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Abstract The control of hydrodynamic focusing in a
microchannel has inspired new approaches for microfluidic
mixing, separations, sensors, cell analysis, and micro-
fabrication. Achieving a flat interface between the focusing
and focused fluids is dependent on Reynolds number and
device geometry, and many hydrodynamic focusing sys-
tems can benefit from this understanding. For applications
where a specific cross-sectional shape is desired for the
focused flow, advection generated by grooved structures in
the channel walls can be used to define the shape of the
focused flow. Relative flow rates of the focused flow and
focusing streams can be manipulated to control the cross-
sectional area of the focused flows. This paper discusses the
principles for defining the shape of the interface between
the focused and focusing fluids and provides examples
from our lab that use hydrodynamic focusing for
impedance-based sensors, flow cytometry, and microfabri-
cation to illustrate the breadth of opportunities for intro-
ducing new capabilities into microfluidic systems. We
evaluate each example for the advantages and limitations
integral to utilization of hydrodynamic focusing for that
particular application.
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Introduction

Two streams introduced into a straight microfluidic channel
flow side-by-side down the channel as long as the fluids are
matched for viscosity and hydrophobicity. In early studies,
the position of one stream relative to another was
manipulated in order to increase the interface between the
two streams to facilitate mixing or molecular transport of
molecules or particles by diffusion from one stream across
the interface into the other [1-5]. However, in most of these
initial studies, the flow rates of the input streams were
equivalent, and hence each occupied an equal volume in the
channel. If one of the fluids is introduced at a higher flow
rate, it occupies a larger proportion of the channel than a
flow stream introduced at a lower flow rate, forcing the
second stream into a smaller cross-sectional area of the
channel. This process of hydrodynamic focusing has been
extensively studied and used in microfluidic systems over
the past 10 years [5-7].

As the applications of hydrodynamic focusing expanded,
the geometric manipulations of the flows became more
carefully defined and the forces impacting the shape of the
focused stream became better understood. Initially, it was
thought that the role of inertia at low Reynolds numbers
(Re) was insignificant. Clearly, inertial forces impacted the
position of one stream relative to another as the two streams
passed through a Dean vortex at Re>100 [8]. However, we
recently demonstrated unequivocally that the momentum of
a focusing flow introduced into a microchannel at an angle
perpendicular to the focused flow deformed the interface
between the two streams at Re between 1 and 50 [9, 10].
Several techniques have evolved that control the shape of
the focused stream, whether to prevent unintentional
deviations from a flat interface or to create a fluidic
interface with a specific geometric profile. We use
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applications from our laboratory that implement these
principles of hydrodynamic focusing for sensing, cytometry,
and microfabrication of polymer materials to illustrate their
relevance in the design of practical microfluidic devices.

Hydrodynamic focusing

Hydrodynamic focusing is generally envisioned as confine-
ment or redirection of a slower flowing stream by a faster
flowing stream. For the purposes of this discussion, we will
not include systems intended to mix two streams together,
but will instead direct our attention to systems where the
two fluid streams function without mixing and where the
channel length is sufficiently short to minimize diffusion at
the Re employed. In general, the cross-sectional area of a
focused stream can be predicted by the relative flow rates of
the two streams as long as the Re and the length of the
channel are consistent with minimal diffusion. However,
predicting the forces that control the shape of the focused
stream is more complex than simply calculating the ratio of
the relative flow rates. In addition to the velocities at the
inlets, the geometry of the microfluidic device has a major
impact on the shape of the focused stream.

Due to the no-slip condition at the wall, both the focusing
and focused streams have a parabolic velocity profile as they
enter the main microfluidic channel. The focusing flow has a
higher flow velocity in many conventional microfluidic
geometries and may push the focused stream into the areas
of lower pressure, i.e., corners of the channel wall. The flow
profile of the focused stream consequently develops a cusped
or “U” shape (Fig. 1). Any increase in flow-rate ratio only
exaggerates this effect, eventually splitting the focused

Fig. 1 This series of confocal images shows the effects of increasing
flow-rate ratio (a—c) and increasing the Re while maintaining a flow-
rate ratio of 10 (d—f) on the concentration profile of the focused
stream. The fluid viscosity and density were, respectively, 1 x 107> Pa's
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stream into two separate streams. While in some devices
this splitting may be desirable, for many applications such as
the impedance-based sensors described below, cusping of the
focused conducting stream would severely reduce the
sensitivity. In a different scenario, one could imagine that
the intent to focus a target to a sensing surface would be
confounded by cusping; in this situation, the target would be
pushed away from the sensing surface and would be less
likely to be detected.

