Integration of a Chemical Sensor and a Particle Detector

in a Single Portable System
by

Tianle Gao

A Thesis Presented in Partial Fulfillment
of the Requirements for the Degree
Master of Science

Approved April 2012 by the
Graduate Supervisory Committee:

Nongjian Tao, Chair

Junseok Chae
Tsing Tsow

ARIZONA STATE UNIVERSITY

May 2012



ABSTRACT

This work demonstrates the integration of a wearable particulate detector
and a wireless chemical sensor into a single portable system. The detection
philosophy of the chemical sensor is based on highly selective and sensitive
microfabricated quartz tuning fork arrays and the particle detector detects the
particulate level in real-time using a nephelometric (light scattering) approach.
The device integration is realized by carefully evaluating the needs of flow rate,
power and data collection. Validation test has been carried out in both laboratory
and in field trials such as parking structures and highway exits with high and low
traffic emissions. The integrated single portable detection system is capable of
reducing the burden for a child to carry multiple devices, simplifying the task of
researchers to synchronize and analyze data from different sensors, and
minimizing the overall weight, size, and cost of the sensor. It also has a cell phone
for data analysis, storage, and transmission as a user-friendly interface. As the
chemical and particulate levels present important exposure risks that are of high
interests to epidemiologists, the integrated device will provide an easier, wearable

and cost effective way to monitor it.
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Chapter 1
INTRODUCTION

Wireless Sensor is currently one of the most promising technologies in the
world, with the potential to change our private and professional life. From auto
industry, environmental monitoring to healthcare, it provides valuable data which
was not available before [1-3]. In the near future, we may become even more
dependent on them to sense what is going on around us. Particularly, mobile
health sensors nowadays are drawing dramatic attention from large major
companies, such as Google, Qualcomm, etc [4-7]. With the improvements in
automation, efficiency and safety of the sensing system, they will make quite

unpredictable contribution to our daily healthcare [8].

A. Volatile Organic Compounds

Volatile Organic Compounds (VOCSs) are organic chemicals that have high
vapor pressure in typical room conditions [9]. They are released into the
environment in large amounts, with high human toxicity, and a tendency to
pollute ground water [10]. One common kind of VOCs, BTEX (benzene, toluene,
ethylbenzene and xylene), is typically found in petroleum product, such as
gasoline and diesel fuel. VOCs are also released in indoor sources like commonly
used paint, detergent and nail polish [11]. Epidemiologists have shown their great
concerns about VOCs in public health [12, 13] and various VOCs are known to be

toxic chemicals. Additionally, VOCs are defined as class A pollutants by US



Environmental Protection Agency (EPA) because they are potential carcinogens,

and may cause leukemia, lymphomas and other diseases [12, 14, 15].

B. Particulate Matter

Particulate Matter (PM), also known as particle pollution, is a mixture of
extremely small particles and liquid droplets [16]. They may be either directly
emitted from the road traffic and re-suspended or formed within the atmosphere
by chemical processes [17]. The size of particles is directly linked to their
potential for causing health problems. US Environmental Protection Agency
(EPA) is concerned about particles that are 10 micrometers in diameter or smaller
because those are the particles that generally pass through the throat and nose and
enter the lungs [16]. Such fine particles are able to cause exacerbations of lung
diseases and increase blood coagulability [18]. There are observed increases in

cardiovascular death associated with urban pollution episodes [11].

C. Motivation

Epidemiologists have found that VOCs and PM present important exposure
risks to people, especially children and pregnant women [19-21]. It is always
desirable if we can monitor both the chemical and particulate levels
simultaneously. However, it is quite challenging to ask a child or a pregnant
woman to wear multiple devices. First, the total weight, noise, size, etc. of
multiple devices can be an unwelcome burden. Second, different devices have
different sampling rate, data collection frequencies and format. It may take
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substantial training for the child to learn how to operate and maintain the devices,
which can be very time consuming. Finally, the total cost of multiple devices can
make it hard to realize personal assessments for every participant in the cohort. To
solve the above issues, | have made a cost effective integrated device with only
half of the total size and weight and a user-friendly interface to monitor both the
particulate and chemical levels simultaneously, leveraging the individual
successes of a small sized particle detector platform from Research Triangle
Institute (RTI) and a wearable chemical sensor from Arizona State University

(ASU).

