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A Pulsed Source-Sink Fluid Mixing Device

Baratunde A. Cola, David K. Schaffer, Timothy S. Fisher, and Mark A. Stremler

Abstract—Efficient fluid mixing can be achieved in a high-as-
pect-ratio volume by periodically pulsing an arrangement of
source-sink pairs. In order to conserve fluid and promote mixing,
the fluid extracted through a sink is subsequently injected through
a source. We present an implementation of this approach that
consists of a disposable chip with embedded microchannels and
external fluidic control. When both the mixing chamber geometry
and the source-sink arrangement are fixed, mixing is controlled
by choosing o, the fraction of the mixing chamber volume that is
exchanged with each pulse. Experimental results in a rectangular
chamber show that the value of a has a significant effect on
mixing efficiency. This device shows promise for enhancing the
performance of massively parallel sensing systems such as DNA
microarrays. [1592]

Index Terms—Chaotic advection, Hele-Shaw flow, microelec-
tromechanical systems (MEMS), microfluidics, mixing.

1. INTRODUCTION

CHIEVING efficient and uniform mixing of laminar

flows in small-scale, high-aspect-ratio volumes is an
important issue in the design of various micro- and meso-scale
fluid systems. Consider, for example, DNA microarray analysis,
a high-throughput, massively parallel screening technology
that is helping redefine the approach to discovery in biomed-
ical research [1]-[3]. This technique relies on the interaction
of unknown DNA strands (the fargets) suspended in a fluid
solution with an array of known DNA strands (the probes)
immobilized on a planar surface. Microarrays are being used
successfully in a number of research applications [4], [5], but
the standard implementation is unnecessarily slow and dom-
inated by experimental noise; consistent results require tests
to be run for as long as three days, with typical tests lasting
12-14 h [6], and as much as 94% of available data is thrown
out as statistically unreliable [7]. These limitations arise largely
from relying on molecular diffusion of the DNA to produce
the necessary target-probe interactions. Several researchers
have demonstrated that improved microarray analysis can be
achieved by transporting the target molecules with an imposed
flow [8]-[10], and one expects that significant improvement
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can be obtained when the fluid is mixed appropriately. This
paper presents an experimental analysis of mixing in a high-as-
pect-ratio system that has been applied to DNA microarray
analysis [10].

The difficulties encountered when trying to achieve rapid
fluid mixing in small-scale systems are well known [11]. The
small length scales restrict most practical devices to operate
well within the range of laminar flow [12], which naturally
tends to segregate regions of the fluid. Diffusion will, of course,
cause mixing between these regions, but the diffusive time
scale is too long to provide adequate levels of mixing in many
applications. Furthermore, fabrication constraints limit the use
of standard macroscale mixing enhancement techniques such
as mechanical stirring. Specific focus has thus been given to
developing devices that mix fluids effectively and are practical
for implementation on the microscale. Progress has been made
in both device design and the underlying theory (see, e.g., the
recent theme issue on “Transport and mixing at the microscale”
[13]), but this remains an active area of research.

One approach to achieving efficient and uniform mixing of
laminar flow is to base the device design on the phenomenon of
chaotic advection [14]-[16] in which passive particles advected
by a periodic velocity field exhibit chaotic trajectories. These
chaotic trajectories are associated with rapid (i.e., exponential)
stretching and folding of the fluid, which have long been identi-
fied as crucial mechanisms for mixing enhancement [17]. This
bulk deformation, typically viewed as stirring, acts to homoge-
nize the fluid on a coarse scale while simultaneously increasing
local concentration gradients and driving molecular diffusion.

A theoretical analysis [18] shows that potential flow in the
unbounded plane exhibits chaotic advection when it is driven
alternately by a source and a sink, with fluid extracted through
the sink subsequently reinjected through the source. Based on
this result, Liepmann proposed the “planar laminar mixer” [19],
a MEMS device consisting of a rectangular mixing chamber
with two sources and two sinks controlled by integrated bubble
pumps and bubble valves. We have adapted this design to use
off-chip pumps and valve actuators in a “plug-and-play” ap-
proach that avoids many of the complications and expenses in-
curred with a fully self-contained lab-on-a-chip device [20]. We
focus here on a system geometry that is applicable to standard
microarray analysis.

