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ABSTRACT

This Account reviews two procedures for controlling the flow of
fluids in microchannels. The first procedure involves patterning
the density of charge on the inner surfaces of a channel. These
patterns generate recirculating electroosmotic flows in the presence
of a steady electric field. The second procedure involves patterning
topography on an inner surface of a channel. These patterns
generate recirculation in the cross-section of steady, pressure-
driven flows. This Account summarizes applications of these flow
to mixing and to controlling dispersion (band broadening).

Introduction

Work in the field of microfluidics has been stimulated over
the past decade largely by applications in analytical* and
bioanalytical chemistry,>~* and in high-throughput syn-
thesis and screening;® microfluidic systems have also been
developed as tools for fundamental research.®” These
applications require controlling the flow of liquids in
channels with lateral dimensions of ~100 um. Examples
of manipulations of fluid that are important include the
positioning streams within the cross-section of the chan-
nel for the precise delivery of regents, the mixing of
solutions required for chemical reactions, and the trans-
portation of small volumes (<1 uL) of solution for high-
throughput syntheses and analyses. ldeally, the designs
of fluidic components for these tasks should be compat-
ible with common planar microfabrication techniques,®®
inexpensive to fabricate, simple to operate, appropriate
for the physical characteristics of flows of liquids in
microchannels, and insensitive to variations in the com-
position of the fluid.

This Account reviews two strategies that we have pur-
sued to control the local form—direction and magnitude—
of flows in microchannels. Both approaches involve
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FIGURE 1. Strategies for controlling flows in microchannels. (A)
Scheme showing the typical format of a microfluidic channel. The
arrows indicate reservoirs at which samples are introduced and
removed, and electric fields and pressure gradients are applied. (B)
Patterned electroosmotic flow. Scheme showing a section of
microchannel in which the density of charge, o, on the floor is
patterned into positive (o+) and negative (o—) bands. (C) Patterned
pressure-driven flows. Scheme showing a section of microchannel
with a pattern of grooves on the floor.

creating structures—chemical or mechanical—on the inner
surfaces of a microchannel such as the one shown
schematically in Figure 1A. In the first strategy, we
patterned the surface of the channel with alternating
bands of positive and negative charge density and applied
an electric field along the channel in order to generate
electroosmotic (EO) flows (Figure 1B); the form of these
EO flows is dictated by the pattern of the charge on the
surface. In the second strategy, we patterned the topog-
raphy of one wall of the channel in the form of grooves
that are oriented at oblique angles with respect to the long
axis of the channel, and applied a pressure gradient along
the channel (Figure 1C); the form of these pressure-driven
flows is dictated by the pattern of the grooves. These
structured flows—multidirectional flows along the axis of
the channel and recirculating flows in the cross-section
of the channel—can be used to position streams within
the channel, mix streams of miscible fluids, and control
dispersion (spreading) of solute along the direction of the
flow. These techniques of patterning flows operate pas-
sively, that is, with no moving parts or time-dependent
electric fields or pressure gradients. The systems that we
describe were fabricated using soft lithographic methods
in poly(dimethylsiloxane) (PDMS) and glass.®*°

We organize this Account into three sections. In the
first, we give a brief overview of the technical and
physicochemical aspects of microfluidics, of the general
characteristics of EO and pressure-driven flows, and of
the different strategies that we and others have pursued
to control flows in the microfluidic systems. In the second,
we mention methods for controlling the density of charge
on surfaces, and review our results on patterning EO flows

*To whom correspondence should be addressed. Telephone:
(617) 495-9430. Telefax: (617) 495-9857. E-mail: gwhitesides@
gmwgroup.harvard.edu.

