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Abstract This review article presents an overview of
some of the tools, techniques and applications of
numerical simulation for integrated microfluidic devices.
Provided is a broad overview of the different areas to
which numerical techniques have been applied in the
development of these devices from detailed studies of
fundamental microfluidic problems (e.g., species mixing
and sample dispersion) to unique approaches that take a
more global overview of the entire system. While the
majority of the work to date has been in these areas, also
reviewed is some recent progress into other equally
important areas of microscale transport such as thermal
analysis and chemical reactivity and specificity. An
overview of the advantages and disadvantages of com-
mon numerical techniques is also presented along with a
brief discussion of some of the existing numerical tools,
focusing on those best suited for microscale transport
analysis. As microfluidic devices become increasingly
complex, optimal fluidic and transport designs become
more and more difficult to do experimentally. Thus, it is
believed that future demand in the field will be for highly
integrated simulation tools that allow users without a
significant computational fluids background to
“numerical prototype’ highly integrated devices.

1 Introduction

Microfluidics may well be to the first half of the 21st
century what microelectronics was to the latter half of
the 20th century. The development of the integrated
circuit allowed electrical devices to shrink from room-
sized to pocket-sized, all the time increasing in speed and
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penetrating into nearly every aspect of our lives. Simi-
larly, it is hoped that many of the large, expensive
chemical and biological analyses that are currently being
performed can be replaced by integrated microfluidic
devices (Erickson and Li 2004a; Vilkner et al. 2004;
Paegel et al. 2003), often called labs-on-chip, resulting in
a similar revolution.

As a result of this promise, the development of lab-
on-chip devices has become a highly competitive field
and as such researchers typically do not have the luxury
of large amounts of time and money to build and test
successive prototypes in order to optimize species
delivery, reaction kinetics or thermal performance. Ra-
pid prototyping techniques, such as those developed by
Whitesides’ group (Duffy et al. 1998; Ng et al. 2002),
coupled with the shift toward plastics and polymers as
fabrication material of choice (de Mello 2002) have
significantly helped to cut cost and development time
once a chip design has been selected. Computational and
analytical simulation of on-chip processes, however, can
serve to dramatically reduce the time from concept to
chip even further (Erickson and Li 2004b). Simulation
allows researchers to rapidly determine how design
changes will affect chip performance, thereby reducing
the number of prototyping iterations. Perhaps even
more importantly “numerical prototyping” applied at
the concept stage can provide excellent estimates of
potential chip performance (e.g., rate of surface
hybridization of solution phase targets, speed of thermal
cycling for PCR or separation performance in capillary
electrophoresis) enabling the researcher to take a fruitful
path from the beginning.

There are a variety of factors that complicate the
numerical simulation of microscale phenomena and
thereby distinguish it from its macroscale counterpart.
The particular form in which these complications pres-
ent themselves and the techniques for handling them
tend to be application specific, and thus, is tackled in
turn throughout this article, they can generally be bro-
ken down into four different groups. The first compli-
cation, and often most important numerically, is the
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range of relevant length scales, which can vary as much
as seven orders of magnitude (from the double layer
thickness, nm, to channel lengths and substrate dimen-
sions, cm). Secondly, the downscaling of the size dra-
matically increases the relative importance of surface
and interfacial phenomena (e.g., the electrical double
layer, surface tension and roughness). Rapid and local-
ized changes and fluidic and material properties (e.g.,
thermal conductivity, viscosity, conductivity) can also
occur in many systems, which tend to be particularly
important when thermal analysis is of interest. In gen-
eral, however, the most challenging and interesting as-
pect of computational simulation for labs-on-chip
devices is the range of relevant phenomena, which
combines microfluidics, microtransport, microthermal,
micromechanics, microelectronics and optics with
chemical and biological thermodynamics and reaction
kinetics. In general, one must consider all of these as-
pects in order to provide a complete numerical picture of
what is required to engineer a true lab-on-chip.

In this article, we review the use of numerical simu-
lation and computational engineering techniques applied
to the design and development of lab-on-chip devices. In
general, as many of the relevant phenomena will be
covered as possible—from unique approaches to elec-
trokinetics and microscale flow, microscale thermal
simulation, and chemical/biological reactions. While not
the focus of this article, important analytical works that
form the theoretical background of a particular area of
interest are also briefly mentioned.

In general, this article is written assuming readers
have at least a rudimentary understanding of traditional
pressure-driven flow and electrokinetic phenomena. As
the range of physical phenomena covered in this article
is so large and the number different techniques used to
model each situation varies so greatly, a comprehensive
review of the governing equations is beyond the scope of
this article. Here, the focus is on the applications, the
specific numerical tools and approaches used to model
the relevant physics. Readers are referred to Erickson
and Li (2004b) or Karniadakis and Beskok (2002) as
well as classic reference texts on electrokinetics such as
Lyklema (1991, 1995) and Hunter (1981) for general
fundamental details and the references herein for specific
details related to the phenomena of interest.

2 General overview of numerical techniques and tools

Prior to discussing the detailed applications, a brief
overview of some of the general numerical techniques
and tools used by those currently in the field is war-
ranted. Broadly speaking, techniques for computational
analysis can be classified by the particular method by
which the governing equations are discretized as finite
difference, finite volume, finite element and boundary
element methods. The advantages and disadvantages of
each of these methods are well documented by others
(Ferziger and Peri¢ 2002; Garg 1998; Gresho and Sani

1997) and thus, only a cursory overview is presented
here.

2.1 Finite difference method

In the finite difference (FD) technique (Chung 2002), the
partial derivatives in the governing differential equations
are replaced with Taylor series approximations based on
the values of neighboring nodes (Ferziger and Peric¢
2002). The result is a single algebraic equation for each
node which can be assembled and solved reasonably
simply using a variety of well-developed direct and
iterative solvers. This method has the advantage of
generally being the easiest to implement, though, it is
practically limited to well-structured grids and thus only
advantageous in simple geometries (e.g., capillaries or
channel cross sections).

2.2 Finite volume methods

For finite volume (FV) methods (Dick 1996b), the sim-
ulation domain is divided into a series of control vol-
umes, each corresponding to a single grid point (node),
over which the differential equation is integrated. Simi-
lar to FD methods, a single algebraic equation, in which
the values of the neighboring nodes appear as un-
knowns, is then obtained for each control volume
(Ferziger and Peri¢ 2002). Unlike FD methods, however,
the FV method does not require a structured grid and is
thus suitable for more complex and commonly
encountered geometries (e.g., looping channels used in
on-chip capillary electrophoresis). The major disadvan-
tage with FV methods comes in the definition of deriv-
atives (i.e., as with FD methods, when the grid is
irregular, a Taylor series expansion to obtain the
derivative is impossible) and the difficulty in converting
higher order derivatives into lower order ones (Dick
1996b). The result is that FV methods are best suited to
problems where the viscous terms are absent as opposed
to the low Reynolds number flows encountered in mi-
crofluidics in which these terms are dominant.

