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Abstract

In this work, we introduce a new method to construct microfluidic devices especially useful for
bulk mode acoustic wave (BAW) based manipulation of cells and microparticles. In order to obtain
an efficient acoustic focusing, BAW devices require materials that have high acoustic impedance
mismatch relative to the medium that cells/microparticles are suspended within and materials with
a high-quality factor. To date, silicon and glass have been the materials of choice for BAW based
acoustofluidic channel fabrication. Silicon and glass based fabrication is typically performed in
clean room facilities, generate hazardous wastes, and can take several hours to complete the
microfabrication. To address some of the drawbacks in fabricating conventional BAW devices, we
explored a new approach by micromachining microfluidic channels in aluminum substrates.
Additionally, we demonstrate plasma bonding of PDMS onto micromachined aluminum
substrates. Our goal was to achieve an approach that is both low-cost and effective in BAW
applications. To this end, we have micromachined Aluminum 6061 plates and enclosed the
systems with a thin PDMS cover layer. These aluminum/PDMS hybrid microfluidic devices use
inexpensive materials and are simply constructed outside of a clean room environment. Moreover,
these devices demonstrate effectiveness in BAW applications as demonstrated by efficient acoustic
focusing of polystyrene microspheres, bovine red blood cells, and Jurkat cells and generating
multiple focused streams in flow through systems.
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A composite figure showing the aluminum acoustofludic device and the generation of multinode
focusing of particles.
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Introduction

Acoustic standing waves provide a fast, non-contact, and gentle particle manipulation
technique in microfluidic conditions. It has emerged as a promising new microfluidic
technology for purification, separation, and concentration of beads and biological cell
samples [1-10]. Acoustofluidic devices are routinely fabricated on silicon, glass, or
poly(dimethylsiloxane) (PDMS) substrates [1, 8-12]. The device material and the format of
focusing are mainly governed by the type of acoustic waves, either bulk or surface, being
used. In the bulk acoustic wave (BAW) mode, acoustic waves are generated inside the
microchannel resonant chamber and in the surface acoustic wave (SAW) mode, acoustic
waves are generated on the surface of a substrate that is adhered to the microchannel [13—
18].

In SAW devices, interdigital transducers (IDT) are fabricated on a piezoelectric surface to
generate standing waves and often poly(dimethylsiloxane) (PDMS) microchannels are
adhered on to the piezoelectric substrate [9, 13, 19]. Because SAW devices do not rely on
resonant chambers, soft polymers like PDMS can be used as microchannel material. PDMS
microchannels can easily be adhered onto the piezoelectric surface via plasma bonding.
However, fabrication of electrodes on the piezoelectric surface needs to be precise and
expensive equipment are needed for mask alignment and electrode metal deposition. Often,
this equipment is housed in dedicated clean room facilities.

On the other hand, BAW devices rely on resonant chambers with parallel rigid walls that are
capable of reflecting acoustic waves with minimum loss, therefore; the device substrate
should possess high acoustic impedance and high Q-value (quality factor) [18]. Soft polymer
materials like PDMS are not suitable for BAW, as the polymer walls of such devices lack the
necessary difference in acoustic impedance (as compared to the aqueous solution) and
acoustic damping is high [11, 20]. Materials with good acoustic properties (higher Q-value,
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density, speed of sound, and high impedance) are needed to construct effective BAW
devices.

To date, silicon and glass have been the materials of choice for BAW based acoustofluidic
channel fabrication. The process has several complex and costly steps that require dedicated
instruments like mask aligner and deep reactive ion etcher and/or hazardous materials if
chemical etching is used. Many of these steps are carried out in clean room facilities and it is
a time consuming and expensive process. Commercially available rectangular or square
glass micro-capillaries can also be used to create acoustofluidic devices [12, 21]. However,
this approach is not amenable to design complex devices with multiple inlets and outlets and
the dimensional tolerances are not precise (typically +/— ~10% of the dimension in
question). Recently, microchannels fabricated on thermoplastic (polystyrene) have been
utilized in acoustic separation of particles and cells. The biocompatibility of the
thermoplastic substrate is attractive for many biological applications, however, due to high
acoustic attenuation of the material, acoustic transducers are driven at a very high voltage
(~80 V) and these systems need an efficient cooling mechanism [22, 23].