D. Summary of Following Chapters

The next chapter includes a brief background description of current
technology for chemical sensors and particle detectors and their limitations,
together with our solutions and challenges. This is followed by a discussion of the
methodology used in the development of a portable integrated detecting system
which is the focus of this work. Once a basic theoretical foundation has been
established, experimental results are presented along with sensor performance
analysis. The final chapters present the author’s conclusions and the possibility of

future work.



Chapter 2
BACKGROUND
A. Chemical Sensors

A chemical sensor is a device that can transform chemical into an analytically
useful signal [22]. The chemical information may originate from a chemical
reaction of the analyte or a physical property of the system investigated [23-25].
The functioning of the chemical sensors can be based on temperature change,
optical absorption or reflection, mechanical resonance and so on [26]. To make
the biggest impact, efforts are mainly focused on detecting pollutants in air with
large environmental releases and high human toxicity such as CO, NO, and
especially VOCs, which is defined as class A pollutants by US Environmental
Protection Agency (EPA). The current annual market for chemical sensors is
estimated to be worth $300M and the majority of this market is made up of single
gas sensing elements that can be plugged into a portable monitor [27]. For the last
two decades, significant research efforts have been made to develop portable and
cost effective chemical sensors with low power and long lifetime. However,
issues of insufficient selectivity and sensitivity hamper the miniaturized sensors
for sensing in environments outside the lab [28].

1) Current VOC Sensing Techniques and Limitations: Toxic VOCs is an
important problem as they have been widely found in industrial and domestic
areas. It has been shown that physical and psychological effects are associated
with exposure to small concentrations of VOCs commonly encountered in daily
life [29]. Until recently, measurement of VOCs is mainly conducted by
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laboratory based instrument analysis, especially GC (gas chromatography). In gas
chromatography, the mobile phase is a carrier gas and the stationary phase is a
microscopic layer of liquid or polymer on an inert solid support, inside a piece of
glass or metal tubing called a column [30]. The gaseous compounds interact with
the walls of the column, which is coated with different stationary phases. This
causes each compound to delay and exit the column at a different time (retention
time). The comparison of retention times gives GC its analytical usefulness.
However, GC typically involves sampling gases with sampler and abstracting the
gases from the sampler, which cannot provide real time monitoring [31].
Additionally, the measurement operation is a complicated and skilled high cost
job. Since concentration and chemical composition of VOCs can easily change in
a short time due to fluctuations in temperature, humidity, air flow and absorption,
it is necessary to develop a portable device that can conduct continuous on-site
direct analysis with simple process and at reasonable cost.

2) Tuning Fork as a Chemical Sensor: Microfabricated quartz tuning fork is an
acoustic resonator in the form of a two-pronged fork. It is widely used in musical
instruments, electromechanical watches and microcontroller-based integrated
circuits (ICs). Due to the piezoelectric properties of quartz, metal electrodes are
plated on tuning fork’s prongs so that mechanical resonance can be generated
when electrical signal is applied [32]. Tuning fork has very high quality factor Q
(ratio of energy stored to energy dissipated per oscillation), which contributes to
its low power consumption, high frequency stability and precision. The resonant
frequency equation can be expressed as follows [11]:
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Where K’ stands for the effective spring constant and m represents the mass of
the tuning fork. Usually, the fragile prongs of the tuning fork are sealed in a metal
can to be protected from external pressure change and other potential disturbances
(e.g. particles in the air). But in our VOCs sensor application, the surface of its
prongs is exposed to the outside environment and specially treated to obtain
hydrophobic property. Also, a kind of molecular imprinted polymer is coated on
the prongs, which forms a thin layer that can selectively bind with VOCs. The
tuning fork prongs are extremely sensitive to mass change due to the binding with
VOCs, and a delta resonance frequency change can be measured consequently.

The corresponding equation is given by [33]:
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With the progress in manufacturing technique using photolithographic
procedure, the mass production of quartz tuning forks has been dramatically
improved in terms of size and cost [34], which makes it a portable and cost-

effective way to perform VOCs measuring.