2.3 Finite element methods

The finite element (FE) method (Heinrich and Pepper
1999; Reddy and Gartling 2001; Dick 1996a; Gresho
and Sani 1997) enjoys many of the same advantages of
the FV method, most importantly the ability to handle
unstructured grids and irregular geometries. The dis-
tinguishing feature of the FE method is that the equa-
tions are multiplied by a weight function prior to being
integrated over the domain (Ferziger and Peri¢ 2002).
The most significant advantage of the FE method from
the microfluidicist’s point of view is the relative ease and
elegance by which the weak formulation allows for the
application of boundary conditions and the extraction



of boundary information. This is particularly relevant
for the flux or gradient-based boundary conditions that
are commonly encountered in applied electrical fields,
transport systems with surface phase reactions and
thermal analysis involving convective heat transfer.
Isoperimetric quadratic elements can also be used to
exactly conform to curved fluid—fluid interfaces such as
those encountered in surface tension driven flows. A
disadvantage of FE methods is the numerical difficulties
associated with handling highly irregularly shaped ele-
ments (e.g., large aspect ratios or highly curved) or large
ranges in element size within a single mesh. In lab-on-
chip devices, the relevant length scales can range over
seven orders of magnitude, from the double-layer
thickness (nm) to channel length (cm) and thus, it is
often difficult to avoid using such elements while main-
taining a computationally tractable problem.

2.4 Boundary element methods

Boundary element methods (Gupta 1999) attempt to
satisfy the governing equations in all elements of the
domain through the minimization of certain integrals
over the boundary. This technique has not widely been
applied to microfluidic systems. However, in principle it
does have significant advantages in terms of computa-
tional efficiency, as only boundary elements are neces-
sary. The method does, however, have difficulties in
handling systems with variable material properties
(Garg 1998).

2.5 Computational tools for microfluidics

There are a variety of commercially available codes that
have been very successful in modeling microfluidics
processes (e.g., Fluent (http://www.fluent.com), FEM-
LAB (http://www.femlab.com), CFD-ACE+ from the
CFD Research Corporation (http://www.cfdrc.com)
and Coventor (http://www.coventor.com)). While these
excellent tools do present the path of least resistance to
high-level numerical analysis, they do in general require
the user to posses some background in computational
fluid dynamics (a skill not particularly prevalent
amongst the chemists, biologists and doctors who
dominate the chip development field). Additionally,
many of these codes tend to be focused primarily on
simulation of fluid flow and to a lesser extent, species
transport, which as mentioned above does not provide a
complete picture of what is required to engineer a true
lab-on-chip. The multiphysics capabilities of FEMLAB,
which facilitates the coupling and simultaneous solution
of different fundamental equations along with its point
and click interface make it likely the best candidate of
the widely available tools for comprehensive modeling.
In addition to these commercial packages, some research
groups have developed their own codes (a much more
laborious task), which allows them to be specialized for
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lab-on-chip development. Our group specifically has
pursued the development of a FE-based code termed
BLOCS (Bio-Lab-On-a-Chip Simulation), which is
capable of simulating a variety of on-chip processes by
integrating microfluidics, microtransport, and micro-
thermal analysis with biological thermodynamics and
reaction kinetics.

3 Microscale flow and species transport simulation

Traditionally, microfluidic simulation has concentrated
on the study of fluid flow and species transport in
channel structures commonly encountered in lab-on-
chip devices using either traditional pressure or electro-
kinetic phenomena as the primary motive force (see
Erickson and Li (2004b) or Hunter (1981)). Many of the
most highly cited of these investigations have focused on
the application of numerical techniques to the study of
such fundamental microfluidic problems as species
mixing, controlled sample dispensing and dispersion for
on-chip capillary electrophoresis. In addition to pro-
viding an overview of these investigations, we also
examine some of the other areas to which numerical
techniques have been applied, attempting to focus on
those which present unique flow patterns and simulation
techniques or those which allow the investigator to take
a more global overview of the chip, as opposed to con-
centrating on a specific domain.

3.1 Dispensing, dispersion, mixing and concentration
gradients

As alluded to above, some of the first numerical simu-
lations of flow and species transport directly translatable
to modern lab-on-chip devices were investigations of
electrokinetic-focusing and sample-dispensing tech-
niques based on those popularized by Harrison et al.
(1992, 1993). In one of the first of these studies, Patan-
kar and Hu (1998) examined the electrokinetic flow field
at a cross intersection, which was followed-up by Er-
makov et al. who extended that work to look at species
focusing and mixing (1998) and dispensing in similar
fluidic systems (2000). In another early study, Bianchi
et al. (2000) performed FE-based simulations of elec-
trokinetic flow at a T-junction. Building on those initial
studies, Fu et al. (2002a, b, 2003); Lin et al. (2002,
2004a), Ren et al. (2002, 2003) and Jin and Luo (2003)
developed advanced numerical simulators and used
them to develop a variety of novel and complex pinching
and dispensing techniques. Of particular interest are the
works of Tang et al. (2002) who modeled and developed
an electrokinetic technique for composition modulation
in microfluidic systems involving the high-frequency
oscillation of the inlet voltages and Chmela et al. (2002)
who took a different approach and used fluent-based
simulations to design and characterize a pressure-driven
flow based sample injection technique. Wolff et al.
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(2003) used numerical simulations to design and opti-
mize their “smoking chimney” design for hydrodynamic
focusing of cells. Sundararajan et al. (2004) presented
Coventorware-based simulations to develop a 3-D
hydrodynamic-focusing technique, which they then
experimentally demonstrated in a PDMS-based chip.
FEMLAB-based simulations of isoelectric focusing were
presented by Lu et al. (2004) as part of the development
of their microfabricated device for subcellular organell
sorting.

