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ABSTRACT

In order to have a working bio-particle anaysis
system, a method of capturing the particles from the air
into the liquid is required. Here, we report a complete
MEMS system that includes an air-to-liquid MEMS
interface (made of glass and PDMS) for airborne bio-
particle (<10mm) anaysis, and demonstrate its
successful integration with our DEP(dielectrophoretic)
particle transportation[1] and active filter membrane[2]
technology. Two types of air-to-liquid interfaces were
investigated. The first, consisted of a dstationary
meniscus with moving particles; and second, stationary
particles with an oscillating liquid meniscus. Due to
large interfacial forces required in penetrating the
liquid meniscus, the first design performed
inadequately. However, these roadblocks were
eliminated in the second technique and demonstrated
as aworking system.

INTRODUCTION

There is a growing need for a hand-held, automated
environmental monitoring system for the detection of
harmful bio-aerosols such as toxins, viruses, and
spores. Successful detection of these types of particles
requires three steps - collection, transport, and
analysis.  For airborne bio-particles, analysis is
problematic because many of the sensitive and
standardized bio-analytical techniques (such as
florescence, PCR, ESI-MS etc) only work in the liquid
medium. Consequently, engineering of an air-liquid
interface is crucia for transport of the collected
particles from the air into the liquid medium. In the
past, the transport of airborne particles into a liquid
medium has primarily been accomplished by manual
pipetting and washing [3], 30cm long denuders [4],
and cyclone chambers. However, these types of
traditional techniques become impractical for such a
MEMS hand-held system that requires microliter
volumes, miniature components, and mechanical
robustness. To our knowledge, no MEMS solution to
this airborne sample collection problem has been
published before.

THE AIR LIQUID INTERFACE

In this work, a solution to this interface problem was
engineered and integrated with the MEMS particle
transportation technology developed in our prior
work[1]. The first generation design consisted of a

glass chip with hydrophobic channels bonded to the
particle transport chip. The focus, here, was to design
the interface channel small enough so that the surface
tension forces would prohibit liquid leakage outward,
but alow particles to be transported across the air-
liquid interface. After discovering problems with this
first scheme (stationary meniscus and moving
particles), the interface problem was tackled with a
different approach. In this second approach, instead of
moving partticles and a dtationary interface, we
demonstrate a working particle-to-liquid collection
mechanism with a moving meniscus and stationary
particles. Borosilicate glass particles (8mm) were used
for al experiments since they are typical test carriers
for surface deposited biological agents. With these
particles, the feashility of this technique was
established together with our micromachined active
membrane filter published in [5]. Although particle
transport efficiency decreased greatly on the perforated
filter membrane, the feasibility for an airborne bio-
particle sampling system was demonstrated. Some of
the issues explored here were the following: 1)
Stability of the air-liquid interface, 2) Control of the
fluid meniscus 3) Performance of the transportation
scheme in liquid, and 4) Integration of particle
transportation technology with a fluidic interface chip
and an active micromachined membrane filter (with
embedded electrodes).

STATIONARY MENISCUS INTERFACE

The schematic for the particle interface design is
shown in Fig. 1. The glass chip (Fig. 2) contains
etched channels, which simulate a liquid system in
which the particles could be distributed and analyzed.
The three “T” channels (shown as dashed lines)
contain the liquid meniscus interfaces which are
connected to a larger centra flow channel. Using the
DEP force, the particles would be transported from the
electrode across the interface into the bulk liquid.

DEP control of particles in liquid has been
demonstrated by [6][7][8] who have shown that in
contrast to the high voltage, low frequencies required
in air, low voltages and high frequencies are required
for particle transport in liquid. In fact, DEP particle
motion in liquid has been shown to be much more
robust and efficient than in air. Table 1 illustrates the
different regimes demonstrated by various groups. In
our case, two circuits were connected to the electrodes
so that when the particles entered the liquid, the proper



Table 1: DEP electrical requirements for different media.

Reference Voltage Frequency Medium

Desai et al.[1]. 100-200V 5-100 Hz Air

Fuhr et al. [6] 1-5Vy, 1 Mhz Conductive liquid (10mS/m)

Leeetal. [7] 120-140V 1-1000Hz Corn oil (10S/m)

Morgan et al. [8] 10V 500kHz Conductive liquid (150mS/m)
waveform (circuit) would be activated for either air or channels. Consequently, the Y oung-Laplace equation
water. represents the “best case” solution.  To better

understand the maximum possible interface pressures,
Eqg. 1 has been plotted in Fig. 2 for pure water and a
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Figure 3: Maximum meniscus pressures for water vs.
interface channel radius.