VOL. 36, NO. 8, 2003 / ACCOUNTS OF CHEMICAL RESEARCH 597



Microchannels with Patterned Charge and Topography Stroock and Whitesides

Table 1. Comparison of Electroosmotic and Pressure Driven Flow

electroosmotic flow

pressure-driven flow

e N0 moving parts (+)

» uniform flow profile = bands of solute with the same
electrophoretic mobility broaden only by diffusion (+)

« high voltages (=100 V/cm) (—)

e sensitive to surface contamination (—)

« only polar solvents (—)

o low flow speeds (<1 mm/s) (—)

o separation of mixtures by charge-to-size ratio (+ for
analysis, — for general transport)

with patterned charge. In the third section, we mention
methods of patterning topography inside of micro-
channels, describe the interaction of pressure-driven flows
with topography, and review our results on patterning
pressure-driven flows with patterns of grooves. In this
third section, we also describe a chaotic mixer that is
based on the patterning of pressure-driven flows and show
how this mixer can be used to control the broadening of
bands of solute as they travel in pressure-driven flows.
We comment on the strengths and weaknesses of both
the EO and the pressure-driven strategies.

[. Overview of Flows in Microchannels

Technical Context. Among the desired characteristics of
microfluidic systems are (1) portability and appropriate-
ness for field-use, (2) the ability to control and process
small volumes (= 1 uL) of fluid, (3) the potential to
integrate complex, fluid based processes with electronic
and optical hardware, and (4) the improvement of the
speed of processes relative to that in conventional, bench-
top devices. To achieve these characteristics, certain
constraints on the design and fabrication of microfluidic
systems must be considered. In particular, the need for
small elements (e.g., channels with cross-sectional dimen-
sions of 10—1000 x#m) with potential to interface with
integrated electronics has led to the use of planar fabrica-
tion methods that have been adapted from the micro-
electronics industry.28! The need for portability and field-
use calls for durability and simplicity of operation. For
applications in bioanalysis, disposable devices are desir-
able, and the cost of fabrication should be low. The
techniques for manipulating flows that are reviewed in
this Account satisfy many of these constraints: the
required mechanical and chemical patterns can all be
fabricated using soft lithographic methods that are in-
expensive, widely accessible, and compatible with the
integration of electronic and optical elements.’*~> The
passive nature of operation of these techniques is attrac-
tive for field use.

Physicochemical Context. In microchannels, flows of
common liquids driven by typical electric fields (~ 100
V/cm) and pressure gradients (<1 bar/cm), are character-
ized by low values of the Reynolds number (Re < 100).16
For these values of Re, flows are laminar (i.e., not
turbulent), and inertial effects, such as the eddies that
form downstream of an obstruction in the flow, are weak.
In laminar flows, the motion of solute across the direction
of the flow is due only to molecular diffusion. The lack of

598 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 36, NO. 8, 2003

« often moving parts (—)

« parabolic flow profile = bands of a solute broaden rapidly due
to differences of flow speed over cross-section of channel (—)

« low voltage, gravity, osmosis (+)

 insensitive to surface contamination (+)

« any solvent (+)

« wide range of flow speeds (<100 cm/s) (+)

» No separation (—)

convective transport (i.e., motion with the flow) of solute
across the flow means that homogenization of chemical
species across channels with 100 um dimensions can take
many seconds to minutes;'”*8 this mixing time could be
the rate-limiting step for chemical applications. We also
note that, on the size scale of microchannels, the char-
acteristics of the inner surfaces of the channel—density
of charge, topography, and wettibility—can have large
effects on the flow in the bulk of the fluid.

Electroosmotic Flow in Simple Channels. The surfaces
of many materials become electrostatically charged when
placed in contact with polar solvents; the compensating
charge resides in a layer of fluid adjacent to the charged
surface; this layer is referred to as the Debye screening
layer. In common aqueous buffers, the thickness of the
Debye layer, Ap, is less than 10 nm.*® When an electric
field is applied along a channel that is filled with a polar
solvent, an electroosmotic flow is generated by the net
force that is exerted by the field on the mobile charges in
the Debye layer at the walls of the channel. In a uniformly
charged channel, the fluid outside the Debye layer (i.e.,
in the bulk of the fluid) is carried at a uniform speed by
the motion of the fluid inside the Debye layer. The flow
is uniaxial along the axis of the channel with velocity Ugo
= (0Ap/1)E = ueoE, where o (C/cm?) is the surface charge
density, 1 (g/(cm s)) is the dynamic viscosity of the fluid,
E (V/cm) is the component of the applied field parallel to
the walls, and ue, ((cm/s)/(V/cm)) is the EO mobility of
the surface.’®?° Table 1 summarizes characteristics of EO
flows.