One approach to avoiding the distorted U-shaped interface
is to operate the flow focusing channel at as low a Re as
possible. The simplest way to reduce Re is to reduce the flow
rates. However, decreasing the Re by decreasing the flow rates
increases the time for diffusion across the fluid boundary
interface between the focused and focusing streams. This is
particularly problematic where the function of the micro-
fluidic system is inherently dependent on strict segregation of
the fluid constituents. A way to decrease the Re while limiting
diffusion is to use higher viscosity fluids. However, care must
be taken to ensure that the viscosities are closely matched
since a mismatch causes instabilities at the boundary between
the two streams and results in unexpected focusing or even
mixing behavior. Increasing viscosity can also have a negative
impact on performance in sensor systems in terms of target
transport to surfaces, conductivity measurements, or a need
for more powerful pumps.

An alternative to decreasing flow rates or increasing
viscosity to decrease Re is to manipulate the junction angle
between the merging streams [9]. If the focusing stream
intersects the focused stream at a very shallow angle, the
focused stream exhibits a flatter profile than if the focusing
stream is introduced perpendicular to the main channel
(Fig. 2). At steep junctions (e.g., T-junction), the velocity

Re =15.3

100um

and 1x10° kg/m® for all tests. Re were calculated based on the
channel dimensions and the flow rates. Numbers in the top right of
each image indicate the flow rates for the focusing and focused
streams in pl/min. Reprinted from [10] with permission
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Fig. 2 Microchannels were fabricated from polymethylmethacrylate
(PMMA) and attached to a glass slide using UV-curable glue. A trench
around the boundary of the main channel prevented the glue from
running into the channel. All channels were 600 pm wide and 400 um
deep (£10 pm). Confocal cross-sectional images of the main channel

component of the focusing stream perpendicular to the
main channel is maximized. The impact of the focusing
stream momentum, which is strongest in the center due to
the Poiseuille flow profile, is magnified. If perpendicular
intersections are unavoidable, then a flatter profile for the
focused stream can be obtained if the slower flowing
stream, instead of the focusing stream, is introduced
perpendicular to the main channel (Fig. 3).

These inertial influences primarily exert an impact on the
shape of the focused stream at the point where the inlets
meet. Once the flow is fully developed in the main channel,
further aberrations in most channels are primarily due to
predictable Poiseuille velocity distributions. However, the
main channel does not have to maintain a constant
perimeter shape: fine control of the fluid positions in a
microchannel can be achieved using grooves manufactured

show the focused region for three angles of confluence («). Flow rates
for the sheath and focused streams were 720 and 29 pL/min,
respectively (Re=25). Deionized water was used for both streams
with rhodamine dye added to the focused stream only. Reprinted from
[47] with permission

in the walls of the channel. We define such “grooves” to be
either trenches or ridges and to include virtually any variety
of shapes, though the shapes studied to date are primarily
straight lines, chevrons, or herringbones. Groove features
were originally introduced in microchannels to effect
mixing, as in Stroock et al. [1]. However, Mott et al. [11]
found that since the grooves perform fluid advection in a
predictable way, different groove shapes can be combined
to achieve a desired remapping of the fluid in the channel
cross-section. Stokes flow for each kind of groove feature
was calculated and distilled into an advection map, which
describes how all points in the channel cross-section are
repositioned as the fluid is diverted by groove structures in
the channel wall. Figure 4a shows how the distribution of
two flows input into a channel side-by-side is modified by
the advection caused by a single linear groove on one side
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Fig. 3 Channel cross-sectional images from confocal microscopy
show the concentration profiles for a conventional T-inlet channel
design (a«=90°). The sheath and focused streams were switched for
each case of the Re (10, 25). The first row shows the case in which the
sheath stream was aligned with the main channel. The second row

of the microchannel. The effect of multiple groove features
combines in a linear fashion; thus software was generated
that quickly calculates the combination of the advection
maps to predict the cross-sectional geometries for multiple
streams within the channel after passing through the
grooved region [12]. This Tiny Toolbox software calculates
any combination of groove features much faster than
computational fluid dynamic calculations. Figure 4b shows
a set of groove features used to produce a passive
microfluidic mixer and illustrates not only the potential
degree of complexity of the simulations, but also the degree
of agreement between the calculated (Fig. 4c) and actual
(Fig. 4d) cross-sectional geometries of the flow streams
within the microfluidic channel.

