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Introduction

he ability to create structures and patterns on micron and

smaller length scales has triggered a wide range of scientif-

ic investigations, as well as the development of many
devices to transport and manipulate fluids and pattern surfaces.
The engineering paradigm, therefore, turns to design, manipula-
tion, and control on length scales that are increasingly approaching
the molecular. These types of investigations involving fluids,
broadly identified under the theme of microfluidics, have rekindled
interest in a classical area of fluid dynamics. low-Reynolds-num-
ber flows. The objective of thisarticleisto highlight some avenues
of research and development in microfluidics. Given the limited
format of this article, extensive referencing is not possible, but
research papers with novel ideas in this field are appearing at a
rapid pace. One particularly interesting aspect of the research is
the imaginative use of engineering, chemistry and physics to
achieve devices with specific functions.

Modern developments in the design and utilization of microflu-
idic devices for fluid transport have found many applications, rang-
ing from the life sciences industries for pharmaceuticals and bio-
medicine (drug design, delivery and detection, diagnostic devices)
to industrial applications of combinatorial synthesis (such as rapid
chemical analyses and high throughput screening). In other branch-
es of medicine, new paradigms for noninvasive diagnostics and
surgery are enabled by small (possibly implanted or ingested)
microdevices. As an example of the rapidly increasing demand for
biomedical microdevices, the biochip market was $400M in the
year 2000 and is expected to increase fivefold by 2005 (Jain, 2000).
Other areas of applications for microdevices for the transport of lig-
uids and gases include the aerospace and automotive industries,
microreaction engineering, printing, and optical applications. Novel
electrical devices assembled using microfluidic components are
also a possible area for technological innovation. Two recent arti-
clesin the AIChE Journal’s “Perspectives’ column provide exam-
ples of some of these applications (Jensen, 1999; Langer, 2000).

Generally, microfluidics refers to devices or flow configurations
that have the smallest design feature on the scale of a micron or
larger. Frequently, this means rectangular channels with cross-sec-
tional dimensions on the order of tens or hundreds of microns. For
most cases involving the flow of small molecule liquids like water,
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this scale is well suited to the standard continuum description of
transport processes (such equations of change as the Cauchy stress
equations supplemented by appropriate constitutive equations and
body forces), even though surface forces play amore important role
than is usual. The development of mechanical structures on the
nanometer length scale is another area of rapid progress. Since
many of these nanofabrication processes take place in the liquid
state, the understanding of “nanofluidics’ is a research challenge
that will likely involve contributions from continuum, statistical,
and molecular mechanics. In general, the design paradigm faced by
the engineer is scale-down rather than the more familiar scale-up.

Micro- and nanodevices are useful because they alow manipula-
tion with fast response times, they can handle small fluid volumes,
sense and control flows and pattern substrates on small length scales,
and, what promisesto be very important, they can selectively address
the cellular scale. Traditionally, silicon micromachining methods
have been used to make micron-scae eectrical and mechanica
devices from silicon and glass. More recently, elastomeric materials
have been used (McDonad et a., 2000). The latter systems offer
potential advantages of faster design times, low cogt, the ability to
fabricate nanoscale features, and the possibility of deformable shapes
(Quake and Scherer, 2000). Both fabrication techniques will likely
continue to play important roles in future applications.

Many challenging research and design questions are posed by
micro- and nanofluidic systems. Because the field has seen rapid
recent development, several review articles have already been writ-
ten (e.g., Gad-el-Hak, 1999; Ho, 2001). Most of these articles have
focused on specific microdevices (Ho and Tai, 1998; Quake and
Scherer, 2000; Whitesides and Stroock, 2001), such as the design
of valves, pumps, actuators, mixers and reactors, sensors, and
three-dimensional networks of channels. Many of these ideas are
important in light of the development of the lab-on-a-chip concept
(or micro-total-analysis systems), where transport processes,
including mixing, reactions, separations, and manipulation of par-
ticles, are being applied on smaller scales than traditional engi-
neering technologies. Another area of significant interest is in
active control, for example, manipulating the boundary layer in
high-speed flow; these applications are of less interest to most
chemical engineers and will not be discussed further.