Pressure-Driven Flow in Simple Channels. When a
pressure gradient is maintained along a channel, pressure-
driven flow, termed Poiseuille flow, is generated in the
opposing direction (i.e., from high pressure to low pres-
sure). At low Re, the flow is uniaxial along the principal
axis of the channel, and speed of the flow varies in
parabolic manner over the cross-section of the channel,
the speed is zero at the walls and maximum in the center
of the channel. This variation of speed over the cross-
section leads to rapid dispersion (broadening) of bands
of solute in the flow; the volume of fluid occupied by the
solute is stretched along the flow as the portion of the
volume near the center of the channel outpaces the
portion near the walls.?! Table 1 summarizes character-
istics of pressure-driven flows.

Strategies for Controlling Flows in Microchannels.
Table 2 presents a nonexhaustive list of techniques that
have been used for manipulating flows in microchannels.
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Table 2. Strategies for Controlling Flows in Microchannels

strategy for controlling flow applications reference
patterned surface charge (EO) controlling dispersion 20, 24, 25, 30, 33—35
patterned topography (pressure and EO) mixing, controlling dispersion 20, 36—39
three-dimensional channels (pressure) mixing 40
magnetohydrodynamics pumping, mixing 41-43
patterned wettibility (pressure) pumping, valving 44, 45
peristalsis (pressure) pumping, valving 12, 46
patterned electrodes (EO) pumping 47-49

A more complete review of techniques can be found in
recent reviews by the group of Andreas Manz.??% The
techniques listed in Table 2 have the common character-
istic that they involve the addition of structure along the
length of the channel in the form of chemical modifica-
tion, topography, intersecting channels, or electrodes. The
flows generated by these techniques can be roughly
separated into two categories: i) those with transverse
components that are useful for mixing and for controlling
dispersion (treated in this Account), and ii) those with net
motion along the channel that are useful as pumps.

. Patterning Electroosmotic Flow

Controlling Density of Charge on the Surfaces of Micro-
channels. Manipulation of EO flows requires the ability
to control the density of charge on surfaces. We?* and
others®® have used the adsorption of poly(electrolyte)
multilayers? to modify the surface charge density on the
walls of micrchannels. The surface charge changes sign
with each additional layer, such that the EO mobility, ueo
~ £3—4 (um/s)/(V/cm) (ueo ~ —6 (um/s/(V/cm)) on
glass).?#?5 Others have demonstrated a variety of other
techniques for controlling the density of charge on
surfaces both passively?’~%° and actively.3132

Patterning EO Flows. We considered two types of
patterns of charge: one in which regions of positive and
negative density of charge extend along the axis of the
channel and the direction of the applied field (diagram
in Figure 2A), and the other in which the regions of
positive and negative density of charge extend across the
channel and the applied field (diagram in Figure 2B). The
flows generated in these two geometries represent the
principal types of flows that are expected for any distribu-
tion of charge on channel walls.®® Due to the linearity of
fluid dynamics at low Re, models for the EO flow in the
presence of general distributions of charge can be formed
from linear superpositions of simple patterns such as the
ones that we considered.

We generated the first type of pattern (Figure 2A) by
laminar flow patterning®5 of poly(electrolyte) layers. As
is shown schematically on the top and in the trajectories
of tracer beads on the bottom in Figure 2A, the flow was
bi-directional along the channel; the fluid moved in the
direction of E on the negative side of the channel (positive
Debye layer), and the fluid moved in the opposite direc-
tion from E on the positive side of the channel (negative
Debye layer). This flow was the same as the shear flow
that would be generated by mechanically moving the two
halves of the channel in opposite directions. This type of
multidirectional flow of a single fluid would be difficult