One problem with traditional capillary electrophore-
sis systems was that poor heat rejection characteristics
led to radial gradients in the buffer viscosity, which in
turn resulted in sample dispersion, see Knox and Mc-
Cormack (1994a, b), thereby limiting the strength of the
applied electric field and ultimately the resolution and
speed of analysis. The shift toward glass microchips with
much better heat-rejection characteristics significantly
reduced this problem. However, geometric constraints
introduced the new problem of band broadening at
looping turns. In addition to several excellent analytical
and experimental investigations (Griffiths and Nilson
2000; Culbertson et al. 1998), a series of excellent
numerically based studies have examined solutions to
this problem typically concentrating on developing no-
vel turn geometries. In one of the most globally appli-
cable of these studies, Molho et al. (2001) coupled
numerical simulations with shape optimization analysis
to develop a general turn geometry for minimizing dis-
persions. Recent works by Fiechtner and Cummings
(2003, 2004) have demonstrated the use of 2-D numer-
ical solutions of the Laplace equation coupled with a
Monte Carlo technique to model diffusion to develop a
faceted design technique for minimizing dispersion. Fu
et al. (2002¢c) also considered the issue of band broad-
ening in microfluidic systems. Also of particular note is
the work of Bharadwaj et al. (2002) who used numerical
simulations as part of their more comprehensive look
into the design and optimization of CE chips. A par-
ticularly unique part of that study was the inclusion of
detector models to better characterize the entire system.

Systems exhibiting spatial gradients in electrolyte
conductivity are an important subclass of electrokinetic
flows occurring in commonly encountered applications
such as field amplified sample stacking and isoelectric
focusing. The introduction of a nonlinearity into the
coupled electric field, flow and transport system signifi-
cantly complicates the modeling process and leads to an
interesting class of problems. Recent works that have
examined this problem include those by Sounart and
Baygents (2001) who studied the transport of a sample
plug with significantly higher conductivity than that of
the bulk fluid, and Ren and Li (2004) who numerically
examined the effects of conductivity differences on the
sample-injection process. Perhaps the most interesting
works conducted in this area are the recent studies on
electrokinetic stability in the presence of conductivity
gradients perpendicular to the direction of bulk fluid
motion by the Santiago group at Stanford University

(See Oddy et al. 2001 for an example of how electroki-
netic instabilities have been applied to microscale mix-
ing). From this group, Lin et al. (2004b) presented a
comprehensive model of the conditions that lead to this
instability and nonlinear numerical simulations of the
predicted transport field, which agreed well with exper-
imental results. Figure 1 is an illustrative example of the
numerical results from this work demonstrating the
evolution of flow instability under various applied field
strengths. For details of the simulation conditions
readers are referred to the aforementioned work by Lin
et al. (2004b).

In general, liquid based microfluidic systems tend to
be strongly laminar and thus lacking a strong advective
(with the notable exception of the electrokinetic insta-
bility work) or turbulent enhancement component,
species mixing tends to be diffusion based and therefore
require either a long dwell time or long channel length.
Biddiss et al. (2004) (also see Erickson and Li (2002b))
demonstrated the use of numerical characterization of a
surface heterogeneity based electrokinetic micromixer by
examining the performance of a series of heterogeneous
surface patterns and geometries. Figure 2 compares the
numerical predictions with the experimental results ob-
tained in a PDMS/glass chip where the bottom surface
has been patterned with a checkerboard surface heter-
ogeniety pattern (which was found through numerical
simulation to exhibit the best mixing characteristics for
this case). Chung et al. (2004) used the CFD-ACE
package to simulate the pressure-driven and relatively
high Reynolds number (between 10 and 300) mixing of
water and ethanol in a circulating microfluidic system.
Jen et al. (2003) developed an interesting twisted mi-
crochannel geometry to induce advective mixing in a T-
type microfluidic systems simulated using the CFD-ACE
package. Wang et. al. (2003) used the MemCFD mi-
crofluidics package from Coventor to model the pres-
sure-driven mixing in a microfluidic system with
patterned groves on the bottom surface similar to that
proposed by Stroock et al. (2002). In another very
impressive study, Johnson and Locascio (2002) used the
CFD-ACE package to characterize and optimize the use
of slanted well designs for microfluidic mixing under
electroosmotic flow. The study also investigates the use
of the technique for combined mixing while minimizing
sample dispersion. Interested readers are also referred to
their original work on this design (Johnson et al. 2002).
Neils et al. (2004) developed a 3-D combinatorial mi-
crofluidic system that produces a series of titrations of
different input compounds. In this work, FE simulations
were used to characterize the serpentine mixer outlet
uniformity. Hong et al. (2004) used the CFD-ACE +
package to simulate their passive micromixing system
which consisted of a series of in-plane Tesla structures.
Simulations and experimental validation there revealed
an increase in the mixing efficiency as the flow rate in-
creased (as the result of enhanced convective effects)
unlike traditional passive mixers, which tend to show a
decrease. Holden et al. (2003) used the CFD-ACE +



Fig. 1 Sample images of
nonlinear numerical
simulations of electrokinetic
instability in microchannel
flows from Lin et al. (2004b).
Simulation results shown here
are for three different applied
fields (columns) at various times
(rows). The electric field and
bulk flow are directed from left
to right. High field is applied at
t=0 s. Each image corresponds
to a visualization of a passive
scalar in a physical domain of
1 mm wide (y) by 3.6 mm long
(x); the z (depth) dimension is
not modeled in these
simulations. (Note that the
images have been slightly
stretched in the y-direction to
give best visualization.) An
initial white-noise perturbation
with an amplitude of 107> with
respect to the base state is
provided. Reprinted with
permission from Lin et al.
(2004b). Copyright 2004
American Institute of Physics

10.000 V/m

package to help numerically design their uDD (micro-
fluidic diffusion diluter) device, which consisted of a Y-
shaped intersection coupled to an array of parallel mi-
crochannels. Schonfeld et al. (2004) used numerical
simulations to optimize their split-and-recombine (SAR)
chaotic mixer for Reynolds numbers ranging from about
1 to 100 demonstrating that it can be characterized by
finite-time Lyapunov exponents. The model was verified
experimentally using water-glycerol solutions. Also of
interest is the numerically prototyped microscale mag-
netic stirbar array simulated in CFD-ACE by Lu et al.
(2002).

