTrak during tests in China, where R2 values of 0.85-0.97 were 

obtained.86  Our work builds upon these prior studies by further characterizing the 

base (i.e., commercial) Shinyei sensor, and by characterizing the sensor with a 

number of modifications.  
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3.0 Methods  

3.1 Shinyei PD42NS 

The Shinyei PD42NS sensor detects and measures airborne particulate matter 

by measuring the intensity of the light scattered by the particles in the air sample.  

The level of the scattered light is proportional to the concentration of the particulate 

matter for a given particulate type and size.  The Shinyei uses a resistor to heat air 

which creates airflow into the sampling chamber.  The resistor heats the air at the 

bottom of the sampling chamber and the air rises due to the temperature difference 

between the top and the bottom of the chamber using convective airflow.  This 

method of creating airflow, therefore, requires the Shinyei sensor to be kept in an 

upright configuration. 

The Shinyei PD42NS illuminates an infrared LED at 839 nm through a 

collimator and a focusing lens to focus the light at the sampling stream as it passes 

through the sampling chamber.  Some of this light is scattered by the particulate 

matter in the air, and the photodiode detects the light scattered by the PM in the 

sampled air.  The photodiode produces an output voltage related to the amount of 

scattered light that it receives.  The Shinyei has two outputs: for the first output, the 

P1 comparator is set to be triggered when the voltage from the photodiode is greater 

than 1 V.  For the second output pin, the P2 comparator is set to be triggered when the 

voltage from the photodiode is greater than 2.5 V.  This can be lowered using the 

threshold pin.  Setting a threshold is meant to reduce instrument noise or boost the 

signal from the photodiode.  In theory, the higher the threshold is set, the less noise 

there will be, and the lower the threshold is set, the greater the signal will be.  The 
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comparator outputs either a high or a low voltage; the default output when the 

photodiode signal is below the threshold is the high voltage state, but when the 

comparator is triggered (i.e., when particles are detected) it outputs a low voltage.  

The concentration of the particulate matter can be determined from the percentage of 

the sampling time where the voltage is low (detecting particles).  This low voltage 

occupancy corresponds to the concentration of particulate matter. 

3.2 Shinyei PD42NS UMBC Prototypes 

In researching improvements on the Shinyei sensor, four different prototypes 

were designed and built.  These prototypes were designed to test for various 

improvements to the Shinyei sensor.  These are briefly described in Table 3.1, with 

more details in the descriptions following the table. 

Table 3.1: Prototype Modifications 

Prototype Fundamental Modification 

Prototype-R A potentiometer is placed between the threshold pin and 

ground to modify the threshold voltage of P2 by 

adjusting the resistance 

Prototype-F A fan is added to the sensor to increase sample flow. 

Prototype-P A piezo pump is added to the sensor to increase flow 

through the sensor and allow for variable flow control. 

Prototype-G The infrared LED in the Shinyei is replaced with a 

green (530 nm) LED 

Prototype-R was a base Shinyei Sensor with a potentiometer between the 

threshold pin and the ground pin.  The potentiometer allows for the resistance 



 

20 

between the threshold and the ground to be adjusted, which changes the threshold for 

the output pin, P2.  With a lower threshold, the sensor is triggered with less light 

being scattered.  In theory, the potentiometer allows for smaller particles and lower 

concentrations of particles to be detected.  It may also increase instrument noise, 

especially at low aerosol levels.  This was evaluated through a series of experiments.  

The second prototype, Prototype-F, is a base Shinyei sensor with a fan added 

in place of the heated resistor.  This fan increases the air flow rate of the sensor.  An 

increased flowrate ensures a homogenous concentration between the sensor chamber 

and the external air.  This increased flowrate helps prevent artifacts from the 

environment such as wind.  Also, having a fan or a pump actively sample the air 

instead of the convective-based flow should allow for changes in sensor orientation.  

This means that the sensor should function consistently under changing orientations, 

such as would occur in a wearable platform and deployment. 

The third prototype, Prototype-P, is a base Shinyei sensor with a piezo pump 

used to control the sample flowrate of the sensor.  Piezo pumps are designed to create 

low flows of liquids and gases.  The piezo pump’s flow rate can be varied based on 

the voltage supplied to the pump.  The pump creates a larger pressure drop than the 

fan and the resistor allowing for higher air flow rates to be delivered to the sensor.  

The Figure 3.1 shows the relationship between the voltage provided to the 

pump and the air flowrate, which was measured using a bubble flowmeter.  The pump 

was attached to the flowmeter in either a pushing or pulling configuration.  Figure 3.1 

shows that the pump’s flow rate was linear with the voltage over the range of 17 – 30 

V.  It also shows a consistent flow rate was achieved in either the pushing or pulling 
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configuration.  This indicates that the piezo pump offers excellent flexibility in its 

potential use with a wearable sensor.  This is important since this shows the ability to 

tightly control the flowrate using the piezo pump.  

 

Figure 3.1: Piezo pump flow calibration as a function of input voltage. 

A green LED was installed in place of the infrared LED in Prototype-G to test 

the performance of the Shinyei PD42NS using a different wavelength than the 

standard Shinyei PD42NS.  According to Mie theory, the intensity of light scattered 

varies with wavelength.25  The change in wavelength is used to investigate how the 

light scattering by different particulate types varies in relation to wavelength. 

