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Abstract— PMazs is one of the main sources of air pollution
and could negatively affect the human health. The available
commercial PM monitoring devices are often bulky and
expensive and thus not useful for personal use. Toward the
implementation of personal/wearable PM monitoring devices,
this paper presents a low-cost, liquid-based capacitive monitoring
device that uses in-house fabricated electrodes and a custom PCB
with off-the-shelf components. The fabricated device is designed
to detect concentration of particles in a liquid environment which
enables integration of the capacitive detection with future
electrochemical-based analysis of PM elemental composition. In
this liquid-based detection scheme, a minimum detection level of
4.6 x 10° particles/uL is achieved which corresponds to the
particles sampled from an unhealthy level of PM:s in the air. The
detection response shows a linearity of R?=0.9934 during the
experiments.
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[. INTRODUCTION

Particulate Matter (PM) refers to small solid particles or
liquid droplets, generally less than 10 pm in diameter, that are
suspended in the air. It is one of the main sources of air
pollution that has adverse effects on health and on the
environment [1]. PM can be emitted directly from an indoor or
outdoor source such as a smokestack. It can also be formed as a
result of reactions between different pollutants that are not
initially in the form of PM [1]. PM can get deep in the lungs
and even in the bloodstream and hence cause health issues.
Some of the adverse health effects of PM are premature deaths
in people with heart or lung disease, aggravated asthma,
respiratory disfunctions, etc. [1], [2]. Generally, particles
smaller than 2.5 pm in diameter (also known as PM; s) present
the highest risk to human health [1]. In a recent study, the
global rate of premature deaths attributed to PMas was
estimated at 10.2 million cases per year [3].

Personal/wearable PM monitoring devices are of high value
when it comes to mapping the pollution level across a large
area such as a city with high spatiotemporal resolution. Such a
device greatly helps individuals to make informed decisions
about their indoor activities or outdoor behavior in various
locations and times. Besides knowing about amount of PM in
an area, knowing the chemical composition of PM enables
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researchers to study effect of different compositions of PM on
health. Although commercial PM monitoring systems currently
exist [4], they are often bulky and expensive and do not
provide high spatiotemporal resolution. They are mostly suited
for stationary or portable air quality monitoring stations and
not for individual use.

Microfabrication technologies enable implementation of
miniaturized sensing devices and present a great opportunity
for high spatiotemporal resolution monitoring of PM. Recently,
different research groups have proposed various methods for
microscale PM detection, including optical [5], [6], surface
acoustic wave (SAW) [7], and capacitive-based [8], [9].
However, none of these papers present a solution that is
seamlessly compatible with electrochemical analysis of PM
elemental composition.

In this paper, we present a low cost and low power PM3 s
detector that utilizes inexpensive in-house fabrication process
to form sensing electrodes and employs off-the-shelf
components to implement a readout circuit. The fabricated
system does not need to use expensive custom integrated
circuit fabrication and yet provides high accuracy for detection
of PM s pollution levels. The presented monitoring system is
also compatible with electrochemical methods for PM
component analysis in that the same electrodes that are used
for liquid-based capacitive PM detection could be utilized for
electrochemical tests.

ﬂ o
decisions Tigh spatiotemporat™ ~

7 resolution personal PM \
o monitoring device

4 PM microfluidic
/ PM Size
capture
l sample fracllonahon
component PM detection|
analysis

\Q [
N\

pollution
sources

regulation

Fig. 1. Illustration of the personal PM monitoring platform.



II. ARCHITECTURE

Multiple options for particle detection have been proposed
each of which has specific limitations. A variety of the
methods such as SAW based sensors [7] are gravimetric
techniques and therefore not suitable for a personal/wearable
device that needs to be portable and might be placed in
different orientations. Optical methods have been implemented
in compact forms [5], [6], however, detection of small particles
has proven challenging within the size and cost limitations of a
wearable device. Capacitive method, however, seems to be a
promising method to implement compact and high precision
PM detection devices [8], [9]. Unlike prior capacitive work
reported in the literature, we chose to implement a liquid-based
capacitive method for PMjs detection. This method is
compatible with microfluidic implementation of
electrochemical analysis of PM elemental composition. The
same electrodes that are used in this work for detection of
PM; s have the potential to be used as electrodes for future
electrochemical analysis of materials that form PMs.