In addition to the design of new devices, there are research ques-
tions raised concerning transport processes, in particular the motion
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of particlesin small devices, and the impact of surface forces. It is
useful to consider “particles’ in a broad sense and so distinguish (1)
small organic molecules (afew Angstromsin size), (11) protein mol-
ecules (typical sizes about 20-50 A), and large biopolymers such as
DNA, (I11) suspended solid particles or cells (typically 1-10 um) or
nanowires (tens of nanometersin diameter but typically micronsin
length) (Huang et al., 2001), and (1) fluid droplets or gas bubbles
with radii comparable to the channel, but with lengths possibly larg-
er. In addition, surfaceforcesarevery important and often dominant
on the small-scale characteristics of microdevices. These forces
include van der Waals forces, forces associated with charged Debye
double layers common whenionic solutions are present, and surface
tension, which is typically significant when fluid-air or
fluid-fluid interfaces are present. One can manipulate such surface
forces by patterning sub-

cal engineering community (Happel and Brenner, 1983; Kim and
Karrila, 1991); indeed in the 1970s, G. K. Batchelor coined the
term microhydrodynamics to describe this flow regime. The most
important new themes introduced by the small length scales of
microfluidic devices are the significant role of surface forces (sur-
face tension, electrical effects, van der Waals interactions, and sur-
face roughness), complicated three-dimensional geometries, and
the possibility that suspended particles have dimensions compara-
ble to the microchannels. One of the challengesisto creatively use
or tailor these effects to produce functional devices.

Fluid motions in these small-scale systems are driven by the fol-
lowing.

1. Applied Pressure Differences. The velocity distribution is par-
abolic (or nearly so) across the channel, as familiar from the clas-

sic Poiseuille flow.
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Figure 1. Microfluidics devices require the integration of understanding of a
range of scales, from the micron size of most channels and deliv-
ery devices possibly down to the sizes approaching the molecular.
An understanding of dynamical processes requires consideration
of additional length scales including surface and manufacturing
roughness, the extent of the influence of van der Waals forces
and double-layer screening, and the radius of gyration, as well as
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Low-Reynolds-number flow in microdevices

Typical applications are concerned with gases, water, or other
aqueous solutions. The channels manufactured to date have dimen-
sions ¢=1-300 pum, and flow speeds u, though varying widely, and
at least for liquids they are possibly in the range up to cm/s, which
yields a Reynolds number [=pu¢/pu< 30 where p and p denote the
density and viscosity of the fluid. In many cases, [1<1 so that vis-
cous forces dominate the response. For other cases, although the
Reynolds number is not actualy less than 1, it is in such a range
that the flow remains laminar.

Investigations of low-Reynolds-number hydrodynamics natural -
ly fall into the fluid dynamics realm of long interest to the chemi-
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pressure gradients in
liquids, so it issimilar in many waysto item 1, though the shape of
the interface may itself be important.

4. Free-Surface Flows Driven by Gradientsin Interfacial Tension
(Marangoni Flows). These can be manipulated using the depen-
dence of surface tension on temperature or chemical concentration
(for aclever application of the latter, see Gallardo et ., 1999).

Only a few examples of centrifugal driving forces have been
described, and buoyancy effects are small owing to the small
length scales of these configurations. The influence of bends in
microchannels is important since bends occur frequently when
maximizing the use of space in adesign of amicrodevice. In addi-
tion, one should distinguish single-phase flows from two- or mul-
tiphase flows. It should then be evident from Figure 1 and items
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14 above that as the length scale of the geometry is reduced, addi-
tional length scales associated with surface forces become more
significant in the overall response. As an example of considera-
tions potentially relevant as the scale is reduced and additional
forces are significant, Chang (2001) discusses electrokinetically
driven multiphase flow in microchannels.