3.3 Particulate types 

Three different types of particulate matter were used in the experiments, 

chosen to cover a broad range of atmospherically relevant conditions.  These include 

NaCl, PSL, and incense smoke.  These different particulates were also varied over 

size as well as type. 
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NaCl is a common inorganic aerosol originating from sea spray and road salt.  

NaCl is also a commonly used reference aerosol with similar properties to other 

inorganic aerosols such as ammonium sulfate.25 In this research, NaCl concentrations 

between 0.5-0.01 M (aqueous concentration basis) were used for particulate 

generation.  Figure 3.2 shows the relationship between particle size and aqueous 

concentration as measured and recorded by TSI.99 

 

Figure 3.2: Relationship between aqueous NaCl concentration and particle size 

generated by the atomizer. 

PSL are standardized sized particles designed as reference aerosols with 

uniform sizes for use in lab testing.  In this research, 0.5 μm, 1 μm, and 2 μm 

diameter PSL were used.  These particles allow for the variance in response in 

relation to the size of the particle using standard sized particles. 

Incense smoke was also used as a particle source, since combustion is such a 
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commonly burned indoors and can be a significant contributor to indoor exposures 

when it is used.70, 100  The PM generated from incense combustion can have similar 

physical and chemical properties to other common sources of smoke, including wood 

burning and cigarette smoke.101  

3.4 Experimental Set-up 

The experimental set-up was different when incense was used as the 

particulate matter source compared to when NaCl or PSL was used.  For an incense 

run, the incense was held in a candle holder filled with sand placed in the sampling 

box (Figure 3.3).  The Shinyei sensors were oriented vertically and a fan was 

employed to ensure complete mixing within the air sampling box.  The DustTrak was 

located outside of the sampling box and continuously pulled a sample out of the box 

through the conductive tubing. 

 

Figure 3.3: Experimental setup for an incense test. 

For the NaCl and the PSL runs, the experimental setup was similar to the 

incense test in all regards, except the PM generation procedure.  For PM generation, 



 

24 

the appropriate aqueous solution was placed in the atomizer.  The compressor creates 

a flow of filtered air into the atomizer where droplets of the aqueous solution are 

produced.  The droplets then enter a dryer where the water is removed and solid 

particles are formed.  Crystallization happens between 46-48% relative humidity for 

NaCl.102  The relative humidity in the sample box was measured to be between 20-

23% during runs using the Omega temperature and relative humidity sensor. The 

particles then enter the sampling box.  This setup is shown in Figure 3.4. 
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Figure 3.4: Schematic showing PM generation for NaCl and PSL tests. 

The sampling box is two cubic feet with an inlet for particulate matter to 

enter, an outlet for the DustTrak to sample, and an outlet for the wires to power the 

sensors inside the sampling box.  The sampling box was coated with anti-static spray 

to reduce the rate at which particles are lost to the walls.  This box allows a high 

concentration of particulate matter to be contained safely for testing of the different 

prototype sensors.  The air inside of the box is circulated by a fan in the box creating 

a homogenous mixture so that all the sensors have the same concentration of 

particulate matter and can, therefore, be directly compared to each other. 

The TSI Model 9302 atomizer is an aerosol generator.  The atomizer can 

suspend various particulates in a liquid solution into the air, such as NaCl and PSL.  

The atomizer operates by having a liquid of a known solution in the atomizer.  The 

atomizer has an adjustable flow based on the pressure setting for the compressed air.  

When in use, the atomizer had a pressure between 20 to 25 psi, which produces an 

output air flow of between 5.7 to 6.6 L/min.  Compressed air is then pumped into the 

atomizer to form a jet stream of the liquid droplets leaving the atomizer propelling the 

solution into the air.  The output of the atomizer is connected to the diffusion dryer 

described below. 

The diffusion dryer is a 0.6 m long tube of silica gel that absorbs the water 

from the droplets leaving the atomizer.  The silica gel is held to the sides of the tube 

Diffusion dryer Compressor Atomizer 
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with a fine metal mesh.  The silica gel removes the water as the air flows down the 

dryer.  In this tube, the removal of the water ensures the refractive index of the solid 

particles is consistent.  This is important to ensure that the sample particulates are 

solid particles, not aqueous droplets. 

During the testing of the Shinyei sensor, dynamic blanks of the system were 

regularly run.  These blanks mimicked a normal PSL or NaCl run, except with 

ultrapure DI water in the atomizer instead of a PSL or NaCl solution.  These blanks 

were used to show that there was no contamination to the system from previous 

solutions or from the water in the atomizer.  These runs also help to show that the 

water was effectively removed in the diffusion dryer.  An example of a dynamic 

blank time series is shown in Figure 3.5. 

 

Figure 3.5: Dynamic blank time series experiment 

This dynamic blank started with an hour without any water pumped in 

(background air in the PM chamber only) followed by constant atomizer output 
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is no correlation between when the water was being introduced through the atomizer 

and diffusion dryer and the PM concentrations detected by the DustTrak.  These 

readings come from noise within the system, not from residual water.  Table 3.2 

shows the average readings and the standard deviation for varying series of dynamic 

blanks, including the test shown in Figure 3.5. Together, Figure 3.5 and Table 3.2 

indicate that there was no experiment-to-experiment carryover, and that there were 

not any fugitive or contamination particles introduced by any of system components.   