B. Particle Detectors
A particle detector is an instrument that can detect the information of particles
(e.g. the concentration and the size distribution) for analyzing the cleanliness level

in the environment. Usually the detecting principle is based on either light



scattering or light obscuration. Particles get sucked in by a fan or a pump to pass
through the detection chamber and then get illuminated by a light source
(typically a laser). If light scattering is used, the reflection light intensity will get
transferred into an electrical signal for further data processing by a photodiode. If
light obscuration is used, the loss of light will be measured. The light blocking
method is typically used for detecting particles larger than 1 micrometer while the
light scattering method is able to detect smaller particles with sensitivity down to
0.05 micrometer [35]. Particle detectors can provide useful information for
determining the air quality inside a building (e.g. clean room) and in the ambient
air. They can help protect processes that are very sensitive to environmental
contamination and prevent exposure to particles that are directly linked to health
problems. In our application, we focus more on the particles 2.5 micron or smaller
in size. Once inhaled, these particles can affect the heart and lungs and cause
potential serious health effects [36]. Therefore, considering our target particles
and the integration with a VOC sensor, we need a small light scattering particle
detector which has a matching flow rate with the chemical sensor (500ml/min)

and long battery life.



Chapter 3
METHODOLOGY
A. Sensors
1) The Particle Detector: the particle detection module | use to integrate with
the VOC sensor is the RTI MicroPEM v2.7 Single-Channel Sampler. It is a tiny
but versatile new aerosol sensing system with data collections fully managed by

on-board programming.

Fig. 1. RTI MicroPEM v2.7 single channel sampler.

For easier integration with the chemical sensor and further data processing,
actually I only use the impactor, optical bench and sampling system of MicroPEM
particle detector.

Typically, an impactor is made of a number of classification stages consisting

of a nozzle and an impaction plate [37, 38]. When an aerosol stream passes
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through the nozzle and impinges upon the plate, particles with large enough
inertia will impact upon the plate while smaller particles will pass as an aerosol to
the next stage [38]. Typical streamlines and particle trajectories of an impactor are
shown in Fig. 2. The impactor of MicroPEM (Fig.3) has a cutoff size of 2.5

micrometers, which can make sure we are detecting the particles of interest.

STREAMLINES JET EXIT

TRAJECTORY OF mmmg
IMPAGTION ean PARTICLE PARTICLE
PLATE TED sMaLl TO
PR CT

Fig. 2. Streamlines and particle trajectories for a typical impactor [38]

Fig. 3. Impactor components of RTI MicroPEM v2.7 sampler
9



The optical bench contains a supporting circuit, a laser and a highly sensitive
photodiode. Particles get sifted through the impactor and then enter the testing
chamber. When particles pass through the laser beam, the scattered light will be
sensed by the photodiode and the light intensity change will be transferred into a
voltage change. The supporting circuit will amplify the electrical signal and
further process it.. With a calibration curve, we can find the corresponding
particle concentration. The detecting principle diagram is shown in Fig. 4. As for
the sampling system, 500mL/min air flow needs to be guaranteed to ensure the
impactor to function. Also, to prevent VOC absorption, the connection tubes have
inert Teflon inner layer and all components need to be aligned so we can get a
large capture angle of the reflected/scattered light. The efficiency of the optical

bench was verified with test dust before integration as shown in Fig. 5.

in stream

Fig.4. Detecting principle diagram of MicroPEM sampler
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Fig. 5. Verification test of the optical bench with test dust

In the verification test of the optical bench, whenever the inlet of the impactor

got exposed to the test dust, a group of peaks would be detected. The noise level

is around 0.01mV. So according to accepted general standard, the detection limit

is considered to be 3 times the noise level, which is 0.03 mV. According to the

calibration curve in Fig. 6, that corresponds to 0.1ug/m? in the way I use the

optical bench.
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Fig. 6. Calibration curve for the optical output of MicroPEM sampler

2) The VOC Sensor: To realize the sensor integration, | also need to
duplicate and improve a wireless VOC sensor developed by ASU, which
achieves specific VOC binding with sensitive microfabricated tuning fork
sensors,  flow control with a microcontroller-based circuit and wireless

communication with a cell phone.
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Fig.7. The wireless VOC sensor developed by ASU