The design and fabrication of our device is presented in
Section II, and the device operation is described in Section III.
In Section IV we present an experimental evaluation of mixing
in this system. Finally, in Section V, we summarize the findings
of this work and discuss how these results compare with other
mixing devices that target microarray analysis [8], [21], [22].
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Schematics of the components that comprise the experimental system. (a) Overview of the system, not to scale. (b) Top view of the mixing chamber and

supporting microfluidics. Sources are at A and C, and sinks are at B and D. The four complementary microchannel branches are labeled a—d. The outline of the
bottom glass slide is indicated by a dashed line. The area covered by the brass gasket is shown in gray. Source and sink diameters and microchannel widths are

exaggerated for clarity.

II. DESIGN AND FABRICATION

The pulsed source-sink mixing device, or PSSMD, that we
investigate here consists of a high-aspect-ratio fluid volume, or
mixing chamber, with four small access holes through which
fluid is injected or extracted. Injecting fluid through a hole cre-
ates a source in the volume, and extracting fluid creates a sink.
Flow is driven through the chamber by simultaneous operation
of a source and a sink, which we refer to as a source-sink pair,
and operation is periodically alternated between two different
source-sink pairs. In order to efficiently mix a minimal fluid
volume, fluid extracted through a sink is later reinjected through
a source. Mixing is achieved in this system by combining piece-
wise constant operation of these two source-sink pairs with pe-
riodic relocation of fluid from a sink to a source.

A schematic of our device design and experimental setup is
shown in Fig. 1. The mixing chamber is formed by clamping a
brass gasket between two glass microscope slides. The bottom
of the chamber is a 25 mm X 75 mm x 1 mm slide, and the
top is a 50 mm x 75 mm x 1 mm glass slide. The gasket is
stamped brass foil, which is available in various thicknesses; for
the experiments presented in Section IV we used 50 pm-thick
foil with a 21 mm X 71 mm hole, giving a mixing chamber
volume V, ~ 75 pL. The brass gasket and the outer brass plates
were fabricated in the Vanderbilt University Science Shop. The
sources and sinks were formed by drilling four 1.25 mm-diam-
eter holes in the top glass slide near each corner of the mixing
chamber, as illustrated in Fig. 1(b). These holes lead to mi-
crochannels in a PDMS layer that are used to control the opera-
tion of the sources and sinks; these four holes hold a total fluid
volume of approximately 5 p L. The microchannels are 250 pm
wide and 25 pm deep, and they hold an additional combined
fluid volume of approximately 1 pL.

The microfluidics layer was fabricated in polydimethyl-
siloxane (PDMS) elastomer using standard soft-lithograpy

techniques [23], [24]. As illustrated in Fig. 1(b), the mi-
crochannels are U-shaped to allow an unobstructed view of
the mixing chamber. Since the smallest feature size in the
mask pattern is 250 pm, the mask can be easily fabricated
by printing this pattern on standard transparency film with a
high-resolution laser printer and then transferring the image to a
chrome-on-glass mask (Nanofilm, Westlake Village, CA). The
master mold was patterned by exposing a 25 pm-thick layer of
SU-8 2025 (Micro-Chem, Newton, MA) through the chrome
mask. The microchannel structure was then cast on this mold
using Sylgard 184 (Dow Corning Corp., Midland, MI), a PDMS
elastomer, creating 25-pm-deep microchannels. The PDMS
was prepared per the manufacturer’s recommendations. The
base was mixed with curing agent in a 10:1 ratio by volume.
The liquid PDMS was degassed at approximately 725 mm Hg
for 20 min and then poured on the master and placed in an
oven at 80 °C for a minimum of 2 hrs. The resulting PDMS
layer is approximately 1 mm thick. The device was then cut
from the bulk PDMS and a hole was bored through the PDMS
at the center of each microchannel using a sharpened piece of
18-gauge stainless steel tubing. Templates for these holes are
included in the mask design. Prior to plasma activation the
microchannels were manually aligned with the holes in the
50 mm x 75 mm glass slide as illustrated in Fig. 1(b); manual
alignment is sufficient due to the size of the holes. Finally, the
PDMS layer was separated from the glass while maintaining
alignment, activated in a Harrick PDC-32G RF air-plasma
cleaner (Harrick Plasma, Ithaca, NY) for 20 s, and then allowed
to contact and bond with the glass.