Table 3.2: Average readings and standard deviation of dynamic blanks 

Date of dynamic 

blank 

DustTrak (mg/m3) Shinyei 

Average Standard Deviation Average Standard Deviation 

8/11/16 0.0028 0.00066 13.85 48.02 

8/12/16 0.0027 0.00064 12.71 44.31 

8/17/16 0.00064 0.00128 25.51 53.53 

8/30/16 0.000253 0.000676 6.00 29.38 

 

3.4.1 Shinyei Sensor Unit/ Arduino Microcontroller test device 

The Shinyei PD42NS Sensor is connected to an Arduino Uno Microcontroller.  

The Shinyei has two outputs, P1 and P2, which are digital outputs placed into the 

digital ports on the Arduino.  The Arduino is controlled from a laptop and processed 

the data displayed in the serial logger.  The Shinyei sensor’s sampling time interval is 

thirty seconds and the ratio of low to high voltage (low pulse occupancy) is measured.  

The time that the signal is low is divided by 30 seconds (the sampling time) to 

determine the low occupancy time percentage. 
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3.4.2 DustTrak II Aerosol Monitor 

The DustTrak II model 8350 Aerosol Monitor (TSI, Inc.) is a commercially 

available instrument which measures airborne particulate matter.  The DustTrak uses 

the same basic technique, nephelometry, to measure particulate matter as the Shinyei 

sensor.  The DustTrak measures particles between 0.1 μm and 10 μm in size and 

particulate matter mass concentrations between 0.001 to 400 mg/m3 with a resolution 

of ±0.1%.  The DustTrak also collects particles on a 37-mm filter for off line 

gravimetric or chemical analysis.  The DustTrak was used as the standard 

measurement against which the various prototypes were compared.   The DustTrak II 

Aerosol Monitor has been used in numerous studies of indoor and outdoor air 

pollution, 103-107 and in testing varying low-cost nephelometers for measurement of 

PM.21, 23, 91, 103-110   

3.5 Experimental Test Series 

Table 3.3 shows the experimental matrix, with the various particles types 

shown in the rows and the various prototypes shown in the columns.  The number 

represents the number of duplicate experiments run under each condition, while X’s 

indicate that there were not experiments run in this configuration. 

Table 3.3: Experimental Test Matrix 

Particle type Unmodified 

Shinyei 

Prototype-

G 

Prototype-

R 

Prototype-

F 

Prototype-

P 

Incense 6 2 X X X 

2 μm PSL 2 X X 2 2 

1 μm PSL 2 2 4 X X 

0.5 μm PSL 2 2 4 X 2 

0.5 M NaCl 2 X X 2 2 

0.25 M NaCl 2 1 X X X 

0.1 M NaCl 1 1 X X X 
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0.05 M NaCl 2 X X X X 

0.025 M NaCl 2 1 X X X 

0.015 M NaCl 1 1 X X X 

0.01 M NaCl 2 X X X X 

0.005 M NaCl 1 X X X X 

 

4.0 Results and Discussion 

4.1 Shinyei PD42NS Characterization 

The first set of tests was performed to build our basic understanding of the 

Shinyei sensor in its unmodified state.  A series of experiments, listed in Table 3.3, 

was run with two unmodified Shinyei PD42NS sensors simultaneously with the 

DustTrak.  These Shinyei sensors were run concurrently to determine the consistency 

of measurements between individual Shinyei sensors.  Calibration curves of the 

outputs of both Shinyei sensors with different particle types (incense smoke, NaCl, 

and PSL) were created using known particulate matter concentrations between 0 to 

5,000 μg/m3.  An example time series of a NaCl run with PM pulsed into the 

sampling chamber is shown in Figure 4.1.  A 2.5-minute rolling average was used to 

smooth the data collected. 
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Figure 4.1: Unmodified Shinyei PD42NS & DustTrak II Time Series for experiment 

with 0.25 M NaCl 

The calibration graph between the DustTrak and one of the Shinyei prototypes 

is shown in Figure 4.2.  The DustTrak is a commercially available PM sensor, 

therefore its output was considered accurate and was used to calibrate the Shinyei 

prototype sensors.   This is consistent with prior studies that use the DustTrak to 

calibrate the Shinyei and other low-cost sensors.91, 103-110   

 

Figure 4.2: Shinyei calibration – 0.25 M NaCl 
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The data in Figure 4.2 shows that at higher concentrations of particulate 

matter, the Shinyei sensor unit loses accuracy as the sensor approaches saturation.  

This has been observed previously, as well.23  This trend is shown in other test runs 

with high PM concentrations.  However, these concentrations are significantly above 

typical ambient concentrations and thus highly unlikely to be encountered in normal 

daily life.33  Therefore, for the calibration slope, the higher concentrations are not 

considered in the determination of the calibration curve to enable an evaluation of the 

sensor performance under more typical ambient PM levels (Figure 4.3).23 

 

Figure 4.3: Shinyei PD42NS calibration non-saturated region – 0.25 M NaCl 

The calibration series for different NaCl concentrations in the atomizer is 

shown in Figure 4.4.  The size of the NaCl PM entering the sampling chamber is 

directly related to the aqueous NaCl concentration in the atomizer, with higher 

concentrations producing larger particles.  For example, when the concentration is 

0.03 M NaCl, the particle size is approximately 0.1 μm, and when the concentration is 

0.17 M NaCl, the particle size is approximately 0.25 μm.99 
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Figure 4.4: Shinyei PD42NS calibration series – NaCl (one point from the 0.5 M 