Some discrepancies have been reported between flow measure-
ments made in small channels and expectations from classical theo-
ry based on solutions to the Navier-Stokes equations. However, a
careful considera-

small molecule liquids such as water, the familiar continuum
description remains an appropriate starting point for analysis of
microdevices, with appropriate consideration being given to elec-
trical effects, dlip, etc., asindicated briefly before.

Transport Phenomena

Individuals microdevices have a specified objective. Better under-
standing of the local fluid dynamics can in principle produce novel,
better and more

tion of the experi-
mental results for
pressure-driven
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significant discrep-
ancies (The pres-
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factor charts, Sharp
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geometry plays in
low-Reynolds-
number flows,

efficient designs.
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sign and perfor-
mance of microde-
vices are transport,
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of particles, and the
influence of surface
forces as devices
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of  microdevices
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as the familiar | Figyre 2. Examples of microfluidic manipulations that include surface patterningand | Neering education:
Poiseuille formula particle positioning. dimensional analy-
(or a .Iubrication (@) Multiphase laminar flow in microchannels (Kenis et al., (1999); image sis.  Since the
calculation) makes copyrighted by Felice Frankel): these systems can be used for microfabri- Reynolds numbers
clear. For example, cation such as carrying out chemical reactions that pattern or chemically is generally small,
since the pressure etch surfaces. (b) Alignment of BCE cells on topographical features created it itself does not
drop as a function by laminar flow etching such as shown in (a): (A) Control experiment. BCE usually appear as a
of flow rate varies cells grown in a channel with no topographical features. The cell body as parameter. Instead,
as the inverse well as the actin stress fibers have random orientation. (B) BCE cells grown geometric features
fourth power of in channels with approximately 6o micron wide ridges and grooves. The and ratios can mat-
the redius, a small lefthand side micrograph is a phase-contrast image of the cells after they ter in dictating the
change in the were fixed and stained with phalloidin to visualize the actin cytoskeleton. details of the flow,
dimension  trans- The righthand side micrograph is an epi-fluorescence image that shows and other dimen-
verse to the flow, the actin fibers of the same cells. The cell bodies, as well as the actin sionless  ratios,
Sy dye to- manu- stress fibers, align at the edge of the ridges. (Takayama et al., 2001). (c) typically involving
facturing imperfec- Nanowires deposited in nearly parallel arrays along the surface of a surface, electrical
tions or objects microchannel using pressure-driven flow. Such nanostructures can be and/or  thermal
adhering to the assembled into functional electrically conducting networks (Huang et al. forces, are impor-
boundary, produces (2001)). The scale bar is 2 microns. tant when charac-
large changes in terizing the details
the flow. of transport pro-

For gases, theory is in excellent agreement with experiment if
compressibility and finite wall slip (owing to the mean free path
being comparable to the channel dimensions) are properly account-
ed for (Arkilic et al., 1997). Furthermore, it is worth recognizing
that electrical effects due to charged double layers can be difficult
to quantify, in particular since charge inhomogeneities may occur.
Also, at the scale of tens or hundreds of nanometers, at least for
surfaces that are essentially atomically smooth, there is evidence
for dlip (Pit et a., 2000). Thus, it is our understanding that for

cesses. For one view of these ideas from the perspective of col-
loidal systems, see Russel et a. (1992).

Dispersion. The interplay of convection and diffusion is crucial-
ly important in many applications, especialy thoseinvolving chem-
icd reactions. The spread of an injected (Brownian) solutein apres-
sure-driven Poiseuille flow generally occurs much more rapidly
than predicted if only molecular diffusion is considered. This
Taylor-Aris dispersion occurs because thermal fluctuations (i.e.,
molecular diffusion) alow suspended particles to sample stream-
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lines that have different speeds. Since dispersion is often to be pre-
vented, electroosmotic flows are useful since such flows have uni-
form, or nearly uniform, velocity profiles, which limit spreading to
that by molecular diffusion alone. Of course, to utilize device vol-
ume more effectively the channels are curved (often highly) and
some designs now utilize three-dimensional networks, which pro-
duce (unwanted) dispersion even in electroosmotic flows.