To address many of the drawbacks in fabricating BAW devices, we explored a new approach
by micromachining microfluidic channels in aluminum substrates. Additionally, we
demonstrate plasma bonding of PDMS onto micromachined aluminum substrates, which
provides a quick and convenient way of enclosing metallic microchannel structures for
fluidic applications. Our method does not require photolithography, clean room facilities, or
etching thus eliminating long process times, hazardous reagents, and specialized equipment.
Microchannels can easily be machined using widely available commercial machining
equipment. There has been only one prior report of fabricating a microfluidic device via
micromachined aluminum [24]. However, their approach was not simple and comprised of a
glass window sandwiched between an epoxy block and a micromachined aluminum block
and these layers were assembled using screws. Further, liquid access ports were machined
horizontally through the aluminum substrate and rigid plastic connectors were screwed to
each liquid port causing limited flexibility in designing more complex microchannel
patterns. The device was bulky and not amenable for customization. The process we have
developed is rapid, simple, and inexpensive and it can be done at most micromachining
facilities. While we expect these devices will be useful in general for microfluidic
applications, our implementation in aluminum based devices has specific relevance for BAW
applications. Aluminum exhibits a high acoustic impedance relative to aqueous solutions
typically of interest in acoustofluidic applications [18, 25]. The efficacy of this new method
is demonstrated via acoustic focusing of microspheres and cells in single and multinode
acoustic focusing modes.

Experimental

Materials

Aluminum (6061 alloy) plates were purchased from McMaster-Carr (Los Angeles, CA) and
Poly(dimethylsiloxane) (PDMS) was purchased from Ellsworth Adhesives (Germantown,
WI). Silicone tubing (0.64 mm ID) were purchased from Cole Parmer (Mernon Hills, IL).
PZT ceramic transducers were purchased from APC International Ltd (Mackeyville, PA).
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Acetone, PBS buffer tablets, and casein were purchased from Sigma Aldrich (St. Louis,
MO). Bovine red blood cells (B-RBCs) were purchased from Innovative Research (Novi,
MI). Nile red polystyrene particles (NR-ps) were purchased from Spherotech (Lake Forest,
IL) and CountBright™ absolute counting beads were purchased from Life Technologies
(Carlsbad, CA).

Micromachining of the acoustofluidic device

Two, 7 cm long microfluidic flow channels with trifurcated outlets (Fig. 1a), one with 250
pum wide main channel and another with 430 um wide main channel were designed using
AutoCAD software (Autodesk, San Rafael, CA). In order to demonstrate the feasibility of
using any machining facility for microchannel micromachining, aluminum substrates were
milled at two different local machining facilities. The CAD design was feed to the computer
connected to a CNC machine (HAAS VF-2-super speed, Haas Automation Inc., Oxnard, CA
or Bed Mills with Centroid Control, Birmingham). An 80 um deep channel was milled into a
thin (5 mm) aluminum substrate using a high-speed end mill fitted into the CNC.

Plasma sealing of PDMS onto Al substrate

The micromachined channel (Fig. 1a) was enclosed for fluid flow by sealing a thin PDMS
film to the top of the channel (Fig. 1b). First, a PDMS film with a thickness of ~10-15 pm
was prepared by spin coating an uncured PDMS mixture onto a thin transparency plastic
(Mylar™) sheet at 500 rpm for 1 minute. The PDMS film was then allowed to cure in an
isothermal oven at 65 °C for 15-30 min. Next, the micromachined aluminum substrate (Al
device) was thoroughly cleaned with acetone and iso-propanol followed by rinsing with de-
ionized water and drying under a stream of compressed nitrogen gas. Next, the device was
heated to 140 °C on a hot plate for 2-3 minutes to ensure the complete dryness and the
cleaned Al device and the cured PDMS film were exposed to air plasma (Harrick Plasma,
Ithaca, NYY) for 30 seconds and bonded together. The bonding was allowed to set for about
2-3 hours at ~ 25 °C. Next, the plastic transparency sheet was carefully peeled off from the
bonded PDMS film and the film was punched at the two ends of the channel for fluid inlets
and outlets using Harris Uni-Core punches (Ted Pella, Redding, CA).