NaCl series is off the graph) 

The data in Figure 4.4 shows the variance of the sensor unit response in 

comparison to the NaCl concentration and particle size.  The higher aqueous 

concentrations produce a greater response than the lower aqueous concentrations, 

strongly supporting the finding that the Shinyei response is greater for larger particles 

than for smaller particles observed in other studies.21, 23  These responses are 

compared with the other Shinyei responses in Figure 4.8. 
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Figure 4.5: Unmodified Shinyei PD42NS & DustTrak II Time Series for experiment 

with 2 um PSL 

 

Figure 4.6: Shinyei PD42NS calibration series – Polystyrene Latex microspheres 

An example calibration series for the test runs with PSL of 2 μm, 1 μm, and 

0.5 μm sizes are shown in Figure 4.6.  The two distinct regions of the 2 μm and 1 μm 

PSL calibrations are caused by variations in the readings when the particulate 

concentration is increasing and when it is decreasing as seen in Figure 4.5.  This may 

be a function of the experimental setup, and will need to be explored in future studies.  
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The PSL calibration shows the variance of the Shinyei response as a function of 

particle size; it has less noise than the NaCl tests.  This difference could be due to the 

uniformity of the PSL in comparison to the NaCl, since the NaCl particle size is 

correlated to the aqueous concentration but the particles do not have a uniform size 

(Figure 3.2).   

 

Figure 4.7: Shinyei PD42NS calibration series – Incense 

In Figure 4.7, the great variation of slopes for incense runs is shown.  This 

variation is largely due to uncertainty in the size of the particles generated from the 

smoke.  This may help to explain the low R2 values observed by Bergin et al.98 for 

similar experimental conditions.  With these experiments, each individual run had 

high R2 values; however, there was significant variability in slopes between each run.  

This is likely due to variability in the smoke emissions from test-to-test,111 since the 

Shinyeis measuring the same run have similar responses (as seen in Figure 4.7 with 

the yellow and grey data series being from the same test and the orange and blue data 
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series being from the other test).  The Shinyei showed better repeatability with the 

NaCl and PSL tests.  The slopes of the calibration curves in relation to the particle 

type and size are shown in Figure 4.8 . 

 

 

Figure 4.8: Shinyei PD42NS vs. DustTrak slope 

In Figure 4.8, the slope for the PSL increases with size in clear and consistent 

fashion.  This was repeatable for each PSL size, as indicated by the multiple tests 

performed for each size.  On the other hand, the NaCl slopes did not follow the same 

consistent increase with concentration, but showed a less predictable increase with 

concentration.  The aqueous concentration of NaCl is correlated to the size of the 

particles, but at the lower aqueous concentrations investigated, there was little change 

in the slope.  The atomizer generates a distribution of particle sizes, so this could be 

due to the percentage of particles which are not detected by the Shinyei.  At lower 
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aqueous NaCl concentrations, few of the particles are detected by the Shinyei, since 

very little light is scattered and detected by the photodiode.  At higher aqueous 

concentrations (i.e., larger NaCl particle sizes), most of the particles are detected by 

the Shinyei since the larger particles scatter enough light to trigger the photodetector.  

Based on our results, it appears that the smallest particle size the Shinyei can detect is 

~ 0.05 μm diameter particles, since 0.05 μm is the largest particle size produced at the 

lowest NaCl concentration where there was a response.  Note, however, that Figures 

4.4 and 4.8 show a very insensitive response of the Shinyei sensors to particles of this 

size.  It is therefore doubtful that the Shinyei would reliably detect particles of this 

size under ambient conditions if the particle concentrations were orders of magnitude 

lower. 

The variation in the incense runs was far greater than the variation in the NaCl 

and PSL runs.  The incense runs were all characterized by a large variation in the PM 

emission rate.  At times, the incense sticks produced heavy smoke while at other 

times, the visible smoke was less intense.  We hypothesize that the size of the emitted 

particles varied as well.  This would produce the highly variable responses shown in 

Figures 4.7 and 4.8.  The PSL provides a consistent size, and produced good 

repeatability between tests.  The NaCl was also generally repeatable. 

The response of the Shinyei PD42NS is dependent on the particle size and 

type, in addition to concentration.  The sensor has a higher response to larger particles 

over small particles for the same mass concentration.  There were approximately two 

orders of magnitude difference in the response of the Shinyei for the largest and 

smallest NaCl particles.  Further, the sensor had a higher response to NaCl (refractive 
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index – 1.544) than PSL (refractive index – 1.592) for the same size and 

concentration.25  With the lower refractive index, more light is detected and provides 

a greater response: a similar finding was reported by Wang et al.23 This means that to 

measure the PM mass concentration with the Shinyei, one must know the particulate 

type and size.  Our results suggest that the Shinyei sensor has limited application as a 

stand-alone sensor due to the need to know the physical characteristics of the particles 

being measured.  This leads to questions of the accuracy across multiple 

environments where the particle type and size can vary considerably. 