Particle transportation chip The Poiseuille flow equation relates flow rate, Q, to the

Figure 2: 1% Particle air to liquid collection scheme pressure drop, DP, the pipe radius, r, viscosity, m and
) ) ) the distance from the interface to the exit, L.
To work, this scheme requires that the midstream

pressure, Py, of the flow at the interface be less than Q=DPp r4/(8 mL) o)
the capillary pressure, P.. The governing aspects of

this design are the Young-Laplace and the Hagen- 4

Poiseuille equations [9]. From the Young-Laplace 1-10
equation, we are able to predict the maximum pressure
that can be present near the opening. Similarly, the
Poiseuille equation helps us predict the pressure drop
in the central channel for a given flow rate. The
Young-Laplace equation, Eq. 1, is a function of the
surface tension of the fluid, s, the capillary radius, r,
and the meniscus contact angle, g. Assuming the
meniscus is a section of a spherica surface that
intersects the capillary at a finite contact angle, we
have the static case [10],
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Figure 4: Idealized flow rates possible for given
interface channel sizes
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Though Eq. 1 is valid only for circular openings, it is
sufficient to demonstrate the features of this design.
The elaborate closed form solution for our case, a
rectangular dlit  has been derived by Kagen and
Pinczewski [11] in a lengthy derivation. They show
that closed form solution for the pressure, P, for the
rectangular dlit falls below that for the circular

Substituting Eq. 1 for DP in Eq. 2 and making the
following assumptions, we can estimate the best case
flow rates possible for given interface channel sizes.
(Fig. 4) The following values, 5mm and 50mm, were



chosen for L and r, respectively. Note that Fig. 4
represents an ideal case, where the contact angle is
180°, the interface channel surface is perfectly smooth
and clean, and the interface channel is circular. In our
case, the channels are rectangular dlits. Furthermore,
the exit pressure due to external piping and
congtrictions lower the maximum possible flow rates
even further. Therefore, we expect the order of the
allowable flow rates to be correct, but certainly two to
three times lower than these idealized flow rate regime
shown in Fig. 4.
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Figure 5: Glass interface channel fabrication steps.

STATIONARY INTERFACE FABRICATION

Fabrication of the interface chip required two glass
etching steps to create the deeper central flow channel
and the shallower interface “T” channels. Evaporated
gold acted as the masking layer and buffered
hydroflouric acid (BHF), as the etchant. Photographs
of various designs are shown in Fig. 6. The designs
have curved, tapered, and widened channel entrances
to study which types could sustain the fluid meniscus
pressures and which types allowed more particles to be
captured. This lift-off process is illustrated in Fig. 5.
The etch rate of the glass in BHF was roughly
Imm/min.  Inlet and outlet holes were drilled
mechanically with a 700mm diameter drill bit.

To make the interface channels hydrophobic, a Teflon-
like polymer film was plasma deposited as the final
step. In the past, fluorine-based gases have been
utilized in plasma processing for their ability to

selectively etch silicon. But, under certain conditions
these gases can be polymerized to form thin films on a
substrate. For the interface chip, the fluorocarbon gas,
CHF;, was polymerized in the plasma at the following
conditions: 170W 300mTorr, 2.7mm/hr.

Inlet/outlet holes
drilled here

depth 40mm  depth 15nm
Figure 7: Various glass interface channel designs

In addition to the CHF; film, hexamethyldisilizane
(HMDYS) vapor treatment was also used to make the
glass surface hydrophaobic. Selective deposition of the
hydrophobic films only in the interface channel area
was done with a physical mask because any type of
photoresist processing such as developer and acetone
rinsing destroyed the hydrophaobicity of the polymer
film surface (AZ4400 and AZ developer).
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Figure 8: 1cm x 1cm glassinterface die bonded to a
glass substrate for initial testing

After coating the channel surfaces, the interface chip
was bonded to a glass dide for the initial experiments
(Fig. 6). The inlet pipe was connected to a digitally
controlled syringe pump to simulate a micromachined
liquid pumping system. The interface chips were
bonded to a particle transportation chip (Fig. 7), after
suitable control of the meniscus was achieved. The
electrode chips were redesigned to include large 5 x 3
mm electrode arrays on which adjacent dies on either
side were left blank to leave room for bonding the
glass channel chip.