Device preparation for acoustic focusing

Two-centimeter long silicone tubing were attached to each inlet and outlet of the enclosed
microchannel for liquid connection by applying non-cured PDMS as a glue and letting it
cure at 65 °C for 2—-3 minutes (Fig. 1c). Finally, a lead zirconium titanate (PZT) acoustic
transducer (30 mm long, 5 mm wide) with an optimum frequency of 2.91 MHz was super-
glued to the top or to the bottom surface of the final device (Fig. 2a—d) to implement
acoustic wave fields. The frequency of the PZT was chosen based on microchannel’s half
width.

Surface roughness and device variation analysis

The surface roughness and the batch-to-batch variations of the device width were
investigated via SEM imaging (Nova NanoSEM "'450) while width and depth variation was
investigated via optical profilometer scanning (Zygo ZeGage ") (Fig 3a—c). A minimum of
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three devices was used for the comparison. SEM images were taken at the center of the main
channel along the longitudinal direction and the profilometer scanning was taken at three
random positions along the main channel.

Flow and pressure measurements in Al devices

The maximum flow rate and the pressure that the device can withstand were evaluated by
continuous flowing of PBS buffer at an increasing flow rate and pressure. For flow rate
measurements, the inlet of the device was connected to a syringe pump (KD Scientific, MA)
and fluid was flowed at a set flow rate for about 5 minutes, starting at 25 uL/min. The flow
rate was then gradually increased by 25 uL/min increment until the final flow rate of 4 mL/
min. We assumed the volumetric flow rate inside the channel was same as the flow rate set at
the syringe pump. For pressure measurements, the pressure at the outlet was monitored via a
digital pressure gauge (DPG1000B, Omega, Norwalk, CT) connected to the device outlet
while the flow rate was gradually increased.

Acoustic focusing of microspheres and cells

To demonstrate the performance of the aluminum device, a series of typical acoustic
focusing experiments were carried out. First, we show the single node focusing of particles
by focusing polystyrene particles and biological cells and second, we demonstrate the
multinode focusing of particles by focusing particles into two parallel streams. Devices were
first rinsed with 1% casein solution followed by 10 mM PBS buffer (pH 7.5) to minimize the
non-specific adhesion of particles and cells to the channel walls. A sample of polystyrene
particles (10° particles/mL) was prepared by diluting a stock solution of fluorescent NR-ps
particles in 20 mL of PBS buffer. For cell samples, Nile red stained Jurkat cells and B-RBCs
were used. To stain, 1 mL of Jurkat cells (~108/mL) was mixed with 5 L of Nile red
solution (in DMSO). For B-RBCs, the original sample obtained from the vendor was diluted
200 folds and 1 mL of the diluted sample was stained with 5 puL Nile red without further
quantification. Each sample was then diluted to 5 mL with PBS buffer and excess Nile red in
the cell suspension was removed by discarding the supernatant after centrifugation. The
stained cell sample was then re-suspended in 5 mL of 10 mM PBS buffer. Samples were
introduced to the device at a flow rate of 100 uL/min using a syringe pump (KD Scientific,
MA). The resonance standing acoustic waves were generated using a waveform generator
(RIGOL DG 1022, RIGOL Technologies Inc., OR) and amplified via an RF amplifier (E&I
350L, Electronics & Innovation Ltd., NY). The acoustic performance parameters (frequency,
applied voltage, amplitude) were monitored via an oscilloscope (Tektronix TBS 1052B,
Tektronix Inc., OR).

Fluorescence imaging and flow cytometry analysis

Acoustic focusing of particles and cells in the aluminum device was monitored via epi-
fluorescence imaging and the extent of the focusing was measured via flow cytometry. The
epi-fluorescence images and videos of particle streams were captured near to the end of PZT
using an epi-fluorescence microscope equipped with a SCMOS camera (Orca-FLASH 4.0,
Hamamatsu, Japan). The obtained images were analyzed by plot profile scanning using
ImageJ software (NIH) to compare intensity and resolution profiles of focused and non-
focused streams. In addition, 1 mL sample was collected from each outlet and analyzed via a
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BD FACSCalibur flow cytometer to determine the concentrations of particles in each fluid
stream, prior and during the acoustic focusing. In order to determine the particle
concentration in each sample, an internal calibration method was employed using flow
cytometry standard beads. Briefly, 950 L of bead sample collected from an outlet was
mixed with 50 pL of concentration known CountBright™ absolute counting beads. The
concentration of particles or cells was calculated via flow cytometry dot plots, using the
following equation.