Other studies have shown the variation in response of the Shinyei with size 

and type of PM, which is consistent with our results.  Large particles have higher 

response, as shown in Wang et al. and Austin et al. 21, 23  In Wang et al., the variation 

in particulate type is shown where NaCl, sucrose, and NH4NO3 were compared, with 

NaCl having the lowest response out of the three particle types. 23  The authors 

suggest that this effect was based on differences in the refractive indices of the 

particles.  Figure 4.8 shows the variation in response in relation to particulate size as 

shown with the PSL and with the NaCl.  Figure 4.8 also shows variation in the 

Shinyei calibration response with particle size, consistent with the observations of 

Wang et al. and Austin et al..21, 23  This variation in response to particle type and size 

helps to explain the weaker correlations of ambient measurements compared to 

laboratory measurements.98   
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Figure 4.9: Shinyei PD42NS vs. DustTrak R2 values 

Wang et al. have R2 values, when compared to the DustTrak, of 0.95 after 

adjusting for the curvature of the response at higher concentrations by measuring the 

response at lower concentrations before the curvature starts.23  Austin et al had R2 

values, when compared to a TSI Aerosol Particle Sizer, ranging between 0.66 to 0.99, 

with lower R2 values obtained for smaller particles.21  Figure 4.2 shows the Shinyei 

sensor approaching and exceeding a saturation concentration, which produces a 

curvature, similar to what is shown in Wang et al. 23  In our experiments, Figure 4.3 

shows an R2 values of 0.929 for 0.25 M NaCl particles, which is similar to the R2 

values found in Wang et al. 23  Other experiments, as seen in Figure 4.9, have similar 

R2 values to what is seen in Figure 4.3, with lower particulate sizes having lower R2 

values, similar to Austin et al. 21  These R2 values achieved in our experiments were 

higher than what was reported by Bergin et al. 
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The data also showed variation in the saturation and limits of detection based 

on the particle type and size, which was also noted by Bergin et al.98  Bergin et al. 

discussed the importance of this variation, since the composition of particulate matter 

can vary with concentration due to episodic spikes coming for specific point sources.  

Bergin et al. also notes the bias that a sensor may have based on the particle type it is 

calibrated with.98  PM in the atmosphere derives from various sources and processes, 

and the response and accuracy of the sensor are sensitive to this variation.  Therefore, 

to accurately measure PM in a given location, a sensor like the Shinyei would need to 

be calibrated on site with consideration of the particulate compositions there.22, 86  

This is an important consideration to be addressed if these sensors are going to be 

deployed for use in multiple locations to determine air quality.96, 97 

4.2 Prototype-G – LED Wavelength Variation 

The Shinyei PD42NS sensor unit in Prototype-G was modified by replacing 

the standard infrared LED with a green LED (530 nm).  Prototype-G and the standard 

Shinyei were tested together with incense smoke, PSL, and NaCl.  The time series of 

an NaCl test comparing the sensor with a green LED and a sensor with the standard 

infrared LED is shown in Figure 4.10.  This test was run with a 0.1 M NaCl aqueous 

concentration, which nominally produces particles of size ~0.1 to 0.3 μm. 



 

40 

 

Figure 4.10: Green vs Infrared time series – 0.1 M NaCl 

 

Figure 4.11: Shinyei vs DustTrak – 0.1 M NaCl 

In Figure 4.11, it is shown that the unmodified Shinyei had a greater response 

than Prototype-G, even though the green LED (6.5-7 mW) had greater optical power 

than the infrared LED (~0.5 mW).  The silicon photodiode is less sensitive to lower 

wavelengths,112 however, the green LED selected for the prototype had a greater 

power output in an attempt to compensate for this.  This indicates that, in addition to 
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the complex relationship between particle type (refractive index), size, and 

wavelength, that the sensitivity of the detector to different wavelengths also needs to 

be considered in the prototype design. 

 

Figure 4.12: Infrared Shinyei output vs green Shinyei output comparison – 0.1 M 

NaCl 

 

Figure 4.13: Infrared Shinyei output vs green Shinyei output comparison – 1 μm PSL 

In Figure 4.12 and Figure 4.13, the Prototype-G data is graphed in relation to 

the unmodified Shinyei data.  Figure 4.12 and Figure 4.13 show that the green LED 
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has a significantly higher limit of detection than the IR LED.  This is likely due to the 

photodiode not being as sensitive to the green wavelengths, so the threshold is 

triggered less often and needs higher PM concentrations (about 570 μg/m3 for NaCl 

and 25 μg/m3 for PSL) to be triggered. 

 

Figure 4.14: Compilation of green response to infrared response – NaCl 

 Using Figure 4.12 and similar graphs from other experimental runs, the ratio 

of the response of the green LED versus the response of the infrared LED was 

determined for incense, NaCl, and PSL microspheres (Figure 4.14).  Figure 4.14 

shows that the ratio of the green and infrared readings varies based on the various 

particle types.  The lowest ratio was observed for the PSL particles, which had a ratio 

of about 0.1.  The highest ratio was observed for the 0.25 M NaCl, which had a ratio 

of about 0.6.  Therefore, Figure 4.14 suggests that measuring an ambient air sample 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

incense 1 µm PSL 0.25 M NaCl 0.1 M NaCl 0.025 M NaCl

R
at

io
 o

f 
G

re
en

 t
o

 In
fr

ar
ed

 r
es

p
o

n
se



 

43 

with multiple wavelengths can aid in the determination of particulate size and 

concentration.  The variation in wavelengths means that different samples will have a 

different set of readings based on the wavelengths measured.  Since the response of 

the sensor is dependent on the particulate size, type, and concentration, the 

measurement of the sample at multiple wavelengths will allow for the determination 

of these parameters.  Theoretically, using three different wavelengths will allow for 

the determination of the particulate size, and concentration.113 

This is important, since this variation of response based on wavelength can 

help mitigate the bias mentioned in Bergin et al.98  By employing multiple 

wavelengths, the instrument can be calibrated to identify variations in particle size 

and concentration.  This allows for a single set of calibrations to be used to accurately 

determine the PM concentration in environments with varying source influences.  