The VOC sensor has an alternating sampling and purging phases. In
sampling phase, the air is sucked in by a pump, filtered by a particle filter and
then goes through a nafion tube, which maintains the humidity of the sampling
air constant. After that the sample flows into the test catridge where highly
seletive and sensitvie tuning fork sensors perform real time VOC detection at
parts per billion level. The basic working principle is shown in the device
schematic in Fig. 8. In the purging phase, the sampled air passes a zeroing
filter which filters most of the interfering chemicals and particles so that the
tuning fork sensors are blown and cleaned to be ready for the next round of

sampling.
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Zero filter

User interface

. . o\
particle filter @\
Pump { u
Nafion Tube
Tuning fork
sensor

Fig.8. VOC sensor schematic

The device is rechargeable and paired to a cell phone App by a built-in

Bluetooth chip, thus allowing data collecting and remote control. Detailed

information abour the key componets and measuring procedure will be

discussed in the following section.

Wearable Sensor
Analyte HC1 peita 6.072  Cument 31862.200

————— 6Ps: OFF
Lat
Lon

Env. Traffic

Al sensors o€ 9900, Times) 4/6/2011

Fig.9. Cell phone user interface showing a real time VOC detection

14



a. The Sensor Platform: The sensor platform includes quartz tuning fork
(QTF) sensors that have a 32.768KHz resonance fregency, 4pg/mm?® mass
detection sensitivity and can measured 1.8mHz frequency change with a
digital counter in the circuit. For high selectivity and sensitivity purpose, the
surface of QTFs are chemically treated to be hydrophobic and coated with
molecular imprinted polymer (MIP), which can bind with hydrocarbons
through ©-m interactions and van der Waals interactions [11]. This process is
completely reversible and results in a typical ppb-level detection limit. Fig. 10
shows the results of a sensitivity test of the tuning fork sensors with 1ppm
xylene. The signal to noise ratio is about 0.485Hz/0.0008Hz=606. If we take 3

times the noise level as detection limit, it turns out to be 1.65ppb.

1ppm Xylene
0.5 Signal: 0.485Hz
Noise Level: 0.0008Hz
04 Detection Limit: 1.65ppb
N 0.3
I
=
< 0.2
0.1
0.0

" 05:34  05:36  05:38  05:40  05:42
Time(HH:MM)

Fig. 10. Tuning fork sensitivity test
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b. Filter Subsystem and Sample Delivery System: The filter subsystem is
composed of a zeroing filter and a particle filter, which take turns to operate in
different modes (sampling and purging ). Its function is mainly to improve the
selectivity of the sensing system since in real world testing, we cannot avoid
the presence of high concentration interference. Also, it can prevent
overexposure and contamination to the QTF polymer coating. The sample
delivery system includes a pump, a valve and a microcontroller based circuit.
The circuit controls the valve to switch between sampling stage and purging
stage, generates electrical signal to drvie the QTFs, continuously measures the
tuning fork resonance frequency and communicates with a Bluetooth chip for
data and command transmission. Additionally, a nafion tube locates before
QTF sensors to maintain the humidity of the sampling air constant. Thus, we
can get a robust portable device, which can perform in different VOC exposure

levels.

B. Integration Strategy

1) Sensor Fusion: After carefully studying and discussing the feasibility of the
integrated device and the complementary properties of the two systems, | have
come up with a sensor fusion design. The chemical sensor uses filters to remove
particles as interference and the particle detector detects the particulate level in
real time using a nephelometric approach. By placing the QTF sensor cartridge in
the downstream of the particle detector, both the chemical and particulate levels
can be determined. A sensor fusion schematic is shown in Fig. 11. Detailed
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technical plan including the needs of flow rate, power and data collection will be

discussed as follows.