3.2 AC electrokinetics and dielectrophoresis

The development of a series of related applications has
led to an enhanced interest in time periodic electroos-
motic flows or alternating current (ac) electroosmosis
(i.e., electroosmotic flow induced by unsteady applied
electric fields). Comprehensive models of AC flow in slit
channel geometry have also been presented by Dutta
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and Beskok (2001) who developed an analytical model
for an applied sinusoidal electric field using a nonlinear
Poisson—Boltzmann double-layer distribution, and
S6derman and Jonsson (1996) who examined the tran-
sient flow field caused by a series of different pulse de-
signs. Erickson and Li (2003a) presented a transient
numerical and analytical (via a Green’s function for-
mulation) model of ac electrokinetic flow through a
rectangular channel of arbitrary aspect ratio and exci-
tation waveform. It is shown that the steady time peri-
odic (after the effects of the initial impulse are
dissipated) velocity profile is characterized by the ratio
of the period of oscillation to the time scale for viscous
diffusion and that impulsively started flows exhibit
interesting transient behavior resulting in a net positive
velocity at the channel midpoint during the initial cycles.
Gonzalez et al. (2000) used a linear double-layer analysis
to model flow near a set of parallel electrodes subject to
two ac fields, 180° out of phase with each other (also see
the experimental investigation by Green et. al. (2000)).
Green et al. (2002) also presented a FE simulation of
dielectrophoretic and traveling wave forces in systems
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Fig. 2 Comparison of A
numerical simulations and
experimental results for surface
heterogeneity enhanced
electrokinetic mixing from
Biddiss et al. (2004). Images
illustrate the steady-state
species transport for an applied
voltage potential of 280 V/cm
for (a) the homogeneous
microchannel and (b) the
heterogeneous microchannel as
derived through (i) numerical
and (ii) experimental analysis.
The heterogeneous
microchannel system was
functionalized with a positive
polyelectrolyte in a
checkerboard pattern on the
bottom glass surface.
Numerical simulations were
used to determine the geometric
properties of the heterogeneity
pattern which yielded the best
mixing characteristics.
Reprinted with permission from
Biddiss et al. (2004). Copyright
2004 American Chemical
Society

Q
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with interdigitated electrode arrays. As part of the
development of their dielectrophoretic fluidic system for
fractionation of biological cells into subpopulations, Li
and Kaler (2004) presented numerical simulations of the
local electric fields and force profiles. Meinhart et al.
(2003) presented FEMLAB based simulations of flow
induced by combined dielectrophoretic and electrother-
mal forces (see Green et al. (2001) for additional infor-
mation on electrothermal effects) and achieved
quantitative agreement with experimental p-PIV mea-
surements thereby demonstrating the importance of
electrothermal forces on particle motion. For a com-
prehensive overview of dielectrophoresis, particularly as
applied to particle separation methods, readers are re-
ferred to the article by Gascoyne and Vykoukal (2002).

3.3 Flow over nonuniform surfaces

One of the challenges of modeling microscale transport
is that it is strongly dependent on both the local and
global surface properties. Electroosmotic flow tends to
be exceptionally sensitive to such heterogeneities as
irregularities in the surface charge density by definition
affect the electrokinetic body force and lead to induced
pressure forces or localized flow circulation. Ajdari
conducted a series of pioneering analytical studies
examining these effects on electroosmotic flow over
nonuniform surfaces (Ajdari 1995) and transverse effects
using channel shape and charge-density modulations

(Ajdari 1996, 2001). Long et al. (1999) also developed an
analytical model for an isolated heterogeneous spot in a
flat plate or capillary geometry. The tumbling behavior
predicted by these models was later observed in slit mi-
crochannels experimentally by Stroock et al. (2000,
2001) who found excellent agreement with their flow
model. Readers are also referred to Anderson (1985) as
another pioneering work in modeling these effects.
Ghosal (2002a) developed a lubrication theory approach
to modeling the electroosmotic flow profile in capillaries
of varying cross section and surface {-potential. Also of
interest from this author is the investigation into the
effects of analyte adsorption on electroosmotic flow
(Ghosal 2002b). Erickson and Li presented numerical
models based on a simultaneous solution to the Nernst—
Planck, Poisson and Navier—Stokes equations for both
pressure driven (2002a) and electroosmotic flow (2003b)
over periodically repeating nonuniform surface (-po-
tential pattern. In the former of these cases, the presence
of heterogeneous patches is shown to induce flow in all
three coordinate directions, including a circulation pat-
tern perpendicular to the main flow axis. In the latter
cases, the simulations revealed a distinct 3-D flow
structure that, depending on the degree of heterogeneity,
varies from a weak circulation perpendicular to the ap-
plied electric field to a fully circulatory flow system. In
addition, the electrophoretic influence of the applied
electric field on the net charge density in the double layer
is shown to cause a significant deviation from the tra-
ditional Poisson—Boltzmann distribution. The effects of



periodically repeating surface roughness on microscale
transport processes were modeled by Hu et al. (2003a, b)
using a 3-D, FV-based numerical model. Using this
model, it was found that the increase of the electroos-
motic mobility or the decrease of the electrophoretic
mobility could dramatically enhance the uniformity of
the concentration field.

3.4 Free surface, capillary and immiscible liquid flows

The development of microfluidic devices that exploit
capillary forces as the primary means of fluidic transport
(e.g., Duffy et al. 1999) have led to renewed interest in
free surface flows. Numerically, the modeling of such
systems is complicated by the need to track and maintain
a record of the position of each point along the free
surface and use that information to apply a surface
stress boundary condition that is strongly dependent on
the local curvature. To accomplish this, several interfa-
cial tracking techniques have been developed. The
Marker and Boundary method used by Tay et al. (1997)
to examine underfill wetting for microelectronic pack-
aging is based on the Marker and Cell technique detailed
by Welsh et al. (1966). This technique tracks a series of
surface markers placed along the interface, which are
advected to their new position at each time step based on
the previous time step’s computed interfacial velocity.
Arbitrary Lagrangian—Eulerian (ALE) methods are also
commonly used when surface tension effects are impor-
tant (see Donea et al. (2004) for an overview and Dett-
mer et al. (2003) for an example). As the name implies,
ALE methods exploit the advantages of both Lagrang-
ian and Eulerian frames of reference to simplify the
computation and maintain a high mesh quality (versus a
purely Lagrangian approach) as the interface moves.
They, therefore, tend to be good for modeling relatively
large deformation fluid structure interactions such as
those occurring within many MEMS devices. The vol-
ume of fluid (VOF) technique, largely developed by Hirt
and Nichols (1981), tracks the fraction of each phase in
every computational cell to extract the interface shape.
Tseng et al. (2002) applied the VOF interface tracking
technique to the problem of reservoir filling, investigat-
ing factors such as the contact angle and reservoir shape.
Experimental verification is also presented using a
microscale particle image velocimetry setup (u-PIV). In
another interesting study, Lin et al. (2003) also used a
VOF technique to model the deposition of fixed size
liquid samples onto a bioreactor using a stamper array
chip. In general, each of these techniques have their own
particular advantages and disadvantages, however, a
limitation for capillary driven microfluidic systems is the
strong coupling between the computed interfacial shape
and the surface stress boundary condition (i.e., slight
errors in the interfacial advection velocities can lead to
large errors in computed surface curvature) require rel-
atively short timesteps to avoid oscillations and insta-
bilities in the interface position. This, therefore, tends to
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limit the ability of these methods to track capillary dri-
ven flows over long distances, with reasonable compu-
tational resources. Many microfluidic systems, however,
wet over relatively large areas but have consistent and
predictable interfacial curvature. For such cases, Erick-
son et al. (2002c) developed a volume displacement
interface tracking technique, used in conjunction with
FE simulations of the flow field and Cox’s rule (Cox
1986) for determining the dynamic contact angle and
interface shape. This technique was then used to exam-
ine the effects of geometric variability on long range
wetting behavior.