Anareaof current research seeksto understand the detailed fluid
flow in the entire microchannel network in order to produce
designs that minimize this hydrodynamic dispersion. Also, over
short time scales, suspended particles cannot diffuse across the
entire channel, so the Taylor-Aris dispersion mechanism is not
appropriate and instead dispersion (and so chemical reactions) is
controlled by the local features of the velocity distribution in the
channel; this produces spreading at different rates near the walls of
the channels (regions of large gradients) compared to the center of
the channel (Ismagilov et al., 2000).

Separation Processes. There are well known methods using
cross fields (electric, thermal, etc.) to produce or enhance spread-
ing of an injected solute in the flow direction and this axial spread-
ing naturally aids separation processes. Such well-known field-
flow-fractionation methods are similar to Taylor-Aris dispersion
and apply to microchannels as well. It is also possible to modify
surface properties of microchannels to effect interactions between
particles and surfaces that can further impact separations. Here, it
isworth recognizing the possible influence of hydrodynamic inter-
actions when charged particles move in the neighborhood of
boundaries, which has been characterized recently to understand
the “attraction of like-charged” colloidal particles (Squires and
Brenner, 2001). In addition, microfabrication techniques have
been used to manufacture an array of closely spaced posts that sep-
arate large biopolymers according to size during electrophoresis
(Duke and Austin 1998).

Mixing. Mixing is important but appears more difficult at small
scales because the familiar use of turbulenceis unavailable. Often
molecular diffusion alone is not sufficient given the flow speeds
and channel lengths used (not the Taylor dispersion limit men-
tioned above). It isintuitively reasonable that enhancing the mix-
ing of two fluids or atracer in afluid will be aided substantially by
chaotic particle paths of the fluid itself. Perhaps more surprising is
the realization that simple laminar flows often have sufficient
ingredients to produce chaotic mixing flows, i.e., laminar chaos.
Here, research drawing the connection between mixing and non-
linear dynamics will likely be useful (Ottino, 1989). Microdevices
are currently being designed to take advantage of these manners of
mixing, including the demonstration of passive micromixers (Liu
et a., 2000). Also, peristaltic mechanisms, which produce bulk
motion by some form of time-dependent boundary perturbation,
may prove to be useful.

Polymers. Several questions stand out when considering the
presence of polymers (e.g., DNA) in microchannels. On the one
hand, the presence of a small amount of polymer is known to mod-
ify the rheological response of the bulk flow and so results from the
non-Newtonian fluid mechanics literature must be applied or deter-
mined for the flow configurations typical of microchannels. On
the other hand, microflows can be used to manipulate polymers.
For example, the polymers can be sorted, stretched, bound to sur-
face groups, possibly identified in a number of different ways and
manipulated by externally applied fields. As an example, Babcock
et a. (2000) discuss both the microscopic and macroscopic
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responses. Finaly, the typical sizes of polymers can be compara-
ble to the microchannels themselves and understanding and char-
acterizing transport properties of confined polymers undergoing
flow is an active area of research.

Outlook and potential research directions

Many microfluidic devices have been developed in the past sev-
era years. These systems are rapidly being applied in the biomed-
ical, pharmaceutical and printing industries, to name just a few. It
is natural to think that these systems will be integrated with “smart
materials and devices’ (e.g., Langer, 2000). The ability to pattern
substrates, implement the lab-on-a-chip concept, control and
enhance chemical reactions and heat transfer, manipulate particle
position, orientation and transport rates, develop mixing and sepa-
ration processes, among others, will offer both research and engi-
neering opportunitiesin the future and hopefully be among the suc-
cessful technologies utilizing microfluidic principles and devices.
The importance of scaling down devices, as well as characterizing
and understanding the interplay of fluid flow, surface forces, and
potentially statistical and molecular interactions, are among the
research questions that will need to be addressed.
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