Samplein

3

Optical particle
with photo-diode

Particle detector

’

Total hydrocarbon detector

/ Particle filter R

\ Zeroingfilter e

Sample out

Fig. 11 Schematic of the sensor fusion design

The air sample goes through the particle detector first and then is directed into
the inlet of the chemical sensor by a mechanical interface in between which
maintains the sample integrity and flow rates requirement (500ml/min for both the
devices). A new microcontroller-based Bluetooth enabled circuit is built to read
the output signals of both the photodiode of the particle detector and the
frequency counter of the chemical sensor. The chemical and particulate exposure
levels are transmitted to the existing cell phone platform, which gets modified to
include the data processing, storage and display capabilities for both the chemical
sensing and particulate detection. The integrated sensor shares the same battery

pack, pump and valve so the weight and cost savings can be as much as 50% of
17



the combined total of the two separate devices. After pre-pilot performance
testing, a new housing is developed to encompass all the components of the
integrated sensor into a wearable format. Fig. 12 shows how the integrated device

looks.

Fig. 12. The appearance of the integrated device

Stats Wearable unit User Interface
LxWxH 5.8in x3.9in x3.3in 4.61in %2.6in x0.6in
Weight 1.6 Lbs 0.34 Lbs

Table 1. The dimension of the integrated device

2) User Interface: Considering that most people including children and adults
are already familiar with the operation of cell phone, we develop the user
interface in a Motorola Q phone via Visual Studio software, which includes

temperature correction, curve fitting and calibration for further data processing. It
18



can also store, email and transmit data, either automatically or as needed, to a
central location, the epidemiologist’s computer or another cell phone.
Additionally, it provides the visualization of the measured chemical and
particulate exposure levels in a user friendly display (Fig. 13). And the built-in
accelerometer and GPS in the cell phone can help enable spatial and temporal
mapping of both concentration levels. By simply pushing buttons on the smart
phone user interface, full control and operation of the integrated device can be

implemented.
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Fig. 13. User interface (a) control panel (b) particle display (c) VOC display
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Chapter 4
RESULTS AND DISCUSSION

Integration of two devices is different from putting them side by side. After
integration, two systems share components and start to influence each other.
Therefore, the robustness and efficiency of the integrated device need to be tested
under different scenarios. Two field tests were carried out and the findings are
summarized below.
A. Parking Structure

The parking structure 4 in ASU is usually packed after 11 a.m. When the
vehicles pass by, VOC and particles will be released from their exhaust tubes.
Thus, it is a good location for me to do a verification test for my integrated
device.

| started the test at around 8 a.m. and ended it at around noon. My integrated
device was set up at a parking spot close to the structure’s entrance together with

the user interface cell phone.
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Fig. 14. Test results from parking structure
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The test results from the cell phone are shown in Fig. 14. The particulate level
is in solid red line while the VOC level is presented by black points and line. The
VOC sensor only samples for one minute every three minutes to get one data
point since it needs the other two minutes for purging. However, the particle
detector collects data every second. To obtain the same resolution, the particle
data was averaged for every 180 points. As can be seen, both the PM and VOC
have sharp peaks from 8:30 to 9:00 a.m. because that is when most vehicles come
in. Otherwise, the PM level is relatively stable until noon when some people go
out for lunch. As for the VOC level, there are single peaks every now and then
from 10:00 to 11:00 a.m., which may due to exhaust tubes of the cars parking
nearby.

The results indicate that in parking structure 4, the particulate level is about
15pg/m® and the VOC level is about 500 ppb on average. According to ADEQ
daily air quality report [39], the average PM2.5 concentration around Tempe is
about 3 pg/m®. Since ADEQ does not report VOC concentration on a daily basis,
the CO concentration data (300ppb) in the report is used as a VOC concentration
indicator, based on the fact that vehicles exhaust both CO and VOC at the same
time. The air in the parking structure is expected to be more polluted, so the
results are in agreement with what | expect. Also, both the PM and VOC levels
show peaks during the rush hour from 8:30 to 9:00 a.m. Thus the ability of the
integrated device to test both VOC and particles in real world simultaneously is

verified.
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B. ADEQ Greenwood Station

ADEQ Greenwood Station is an ideal location for us to test and correlate our
device with reference instruments. First of all, it is located near an exit of
Highway 1-10. People go to work through 1-10 so in the mornings of weekdays,
there will be heavy traffic around the station. In addition, the ADEQ can provide
daily reports of PM2.5 concentration and CO concentration. Although the station
equipment and our device may not sample exactly the same air and CO
concentration may not reflect the total VOC concentration, the trend of the
concentration change should roughly follow each other since my integrated device

and ADEQ test instruments are basically in the same location.