to achieve in a channel with globally applied pressures.
We note though that Zhao et al. have demonstrated
bidirectional flow of immiscible liquids in a micro-
channel.’? The second type of pattern (Figure 2B) was
generated in two steps: (i) A glass slide was patterned with
bands of positive and negative charge using vacuum
assisted micromolding in capillaries,® and (ii) this glass
slide was used as the fourth wall of a channel structure
in a slab of PDMS. With the bands of charge extended
across the channel, the applied field pulled the fluid in
opposite directions over adjacent regions of the patterned
wall. The fluid behaved as if adjacent regions of the walls
were mechanically moving in opposite directions. This
motion at the boundary created alternating regions of high
and low pressure at the interfaces between bands, and
the fluid recirculated in the direction normal to the wall.
The resulting cellular flow is seen in the trajectories of
tracer beads in Figure 2B. This cellular flow is reminiscent
of thermally driven convection. Generating a sufficient
temperature gradient to generate these flows thermally
would be difficult on the micron-scale. We also note that
generating these two types of flows with mechanical
motion (i.e., sliding walls) would not be practical with
current microfabrication technology. We successfully
modeled both of these flows analytically.?*

Other Applications of Patterned EO Flow. Mixing is
another potential application of patterned EO flows.
Erickson and Li have modeled mixing in recirculating EO
flows such as those in Figure 2B.% Johnson et al. have
demonstrated mixing in EO flows in channels with a
combination of patterned surface charge density and
grooves on the floor of the channel.?” Johnson et al. have
also used patterned charge to reduce the broadening of
bands of solute driven by EO flow though bends in
microchannels.?® Panwar and Kumar have study the
possibility of manipulating the position and conformation
of polymers in patterned EO flows.5

1. Patterning Pressure-Driven Flows

Patterning Grooves in Microchannels. Obliquely oriented
grooves on one wall of a microchannel are sufficient to
generate transverse components in pressure-driven flows
(Figure 3A).%° These groove-structures are easily fabricated
using planar lithographic methods. To fabricate the chan-
nels in PDMS, we made master structures in a photo-
curable epoxy resist with two layers of photolithography,
and molded these structures in PDMS.% In making the
master, the first layer of photolithography defined a
positive image of our channel structure; the second layer
defined a positive image of the pattern of grooves. The
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FIGURE 2. Patterned electroosmotic flow. The schemes at the tops
of both panels A and B show the patterns of density of charge that
we considered. The EO flows in these geometries are shown
schematically with arrows. At the bottom of both frames are
micrographs that show the trajectories of fluorescent beads in a
plane (horizontal in panel A and vertical in panel B) through the
channel as shown in the schematic diagrams. The micrographs were
compiled from multiple series of images that were taken at intervals
of 0.2 s. The direction of motion is indicated by arrows. In both
experiments, the applied electric field was, £ = 95 V/cm. In panel
B, the globular objects at the bottom of the image are beads that
have stuck to the surface at the stagnation point in the flow at the
transition between positively and negatively charged regions.
Adapted from Stroock et al.?*

pattern of grooves was aligned to lie on top of the channel
structure in the first layer. We note that this type of two-
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FIGURE 3. Patterned pressure-driven flow. (A) Scheme showing a
section of channel with a regular series of grooves in the floor that
are oriented at a oblique angle, 6, with respect to the principal axis
of the channel. The helical form of two trajectories in a pressure-
driven flow in this channel are shown schematically with the red
and green lines. The average, recirculating flow in the cross-section
is shown schematically below the channel. The principal axes of
the channel are (x, y, 2) and the principal axes of the grooves are
(X, ¥, 2. (B) Optical micrograph of a red, a clear, and a green stream
flowing through a channel such as the one in panel A. The three
inlets are drawn schematically on the left. In this channel, 6 = 45°,
the period of the grooves, A = 200 um, the average height of the
channel, h =70 um, the width of the channel, w = 200 um, and the
relative depth of the grooves, oo = 0.2. (C) Scheme showing a section
of channel with grooves in the form of the staggered herringbone
mixer (SHM) in the floor. One and a half cycles of the mixer are
shown. Each half cycle is made up of a regular series of grooves (6
in the case shown) in the form of asymmetrical herringbones; the
direction of asymmetry changes from one-half-cycle to the next. The
schematic drawings above the channel show the form of the
average flow in the cross-section for each half-cycle. (D) Fluorescent
confocal micrographs that show the evolution of a stream of
fluorescent solution (top) that was injected alongside a stream of
clear solution (bottom) in a channel with the SHM as in (C). The
micrographs show vertical cross-sections of the channel before the
first cycle of the mixer (0 cycles) and after 1, 2, 3, 4, 5, and 15 cycles.
In this channel, 8 = 45°, A = 100 um, h = 70 um, w = 200 um, o
= 0.18, and there were 6 grooves per half-cycle. Re = 1072 D =2
x 1078 (cm¥s), and the average speed U, = 2 cm/s. Adapted from
Stroock et al.%®