The ability to create, transport and handle discrete
drops on either open surfaces or within closed channels
through local manipulation of the contact angle has
emerged as one of the most promising new technologies
for lab-on-chip devices. Presently, the most commonly
used techniques for performing such manipulations are
based upon the principals of electrowetting (or electro-
capillarity see Quillet and Berge (2001) for an overview)
whose origins date back over 100 years to Lippmann’s
discovery that applied electrical forces that can have
significant influence on the local interface conditions
(Lippmann 1875). Electrocapillarity is essentially a
contact-line phenomenon whereby charge accumulation
at the solid-droplet interface induces an apparent local
reduction in the contact angle. The use of a microfab-
ricated electrode array therefore permits discrete drop-
lets to be transported, mixed and analyzed thereby
creating truly adaptable microfluidic systems (e.g.,
Srinivasan et al. 2004). Dielectrophoretic forces, which
rely on droplet polarizability as opposed to charge
accumulation, have also been used to accomplish many
of these same tasks (e.g., Schwartz et al. 2004). Likely
the most comprehensive numerical simulations of dis-
crete droplet manipulation for lab-on-chip devices were
conducted by Zeng and Korsmeyer (2004). In that work,
they present an excellent overview of droplet electro-
hydrodyanmics and use Coventor-based simulations to
illustrate such fundamental processes as droplet trans-
location, fission, fusion and injection. Figure 3 demon-
strates the ““droplet fission” simulations conducted by
Zeng and Korsmeyer (2004) where the electrowetting
phenomenon is used to break apart a single droplet into
two individual ones. Thermocapillary effects, where
differential temperatures are used to induce changes in
the local contact angle, have also been examined as a
technique for discrete droplet manipulation (e.g.,
Sammarco et al. 1999). In an excellent study, Darhuber
et al. (2003) numerically and experimentally demon-
strated the potential of thermocapillary driven flows on
lithographically patterned hydrophilic microstripes for
lab-on-chip-type applications. The authors have recently
expanded on this work to study the mixing properties of
such systems (Darhuber et al. 2004).

Flows of immiscible liquids occur in many micro-
fluidic systems and are modeled using many of the same
techniques described above to track the moving
boundary between fluids. Chein and Tsai (2004) dem-
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Fig. 3 Droplet fission on an Electrowetting On Dielectric (EWOD)
driven lab-on-a-chip from Zeng and Korsmeyer (2004).
(a) illustrates the device configuration. All four electrodes embed-
ded in the insulating material are ON electrodes. The square
electrodes are 100 mm wide and 100 mm apart. The thickness of
the insulating coating is 5 mm. Initially (without the presence of the
electric field), this droplet of 1 mL is of a “pancake” shape
maintaining a contact angle of 117°. (b)—(f) show the transient
process of droplet fission (simulation), corresponding to times 0,
75, 150, 450 and 600 ms. Upon application of 70 V to all four
electrodes, the reduction of the contact angle elongates the droplet
in the x-direction, shrinking the yz-plane cross-section at the center
of the droplet, which eventually breaks the droplet into two parts.
Satellite droplets can also be observed in (f). (g) shows the electric
potential distribution (simulation) at time 450 ms (corresponding
to (e)). The color indicates the electric potential, also drawn are the
iso-potential surfaces. Reproduced by permission of The Royal
Society of Chemistry from Zeng and Korsmeyer (2004)

onstrated the use of the VOF technique to model the
side-by-side flow behavior of two liquids with differing
viscosities (specifically water and glycerine). They then
used the model to develop a series of intricate flow-
switching techniques. Kuban et al. (2003) examined the
flow of two immiscible fluids atop one another (viewed
perpendicular to the plane on which the channel is in-
scribed) in a shallow microfluidic channel with the goal
of determining the conditions that impart stability to
these vertically stratified flows. Stiles and Fletcher (2004)
also examined the hydrodynamic control of the interface
between two immiscible liquids using numerical
simulations.

3.5 Magnetic, magneto-rheological
and electro-rheological phenomena

To date, the majority of the interest in exploiting mag-
netic phenomena on the microscale has been in the use
of biologically functionalized magnetic micro- or nano-
beads to help downscale conventional analysis tech-
niques such as immunoassays or DNA hybridization.
Recently, however, there has been some interest in using
ferrofluids (magnetic fluids created by suspending fer-
romagnetic particles in a carrier fluid) as fluidic actua-
tion elements (e.g., novel pumping (Ahn et al. 2004)) or
valveing techniques (Hartshorne et al. 2004). An exam-
ple of the use of numerical techniques to design such
systems is that by He et al. (2003) who used an FEM
approach to model applied magnetic field gradients and
resulting flow rates for ferrofluids in a microfluidic sys-
tem (Hatch et al. 2001b). Even though less exploited in

microfluidic systems, more advanced functionalities
could potentially be afforded by the so-called smart-
fluids (e.g., magneto-rheological or electro-rheological
fluids), which have the unique functionality in that by
subjecting them to a suitable stimulus (in the case of the
aforementioned, a strong magnetic or electric field) one
can create self-assembled structures that serve to, for
example, locally increase the viscosity field (Stanway
2004). One of the difficulties in creating magneto-rheo-
logical defined structures in microfluidic systems is the
localization of the magnetic field gradients to the
strength required to locally trap the particles on scales
demanded by microfluidic systems. To help accomplish
this, Rida and Gijs (2004) used FEMLAB-based FE
simulations to design and simulate magnetic field
strengths and size generated from the integrated mag-
netic components of their device. In their work, a self-
assembled magneto-rheological plug is used to induce
highly efficient mixing (the use of an AC field induces
rotation of the magnetic dipoles further increasing the
mixing efficiency.). Such systems hold great promise for
next generation microfluidic systems (Doyle et al. 2002).