Fluid flow in the prototype PSSMD is driven by two Ultra-
Micro Pump II systems (World Precision Instruments, Sara-
sota, FL), each outfitted with a 500 L glass Hamilton syringe
(Hamilton Co., Reno, NV). The pumps are individually con-
trolled with a custom LabView Virtual Instrument (National
Instruments Corporation, Austin, TX) on a desktop computer,
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Fig. 2. Operation of a solenoid actuator pinch valve with a dye-filled
microchannel. The valve is shown open (a) and closed (b) for the case of no
imposed flow.

which is interfaced with the pumps through a World Precision
Instruments Micro4 pump controller. Interconnects for joining
the microchannels and the pumps were made by placing 13 mm
sections of rigid 21-gauge stainless steel tubing in the holes
bored through the PDMS at the center of each microchannel.
Two 6 mm X 7.5 mm-diameter PDMS cylinders were then cast
around these tubes to provide structural support. Each intercon-
nect is joined to a syringe with flexible vinyl tubing having an
inner diameter of 0.5 mm and an outer diameter of 1.5 mm.

In a DNA microarray application, all components that come
in contact with the working fluid can only be used a single time.
The disposable parts in our design thus include the bottom glass
slide (or microarray), the gasket, the PDMS layer with the top
glass slide, and the external tubing. Mixed fluid is not drawn
into the syringes used with the pumps, so they can be reused, as
can the solenoid actuators and the brass plates.

Alternate operation of source-sink pairs in the PSSMD
requires reliable on/off valves. Consistent with our “plug-and-
play” approach we have elected to use four externally mounted
solenoid actuators (Bicron Electronics Company, Canaan, CT)
to pinch closed the microchannels and shut off flow to each of
the four ports when needed, as shown in Fig. 2. These solenoids
are controlled with the NI Virtual Instrument via an NI inter-
face card and a custom relay circuit. Power for the solenoids
is provided by a 12-volt dc power supply (B&K Precision
Corporation, Yorba Linda, CA). The tip of each solenoid core
is sharpened to a small point in order to focus the actuator
force on collapsing the channel and not on compressing the
surrounding PDMS. When a solenoid actuator is released,
the resilience of the PDMS elastomer and the fluid pressure
combine to open the corresponding microchannel. This design
can be easily modified to integrate the valve actuation by
including an additional PDMS layer with pneumatic channels
[25], although this approach requires multilayer fabrication of
a disposable component.

III. DEVICE OPERATION

This PSSMD is designed for periodic operation using the fol-
lowing two-step protocol. During step 1 of the protocol, a source
is generated at A in Fig. 1(b) by pinching channel a shut with a
solenoid valve and injecting fluid with flowrate () using pump 1,
and a sink is generated simultaneously at B by pinching channel
b shut and extracting fluid with flowrate @) using pump 2. The
device is operated steadily in this configuration for time 7,
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which we refer to as the pulse time. During step 2 of the pro-
tocol, a source is generated at C by pinching channel ¢ shut and
injecting fluid with flowrate () using pump 2, and a sink is gen-
erated at D by pinching channel d shut and extracting fluid with
flowrate () using pump 1. The device is operated steadily in this
second configuration for time 7},, and operation is then switched
back to step 1. Fluid extracted through B during step 1 is rein-
jected through C during step 2, and fluid extracted through D
during step 2 is reinjected through A during step 1.