Concentration (per mL) = # of particle events ) (Standard beads in total volume

# of standard bead events Total volume (mL)

The flow cytometry counting beads have a distinct signal from particles used, hence, two
regions of particles were appeared in the dot plots (see Electronic Supplementary Material
(ESM) Fig. S1). Pure samples of NR-ps particles were first measured to define the regions of
interest for test particles in each dot plot and defined the gates accordingly. All particle
populations were gated based on their fluorescence intensities (via FL2 fluorescence channel
of the flow cytometer that detects the fluorescence at 585 + 21 nm) and side scattering and
the data were presented in the form of dot plots of side scatter (SSC) vs. fluorescence
intensity (FL2). All data collection and analysis were performed using BD CellQuest"'Pro
(BD Bioscience, San Jose, CA) and FCS Express 6 (De Novo Software, Glendale, CA)
software respectively. Total of 10,000 events was measured in each measurement and the
instrument threshold was set at FL2 to remove unwanted events resulting from non-analytes.

Results and discussion

Construction of the acoustofluidic device in aluminum

While metal micromachining has not been a common method for microfluidic device
construction, the routine availability of mills with very high RPM heads and the
development of micro end mills as small as 1 um cutting diameter is making this approach a
compelling method to create micro channels even smaller than 25 um in width. Among the
different grades of aluminum, the alloy 6061 (AL6061) is inexpensive, readily available,
corrosion resistant, and highly machinable. The speed of sound in AL6061 is 6320 m/s (vs.
1482 m/s in water), which assures a high acoustic impedance mismatch between
microchannel walls (17.06 x 108 kg m=2 s71) and the aqueous solutions (water ~ 1.48 x 108
kg m~2s71) in the channel [18, 25]. This is particularly useful in bulk acoustofluidic devices
that require a rigid material to serve as an efficient carrier of acoustic energy that is launched
into the channel to create a resonance acoustic field within the fluid. In comparison, silicon
substrates commonly used for fabrication of acoustofluidic devices, have an acoustic
impedance of 19.79x10° kg m=2 s~1 [18], which is slightly better than Al substrates,
however the easy access of micromachining facilities, non-clean room requirement, and the
low cost of fabrication will compel the use of aluminum as an alternate for silicon. Further,
Al is a better thermal conductor (~167 W/m K) in comparison to semiconductor glass (~12
W/m K) and silicon (~148 W/m K). The thermal stability is important to maintain stable
resonance frequency in acoustofluidic systems. Further, micro-machining of aluminum
devices is much faster than microfabrication of silicon devices. For example, we could
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micro-machine the device reported in the current study, in less than an hour, whereas silicon
microfabrication of similar device can take up to three hours or more. For comparison, we
used two micromachining facilities; a commercial source and the on-campus facility and we
did not observe significant differences in quality of the final product or the efficiency of
acoustic focusing. The fabricated aluminum device was operated in the transverse resonator
mode, where the standing acoustic waves were obtained perpendicular to the incident
direction [18].

To provide a straightforward method to introduce samples and reagents, the liquid ports
were integrated perpendicular to the microfluidic channel. This approach is simple and
convenient in comparison to the method reported by Lin et al. where liquid access ports
were micromachined horizontally through a thick aluminum substrate, which limits the
number of liquid ports that can accommodate thus limiting the microfluidic design to simple
geometries [24]. Further, a thick substrate is necessary to accommodate horizontal through
ports which is not favorable for acoustic applications. Our design is not limited by the
substrate thickness and can be further improved by utilizing aluminum sheets as thin as 300-
500 pm which is comparable to the thickness of most common silicon wafers. In the current
work, the challenge in integrating liquid ports onto metal surfaces is overcome by plasma
sealing of PDMS onto Al substrates, a simple process, and it does not deviate from
conventional silicon-PDMS plasma sealing procedure. Silicone tubing for liquid access can
then be conveniently mounted onto the plasma-bonded PDMS layer. For acoustofluidic
applications, it is essential to use a thin film of PDMS in order to minimize attenuation of
acoustic forces by the polymer substrates; however, we found out that it is possible to
plasma seal thick PDMS slabs as well.