Fig, 15. The ADEQ Greenwood Station location
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VOC+PM
L

Fig. 16. Location of the reference instruments with respect to the integrated

device

The test started at around 1 a.m. and ended at around noon. The integrated
device was placed on the roof of the station while the reference instruments were
inside the room with the sampled air being drawn from the outside. The ADEQ
air quality monitoring data was downloaded from its main website [40] and we
also got a copy directly from the station as another reference. The testing results

will be discussed below.
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Fig.17. (a) VOC concentration data from the integrated device (b) CO

concentration data from ADEQ [40]

The VOC concentration increase correlated with the traffic activity increase
around 6:30 to 7:00 a.m. and during that time, the CO concentration got its peaks
as well. Since the traffic can exhaust CO and VOC at the same time, CO is a
dominant indicator for VOC. However, after all, CO and VOC are different
chemicals, their concentrations differ but a correlation between their
concentration changes was observed. The dotted data in Fig. 17 (b) was directly

gotten from the Greenwood Station, which was sampled every five minutes.
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Fig. 18. Particle concentration data from both the integrated device and

ADEQ daily report [40]

Since the ADEQ only provides data points for PM2.5 level every hour, the
PM data from the integrated device was hourly averaged to be more comparable.
The ADEQ data is in dash red line and our data is in solid black line. As shown in
Fig. 18, the overall trend follows each other except the peak around 9:30 a.m. in
the ADEQ data. Since there is desert surrounding the station so the particle
concentration also correlates with the wind speed and direction, which was very
unstable. That is why we see ups and downs in the PM data. Around noon, both
the integrated device and the reference instrument detected the minimum in
particle concentration. Overall, the integrated device showed very good

performance and its efficiency is validated.
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Chapter 5
CONCLUSIONS

This work has demonstrated a new version of an integrated particulate and
chemical detection device for children health study with a unified cell phone user
interface. The sensor’s basic function has been demonstrated in field tests. It has
been proved to be able to monitor air quality by selectively detecting ppb-levels
of traffic related hydrocarbons and concentration of particulate matters in real
time. Also, this reliable multifunctional monitoring device reduces the total cost
of devices involved and burden on the subjects including size, weight and
operational maintenance. Another important benefit of the combined device is the
ability to perform multiple analysis of the same sampled air, which is not usually

available to portable devices.
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Chapter 6
FUTURE WORK

The integrated device has shown good performances in the field tests but it
still needs some improvements. First of all, the ultimate goal of the project is to
make a completely multifunctional integrated device, including VOC sensor, CO
sensor, NO sensor, metabolic sensor and particle detector in a portable format
since they are related to different kinds of health problems. This goal can be
solved by adding other extra combination of polymer-modified QTFs and
interferent filters to interact with different analytes. Actually, some initial work is
already in progress.

Another concern is how to make the device even more portable. We can try to
design and machine a metal box which specifically fit the device components
instead of using a generic plastic box. Thus the robustness and portability of the

integrated device will also be improved.

28



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

REFERENCES

A. Aikebaier, T. Enokido, and M. Takizawa, "Design and evaluation of
reliable data transmission protocol in wireless sensor networks," Mobile
Information Systems, vol. 4, pp. 237-252, 2008.

M. Lopez, J. M. Gomez, S. Martinez, J. Sabater, L. Climent, A. Herms, L.
Tort, J. Bausells, and A. Errachid, "IEEE 802.15.4 Based Wireless Sensor
Networks Applied to pH and Temperature Monitoring in a Fish Farm,"
Sensor Letters, vol. 7, pp. 861-868, Oct 2009.

K. Ozaki, K. Watanabe, T. Enokido, and M. Takizawa, "A fault-tolerant
model of wireless sensor-actuator network," International Journal of
Distributed Sensor Networks, vol. 4, pp. 110-128, 2008.

B. Chen and W. J. Liu, "Mobile Agent Computing Paradigm for Building
a Flexible Structural Health Monitoring Sensor Network," Computer-
Aided Civil and Infrastructure Engineering, vol. 25, pp. 504-516, Oct.