In the mixer example, fluids were introduced at equivalent
flow rates. As an example of hydrodynamic focusing using
grooves, Howell et al. [13] used Tiny Toolbox to predict two
groove designs that transform focusing and focused fluids
initially flowing side-by-side into fully sheathed flow, in
which the “core” stream flows in the middle of the channel
and is fully surrounded by the focusing “sheath” fluid. Either
straight or chevron grooves were used in the top and bottom
of the channel to redirect the focusing fluid above and below
the slower flowing stream to compress it into the center of
the channel. In addition to focusing the core in the center of
the channel, the cross-sectional area was defined by the
relative flow rates of the focused core and focusing streams.

In the examples following this section, we will illustrate
how to control the impact of inertial effects at the inlets and
how to use advection controlled by grooves in the main
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shows the results in which the focused stream was aligned with the
main channel. The channel was 380x600 pm (height x width). The
flow rates for the focused stream and sheath flow, respectively, were
11 and 283 pL/min for Re~10 and 28 and 707 pL/min for Re~25.
Reprinted from [9] with permission

channel to create a focused flow stream with a desired
cross-sectional shape. We have selected three examples of
very different applications to illustrate the impact of these
principles on device design.

Hydrodynamic focusing for impedance-based
microfluidic biosensors

Detection sensitivity in impedance (or conversely, conduc-
tance)-based microfluidic biosensors is influenced by the
dimensions of the microchannel. In order to attain maximum
sensitivity (often defined as a percent change in impedance,
AR/R) for such devices, it is important that the microchannel
has dimensions (simplified as cross-sectional area) compara-
ble to those of the biological cell(s) to be detected. Gawad
and colleagues [14] presented a general equation to describe
the relationship between impedance change, AR, and the
ratio of a spherical particle’s radius to microchannel cross-
sectional area for Coulter counter devices. Theoretical
resistance changes associated with the presence of a spherical
particle within a microchannel can be determined using the
following equation [14, 15]:

arctan '
4,
FTh rp
AR =2p, -2 (1)

Ae 2 Ac
T\~ I"p
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Fig. 4 Tiny Toolbox uses combinations of advection maps to predict mixing purposes. ¢) Simulations of the outflow patterns using Tiny
what grooved structures will produce desired interactions of multiple Toolbox. d) Confocal images of flow in actual channel using the

laminar flow streams. a) Flow path of a single particle through a specified grooves. Reprinted from [11] with permission

groove. b) Groove structures to achieve complex fluid interfaces for
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where AR is the change in impedance, r;, is the radius of the
spherical particle, A, is the cross-sectional arca of the
channel, and py is the solution conductivity. This equation
was first presented in the book entitled Microfluidic
Technology and Applications by Koch et al. [15] and
variations of this equation can be found elsewhere [16]. As
the ratio of particle radius to cross-sectional area increases,
the change in impedance, AR, also increases and conse-
quently, sensitivity increases.

The disadvantage of reducing the dimensions of a
microchannel is the greater propensity for clogging when
real-world samples are introduced. The use of a faster
focusing stream to confine a stream of relatively slower
flow rate to a narrow layer at the sensing surface was first
described by Manz [17] as a way to use relatively large
channels that are minimally susceptible to clogging.
Hydrodynamic focusing of a conductive fluid has been used
to make impedance-based microfluidic Coulter counters [18—
20]. To decrease the likelihood of clogging, confinement of
the electric current path can be achieved using hydrodynamic
focusing, where the cross-sectional area defined in Eq. 1 is
not bounded by the physical dimensions of the microfluidic
channel, but rather by the well-defined interface between the
two fluid streams formed during laminar flow. When a high
conductivity fluid is simultaneously introduced with a lower
conductivity focusing fluid into a microchannel, the frac-
tional volume occupied by the conducting fluid can be
controlled by varying the ratio of the flow rate of the
focusing fluid to that of the conducting fluid. Decreasing the
volume of the channel occupied by the focused stream
decreases its cross-sectional area, and consequently, the
current can be confined to enhance the impedance
change (according to Eq. 1) in the presence of an
insulating particle of defined radius. In essence, a virtual
microchannel with pliable boundaries is created as a result
of focusing the flow of the conducting fluid within the
physical confines of the larger microfluidic channel. The
ability to detect immobilized magnetic beads [10] and
antibody-bound bacteria [21] has been demonstrated using
hydrodynamic focusing in a four-electrode impedance-
based microfluidic device.