The presence of smooth microchannel walls is vital to minimize unwanted particle adhesion.
The surface smoothness of aluminum devices was compared to that of silicon devices
prepared via deep reactive ion etching, simply by comparing the SEM images of channel
surfaces of two devices (Fig. 3). Even though visual analysis of SEM images may not be the
most perfect way to compare the roughness; the qualitative information we could gather
should provide adequate information for the comparison. The two SEM images of the Al
(Fig. 3a) and the silicon (Fig. 3b) devices suggest that the surface of the DRIE silicon
channel appears smoother than the surface of the aluminum device, however, the aluminum
channel surface was smooth enough that we did not observe any impact on the device
performance (i.e. no particle sticking, loss of focusing, variation in resonance frequency).
The profilometer measurement indicates that more precise micromachining of Al substrate,
by having a mean width of three finished channels (433 £12 um) near to the target width
(430 um), in comparison to DRIE channel, where, we observed an average of ~12%
expansion in the width (+30 um) of the silicon channel from the target width of 250 um. We
used photomask printed on plastic Mylar™ (20,000 dpi) for photolithography during DRIE.
The precision of DRIE channels can be improved if chrome masks are used, however, this
can be expensive. Thus, no need of expensive photomask is another attractive feature of
aluminum devices. The average depth of aluminum channel was about 80 + 6 pm (target
depth = 80 um). The microchannels fabricated at the on-campus facility were milled at 3000
rpm. The precision and smoothness of the microchannels can be further improved by
optimizing the rpm of the spindle speed and the feed rate. CNC machines that are capable of
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operating at higher spindle speed can produce high precision and smoother microchannels
[26].

The ability to hold high flow rates and pressures without rupturing the bonded polymer film
or delaminating the Al-PDMS composite was evaluated by flowing PBS buffer at increasing
flow rates. We tested up to 4 mL/min and we did not observe delamination or rupturing of
the PDMS film. The recorded highest hydrostatic pressure at this maximum flow rate was
4.5 atm. The thin film was also robust for repeated usage at high flow rates and the film was
not ruptured even after 25-repeated use of the device. Another advantage of having a
polymer layer is that it can be taken out by scraping. The device can then be cleaned with
organic solvents and rebuild for extended use.

Device configuration for optimum acoustic focusing

The placement of the acoustic transducer to generate resonance standing waves can be
varied [6, 27, 28]. In most silicon based BAW devices, the acoustic transducer is attached to
the bottom of the channel. For aluminum devices, we found that this configuration yields
very weak focusing of particles. Therefore, we explored several possible configurations of
transducer attachment to generate the most effective acoustic focusing. The effectiveness
was determined by focusing 10.2 um NR-ps particles at an applied voltage of 18 Vp_p while
changing the fluid flow rate. The device was running in single node mode and a frequency
scan (2.5-3.5 MHz) was performed to obtain the optimum resonance frequency of the
device. Epi-fluorescence images were taken at each tested flow rate at the optimum
frequency for the analysis. The focusing efficiency was determined via plot profile scanning
of images using ImageJ software. If the full width at half maximum (FWHM) of the focused
stream peak was less than 30 um, the focusing was deemed efficient (data not presented).

In the first configuration, in addition to the plasma bonded PDMS film, a glass cover slide
was also plasma bonded to the top of the PDMS film and the PZT transducer was adhered
on top of that using a thin layer of epoxy glue (Fig. 2a). The purpose of having the glass
cover slide was that we anticipated the soft PDMS thin film would attenuate acoustic field
strength and by having a glass substrate would provide a rigid acoustic reflector that can
minimize the acoustic attenuation. However, we did not observe acoustic focusing of
particles in this configuration.

In the second configuration, there was no glass cover slide on the PDMS film and the PZT
was attached to the bottom surface of the aluminum substrate, positioned parallel and
directly underneath to the channel (Fig. 2b). We observed weak acoustic focusing of
particles when the flow rate was low (<15 pL/min). The focusing was not reproducible thus
we considered the acoustic focusing as inefficient. The 5 mm thickness and/or mass of the
aluminum substrate, which is large compared to silicon wafers that are typically 500 pm
thick, could have attenuated the strength of acoustic vibrations reaching the microchannel
and resulted inefficient acoustic focusing of particles in this configuration. Additionally, the
design of acoustic horns, which the aluminum layer is analogous to here, requires precise
calculation to match thickness of the material. This was not done in this configuration and
matching the thickness of the aluminum layer to these calculations might improve device
performance.