The parameters that can be varied in this basic design include
the locations and connectivity of the sources and sinks, the rate
at which fluid is delivered to the chamber, and the amount of
fluid injected/extracted by a source-sink pair before switching
to the alternate pair. In the present analysis we consider only the
fixed source-sink configuration shown in Fig. 1(b) and we ne-
glect any effects of changing the flowrate . Thus, device opera-
tion depends here only on I" = I, + 1, the period of switching
between different source-sink pairs, where T is a delay time
that can occur between fluid pulses. During each pulse a source
(or sink) will inject (or extract) a fluid pulse volume V,, = Q7.
It is convenient to work in terms of the relative pulse volume
a = V,/V. and dimensionless time 7 = (Qt/V,. With this
scaling, the dimensionless pulse time is T},* = QT,/V. = «.
That is, the relative pulse volume, «, can also be viewed as the
time it takes to complete one pulse relative to the time it takes
to inject (and extract) a fluid volume V...

The relevant Reynolds number (Re) for flow in the mixing
chamberis Re = €V /v, where € is the thickness of the chamber,
V is the depth-averaged flow velocity, and v is the kinematic
viscosity of the fluid. The maximum Re in the chamber will
occur at a source or a sink, which each have a diameter of ap-
proximately 25¢, giving Reyax = O(Q/25mev). The velocity
drops off quickly as the flow leaves the vicinity of a source,
and through most of the mixing chamber V' ~ Q/eh, where
h = 21 mm. For the experiments discussed in Section IV, water
is used with a flowrate @ = 3 pL/s = 0.18 mL/min, so that
it takes V./Q = 25 s to inject the full chamber volume V..
Under these operating conditions, Remax = O(1) and the typ-
ical Reynolds number in the chamber is Regy, = O(1071).
Note that in the microchannels Re = O(10).

The characteristic diffusion time in this system is L?/D,
where L is a characteristic length and D is the molecular
diffusivity. The length scale of interest is L = /A,, where
A. = V. /e is the large projected area of the mixing chamber as
viewed in Fig. 1(b). According to the above time scaling, the
dimensionless diffusion time is thus § = QA./DV. = q/D,
where ¢ = @ /e is the average flowrate per unit depth. The ratio

Pe:é
o

ey

S

is thus a Péclet number relating the characteristic diffusion time
to the pulse time 7},, which is a characteristic advection time.
The role of fluid motion in mixing increases with increasing
Pe; we are concerned here with the case Pe > 1, so that bulk
diffusion is negligible. Note, however, that molecular diffusion
plays an important role in Taylor dispersion, both in the mixing
chamber [26] and in the external fluidic network [27].
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Fig. 3. Dye distribution in the mixing chamber. The contrast in the images
has been enhanced in order to highlight variations in intensity. (a) A typical
initial dye distribution. (b)—(d) Dye distribution after 19 pulses for (b) o =
10% (10 = 1.9), (c) @ = 17% (70 = 3.2),and (d) @ = 26% (7o ~ 4.9).
The apparent lack of dye in the lower left corner of (c) is an optical effect caused
by an imperfection in the device that does not affect operation.

During the device operation, there is a delay time between
successive pulses in which the pressure and velocity fields equi-
librate, valve states switch, and the pumps reverse. If we repre-
sent the dimensionless delay time by (3, the total (dimensionless)
time required to complete n pulses is given by

75(n) = (a + f)n. )

In our prototype system with @ = 3 /s, a delay time less than
approximately 10 s, or 8 < 40%, led to an apparent build-up
of pressure after several pulses that caused fluid to leak from
the domain. Thus, our experiments were conducted with § >
40%. In an ideal system the delay time is negligible; the corre-
sponding ideal time, 79 = an, gives a lower bound on the time
it takes to complete n pulses for a given «. In the other extreme,
B > a, the time needed to complete n pulses is essentially
identical for all values of . Using the results in Section IV to
consider the case of large (3 requires having § > 3, so that dif-
fusive mixing during the delay is negligible.