The shape of the virtual conducting channel created by
hydrodynamic focusing is important for achieving good
sensitivity and is influenced by the flow-rate ratio of the
focusing and conducting streams, as well as by the
microfluidic channel geometry. Initially, Nasir and col-
leagues proposed a simple two-inlet T-junction design,
where the focusing fluid inlet was perpendicular to both the
conducting fluid inlet and the main microchannel containing
coplanar electrodes for impedance measurements [10]. The
result of this design was a focused stream with a U-
shaped cross-sectional profile with cusps at the edges of
the main channel (Fig. 1). Increasing the flow rate within
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the channel—necessary for increased focusing and current
confinement—increased the height of the cusps. The
disadvantage of the U-shaped profile was that the non-
uniformity in the current density through the conducting
focused stream concentrated the highest current density in
the cusps and lowered the current density at the center,
where detection of immobilized cells and particles occurs.
Decreasing the flow rate decreased the Re, making the
focused layer more planar. However, the consequence of
decreasing the flow rate was a larger cross-sectional area
of the conducting path and lower sensitivity for detection
of particles or cells. At the lower flow rates and Re, the
rate of diffusion from the high conductivity focused
stream to the focusing stream becomes an issue. To
overcome the disadvantage presented by the cusp forma-
tion, Nasir and colleagues redesigned the device and
created a sample inlet channel that was smaller in height
and width than both the main channel and focusing fluid
inlet [21]. The resulting focused stream had a dome-
shaped profile that decreased in both height and width
with increased focusing (Fig. 5). The ability to confine
both the height and width created a conducting fluid path with
adjustable aperture for control over detection sensitivity for
particles or cells captured between the electrodes.

Justin and colleagues [22] identified a number of
additional factors, including ionic concentration and
microchannel height, that also impact the response of
impedance-based microfluidic devices employing hydro-
dynamic focusing. These factors must be taken into
consideration when using such systems for cell detection.
Ionic concentration can be affected by diffusion. Diffusion
is not absent during focusing where both focusing and
conducting fluids are aqueous; consequently, it is impor-
tant to minimize the effects of ion loss from the
conducting stream to the low conductivity focusing fluid.
The rate of diffusion can be reduced by increasing the
flow rates within the microchannel [21]. Two-phase
systems would also effectively reduce diffusion; however,
the difference in viscosities that often accompany two-
phase systems can lead to instabilities at the interface that
can adversely impact the impedance response. To over-
come the issue of differential viscosities during flow
focusing, Morgan’s group used an oil/surfactant mixture
(hexanediol containing 1% Tween 20) as the focusing
fluid and phosphate buffered saline as the conducting fluid
[23]. Another challenge identified by Justin and col-
leagues in using hydrodynamic focusing for impedance
measurements was the noise generated by pulsatile flow
associated with the syringe pumps used. This noise
became more and more pronounced at the higher flow-
rate ratios, decreasing the sensitivity. Such problems could
be mediated by using pneumatic pumps to reduce
pulsation or control electrodes for signal normalization.
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Fig. 5 Hydrodynamic focusing to confine a conducting stream. a)
Microchannel cross-section indicating the focused stream over a
platinum electrode on glass slide. b) Partial side view of microchannel
(not drawn to scale) indicating direction of sheath, sample, and outlet
flows during hydrodynamic focusing. Flow focusing is used to
increase sensitivity to specifically bound cells or particles between

This also highlights the care that must be taken in the
design of the microfluidic channels such that the focusing
can be achieved with as few inlet channels (with different
flow rates) as possible.

Using two inlets for focusing fluid on both sides of the
channel, the conducting fluid can be focused not only over
the electrodes on the bottom surface, but also laterally,
producing a narrow rectangular focused stream hugging the
bottom surface. By adjusting the relative flow rates of the
side inlets, the conducting fluid stream can be swept across
the bottom surface (e.g., between positive and negative
control electrodes and assay electrodes or over sensor spots

a
Top focus

Side focus

I —
Focused

stream f ’

Side focus

Fig. 6 Use of hydrodynamic focusing to move a focused stream
during operation of a microfluidic device. a) Illustration of a four-inlet
microfluidic device with three focusing fluid inlets and a single
focused stream inlet. b) Confocal microscopy images of the focused