D. Mascarenas, E. Flynn, C. Farrar, G. Park, and M. Todd, "A Mobile
Host Approach for Wireless Powering and Interrogation of Structural
Health Monitoring Sensor Networks," leee Sensors Journal, vol. 9, pp.
1719-1726, Dec 2009.

O. Pereira, J. Caldeira, and J. Rodrigues, "Body Sensor Network Mobile
Solutions for Biofeedback Monitoring," Mobile Networks & Applications,
vol. 16, pp. 713-732, Dec.

S. H. Shee, T. C. Chang, K. C. Wang, and Y. L. Hsieh, "Efficient Color-
theory-based Dynamic Localization for Mobile Wireless Sensor
Networks," Wireless Personal Communications, vol. 59, pp. 375-396, Jul.

S.L.Chen, H. Y. Lee, C. A. Chen, H. Y. Huang, and C. H. Luo, "Wireless
Body Sensor Network With Adaptive Low-Power Design for Biometrics
and Healthcare Applications,” leee Systems Journal, vol. 3, pp. 398-409,
Dec 2009.

(April 10, 2012). "An Introduction to Indoor Air Quality (IAQ)." from
http://www.epa.gov/iag/voc.html.

(August 10, 2011). "Volatile Organic Compounds (VOCs)." from
http://toxics.usgs.gov/definitions/vocs.html.

29



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

C. Chen, "A Wireless Hybrid Chemical Sensor for Detection of
Environmental Volatile Organic Compounds,” in Electrical Engineering.
vol. Master of Science Tempe: Arizona State University, 2011, p. 37.

H. Ablat, A. Yimit, M. Mahmut, and K. Itoh, "Nafion film/K+-exchanged
glass optical waveguide sensor for BTX detection,” Analytical Chemistry,
vol. 80, pp. 7678-7683, Oct 2008.

C. Infante-Rivard, "Chemical risk factors and childhood leukaemia: a
review of recent studies dagger,” Radiation Protection Dosimetry, vol.
132, pp. 220-227, Dec 2008.

M. C. Fondelli, P. Bauazzano, D. Grechi, G. Gorini, L. Miligi, G.
Marchese, I. Cenni, D. Scala, E. Chellini, and A. S. Costantini, "Benzene
exposure in a sample of population residing in a district of Florence,
Italy," Science of the Total Environment, vol. 392, pp. 41-49, Mar 2008.

R. M. Harrison, P. L. Leung, L. Somervaille, R. Smith, and E. Gilman,
"Analysis of incidence of childhood cancer in the West Midlands of the
United Kingdom in relation to proximity to main roads and petrol
stations," Occupational and Environmental Medicine, vol. 56, pp. 774-
780, Nov 1999.

K. R. Muir, S. E. Parkes, S. Lawson, A. K. Thomas, A. H. Cameron, and
J. R. Mann, "CHANGING INCIDENCE AND GEOGRAPHICAL-
DISTRIBUTION OF MALIGNANT PEDIATRIC GERM-CELL
TUMORS IN THE WEST MIDLANDS HEALTH AUTHORITY
REGION, 1957-92," British Journal of Cancer, vol. 72, pp. 219-223, Jul
1995.

R. M. Harrison, A. R. Deacon, M. R. Jones, and R. S. Appleby, "Sources
and processes affecting concentrations of PM10 and PM2.5 particulate
matter in Birmingham (UK)," Atmospheric Environment, vol. 31, pp.
4103-4117, Dec 1997.

J. A. Rosales-Castillo, V. M. Torres-Meza, G. Olaiz-Fernandez, and V. H.
Borja-Aburto, "Acute effects of air pollution on health: Evidence from
epidemiological studies,” Salud Publica De Mexico, vol. 43, pp. 544-555,
Nov-Dec 2001.

W. A. Jedrychowski, F. P. Perera, U. Maugeri, E. Mroz, M.
Klimaszewska-Rembiasz, E. Flak, S. Edwards, and J. D. Spengler, "Effect
of prenatal exposure to fine particulate matter on ventilatory lung function
of preschool children of non-smoking mothers," Paediatric and Perinatal
Epidemiology, vol. 24, pp. 492-501, Sep.