To enable the liquid-based capacitive detection of PMs,
the first step is to capture the particles from sampled air to a
liquid medium. Different methods can be used for capturing
particles from air into the liquid. For instance, an electrostatic
precipitator (ESP) was integrated with a microfabricated
perforated silicon diaphragm in [10] as an air-microfluidic
interface. Another necessary block as shown in Fig. 1 is the
PM size fractionator. This block directs PM particles with
different sizes to flow to the right microfluidic paths. Without
this block, bigger particles could clog the microfluidic channels
and cause the system to fail. We have reported the design and
fabrication of this size fractionator block in our prior
publications [11]-[13]. In this paper, we focus on the detection
block which will be described with further details.

After capturing the particles and separating them into
different size bins, the particles are introduced to the detection
block. The structure of the capacitive detection is based on the
differential response of a pair of identical capacitors as seen in
Fig. 2. In this structure, differential pulse signals are applied to
the capacitors. Since the capacitors are identical, the currents
passing through both capacitors are equal and therefore no
current is flowing to the readout circuit. However, if a particle
approaches one of the capacitors, that capacitance would
change due to the change in its permittivity. Therefore, the
applied differential signals would generate different currents in
the capacitors. The difference between these currents then
flows into the readout circuit and hence the particle could be
detected as the output voltage of the circuit changes.

III. SYSTEM DESIGN

A. Sensing Electrodes

Sensing electrodes produce electric signal corresponding to
presence or absence of particles. Capacitive electrodes can
either be implemented on the sidewall of a microfluidic
channel or can be fabricated in planar fashion. The sidewall
electrodes rely on the parallel plate capacitance while the
planar electrodes rely mainly on the fringe capacitance.
Although parallel plate capacitors may offer higher capacitance
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Fig. 2. Illustration of capacitive sensing detection. One of the capacitive
sensing electrodes serves as the reference and the other detects PMy .
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in the unit volume, we chose to implement planar capacitors
since their fabrication procedure is simpler and therefore less
expensive. We designed interdigitated planar electrodes to
increase the capacitance in the unit area as seen in Fig. 3.
Decreasing the spacing between the fingers while increasing
their width increases the fringe capacitance with a logarithmic
rate [14], [15]. To obtain high capacitances, we decreased
spacing to the extent that our fabrication process allowed to
have a reliable implementation. The limitation came mostly
from lithography process and the quality of the mask. We also
decreased the width of the fingers because doing so allows us
to fit more fingers within the same unit area which linearly
increases the overall capacitance. Linear increase is stronger
than logarithmic decrease of the capacitance due to the
decreased electrode width. Therefore, we kept both spacing
and finger width of the interdigitated capacitors at the
minimum value around 25 pm. The total sensing area is about
530 x 630 (um)? consisting of 11 fingers. Considering the fact
that effective height of fringing field is about width+spacing/2
[14], our goal is to place the particles above the planar
electrodes within a ~30 um range . This is the range in which
the particles are visible to our sensor. In the system design, this
number sets the maximum height for the future microfluidic
channel implementation. This height ensures any particle that
passes through the channel is visible to the capacitive sensors.
In this work, we used deionized (DI) water as the medium
which has the relative permittivity of ~80 at room temperature.
Prescence of any particle with a different permittivity in this
medium results in a capacitance change that could be detected
via the readout circuit.

B. Readout Circuit
The current produced by the sensing electrodes is often
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Fig. 3. (a) Top view of a single interdigitated planar capacitive electrode,
(b) side view of planar capacitive electrodes with fringing field above
them. Two of these capacitors form a differential pair, to be used for
particle detection.



very small and buried within noise floor of the sensor. Thanks
to the synchronized demodulation techniques, this signal can
be detected by the fabricated readout circuit. We chose to use
ADA2200-EVALZ demodulator to implement a lock-in
amplifier for detecting the sensor response as shown in Fig. 4.
This demodulator supports up to 30 kHz bandwidth of input
signal and has a programmable filter with adjustable
bandwidth. This synchronous demodulator also provides a
clock for exciting the sensor. As described in the previous
section, in this work we need to excite the differential capacitor
pair with a differential signal. To this end, we need a pair of
fast and low voltage switches. ADG794 is an array of fast and
low loss switches with switching time of ~5 ns and ON
resistance of ~5 Q. The clock from ADA2200 was fed to
ADG794. By properly connecting a pair of switches from this
array to supply voltage and ground rails, a pair of differential
voltage pulses were generated. Another point to consider is that
the demodulator accepts input voltage while our capacitor pair
generates current. Therefore, we designed a low noise
integrator as well as an additional voltage gain stage for
preconditioning the signal. ADA4817 was chosen for these
stages because of its low input voltage and current noise of 4
nv/\VHz and 2.5 fA/NHz at 100 kHz, respectively. It also has
low input common-mode and differential mode capacitance of
1.3 pF and 0.1 pF, respectively. Finally, this amplified voltage
signal goes through a low pass filter to remove high frequency
noise and is fed to the demodulator as the last stage of the
readout circuit. Note that since ADA4817 has higher voltage
supply than ADA2200, ADA8615 is used to protect ADA2200
from possible large voltages.