level structure can also be fabricated with conventional
photolithographic procedures that involve spatially selec-
tive etching of silicon and glass.®
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FIGURE 4. Gradient mixer that incorporates the SHM design. (A) Scheme of a network of microfluidic channels into which two streams of
different composition are injected and out of which a single stream with a smooth linear gradient between the compositions of the input
solutions is recovered. The network shown has three generations (G1, G2, and G3). Confocal micrographs show the distribution of fluorescence
from a solution of fluorescein that was injected into the inlet on the right. (B) Optical micrograph of a network such as the one in panel A,
into which a solution of red dye (left) and a solution of blue dye (right) were injected.

Patterned Flows over Grooves. The form of trajectories
in a flow over a uniform pattern of obliquely oriented
grooves is shown schematically in Figure 3A. The net effect
of the grooves (averaged over a period of the pattern) is
the entrainment of fluid near the structured surface along
the direction of the grooves (y'); this motion has a
component along x that is perpendicular to both the
principal axis of the channel and the applied pressure
gradient (along y). This transverse motion leads to an
opposing transverse pressure gradient which forces the
fluid to circulate back across the top of the channel. The
resulting flow has a principal, Poiseuille component along
the channel, and a recirculating component in the cross-
section; the streamlines of the flow are helical. The
micrograph in Figure 3B shows how this helical flow can
be used to manipulate the positions of streams in the
cross-section of the channel.

Staggered Herringbone Mixer. To achieve mixing of
laminar flows in a microchannel, regions of recirculation
can be positioned in the cross-section of the channel by
placing appropriate regions of grooves on one wall. As
streams of fluid flow down the channel, they are stirred
into one another by these transverse flows. Figure 3C
shows a pattern of grooves on the floor of a channel that
lead to efficient stirring of fluids flowing laminarly through
the channel; we call this design the staggered herringbone
mixer (SHM).38 A volume of fluid flowing in this channel
experiences an series of extensional and rotational flows;
this type of alternating flow is known to generate efficient
stirring.5®

Figure 3D shows the evolution of a stream of solution
of fluorescent dye (fluorescein labeled polymer, MW
250 000 in a mixture of 80% glycerol/ 20% water by weight)
and a stream of clear solution (80% glycerol/ 20% water)
as they flow through a channel with the SHM. We worked
with viscous solutions of glycerol and water (y = 0.67 (g/
(cm 9))), to demonstrate that the observed mixing oc-
curred for low Re (Re < 1). The images are confocal
micrographs of vertical cross-sections of the channel. For
these solutions in the SHM, the mixing length,%” Ay, ~ 3
cm; this corresponds to 15 cycles of the SHM. In a smooth
channel of the same dimensions and under the same flow
conditions, Ay, ~ 10 m.%8 In the SHM, we found that Ay,
~ log(U,), whereas in an unmixed Poiseuille flow, Ay, ~
U,, where U, is the average flow speed.?! This logarithmic
dependence of the mixing length on the flow speed is an
indication that the SHM generates chaotic advection.56:5°
In the SHM, the mixing time, t, ~ Ayn/U, can be
decreased by increasing the speed of the flow. This
relation does not hold in an nonmixing channel in flows
at low Re.