Figure 6: 1cm x 1cm glass interface die bonded to a glass substrate for initial testing



STATIONARY INTERFACE RESULTS

The first experiments with just the interface die bonded
to glass proved to be difficult. The epoxy bonding step
was problematic and decreased yield. Experiments
were conducted by slowly increasing the flow rate
until the meniscus broke down for various coatings
(bare glass, HMDS, and the CHF; fluoro-polymer). As
expected, uncoated interface channels only withstood
flow rates on the order of 0.1-1 nL/min. The more
hydrophobic the interface, the higher the flow rate
achieved. For example, the silane coated dies attained
flow rates on the order of 1-5ni/min, and the CHF;
Teflon dies could withstand flow rates of 50-
100mL/min which was in good agreement with the
flow regime in Fig. 4. Unfortunately, the fluid
meniscus was only stable for ~30 min. Once the
surface had been contaminated, the level of
hydrophobicity decreased, and the chip would fail.
Furthermore, the position of the meniscus was difficult
to control due to the small dead volume of the interface
channel (0.045nL). Nevertheless, the next step was to
experiment with working electrodes and moving silica
glass particles.

Experiments with the combined electrode and interface
chips proved to be failures for two reasons. Firstly,
particles transported in air on the electrodes could not
travel past the liquid meniscus, and conglomerated at
the boundary. Secondly, the high voltage (150V,
50Hz) required for particle transportation in air caused
electrolysis of the water present on the electrodes even
though the electrodes were well insulated by LTO and
Teflon. The bubbles in the water would form within
10 seconds and destroy the electrodes. This result
made it clear that during the high voltage, low
frequency transportation, no water could be present on
the electrodes. The voltage required turned out to be
an order of magnitude higher than the voltages
demonstrated in prior work in thisfield (Table 1). 50V
at 500Mhz were required to move the silica particlesin
water in our system.

electrodes ON
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Hydrophilic channels

Although this meniscus based interface design failed to
work, valuable information on properties of surfaces,
stability of air-liquid interface, and the performance
envelope of the DEP force was acquired. The CHF;
Teflon-like film was the most hydrophobic, and as
expected, the highest flow rate (100ni/min) was
achieved for the 15mm x 1mm which was three times
dower than for the idedlized case (see Fig. 3).
Because of the rectangular channel, and unaccounted
exact pressure drops in the outlet side of the chip, we
expected this slower flow rate. On the other hand, the
DEP scheme in both environments - air and water, on
the same set of electrodes proved unfeasible. From the
observations, it was clear that the water could not be
exposed to the high voltage, low frequency scheme
needed for particle transport in air. Moreover, even if
the electrolysis problem could be solved, the DEP
force was insufficient to drive the particles through the
fluid meniscus. A different approach was needed.

MOVING INTERFACE DESIGN

Because of these two obstacles, a different method was
taken to transport the particles across the air-liquid
interface.  Since the DEP force was insufficient to
provide the penetration force, the energy of a moving
meniscus was used capture the particles instead. The
second generation air-to-liquid capture scheme is
shown in Fig. 9. The DEP driving circuit (160V, 10-
50Hz) is turned on until particles are transported inside
the interface channel (Step 1). Next, the power is
turned off, and then controlled oscillations of the
meniscus capture the particles (Step 2). In step three,
the meniscus is sucked back so that no liquid is present
on the electrodes, and the electrode circuit is turned
back on. Thiscycleisrepeated.

For demonstration of the concept, the pumping and
sucking was done manually. Though in the future, one
could envision integration with micro-pumps and
valves. Furthermore, an active filter was designed
onto a section of the particle transportation chip. The
active filter was a modification of the electrode
fabrication process described previously but with

Step 3 suction
electrodes OFF

Il

Meniscus moves back

Figure 9:0scillating meniscus particle collection scheme



1. Particlesmoved into 2. Meniscuswash step 3. Interface area cleared
interface area

Figure 11: Video snapshots of particle capture sequence.

backside wafer processing to realize the electrodes on
a peforated silicon/silicon nitride filter membrane.
Fig. 10 shows a new transportation chip layout (1cm x
1cm) redesigned with large array of various electrodes
and filter areas with their respective sizes. The first
number in the label (“R” or “P’) refers to the electrode
width, and the second number refers to the space in
between the electrodes. To increase collection
efficiency (with respect to the linear arrays), the radial
electrodes, depicted here, serve as particle
concentrators — grouping the particles in one central
area.