Flow rate ratio (FRR)

the impedance sensing electrodes. ¢) Finite element analysis simu-
lations in COMSOL of flow-rate ratios. d) Confocal microscopy
images of sample stream (water with rhodamine dye) under varying
flow-rate ratios (in pL/min). e) Theoretical and experimental
impedance change with increased focusing. Reprinted from [22] with
permission

modified with different capture molecules). Figure 6a
illustrates a four-inlet, single-outlet microfluidic device,
with one inlet perpendicular to the main microchannel (for
focusing the conducting fluid on the bottom of the
channel), an inlet parallel to the channel (for the focused
stream) and two side inlets at an angle of 45° to the main
channel (for side focusing streams). The top and side
streams confine the focused stream in the vertical and
lateral directions. In addition, by varying the flow-rate ratio
of the side inlets with respect to each other, the focused
stream can be swept from one side of the microchannel to
the other with relatively high precision. In Fig. 6b, confocal

b Top = 10 pL/min Side sheaths

(1L/min)

Focused = 2 uL/min

40:0

20:10

20:20

10:30
0:40

stream (visualized using a rhodamine dye) during a side-to-side
focusing operation. Flow rates of the left and right side focusing
streams are indicated to the right of Fig. 6b
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microscopy images of the cross-section of the main micro-
channel reveal the sweeping behavior of the focused stream
from the right side to the left side of the channel
achieved by varying the relative flow rates of the side
inlet fluids.

Sheath flow for microflow cytometry

For accurate analysis of individual particles in a flow
cytometer, the particles flow in a focused “core” stream
surrounded by the “sheath” fluid that aligns the core within
the interrogation optics. In conventional systems, concen-
tric nozzles are used to inject a core stream in the middle of
a sheath stream. However, a nozzle is difficult to fabricate
and integrate into a microfluidic system. Howell, Ligler,
and colleagues simplified previous microfluidic designs
that required three to four inlets for focusing fluid to
surround the core stream by placing grooves in the top and
bottom of the channel to direct the sheath fluid completely
around the core stream [24, 25]. Initial groove designs used
straight grooves that converted side-by-side core and sheath
fluid into fully (360°) sheathed, focused flow [13]. This
design produced a central core where the diameter could be
easily defined by the relative flow rates of the core and
sheath streams; however, the lateral position of the core was
susceptible to change caused by fluctuations in the pump
introducing the sheath fluid. This problem was solved by
splitting the sheath flow from a single pump into inputs on
both sides of the core inlet and using chevron-shaped
grooves to direct sheath fluid above and below the core. In
this configuration, pulsation of the pump narrowed and
widened the core but did not move it laterally in the
channel. The chevron-based grooves were implemented in a
flow cytometer system that used optical fibers to deliver the
laser light and capture light scatter and fluorescence signals
during the interrogation of color-coded microspheres [26,
27]. Immunoassays have been performed using coded
microspheres, demonstrating the ability to discriminate the
microspheres and identify microspheres with captured
target in multiplexed analyses that included simultaneous
positive and negative internal controls. Sensitivity was
equivalent to that obtained using a conventional nozzle-
based flow cytometer. Channels manufactured using soft
lithography are adequate for most applications, but they can
swell and leak in systems that would require functioning in
higher pressures. Thus this same chevron design was
manufactured in hard plastic using a CNC mill [28].
Although the channel was slightly larger and the grooves
had a more rounded shape due to the CNC milling, the
device produced equivalent core focusing, and assays
performed comparably with those conducted using the
polydimethylsiloxane microflow cytometers.
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By simply changing the excitation source and the
emission filters, the same chevron groove design has been
used to discriminate marine phytoplankton on the basis of
light scatter as a rough measure of size and intrinsic
fluorescence, primarily from chlorophyll and phycoerythrin
[29, 30]. The ability to have a very wide inlet, yet still focus
individual cells within the laser beam using hydrodynamic
focusing, meant that the cytometer could characterize
phytoplankton ranging from Synechococcus with a diameter
less than 1 pum to Pseudonitzschia, a species as long as
80 pm.