 4.3 Prototype-R – Potentiometer improvements 

For Prototype-R, a potentiometer was added between the threshold pin and the 

ground pin of the Shinyei sensor.  The potentiometer has an adjustable resistance 

between 0 and 20 kΩ.  Using the potentiometer on the prototype, the reference 

voltage for the P2 comparator was decreased allowing for lower intensities of 

scattering to be detected.  Both Shinyei sensors were modified in this way for testing 

the ability of the sensor to measure the concentrations of 1 μm PSL microspheres 

with the potentiometer set at varying resistances (5 kΩ, 10 kΩ, 15 kΩ, and 20 kΩ).  

The unmodified Shinyei sensor has an 82 kΩ resistor in parallel with the 

potentiometer.  Figure 4.15 shows the time series for an experimental run with 1 μm 

PSL microspheres.  In this sample series, the resistance of the potentiometer was set 
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to 15 kΩ, which lowers the threshold of the Shinyei sensor allowing for it to detect 

smaller particles.  Our evaluation of Prototype-R shows that decreasing the resistance 

of the threshold resistor increases the sensitivity of the Shinyei sensor.  This response 

may enable more accurate measurements of air with low PM concentrations.  

 

Figure 4.15: Prototype – R 15 kΩ and DustTrak time series – 1 μm PSL 

 

Figure 4.16: DustTrak vs Prototype – R 15 kΩ- 1 μm PSL 

In Figure 4.16, the Prototype-R data are graphed in relation to the DustTrak 

concentration to determine the calibration slope for the Prototype-R at this resistance 
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setting.  In Figure 4.17, the calibration slopes for all the experimental runs are shown 

in relation to the resistance of the potentiometer.  This data is a compilation graph for 

the 1 μm PSL runs. 

 

Figure 4.17: Prototype-R response in relation to resistance change – 1 μm PSL 

microspheres 

Figure 4.17 shows that the sensitivity of Prototype-R increases with the 

decrease in resistance of the potentiometer (which decreases the threshold of 

detection.)  This data shows that lowering the threshold greatly increases the response 

of the sensor, even for 1 μm particles.  However, the noise in the system (noise 

readings of the P2 signal increased from ranging between 1.45 to 8 times the noise of 

P1 signal which was unmodified) also increased with the lowering of the threshold.  

Because of this noise, the signal is not improved and at times decreased due to the 

increased triggering with no concentration.  This implies that when the threshold is 

lowered the comparator is more easily triggered by the instrument’s noise from the 

ambient light entering the sensor and the scatter of the LED in the sampling chamber. 
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Figure 4.18: P1 vs P2 1 μm PSL – red 5 kΩ; black 15 kΩ 

In Figure 4.18, the modified P2 output is graphed in relation to the standard 

P1 output.  Similar graphs were used for other resistances and for 0.5 μm PSL.  The 

slopes from the data series of Figure 4.18 and similar graphs are plotted in Figure 

4.19 and show the sensors’ sensitivity to potentiometer resistance. 

 

Figure 4.19: PSL Sensitivity Ratio in relation to effective Potentiometer Resistance 
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The data in Figure 4.19 shows that the response increases with the decrease 

resistance in the potentiometer.  P1 is the unmodified sensor output with the original 

measurements.  P2 is the modified sensor output where the threshold is set by the 

potentiometer allowing for the lowering or raising of the comparator reference 

voltage.  This graph shows for 1 μm PSL an increase of the response of about three 

times with the potentiometer set at 10 kΩ.  The response for the 0.5 μm PSL 

increased greater than the response improvement for the 1 μm PSL.  There was 

significant improvement between 5 kΩ and 10 kΩ.  Also, the response increase of 0.5 

μm PSL is greater than the response increase of 1 μm PSL.  This is most likely due to 

less of the 0.5 μm PSL particles being detected in the unmodified Shinyei sensor in 

comparison to the 1 μm PSL. 

Sensitivity improvement would need to be accompanied by a decrease in 

sensor noise.  With the lowering of the threshold, the background noise increased 

between 1.45 to 8 times which inhibited the increase in sensitivity of the Shinyei 

sensor by decreasing the threshold.  If, however, the background noise in the sensor is 

decreased using other means, such as decreasing the amount of ambient light entering 

the sensor and the amount of light scattered by the sampling chamber itself, then the 

sensitivity should be able to be increased with lowering the threshold, since the 

standard configuration has minimal noise.  With a lower background noise, the lower 

intensities of light scattered would be able to be distinguished and counted, improving 

the accuracy of the sensor under low PM concentrations. 



 

48 

4.4 Flowrate Comparisons 

A comparison of the Shinyei performance with the different methods of 

sampling was done using 2 μm PSL.  The PM concentration was kept at an 

approximately constant level for approximately a half an hour (28 minutes).  The 

prototype sensor with the fan, prototype with the piezo pump, and an unmodified 

Shinyei sensor were operated during this run.  The DustTrak was also operated as the 

reference measurement.  The fan and the pump were each operated with a flowrate of 

0.1 L/min.   

The signal to noise ratio used is shown in the equation below.  