IV. SYSTEM IMPLEMENTATION

A. Sensing Electrodes

To form the interdigitated planar capacitors, the substrate
needs to be isolator, otherwise a current path will exist between
the plates of the capacitors which interferes with the operation
of the sensor. We chose quartz wafer as the substrate in this
work. For the lithography process, positive photoresist (S1813)
has been used for patterning the electrodes. To form the
electrodes, gold has been deposited and a thin layer of titanium
has also been used as the adhesion layer. The thickness of the
metal layers is 140 nm total. The metal layers have been
deposited using electron beam evaporation. Finally, the lift-off
process has been completed by soaking the device in acetone
and gently agitating it with ultrasound. Fig. 5 shows the
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Fig. 4. Simplified diagram of the readout circuit.

fabrication steps for the electrodes and Fig. 6 demonstrates the
fabricated capacitive electrodes.

B. Readout Circuit

A 4-layer custom printed circuit board (PCB) was
fabricated through OshPark LLC on an FR4 substrate to
implement the designed readout circuit. This custom PCB is
responsible for generating differential pulses that are applied to
the capacitive electrodes. Signal conditioning of the sensor
response is also performed on this custom PCB. This PCB is
then connected to the ADA2200-EVAL using SMA cables to
feed the preconditioned signal to the demodulator. This PCB
also houses the fabricated capacitive electrodes. The quartz
substrate on which the electrodes have been fabricated was
attached to the PCB using silver paint.

Care must be taken in implementing the integrator front-
end since the output node of the capacitive electrode is
susceptible to noise. To reduce the parasitic capacitances of the
interconnects, the sensor is placed close to the integrator. The
pads of the sensor were wire-bonded to the pads on the PCB by
the shortest possible wires. An image of the PCB with the
fabricated electrodes mounted on it is shown in Fig. 7.

V. EXPERIMENTAL RESULTS

To test the functionality of the circuit, 2 um polystyrene
beads have been used to emulate the presence of PMjs. DI
water has been used as the liquid medium for the tests and the
polystyrene beads have been diluted in the water with four
different concentrations. As shown in Fig. 7, one drop of pure
DI water was placed on top of the reference electrode and
another droplet of DI water containing particles was placed on
top of the other electrode. The lowest concentration that was
tested was 4.6 x 10° particles/uL. For the case of polystyrene
beads, this is equivalent to amount of particles exist in 1.25 x
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Fig. 5. Fabrication steps for the capacitive electrodes: (a, b)
photolithography ((a)exposure and (b) develop), (c) electron beam
evaporation for thin Ti/Au film deposition, and (d) lift-off.
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Fig. 6. Image of a fabricated capacitive electrode, wire-bonded to the PCB.



Fig. 7. Fabricated PCB with wire-bonded electrodes. For test purposes, a
droplet of pure DI water was placed on the reference electrode and a
droplet of DI water containing particles was placed on the other electrode.

10 m? of unhealthy air where the air quality index (AQI) is
151 and particle mass concentration is 55.5 pg/m? [16]. This is
the threshold where the air is considered “unhealthy” due to the
level of particles. In other words, the minimum concentration
of particles that was tested is equivalent to capturing the
particles from 1.25 x 10~ m® of unhealthy air into the liquid-
based microfluidic channel. The PM monitoring device
successfully detected this level of particles as seen in Fig. 8.
We repeated the experiment with three more concentrations.
We followed each measurement with a wash cycle where the
particle containing solution was removed and pure DI water
was applied to remove the residual of particles.

VI. CONCLUSION

In this work, a liquid-based capacitive device has been
presented for monitoring PMys level. Capacitive electrodes
have been fabricated with lift-off process. The readout circuit
has been fabricated on a custom PCB using off-the-shelf
components. The low-cost PM, s monitoring device showed a
detection level as low as 4.6 x 10° particles/ul. which is
suitable for detecting the unhealthy levels of PM»s according
to the AQI. Since the electrodes used for capacitive sensing
within the liquid environment can be directly utilized for
performing electrochemical tests, the presented approach
enables future combination of PM detection and
electrochemical analysis of its elemental composition on a
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Fig. 8. Experimental result for detecting different concentration of
particles.

single device.
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