Hydrodynamic focusing with grooves in the top and
bottom of the channel wall was used to solve another
problem incurred as microflow cytometers are developed
for use outside the laboratory. In certain environments, the
requirement for large quantities of focusing fluid can be a
significant logistical limitation. As long as the flow in a
microfluidic system remains laminar, alterations in the flow
path can be reversed. This condition is met in the microflow
cytometer as hydrodynamic focusing using advection by
grooves in the channel walls not only can focus the core
stream using the sheath flow, but can also reverse the
focusing, returning the core and sheath streams to their
original positions [31]. As depicted in Fig. 7, the grooves
were reversed to “unsheathe” the core stream. To ensure
clean separation and complete recovery of particles into the
central outlet, under the flow conditions compatible with
the cytometric analyses, only about 10% of the sheath fluid
had to be sacrificed into the core stream. This process
provides sheath fluid uncontaminated with sample for reuse
and minimally diluted sample for further analysis. The
reversibility of hydrodynamic focusing has applications for
automated processing of cells and particles, as well as for
long-term unattended use of flow cytometers.

Hydrodynamic shaping for microfabrication

Round fibers with micron and sub-micron diameters have
been fabricated in microfluidic channels using hydrody-
namic focusing [32-39]. Multiple annular flows were
utilized by Lan et al. to fabricate 300-900 um tubes with
adjustable wall thicknesses [40]. In addition to polymeri-
zation of fibers using chemical and UV initiators, rectan-
gular fibers have been precipitated at the interface between
two streams in a microfluidic channel; this approach,
however, is limited in its ability to release the fibers from
the channels [41-43].

The strategy of using advection maps derived from sets
of grooves in the channel walls was employed to produce a
design that can manipulate a focusing stream to shape a
core stream into a predetermined cross-sectional shape. An
application that exploits this implementation of hydrody-
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Fig. 7 Confocal microscopy images of the sheathing and unsheathing
processes at 90% sheath fluid recycling. XY top view of the inlet, inlet
chevrons, reverse chevrons, and outlet sections of the microchannel.
XZ side view of the same sections. YZ cross-section views at upstream
and downstream edges of each of the sections in the XY and XZ panels
directly above. 3D constructed images of the sample fluid at the inlet
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and reverse chevrons. The sample stream height decreases upon
passing through the inlet chevrons and increases by passing through
each reverse chevron. The inlet sample flow rate is 10 pL/min and the
sheath flow rate is 1,100 puL/min. The outlet sample flow rate is
120 pL/min. Reprinted from [31] with permission

h

Fig. 8 Scanning electron microscope images of polymer fibers micromanufactured using hydrodynamic focusing to control shape and cross-

sectional area
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namic focusing is the micromanufacture of polymer fibers
with defined cross-sectional shapes and sizes (Fig. 8). Both
casting [44] and photopolymerization [45] were used to
form non-round fibers from a prepolymer core shaped in a
focusing stream directed by groove structures in the
channel walls. Most fibers are round in shape due to
surface tension in the two-phase systems (liquid/air; liquid/
solid) in which they are produced. The sheathing of a
prepolymer core with a focusing stream of the same phase
provides the opportunity for creation of fibers with more
complex shapes. Control of the relative flow rates of the
focusing stream and the prepolymer core creates fibers with
the desired cross-sectional area; this approach has been
used to fabricate meters of fibers from 300 nm to 300 um
across and even to alter the fiber diameter during the
production process.

A wide variety of shapes and applications is conceivable.
Howell et al. demonstrated that five streams could be
sequentially introduced between groove sets so that each
stream completely surrounded the streams introduced
upstream [46]. Polymerization of such layers and other
complex shapes offers intriguing possibilities. Continuous
fabrication of particles and fibers could result in new
materials for wound dressings, tissue regeneration, con-
trolled release structures and environmentally responsive
materials, or unique light-weight textiles.

Conclusions

Hydrodynamic focusing is a versatile tool that can be used
with microfluidic systems for applications as diverse as
creating conducting microchannels with adjustable apertures
for control over detection sensitivity and microfabricating
nano- to micro-scale polymer fibers with unique shapes and
material properties. Research by our group in the area of
hydrodynamic focusing has produced a Toolbox strategy for
using passive structures for advection-based control of a
focused stream and has revealed that there is significant inertia
even at low Re that can impact the shape of the focused
stream. We have demonstrated a few of the methods by which
hydrodynamic focusing can be used for precise positioning of
cells, particles, sensor targets, molecular recognition elements,
or prepolymers through positioning of a focused stream
containing such materials within a predetermined region of a
microfluidic device. The list does not end here. Exciting
possibilities for currently unexplored applications of hydro-
dynamic focusing await further research into the behavior of
multiphase fluids within microchannels, the interaction of
hydrodynamic forces with elements directed by optical,
conducting, or magnetic forces, and further understanding of
the subtle but critical changes dependent on microchannel
geometry, flow parameters, and fluid behavior.
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