IV. MIXING EXPERIMENTS

Mixing in this PSSMD is evaluated by monitoring the distri-
bution of dye in the mixing chamber. The dye used in these ex-
periments is erioglaucine (Sigma-Aldrich, Inc., St. Louis, MO),
also known as Acid Blue 9, a high-molecular weight blue dye.
The system was initially filled with water, and a small amount of
water-dye mixture was injected at A as an initial condition [see
Fig. 3(a)]. The time it takes to achieve a well-mixed state in this
device depends, in part, on this initial condition for the dye. The
initial dye volume was typically 5% of V., and the initial dye
concentration was approximately 10% by volume for each ex-
perimental run. The small dye volume is difficult to mix rapidly

throughout the entire domain, which allows us to clearly dis-
tinguish the mixing capabilities of this device at different pulse
volumes. We observed the dye concentration to be small enough
that viscosity and density mismatches between the water and the
water-dye mixture, which can lead to a fingering instability in
the concentration front (see, e.g., [28]), are negligible.

The dye was mixed in the chamber by operating the sources
and sinks according to the protocol described in Section II. The
source-sink pair A-B was pulsed first for each experimental run.
The distribution of dye was recorded after each pulse with a
Fuji FinePix S1 Pro digital camera (Fuji Photo Film Co., Ltd.,
Tokyo) which records 24 bit RGB images at a resolution of
3040 x 2016 pixels. The dye signal was isolated by converting
these images to a CMYK color profile using Adobe Photoshop
software (Adobe Systems, Inc., San Jose, CA) and analyzing
only the cyan channel.

The value of « used in each experimental run was deter-
mined by measuring the displacement of a dye front in succes-
sive images. That is, we estimate V), for a given experiment as
Vp, = €A,, where A, is the projected area of the domain that
is traversed by a dye front during a single pulse, as determined
from the digital images. Monitoring different dye fronts at dif-
ferent stages of an experiment gives an estimate of the error in
«, which is due to both inaccuracy in determining the dye front
location and variation in performance of the valves and pumps.
We found this calibration of the system for each experimental
run to be essential for accurately determining a.

Example dye distributions after 19 pulses are shown in Fig. 3
for « = 10% + 2%, 17% + 2%, and 26% + 3%. The mixing
produced with @ =~ 17% is noticeably better than that with
a ~ 10% or 26%. A single pulse is also completed more quickly
for o & 17% than for o & 26%; thus, based on this comparison
with n = 19, using a pulse volume o ~ 17% mixes faster
than « =~ 26% for all values of 3. Determining which of o =
10% or 17% mixes more efficiently, however, requires further
consideration.

The quality of mixing can be quantified by the coefficient of
variation in intensity for an image

COV =

a

3)

ave
where I, is the average intensity in the image and o is the stan-
dard deviation of the intensity. In order to account for variations
in initial conditions between experimental runs, we quantify the
mixing using a normalized coefficient of variation, or mixing
index

. cov
1= COV o

where COV .« 1S the maximum coefficient of variation in in-
tensity for a given experimental run. For these experiments we
estimate that the error in 7 is within £0.05. The most poorly
mixed condition in an experimental run is normalized ton = 1,
and as the fluid is mixed 7 decreases. Ideally, perfect mixing is
achieved when 7 = 0, but in practice there is some background
variation that gives 7 # 0 as the well-mixed limit.

The influence of pulse volume on mixing in our PSSMD is
shown in Fig. 4 for five different values of o. When the delay
time is negligible (i.e., 5 = 0), Fig. 4(a) shows that, for the pulse

“
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Fig. 4. Evolution of the mixing index for five choices of dimensionless pulse volume «v. Curves are labeled according to the corresponding value of «v. The data
is shown (a) as a function of ideal time for the case when 3 = 0, and (b) as a function of pulse number. Note that these two panels are different representations of

the same data.

volumes tested, optimal mixing is achieved when o ~ 17%.
Rapid mixing is also achieved for o ~ 14%. If the delay time is
dominant (i.e., § > «), so that each period of operation takes
roughly the same amount of time independent of «, Fig. 4(b)
shows that both o & 17% and 45% mix well. Taking o =~ 45%
appears to mix slightly faster than o ~ 17% in this case, al-
though the intensity data for each of these is essentially equiva-
lent within the noise of the experiment.

As shown in Fig. 3, dye tends to accumulate in the holes in the
top glass plate as fluid is pulsed through the domain. In calcu-
lating 17 we do not include these holes or the corners of an image
that lie outside of the mixing chamber. Excluding the holes from
the calculations results in 7 values that are slightly lower than if
the accumulation did not occur.