30



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

J. Heinrich and R. Slama, "Fine particles, a major threat to children,"
International Journal of Hygiene and Environmental Health, vol. 210, pp.
617-622, Oct 2007.

N. S. Kulkarni, B. Prudon, S. L. Panditi, Y. Abebe, and J. Grigg, "Carbon
loading of alveolar macrophages in adults and children exposed to
biomass smoke particles,”" Science of the Total Environment, vol. 345, pp.
23-30, Jun 2005.

A. Hulanicki, S. Glab, and F. Ingman, "CHEMICAL SENSORS
DEFINITIONS AND CLASSIFICATION," Pure and Applied Chemistry,
vol. 63, pp. 1247-1250, Sep 1991.

R. Shepherd, S. Beirne, K. T. Lau, B. Corcoran, and D. Diamond,
"Monitoring chemical plumes in an environmental sensing chamber with a
wireless chemical sensor network," Sensors and Actuators B-Chemical,
vol. 121, pp. 142-149, Jan 2007.

T. Yoshinobu, H. Ecken, A. B. M. Ismail, H. Iwasaki, H. Luth, and M. J.
Schoning, "Chemical imaging sensor and its application to biological
systems," Electrochimica Acta, vol. 47, pp. 259-263, Sep 2001.

W. Lukosz, "INTEGRATED OPTICAL CHEMICAL AND DIRECT
BIOCHEMICAL SENSORS," Sensors and Actuators B-Chemical, vol.
29, pp. 37-50, Oct 1995.

V. Bychkovsky and M. Lobur, "Chemical sensors. Classification,” in
Perspective Technologies and Methods in MEMS Design (MEMSTECH),
2010 Proceedings of VIth International Conference on, pp. 89-91.

J. W. Gardner, M. Cole, and F. Udrea, "CMOS gas sensors and smart
devices," in Sensors, 2002. Proceedings of IEEE, 2002, pp. 721-726 vol.1.

D. M. Wilson, S. Hoyt, J. Janata, K. Booksh, and L. Obando, "Chemical
sensors for portable, handheld field instruments,” Sensors Journal, IEEE,
vol. 1, pp. 256-274, 2001.

M. Seyama, |. Sugimoto, and T. Miyagi, "Application of an array sensor
based on plasma-deposited organic film coated quartz crystal resonators to
monitoring indoor volatile compounds,” Sensors Journal, IEEE, vol. 2, pp.
422-427, 2002.

(2012). "Gas Chromatography."” from
http://www.wfu.edu/chem/courses/organic/GC/index.html.

31



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

K. Kanda and T. Kuse, "Development of VOC analyzer using a
WO<sub>3</sub> thick film based gas sensor," in Sensors, 2004.
Proceedings of IEEE, 2004, pp. 1187-1190 vol.3.

(2012). "History of the Tuning Fork Mark." from
http://www.yamaha.com/about_yamaha/corporate/brand/tuning_fork_mar
k/index.html.

A. Rai, "Quartz Tuning Forks as Chemical Snesors for Detection of
Volatile Organic Sulfur Compounds,” in Electrical Engineering. vol.
Master of Science Tempe: Arizona State University, 2009.

E. Momosaki, "A brief review of progress in quartz tuning fork
resonators," in Frequency Control Symposium, 1997., Proceedings of the
1997 IEEE International, 1997, pp. 552-565.

(2012). "TSI: Particle Counters." from http://www.tsi.com/particle-
counters/.

(March 27, 2012). "Particulate Matter (PM)." from
http://www.epa.gov/air/particlepollution/index.html.

S. Singh, B. K. Sapra, A. Khan, P. K. Kothalkar, and Y. S. Mayya,
"Development of a variable configuration cascade impactor for aerosol
size distribution measurement,” Atmospheric Environment, vol. 44, pp.
795-802, Feb.

A. M. K. VIRGIL, W., "Impactor Design," Atmospheric Environment,
vol. 10, pp. 891-896, 1976.

[39] (2012). "Air Quality Division: Forecasting and High Pollution Advisories."

from http://www.azdeg.gov/environ/air/monitoring/hpa.html.

[40] (December 09, 2011). "Air Quality Index (AQI) " from

http://airnow.gov/index.cfm?action=aqibasics.aqi.

32