Anal Bioanal Chem. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gautam et al.

Page 9

In the third configuration (Fig. 2c), a similar device as in the second configuration was built
and the only difference was the placement of the PZT. The PZT was attached to the top
surface of the aluminum layer of the device, positioned adjacent and parallel to the
microchannel (Fig. 2c and 2d). Here, we observed stronger, reproducible focusing of NR-ps
even at comparatively higher flow rates (~100 pL/min) than in other configurations. We
anticipate the improved performance is related to the close proximity of the PZT transducer
to the flow channel. The optimum resonance frequency was found to be 3.13 MHz and the
driving voltage necessary to acquire efficient focusing was between 18-20 V,,_,. The
captured video shows the real time focusing of NR-ps in the device taken at a flow rate of
100 pL/min (ESM Movie S1).

Acoustic focusing of microspheres and cells

Acoustic focusing performance of the aluminum device was demonstrated via a set of
typical acoustic focusing experiments. The data in Figure 4a—c are obtained from the single
node acoustic focusing of 10.2 um diameter NR-ps particles in the 250 um wide channel, at
a flow rate of 100 pL/min. and at an applied voltage of 18.6 V. The Figure 4a (left) shows
a stream of particles flowing through the channel in the absence of an applied acoustic field
and the plot profile image scan (Fig. 4a, right) shows the appearance of random peaks due to
unfocused particles in the fluid stream. In Figure 4b (left), particles are focused into a single
streak in the presence of an acoustic field at 3.13 MHz. The plot profile scanning of the epi-
fluorescence image shows the appearance of single focused peak with a FWHM of 18 um
(Fig. 4b, right), which is less than a 1/10t of the width of the channel, suggesting a very
good focusing of particles into the center of the channel (ESM movie S1). In order to
quantify the focusing efficiency, the percentages of particle concentrations in the central
stream and the combined lateral streams were compared via flow cytometry analysis. The
internal standard beads were utilized to calculate the percentages of particles in each stream
as described in the experimental section. Initially, in the absence of acoustic focusing, the
two lateral streams contained 54.3% of the total collected particles (Fig. 4c). In the presence
of acoustic forces, the central stream is significantly concentrated with particles thus
changing the particle composition from 45.7% to 98.2% of total collected. Once we
established that our aluminum devices are capable of focusing particles efficiently, we
explored the capability of focusing biological samples. For the proof of the concept study we
utilized fluorescently labeled B-RBCs (Fig. 5, ESM Movie S2) and Jurkat cells (ESM, Fig.
S2 and Movie S3). In the absence of an applied acoustic field, B-RBCs are dispersed across
the channel width as shown in the epi-fluorescence micrograph (Fig. 5a) as well as its plot
profile scanning (Fig. 5b), once the resonance acoustic field is applied B-RBCs are focused
(Fig. 5¢c and d). The stained B-RBCs have weak fluorescence as indicated by the Figure 5a,
however, when focused, the overall fluorescence intensity is greatly enhanced (Fig. 5c). The
FWHM of the focused stream is about 34 um, which is slightly higher than the threshold
FWHM (30 um) of a peak of pre-defined efficient focusing. As the Figure 5¢ suggests, the
B-RBCs are highly concentrated in the tested sample and the focusing could have been
improved either by diluting the initial cell sample or by increasing the applied voltage.
Nevertheless, data suggest that our aluminum based acoustofluidic devices are capable of
focusing biological cells of micrometer size.
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One of the key advantages of acoustic focusing in microfluidic devices is its ability to
generate multiple focused streams of particles in a single microfluidic channel without
having complex designs, by simply tuning the resonance frequency to generate multiple
nodes [12, 21]. To explore the feasibility of generating parallel focused particle streams in
our aluminum devices, 10.2 um NR-ps particles were focused into two streams at a
resonance frequency of 3.43 MHz and flow rate of 100 uL/min in a 440 um wide channel
(ESM Movie S4). The multinode focusing was monitored microscopically (Fig. 6a and c)
and captured images were analyzed (Fig. 6b and d). The Figure 6d shows that these devices
are capable of delivering multi node focusing at commonly used voltages (18-20 V). The
two particle streams are focused tightly with FWHM of about 10 um for both peaks. The
data shown in Figure 6¢ suggests that two nodes are not symmetrically positioned across the
width of the microchannel and this non-symmetry can be due to the existence of three
dimensional acoustic fields resulting from the vibration of the whole device [29]. It has been
reported that the confinement of the resonance wave to a particular channel geometry can be
influenced not only by the geometry and acoustic properties of the channel substrate but also
by the properties of supporting layers [29, 30]. A thorough study is necessary to characterize
acoustic fields in aluminum based devices.