𝑆
𝑁⁄ =

𝜇

𝜎
 

Where S/N is the signal to noise ratio, μ is the measurement mean, and σ is 

the standard deviation.114  The inconstancy in in concentration will increase the 

standard deviation of all of the sensor data sets will be higher, lowering the signal to 

noise ratio.  The lowering of the signal to noise makes it less likely to find a 

significant difference due to an increase of noise in the system.  The signal to noise 

ratio was calculated using the half an hour when the PM was kept at a constant level. 

The increase in flow rate is shown to have minimal increase in signal to noise 

ratio.  The unmodified Shinyei sensor had a signal to noise ratio of 4.07; the Shinyei 

changed with a fan has a signal to noise ratio of 3.94; the shinyei modified with a 

pump had a signal to noise ratio of 8.65.  These differences with the fan to 

unmodified were not statistically significant at the 95% confidence interval using a 

one tailed probability density function; the pump however was statistically significant 

at a 95% confidence interval.115  The fan showed no significant change in the signal 
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to noise ratio and the pump showed a minimal difference to an increase in signal to 

noise ratio. Figure 4.20 shows a time series of the measurements for this experiment. 

 

Figure 4.20: Time series of the experiment run with 2 μm PSL to compare the Shinyei 

response under different flow configurations. 

The results with a minimal change in signal-to-noise ratio between the 

different sensors show the ability to use a pump or a fan as a source of flow.  The use 

of a pump or a fan will improve the usage of the sensor since the alignment of the 

sensor will no longer be important, allowing for wearable use.  The pump and the fan 

are being considered for use in the novel sensor, as they will enable the sensor to be 

worn and to provide accurate measurements of the PM concentrations, even if the 

sensor is moving.  The unmodified Shinyei is highly sensitive to movement, giving 

high background readings when the Shinyei sensor is touched.  We hypothesize that 

the use of a fan or a pump will help mediate this sensitivity.  Also, the unmodified 

Shinyei is sensitive to wind,116 likely because the flow provided by the heated resistor 

is quite weak.  In attempts to measure the flowrate coming from the base Shinyei with 

the heated resistor, the flows were too low to get an estimate of the flowrate.  The 
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increased flowrate from a fan or pump will reduce the influence of wind on the sensor 

response.116 

4.5 Shinyei stability with Time 

A major question about the use of low-cost sensors is their stability over time 

and the appropriate frequency of calibration.  We investigated the stability of the 

Shinyei over time by comparing experiments with identical PM run months apart. For 

1μm PSL experiments run ~4 months apart, there was a significant decrease in the 

Shinyei response.  Figure 4.8 shows excellent repeatability of the Shinyei sensor for 

experiments run in close succession (within days or weeks), especially for PSL.  The 

comparison in Fig. 4.21 shows that there is a reduction in detection with time.  This 

reduction is likely due to contamination of the photodiode and/or LED from 

accumulated usage.  This could lead to reduced light detection for similar particles, 

leading to lower readings for a given concentration.   

 

Figure 4.21: Variation in response with time – 1 μm PSL 
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This variation suggests that the Shinyei sensor may need to be cleaned 

regularly, since there were about 4 months difference in time between these runs.  

This shows a clear decline in response with heavy use.  A more systematic study 

would be needed to recommend the timing of such cleaning or recalibrations. 

4.6 Simulation results 

Mie Plot 4600 was used to provide a theoretical basis for the prototype design, 

and specifically, the orientation of the photodetector.  This simulation utilizes the 

BHMIE algorithm developed by Bohrem and Huffmann.80  Wavelength, particle size, 

refractive index, and scattering angle were varied to determine the ideal angle for the 

photodiode where the scatter intensity is the greatest.  The values used in the 

simulation are shown in Table 4.1. 

Table 4.1: Parameters varied in the Mie simulations 

Parameter Values 

Wavelength (nm) 400, 530, 650 

Particle Size (μm) 10, 5, 2.5, 1, 0.5, 0.25 

Refractive Index (n) 1.45, 1.5, 1.54 

Scattering angle (θ) 25, 45, 120, 140, 150 

 

Our objective is to build the final prototype with all three wavelengths for 

measurement.  Particle size and refractive index variation simulates the variation in 

particles likely to be encountered in an ambient deployment.  These simulations help 

to determine the best scattering angle and how different wavelengths interact with 

varying particle types.  
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Figure 4.22: Variation in scattering intensity over scattering angle and refractive 

index 

 

Figure 4.23: Variation in scattering intensity over scattering angle and wavelength 
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Figure 4.22 and Figure 4.23 show an increase in scattering intensity with at 

lower scattering angles due to the prominence of forward scattering by these particles.  

The figures show that the forward scattering has higher intensities across varying 

refractive indexes and wavelengths.  This trend is consistent across the different 

simulations.  These graphs show the importance of a low scattering angle with an 

increase in the magnitude of the scattering is greatly increased at the 45° and 25° 

scattering angle.  Therefore, the prototype sensor would be optimized with the 

photodiode positioned to maximize the detection of the forward scattered light. 
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5.0 Conclusion 

The Shinyei PD42NS sensor was calibrated across various particle types and 

sizes, and the effects of wavelength, threshold, and flow modifications were 

investigated.  The response of the Shinyei varied significantly based on the size and 

the type of particles measured.  The modification of wavelength and threshold gave 

promising results, which will be considered in the design of the prototype sensor for 

the determination of particle size and composition.  The modification of airflow 

showed only modest improvement, but demonstrated the utility of two different 

approaches for dynamic sampling under a wearable configuration. 