Magnetohydrodynamic actuation (Lemoff and Lee
2000) has not been widely exploited to date as a trans-
port technique in microfluidic systems, likely due to the
more complex microfabrication required over tradi-
tional electroosmotic pumps. It does however show
great promise for a variety of situations such as con-
tinuous recirculation of discrete samples (e.g., West et al.
2002) or within fluidic networks (Bau et al. 2003).
Gleeson et al. (2004) provide an excellent overview of
analytical and numerical modeling of magnetohydro-
dynamic flows in microsystems, applying their technique
to analyze the mixing of two fluids in an annular chan-
nel. Numerical analysis of magnetohydrodynamic flow
generated by inlaid platinum microdisk electrodes was
conducted using a FE-based technique by Mehta and
White (2003). Readers are also refereed to a series of
excellent analytical and experimental works by the Bau
group (Xiang et al. 2003 ; Yi et al. 2002).

3.6 Acoustic phenomena

As discussed by Marmottant and Hilgenfeldt (2004), in
general, acoustic techniques do not naturally lend
themselves to microfluidics-based applications as even
high-frequency ultrasonics exhibit wavelengths on the
order of a millimeter. Recently, however, there has been



some interest in exploiting acoustic phenomena for such
applications as mixing (Yaralioglu et al. 2004), particle
separation (Pettersson et al. 2004) and acoustic stream-
ing using microbubbles (Marmottant and Hilgenfeldt
2004) and as such there has been some attempts to
numerically model and design such devices. Lutz et al.
(2003) simulated the flow and mass transport around a
cylindrical electrode subject to a low-intensity acoustic
oscillation. The resulting flow pattern created spatially
defined microscale chemical environments around the
electrode separated from the bulk field by a stable
streamline and acting as a microchemical trap. Details of
the model are available in a previous work (Bowman
and Schwartz 1998). Also of interest is the work of
Townsend et al. (2004) who modeled particle agglom-
eration at the nodal planes of a standing wave applied
perpendicular to the flow direction, numerically dem-
onstrating how the technique can be used to suspend or
focus particles. The approach they used is based on
computing the hydrodynamic forces using a CFD code,
and then incorporating them into a MATLAB-based
model and is similar to many of the discrete particle
techniques discussed in the proceeding section.

3.7 Unique numerical approaches

In addition to providing an overview of some of the
systems to which numerical methods have been applied,
a goal of this review is to illustrate the novelty of some
numerical approaches themselves. Lee et al. (2003) used
an interesting combined CFD/experimental approach to
model the dynamics of a hydrogel-based pH regulator.
By combining the fluid dynamics simulation of the mi-
croflow system with experimental results of hydrogel
swelling and volume flow through a star shaped orifice
into a SIMULINK control system model, they were able
to accurately predict the pH level of the outlet stream.
Dutta et al. (2002) demonstrated the use of the spectral
FE method to model the local flow structure in a variety
of different microfluidic geometries. The use of spectral
elements and the structured/unstructured mesh enabled
the double-layer profile to be captured much more
accurately than would otherwise have been possible. Le
Maitre et al. (2001) illustrate the advantages of their
stochastic Navier—Stokes solver (the novel solver com-
bines a spectral stochastic uncertainty representation
scheme with a FD-projection method for flow simula-
tion) by examining flow, transport and mixing in a mi-
crochannel geometry.

3.8 Simulation of microfluidic networks

Most of the simulations described above and presented
in the remainder of this work tend to be very localized in
nature, examining in great detail a particular region of a
microfluidic system. In general, this is done in order to
concentrate computational resources on the problem of
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interest rather than wasting them in capturing the flow
field for the entire chip. Developing techniques for glo-
bal modeling of microfluidic networks, is an important
step, if not the most important, toward the goal of
performing whole-chip numerical prototyping. One of
the more impressive techniques for performing such
analysis was presented by Kirby et al. (2001) who
developed an integrated circuit and microfluidic simu-
lator that allows for the coupled simulation of flow,
structure, thermal and electrical domains using the
SPICE3f5 for circuit simulation and their Nektar mi-
crofluidics code (Kirby et al. 1999). The technique is
demonstrated by modeling a microscale liquid-dosing
system and promises as a technique for more complex
MEMS devices. Qiao and Aluru (2002) also demon-
strated an electrical circuit based technique for rapidly
capturing the essential features of complex electroos-
motic or pressure-driven flow networks. Also of interest
from this group is the development of meshless analysis
of steady-state electroosmotic transport using the finite
cloud method (2000). Xuan and Li (2004a) describe an
interesting model for pressure-driven or electroosmotic
flow in microfluidic networks using phenomenological
coefficients from nonequilibrium thermodynamics to
describe the effects of channel size and surface proper-
ties. The model is used here to describe the flow from a
one-to-multi-branch microchannel system but could be
extended to more general systems. Chien and Bousse
(2002) presented a general technique for calculating the
node pressure at a junction in a microfluidic network.
Their technique was deemed particularly useful in sys-
tems where nonuniform surface or solution properties
are present and could be extended beyond the simple T
geometry used here.

4 Cellular/particulate/macromolecular transport

One of the great strengths of microfluidic systems is that
they have given researchers an unprecedented ability to
manipulate, sort, store and analyze individual micro-
scale particles and macromolecules enabling single cell
analysis via such techniques as capillary electrophoresis
(Stuart and Sweedler 2003), sorting and cytometry (Fu
et al. 2002) and dielectrophoresis (Cui et al. 2001), for
such applications as drug development (Weigl et al.
2003), tissue engineering (Saltzman and Olbricht 2002)
and biosensors (Pancrazio et al. 1999). As such there has
been renewed interested in the simulation of small, large
and many particle transport in confined microfluidic
systems to aid in the design and optimization of such
systems.