Figure 4 shows an application of the SHM in a network
of microchannels designed to form smooth gradients of
concentration. The network transforms 2 input solutions
into 5 output solutions that contain intermediate con-
centrations of solute in the incoming streams. In each
generation (G1, G2, G3) of the network, adjacent streams
from the previous generation are joined and fully mixed.
The use of the SHM in the mixing sections of this network
has three advantages relative to allowing the mixing to
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FIGURE 5. Controlling band broadening in pressure-driven flows
using the SHM. (A) Schematic drawing showing the evolution of a
band of solute in a pressure-driven flow. (B) Unstirred pressure-
driven flow in a rectangular channel: h = 70 um, w = 200 um. (C)
Stirred pressure-driven flow in a channel with the SHM of the same
design as in Figure 3D. In panels B and C, plugs of fluorescent
solution were injected into a steady stream of clear solution at the
inlet of a channel of the form shown in the inset in (B). The traces
in panels B and C represent the fluorescent intensity that was
observed as a function of time at different positions along the length
of the channel, as indicated in the inset in panel B. The origin of the
time axis corresponds to the time of injection for all of the traces.
The black traces (0 cm) have been truncated. The dye was
fluorescein and the liquid was 80% glycerol/20% water. D ~ 1077
cm?/s, U, ~ 0.1 cm/s. Adapted from Stroock et al.®

occur by diffusion alone, as was done previously:% i) the
cross-sectional dimension of the channel can be larger;
larger channels present lower resistance to flow and are
less prone to clogging; ii) the mixing sections can be
shorter; and iii) the speed of the flow can be higher.
Control of Dispersion with the SHM. Another applica-
tion of the SHM is to the control of dispersion in Poiseuille
flows in microchannels. As mentioned previously, disper-
sion occurs in Poiseuille flows because solute in fluid near
the middle of the channel moves more rapidly than solute
in fluid near the walls. The use of pressure-driven flows
for handling uL-scale volumes of solution, and for separa-
tions (e.g., by affinity adsorption on the walls) will benefit
from a reduction of dispersion. Figure 5A shows sche-
matically the dispersion of a band of solute in a Poiseuille
flow. Mixing in the cross-section the flow reduces disper-
sion relative to an unstirred flow by carrying solute back
and forth between the rapidly and slowly moving regions
of the flow. Panels B and C of Figure 5 show the evolution
of bands of solute as observed as a function of time at
different points along the channel. The experiment in
Figure 5B was performed in a simple channel; the experi-
ment in Figure 5C was performed in a channel that
contained the SHM. In the mixing channel, the bands
maintained a larger peak intensity and broadened less
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than in the simple channel. After 20 cm in the SHM, the
bands had dispersed over ~5 cm; this length corresponds
to a volume of less than one uL.

Conclusions

The methods that are reviewed in this Account require
minimal modifications to the standard geometry (i.e.,
uniform microchannels) and modes of operations (i.e.,
steady electric fields and pressure gradients) of micro-
fluidic devices. These simple modifications create quali-
tatively new fluid behaviors, which can facilitate chemical
operations in microsystems. The simplicity and passive
nature of these methods make them appropriate for field-
use.

These methods of handling fluids may also find ap-
plications in more convectional, benchtop systems. For
example, the reduction of dispersion with the SHM could
be applied in high performance liquid chromatography
systems to improve resolution, and reduce the required
volume of analyte. For applications in which cost and
simplicity of operation are not priorities, active methods
of controlling flows may offer advantages relative to the
passive methods that we have studied. For example, active
mixers have the potential to achieve full mixing in shorter
distance than the SHM.®* We also note that active methods
of controlling the density of charge3!% and the shape of
channels'? could be used to control in an active manner
the types of fluid behavior that we have generated
passively.

The ability to pattern flows opens opportunities for new
uses of EO and pressure-driven flows in microsystems.
With patterns of surface charge density, regions of rotating
flow, regions of high and low rates of shear, and stationary
points can be positioned with micron-scale precision.
These features of the flow could be used to manipulate
the position of objects in the flow, generate controlled
torques for mechanical actuation, or influence the con-
formation of macromolecules. By reducing dispersion, the
SHM opens the possibility for using pressure-driven flows
in a variety of chemical applications. For example, the
ability to transport microliter-scale volumes of sample
could mean that it is possible to run high-throughput
screening and synthesis with molecules in solution (rather
than on solid support).

The work Harvard University that is reviewed here was sup-
ported by DARPA: NSF ECS-9729405, and NSF: DMR-9809363
MRSEC. We thank Stephan Dertinger for Figure 4.
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