P83

4.8x3mm —— Filter
1.15x2.54 mm
holes: 3x20mm

R83 E—

radius 1.3mm

P88 Filter

3.6x2.8mm 0.967x2.37 mm

holes: 3x20mm

Figure 10: Integrated filter and particle transport layout
(1cm x 1cm)

MOVING INTERFACE FABRICATION

A silicone rubber (Sylgard 184®) channel is clamped to
the filter-electrode chip.(Fig. 12,13) The fabrication of
the electrode-filter chip which is a combination of
KOH etching, deep reactive ion etching, and CHF3
plasma deposited polymer coatings is detailed in our
prior work [2]. Using the silicone channel eiminates
the difficult bonding to the plasma Teflon coated
electrode chip as well as ensuring sealing over a non-
planar surface. Combining the filter-plus-electrode
structure complicated bonding of the interface
channels with the transportation chip because the spin-
on Teflon AF1601S could not be used as the optimal
dielectric layer. Because of the filter membrane, no
spin on type processing could be done on the wafer.
Instead, a conformal CHF; polymer was plasma
deposited as the insulation.

Top View
Linear electrodes
Particle concentrator structure
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Electrode pitch :10 nm
Holesize: 20 x 5 mm

PDMS channel Spacing between holes : 5nm
Figure 12: Integrated filter and particle transport layout
(1cm x 1cm)
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Figure 13: Moving meniscus concept integrated with
the active filter membrane

Details of this active filter fabrication can be found in
work by Leeet al. [1] In any case, bonding to Teflon-
like materiasis generally troublesome; so the interface
channel was molded with a flexible, transparent
silicone elastomer, Sylgard® 184 (Dow Corning
Corp.), and clamped down to the particle transportation
chip. A schematic of the cross section and side view
of the assembled device is illustrated in Fig. 13. A
video snapshot of aworking prototype is shown in Fig.
14. Much larger than the ~50mm glass channels, the
500mm diameter elastomer channel allowed better
control of the meniscus position.

MOVING INTERFACE RESULTS

For the moving meniscus collection technique,
experiments were successfully performed for the linear
electrodes as well as for the radia structures (8mm
silica glass particles tested). A series of video
snapshots of one experiment is depicted in Fig. 10.
The velocity of the oscillating meniscus ranged from



1-3 mm/s.

The collection efficiency was only about 5-10%
because of three factors. First, there was a significant
drop in efficiency due to the CHF; polymer coating
instead of the spin-on Teflon. Secondly, the filter
holes and structure also reduced efficiency from the
normally observed 80-90% levels on the standard
electrode grid. Finally, the particle contact with the
liquid meniscus was limited by the interface opening
width of 500mm. The rest of the particles collected on
the edges of the silicone. Regarding this problem, the
particle radia structures worked much better to
concentrate al the particles at one point. (Fig. 14)

moving
liquid ™
<— Transport

PDMS =Sep> chip

channels L a0
3mm Y. ‘qul

Figure 14: Video image of interface chip on radia
transportation structure.

One problem during testing was the long-term
hydrophobicity of the plasma Teflon surface. After
exposure to water, the Teflon surface started to retain
micro-droplets of water (<2mm). This liquid residue
affected the shape of the meniscus, and also reduced
particle transportation efficiency in that area. In other
words, particles would begin to get stuck just outside
the travel of the meniscus. In addition, the whole
experiment failed, if the liquid accidentally was pushed
out beyond the interface channel onto the rest of the
electrode grid.

CONCLUSION

Two different particle air-to-liquid collection schemes
were explored. The first type involved two regimes of
voltages and frequencies but failed because the
strength of the DEP force was too small to penetrate
the liquid meniscus, and because of electrolysis of
water on the electrodes. Successful collection was
demonstrated through an entirely different type of
collection technique- in which the liquid meniscus was
moving and not the particles. With this method, the
problems of the first type were circumvented. In
addition, a membrane filter structure was integrated
with the transportation technology and a new radial
design demonstrated improved collection efficiency.
To summarize, the feasibility of a MEMS airborne
particle sampling system has been established. This
novel micromachined air-liquid collection system is
only afirst solution for this complex particle collection
and interface problem, but it paves the way for the
creation of a truly automated hand-held airborne bio-

particle analysis system.
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