The study of particle hydrodynamics dates back well
over 100 years and thus the sheer amount of work that
has been published on the subject makes a comprehen-
sive review of it beyond the breadth of this article. In
general, however, suffice it to say that much (but by no
means all) of the current theory behind particle trans-
port was developed in the context of study of colloidal
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dispersions and related electrokinetic phenomena (see
Russel et al. 1989; Lyklema (1991, 1995) and the papers
by Keh and Anderson (1985) and Saville (1977)) or in
the context of the study of particle migration in shear
flows (such as the Sergé and Silberberg effect) [see Ho
and Leal (1974) and Leal (1980)]. Numerically, many of
the same techniques available for coupled flow and
particle transport simulation vary strongly in the details
(implementation is often done using the same basic
techniques described above for free-surface flows). In
general, the most comprehensive and globally applicable
models rely on some combination of solving for the flow
field using a FE or similar technique, computing the
various hydrodynamic and other important forces (e.g.,
buoyancy, electrostatic, magnetic) acting on the particle
and then updating its position using Newton’s law, then
remeshing and projecting the previous timesteps velocity
onto the new mesh (see the work of Hu et al. (1992) for a
description of direct simulation of particle motions).
As mentioned above the interest in particulate flows
in lab-on-chip devices generally stems from the interest

Fig. 4 Three dimensional simulation of cell motion in a flow
through switching device. Reprinted with permission from Elsevier
Science from Chen et al. (2004)

in creating microfluidic cell handling devices (though
particle flows are of importance in a number of other
applications as well, for example, microscale flow visu-
alization). Chen et al. (2004) presented a very compre-
hensive numerical prototyping study and experimental
verification, for a microfluidic cell sorter for Droso-
phillia cells using the CFD-ACE + software and a vol-
ume of fluid technique for particle tracking. This work is
an excellent example of how numerical techniques can
be used to optimize the design of particular microfluidic
components as flow fields for different channel layouts
are simulated and study the effect of control pressure,
chamber length and entrance length on switching time to
find geometries and conditions for optimized embryo
movement. Figure 4 shows an illustrative example of the
numerically simulated cell sorting within the device.
Yang et al. (2004) examined cell docking and alignment
in a variety of microfluidic dam structures (parallel and
perpendicular to the main flow route) through hydro-
dynamic simulation. Through their FLUENT-based
simulations, they were able to propose techniques to
attenuate the hydrodynamic forces on trapped cells and
propose an improved design, which combined the
advantages of both classes of design. Ma et al. (2002)
also used FLUENT to examine the local hydrodynamic
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forces and energy dissipation rates in their constriction-
based microfluidic device and related the results back to
the observed robustness of a series of different cell lines.
Though not involving any particle tracking, the work by
Gaver and Kute (1998) is also of particular interest as
they applied the boundary element method to the
examination of the stresses, forces and torques on an
adhered cell in a microchannel. Also of interest is the
work of Jendrejack et al. (2003) numerically examined
the dynamics of ~1-100 pm-long DNA in confining
microchannels determining that the diffusivity of highly
confined chains does not following classical scaling
relations.

Other works of more general interest include in par-
ticular that by Liu et al. (2002) who presented a fast
method for particulate microflows based on the combi-
nation of the force-coupling method (Maxey et al. 1997)
with the spectral/hp element method for solving the
Navier—Stokes equations. In that work, numerical sim-
ulations of interacting fluid—particle motions in 3-D
geometries are presented. Also of interest are the works
of: Markarian et al. (2003), using a FE technique to
model the motion and segregation of positively polar-
ized particles flowing through dielectrophoretic micro-
fluidics; Li and Bashir (2004) who presented FE-based
simulations of the dynamics of particle stopping using a
dielectrophoresis technique; and Nieuwenhuis and
Vellekoop (2004) who used Coventorware- based simu-
lations to examine the effectiveness of a series of differ-
ent dielectrophoretic particle sorters.

5 On-chip chemical reactivity

Though fluid mechanics and species transport are ex-
tremely important (as demonstrated by the large number
of quality studies described above), if one considers what
is actually required to engineer a true lab-on-chip, they
comprise of single part only. Equally important, but less
well-exploited areas, are those such as reactivity and
specificity or on-chip thermal analysis. It is the goal of
the following two sections to provide some illustrative
examples of how these areas have been exploited in on-
chip numerical modeling.

5.1 Heterogeneous reactions

Heterogeneous reactions comprise those reactions that
occur in the presence of a surface or interface. Such
reactions are exploited widely in lab-on-chip devices
through either surface or bead-based nucleic acid (e.g.,
DNA microarrays) and antigen—antibody (e.g., enzyme
linked immunosorbent assays) binding reactions, to
name a few. Erickson et al. (2003) presented a theoret-
ical and computational model for heterogeneous DNA
hybridization kinetics on thermally resolved biochips,
which combined a two-mechanism hybridization ap-
proach (Axelrod and Wang 1994; Chan et al. 1995) (i.e.,
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a target could become hybridized either directly from the
bulk phase or through an initial nonspecific adsorption
and surface diffusion step), with nearest neighbor ther-
modynamics (Allawi and Santalucia 1997, 1998a, b, c;
SantaLucia et al. 1996; Peyret et al. 1999) and a pres-
sure-driven flow transport formulation. The model was
shown to compare well with hybridization experiments
conducted on optical fibers (Zeng et al. 2002) and was
used to demonstrate the ability of thermally resolved
biochips to detect single base pair mismatches. Figure 5
is an illustrative example of the results of these simula-
tions for the case of a uniform concentration of oligo-
nucleotides convected in from the left side through
pressure-driven flow that hybridize with the fully com-
plementary probes on a surface with a 20 °C tempera-
ture gradient. In their work on the development of
plastic biochannel hybridization devices, Lenigk et al.
(2002) presented computer simulations of the hybrid-
ization kinetics of their device, done using the CFD-
ACE+ multiphysics solver, demonstrating the advan-
tages of oscillating target transport on the overall reac-
tion rate. Also of note is the work of Baras et al. (2003)
who used a series of numerical tools (Serenade™ and
Momentum™) to model and design resonator geome-
tries for label-free THz detection of surface phase DNA
hybridization (Nagel et al. 2002).

5.2 Homogeneous reactions

Homogeneous reactions occur within the bulk phase and
are exploited for a variety of on-chip functions in which
precise control of the reagent delivery and dwell time is
required (e.g., chemical synthesis or nanoscale self-
assembly). Debusschere et al. (2003) presented a highly
coupled 2-D model for combined flow species transport
and reactivity, accounting for such effects as buffer
electrochemistry and variable surface (-potential. The
model is demonstrated through the modeling of a pro-
tein labeling reaction. Also of interest here is the
implementation of a stochastic uncertainty propagation
method (Ghanem and Spanos 1991) to quantify the
uncertainty in the model predictions. Baroud et al.
(2003) presented a numerical solution to the binding of
Ca’" with Ca-Green marker in a T channel, which
compared favorably with experimental results. In their
work, Yarmush et al. (1996) presented numerical solu-
tions to a convection-diffusion-reaction formulation for
surface phase gel-immobilized ligands in a microscale
flow chamber. The analysis allowed them to characterize
the device in terms of a series of operational regimes
based on flow velocity. Henley et al. (2003) used a FE-
based technique to perform a coupled flow/mass trans-
port voltammetric analysis of a microelectrochemical
reactor. Maclnnes (2002) simulated the electrokinetic
and pressure-driven flow at a T-junction and applied
their results to model the reactivity between the two inlet
streams. The flow model used in that work is elaborated
on in a later article by Maclnnes et al. (2003). Hatch
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Fig. 5 Simulated dynamic
hybridization in a microfluidics
based biosensor from Erickson
et al. (2003). In this case, bulk
oligonucleotides are convected
in via pressure-driven flow from
the left side of the sensor
(transparent white contours)
and hybridize with surface
immobilized probes (green
contours). A 20 °C temperature
gradient (7T, =40 °C,