We note that COV . does not occur for the initial condi-
tion in these experiments. The initial condition is produced by

loading dye through microchannel d (see Fig. 1), and some dye
remains in this channel after the loading step. During the first
few pulses of the system, dye continues to be added to the do-
main. These pulses are also starting to mix the fluid, but the
additional dye causes COV ,.x, and thus = 1, to occur for a
pulse in the range 1 < n < 3.

In some cases, particularly for o &~ 26%, there is significant
variation in 77 between successive pulses. This variation is due
to dye being extracted from and reinjected into the domain, as
shown in Fig. 5. Extracting a concentrated region of dye from
the domain causes a decrease in COV .« and an increase in
I,ve, which gives a low value of 7 that does not accurately repre-
sent mixing in the system. The mixing performance must there-
fore be based on the overall trend in the mixing index.

Since we are trying to mix as quickly as possible, and larger
pulses take more time to complete, an initial assumption might
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Fig. 5. Dye distribution in the mixing chamber with o &= 26% after pulse
number (a) 3, (b) 4, (c) 5, (d) 6, (e) 7, and (f) 8. Image contrast has been enhanced
to highlight intensity variations.

have been to keep o small. However, if o ~ 10%, most of the
fluid injected through source A is essentially confined to the
A-D side of the mixing chamber, which is apparent in Fig. 3(b).
This segregation of the top and bottom halves of the domain is
even more pronounced for smaller . As « is increased from
10%, however, the system behavior changes rapidly, with very
little long-time segregation of the domain occurring even for
a ~ 14%.

A significant reduction in mixing efficacy occurs in this
PSSMD as « is increased from 17% to 26%. Fig. 4 shows that
the evolution of the mixing index for o ~ 26% is similar to that
for a &~ 10%. The image sequence in Fig. 5 reveals a repeating
pattern in which dye injected at A is moved across the chamber
by a sequence of 2 additional pulses and then extracted through
sink D. At the end of the second pulse, some of the dye has
been brought close to sink B, but very little, if any, dye is drawn
into that sink for reinjection at source C. On the following
pulse, most of the dye is extracted through sink D. This dye is
then reinjected through source A, and the pattern begins again.
Note that the dye structure that occurs for odd pulse number is
still apparant for n = 19 shown in Fig. 3. The behavior of the
system with « &~ 26% is thus similar to that with o ~ 10%, in
that the flow causes segregation between regions of the domain,
which leads to poor mixing.
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Fig. 6. Mixing rates determined by fitting (5) to the data in Fig. 4. Curves are
labeled according to the value of the delay time 3. Error estimates shown for
3 = 0 are based on the quality of the curve fit.

For a given experimental run, the decay in mixing index over
time can be represented by [29], [30]

n = Cexp(—R73) + 1« 5)

where R is the mixing rate, 7, is the limiting value of n for
the well-mixed flow, and C' is a parameter that accounts for
variations in the time at which n = 1. In the cases consid-
ered here that mix well, the mixing index appears to converge to
n = 0.14, so we assume 7, = 0.14 for every experimental run.
Fitting (5) to the data in Fig. 4 gives the mixing rates shown in
Fig. 6. Optimal mixing is obtained for maximum R. Thus, for
0 < 8 < 100% and the pulse volumes tested, o = 17% gener-
ates optimal mixing. For 8 = 100% the highest mixing rate is
achieved for o &~ 45%, although, as we noted previously, there
is little difference between o & 17% and o =~ 45% for large (.

The mixing rate can be used to estimate the time needed for
the system to become well mixed. Since we have assumed 7, =
0.14 and the error in 7 is approximately £0.05, we refer to this
system as being well mixed if n < 0.19. Since C' = 1 for each
of the experimental runs, (5) gives

3

T8 R g (6)
as this “well-mixed time.” For « ~14%, 17%, and 45%, the
time given by (6) correlates well with the actual time required to
achieve n < 0.19. For a ~10% and 26%, however, (6) appears
to underestimate the time that would be required to mix well.
For example, with @ &~ 26% and 8 = 0 the well-mixed time
given by (5) is 79 & 9.7, which is not consistent with the trend
in the mixing index shown in Fig. 4. That is, the mixing achieved
with o /= 10 or 26% is even worse than indicated by the mixing
rate in Fig. 6.