First, the response of the Shinyei PD42NS is highly dependent on the particle 

size and type, in addition to concentration.  The sensor has a higher response to larger 

particles compared to small particles for the same mass concentration.  The sensor 

also has an increased sensitivity to NaCl compared with PSL for the same size and 

concentration, due to differences in refractive index.  This means that to know the 

concentration, one must know physical characteristics of the particle size distribution.  

This indicates that the base Shinyei sensor cannot be deployed for accurate PM 

measurements as a stand-alone instrument.  With the requirement for co-deployment 

of higher-cost instruments, it has limited applications due to the need to know the 

physical characteristics of the particles being measured.  This leads to questions of the 

accuracy across multiple environments where the PM type and sizes vary in space 

and time. 
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Our testing with LEDs of different wavelengths showed that the sensitivity to 

particle size and composition varies by wavelength, consistent with predictions by 

Mie theory.  This variation by wavelength means that the variations of particle size 

and composition will result in different sensor responses across with different 

wavelengths.  Therefore, using multiple wavelengths can provide a more accurate 

understanding of the particulate concentrations.  Due to this variation, the novel 

sensor will utilize three wavelengths to inform the particle size and concentration. 

Lowering the threshold of the Shinyei PD42NS sensor improved the response 

of the sensor’s P2 detection channel.  The response to 0.5 μm particles was greatly 

increased over 1 μm particles by lowering the threshold.  This threshold modulation 

allows for improvements in detecting particles, especially those with smaller 

diameters.  However, background noise also increased with the lower threshold 

setting, leading to higher limits of detection.  Thus, the improvements in sensitivity 

were offset by the higher background noise, suggesting a difficult tradeoff common to 

many analytical instruments. 

Lastly, when flow rate variation was investigated using either a pump or fan, 

the increase in the rate of air flow was found to have an insignificant impact on the 

sensitivity of Shinyei.  Even though there was no significant increase in instrument’s 

sensitivity, the pump or the fan will maintain a constant airflow through the sensor 

chamber regardless of orientation and should allow for the sensor to operate in 

variable orientations.  For a wearable sensor, orientation can vary based on what the 

person is doing and a heavy reliance on orientation will skew measurements when the 
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instrument is not in the optimal alignment.  This demonstrates that the fan or the 

pump can provide good sampling efficacy for the prototype design. 

5.1 Future Work 

To improve the characterization of the Shinyei sensor, the Shinyei sensor 

should be calibrated with 0.75, 3, and 6 μm PSL to provide direct comparisons with 

the work of Austin et al.21  The Shinyei sensor should also be calibrated with sucrose 

and ammonium nitrate with similar sizes to the sodium chloride runs to directly 

compare with the work of Wang et al.23  For ambient monitoring, the Shinyei sensor 

should be calibrated with ambient air at varying locations and varying seasons to be 

able to see the variation in the calibration throughout the year to better understand 

how accurate the Shinyei sensor will be for ambient monitoring. 

To improve on the testing of modifications, first the Shinyei sensor should be 

tested with more LED wavelengths to better understand how the sensor varies in 

relation to wavelength and composition.  This change will help inform how varying 

wavelengths will help determine the concentration of the particulate matter with 

varying composition and size.  For the threshold modulation, the Shinyei sensor’s 

sampling chamber should be darkened to reduce noise within the chamber.  Once the 

noise is reduced the sensor should be tested across the varying thresholds to look for 

improvements to signal with a lower background noise. 

The next step of the project is constructing a novel prototype sensor based 

upon the results from the modifications testing on the Shinyei sensor.  Indeed, several 

prototypes have already been constructed and tested, although many modifications to 
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these sensors are needed.  From the variation of the response with the green LED, the 

prototype will employ three different wavelengths for the measurement.  From the 

testing of the pump and the fan, the prototype will use a pump or a fan, since these 

methods of flow did not negatively affect the measurements.  This prototype will be 

constructed in the lab with a custom sampling chamber and a custom circuit board.  

The prototype will have a photodiode positioned to detect scattered light at an angle 

between 25-45° and utilize a low-power laser to decrease noise from the light 

dispersion.  The sampling chamber will be painted optical black to prevent 

backscatter from the chamber walls to reduce the background noise under low PM 

concentrations. 

This sensor will then need to be tested and modified to further optimize the 

design of the sensor.  Once the final design is created, it will be calibrated using 

various particle types and sizes.  This testing and calibration will prepare the sensor to 

be used in ambient measurements.  The new sensor would be able to be calibrated 

using the particles used in the Shinyei characterization section along with ammonia 

nitrate, sucrose, and ambient particulate matter. 

The sensor will also integrate a collection device for the collection of larger 

particles, similar to Novosselov et al.117  The chamber will collect particulates that are 

larger than 1 μm in diameter.  These particles can be analyzed off line, for example, 

they can be characterized for allergens and other particle types that are more specific 

triggers for asthma. 
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Once the sensor is complete and ready for deployment, the sensor will be sent 

to Southern Methodist University for use in pediatric asthma research.  This sensor 

will be worn by a cohort of children with pediatric asthma to investigate further the 

environmental triggers of pediatric asthma.  This sensor can also be used in other 

research studies investigating the health effects of particulate matter exposure.  
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