Conclusions

The focus of this work has been to demonstrate the fabrication of aluminum based
microfluidic devices and the feasibility of using them in BAW applications. Silicon, glass,
and PDMS have been well established as materials of choice for making microfluidic
devices. These materials encompass proper properties needed for microfabrication of
microfluidic channels. Metals as microfluidic channel substrates are not commonly used.
This can be due to the difficulty in the integration of fluidic connection in order to introduce
samples and reagents. However, bonding of PDMS substrates to metal surfaces can resolve
issues in fluidic integration. We have demonstrated that PDMS can be strongly bonded to
micromachined aluminum microchannels. The aluminum alloy 6061 is reactive in strong
acidic and basic conditions, however, most microfluidic systems are operated at neutral or
near neutral conditions (pH 6-8), where the aluminum 6061 is non-reactive. Aluminum
microchannels are especially useful for BAW applications, in addition to good acoustic
properties, aluminum micromachining is inexpensive and widely available. The method we
have reported here is simple and has fewer steps than silicon microfabrication and it does not
require harsh chemicals and does not generate hazardous waste. Complex microchannel
structures can be micromachined on AL6061. Further, aluminum devices can be machined at
any standard micromachining facility and the overall cost for bulk machining will be less
than other microfluidic fabrication methods. Finally, we have shown the usefulness of these
devices in acoustofluidic applications, by efficient focusing of polystyrene microspheres and
biological cells in single and multinode format. The general availability, the low cost, and
the effectiveness for BAW applications will make this approach of value to researchers in a
wide variety of fields and for a number of applications that include acoustophoretic
separations, acoustic flow cytometry, and acoustic trapping among others. Aluminum based
microfluidic devices need to be further explored and improved for a variety of applications
and we anticipate this initial work will eventually be expanded.
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Micromachining of the Al substrate

Plasma sealing of PDMS film

PDMS thin film

Insertion of silicone tubing
Silicone tubing

Fig. 1.

The fabrication steps of an aluminum acoustofluidic device. A microchannel is
micromachined on aluminum alloy 6061 (a) followed by sealing of a PDMS film to enclose
the channel (b) and insertion of silicone tubing for liquid connection (c).
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Glass coverslip PZT film
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Top view

C Top view

Fig. 2.

Tr?e schematic diagrams showing three approaches of the placement of the acoustic
transducer (a—c) and the image of the working device (d). The PZT is glued to the glass
cover slip on top of a plasma sealed PDMS film (a). The PZT is glued to the bottom surface
of the Al substrate (b). The PZT is glued to the top surface of the Al substrate, parallel to the
machined microchannel (c). Final working device with the configuration shown in (c) (d).
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Fig. 3.
SEM Images of micromachined aluminum device (a) and deep reactive ion etched silicon

device (b) for the comparison of surface smoothness. These images were taken near to the
center of the channel in longitudinal direction. The optical profilometer scanning of the
aluminum device showing the vertical and parallel walls (c).
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Fig. 4.

Tr?e single node acoustic focusing of polystyrene microspheres in the micromachined Al
device (width =250 pm). Non-focused (a) and focused stream (b) of 10.2 um Nile red
particles and their respective plot profiles on right. Bar graphs indicating the efficiency of
separation obtained from flow cytometry quantification (c).
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Fig. 5.

Er?i-fluorescence micrographs and the plot profile image scanning showing the acoustic
focusing of bovine red blood cells in micromachined Al device. Nile red stained bovine
RBCs in the absence of acoustic force (a) and its plot profile image scanning obtained from
ImageJ software (b). The focused bovine RBCs in the presence of resonance acoustic waves
(c) and its plot profile image scanning (d).
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Fig. 6.
Epi-fluorescence micrographs and the plot profile image scanning showing the multinode

focusing of polystyrene microsphere in the Al device (width = 440 pm). Non-focused
streams of particles (a) and the plot profile scanning of the image (b). Microspheres are
focused in to two streams (c and d).
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