We observed that the mixing for @ > 45% (not shown) is sim-
ilar to, or worse than, the mixing obtained with « &~ 45% after
the same number of pulses. Since the operating time increases
with increasing «, we have not given these large pulse volumes
detailed consideration.

V. CONCLUSION

Experimental results for the high-aspect-ratio PSSMD design
outlined in Section II, in which fluid is periodically extracted
from one end of a rectangular domain and subsequently injected
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at the other end, show that optimal mixing of the dye distribu-
tion shown in Fig. 3(a) is produced when each pulse exchanges
approximately 17% of the chamber volume. If the system is
operated with a significant delay between pulses, then taking
a = 45% also mixes well. Mixing is poor for very small «, de-
spite the fact that multiple fluid pulses can be produced quickly.
Mixing is also poor for « & 26% because of a repeating pattern
that occurs in the distribution of the dye. These experimental re-
sults are consistent with modeling results that predict the pulse
volume for optimal mixing using an analysis of chaotic advec-
tion [31].

For a = 17%, with Q = 3 L /s and a delay time of 10s (cor-
responding to # = 40%), fluid in this PSSMD is well mixed
after approximately 250 s.! Much of this time is due to the
long delay required between pulses in our prototype device. If,
for example, the system were fabricated to accomodate a delay
time of only 2 s (or 3 = 8%), the fluid would be well mixed
after approximately 110 s. Increasing the flowrate will also re-
sult in faster mixing. As long as the dimensional analysis pre-
sented in Section III is valid, the results in Figs. 4 and 6 can be
used to determine the optimal pulse volume and the approximate
time required to achieve a well-mixed flow. Note, however, that
increasing the flowrate will increase pressure differences and
shear rates in the flow, which might not be allowable in a given
device despite the validity of the scaling arguments.

A few other devices presented in the literature are designed
to enhance hybridization analysis on a standard microarray.
Each of these generates a time-periodic flow pattern that can
be viewed as flow due to an arrangment of sources and sinks.
Differences in device geometry and initial dye distribution
between each of these studies make it difficult to compare
results, beyond stating that the mixing capabilities of each are
similar. Adey et al. [8] consider a device with a flexible lid
that uses two air-driven bladders to drive fluid back and forth
across the microarray, which is similar to driving the flow with
one source-sink pair. Liu et al. [21] use a piezoelectric disk to
vibrate an array of bubbles immobilized on the top surface of
the domain. Each bubble acts alternately as a source or sink,
with switching occurring at very high frequency. The resulting
streaming is a different flow phenonemon than in the other
source-sink devices. Raynal et al. [22] drive fluid with periodic
operation of two source-sink pairs in a device similar to that
considered here. The primary difference between our PSSMD
and the system in [22] is in the operation of the sources and
sinks. In their device, any fluid extracted through a sink is later
reinjected through that same hole; i.e., their mixing protocol
does not include relocation of the fluid from sink to source. In
contrast to our results, they find that mixing without relocation
is more efficient when « is relatively large, with the implication
that optimal operation occurs for a ~ 45%.

We note that pulsing fluid in and out of a mixing region
has also been examined for microchannel flow [32]—[35]. The
results in [34] show that when the system contains multiple
“source-sink pairs” optimal mixing is achieved when different
pairs are operated at different frequencies. This microchannel

IAs we noted in Section IV, the actual mixing time depends in part on the
initial dye distribution.

265

work suggests that the mixing performance of the PSSMD may
be improved further by using more complex temporal operation
of the source-sink pairs.

The pulsed source-sink device considered here is useful for
mixing in small scale, high-aspect ratio volumes. The design is
relatively easy to implement and is amenable to mass produc-
tion of disposable devices. Application of this device to DNA
hybridization analysis on microarrays has shown the potential
for acheiving improved test results in an order of magnitude less
time than with conventional static hybridization [10].
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