Tmax =60 °C) is applied across
the surface, which spans the
melting temperature of the
oligonucleotides used here,
resulting in a unique finger print
hybridization pattern.
Reprinted with permission from
Elsevier Science from Erickson
et al. (2003)
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et al. (2001a) used a numerical model as a technique to
predict assay performance for their diffusion-based
immunoassay in a T-sensor (a similar model was used in
a previous work by Kamholz et al. (2001)).

6 On-chip thermal analysis

Unlike the transport and reactivity problems discussed
above, which are confined to the fluidic domain, thermal
modeling in microfluidics presents some unique chal-
lenges. Different from a macroscale system, where the
fluidic domain is most often of comparable size to the
solid regions, a microchannel system typically encom-
passes only a very small fraction of the substrate and
thus heat transfer is typically governed by a large time-
scale thermal diffusion process through the solid region
(particularly in the case of polymeric substrates). As
such the equations in all regions are coupled and must
be solved simultaneously. Erickson et al. (2003d) pre-

Sensor Length [mm]

Sensor Length [mm)]

(E‘_’f/# @ Temperature
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sented a combined numerical and experimental (using a
microscale thermometry technique based on the work of
Ross et al. (2001)) approach to examine Joule heating
and heat transfer at a microchannel intersection in
poly(dimethylsiloxane) (PDMS), and hybrid PDMS/
Glass microfluidic systems. The numerical model ac-
counted for the rapid changes in solution conductivity
on the potential field and viscosity on the flow field as
well as thermal diffusion into the polymeric substrate
and the mechanisms of ultimate heat rejection. The de-
tailed numerical analysis revealed that the vast majority
of steady-state heat rejection is through lower substrate
of the chip, which was significantly impeded by the lower
thermal conductivity PDMS substrate. Figure 6 is an
illustrative example of this, showing the temperature
contours within the solid substrates and the fluidic re-
gion, after a 2.05-kV potential has been applied for 30 s,
for (a) PDMS/PDMS and (b) PDMS/Glass systems. As
can be seen for the PDMS/PDMS system, the temper-
ature profile in the substrate is centered on the fluid



region and then spreads radially outward. Lim et al.
(2004) used 3-D numerical simulations to investigate the
effects of channel topography on the ability to reject
joule heat and reduce axial dispersions in electrophoretic
separations. Xuan et al. (2004b) simulated the effects of
joule heating on flow in a capillary and presented some
experimental verification using a similar Rhodamine B
based thermometry technique as that described above.
Tang et al. (2004a, b) studied coupled electrokinetic flow
and species transport in a capillary subject to joule
heating. Their approach is unique in that they also
considered the heating effects on the double-layer field.
Also of interest is the work of Chung et al. (2003) who
examined the heat transfer characteristics of their
infrared thermal velocimetry system used to measure
flow rates in silicon based MEMS devices.

To date, likely the most important lab-on-chip
application involving controlled thermal delivery has
been in the development of microscale thermal cycling
reactors (in particular those used for performing the
polymerase chain reaction (PCR) on chip). The PCR
reactors present an interesting opportunity for material
and geometric optimization through numerical simula-
tion as the desired properties during the heating phase

Fig. 6 Simulated temperature
contours for (a) PDMS/PDMS
and (b) PDMS/Glass composite
systems 30 s after a 2050 kV
voltage was applied from
Erickson et al. (2003d). Upper
image shows the 3-D
temperature contours in the
substrates in the region very
near the fluidic region while
lower figure details the 2-D
temperature profile in the
channel cross-section 2.5 mm
downstream of the intersection.
Simulation details are provided
in the text or in the
aforementioned reference. Note:
entire computational domain
not shown. Reproduced by
permission of The Royal
Society of Chemistry from
Erickson et al. (2003d)
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(high resistance to heat rejection to decrease heating
time and power load) often conflict with those during
the cooling phase (low overall resistance in order to in-
crease the rate of heat rejection). As part of the char-
acterization of their microscale thermal cycling reactors,
Lao et al. (2000) used 3-D numerical simulations to map
the spatial temperature distribution of the device. Using
such simulations to examine the fundamental heat
transfer characteristics of the device allows for more
rapid and power efficient thermal cyclers. El-Ali et al.
(2004) performed 3-D numerical simulations of their
PCR reactor (using the CFD-ACE package as well as
ANSYS) to demonstrate that their particular heater
arrangement provides a uniform temperature profile
within the heater system (+2 °C) and to predict the
system power load. Sadler et al. (2003) performed an
excellently detailed study on the thermal management of
BioMEMS (looking specifically at a PCR reactor and a
DNA hybridization chip) with the CFD-ACE package.
Optimization of such parameters as heater power input,
fluid flow rate, sensor placement and air-gap geometry
were considered.
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7 Summary and outlook

In this review, we have provided an overview of some of
the different ways in which numerical simulations have
been applied to the development of microfluidic pro-
cesses and devices. While the majority of studies to date
have focused on microscale fluid mechanics and species
transport, we have attempted here to illustrate some of
the other equally important aspects of microscale
transport analysis such as thermal analysis and chemical
reactivity. In general, it is felt that there are two broad
areas where the use of numerical methods could exhibit
significant growth.

At present, numerical simulations are typically used
as tools to investigate or explain previously observed
experimental phenomena. As microfluidic devices be-
come increasingly complex, optimizing fluidic and
transport design becomes more and more difficult to do
experimentally. As such it is believed that future demand
in the field will be for highly integrated simulation tools
that allow users without a significant CFD background
to “numerical prototype” entire microfluidic devices. It
is conceived that a properly designed simulation pro-
gram could reduce the time from concept to prototype
and provide immediate estimates of potential chip per-
formance (e.g., the time required for complete surface
hybridization or the speed of thermal cycling for PCR)
enabling the researcher to take a fruitful path from the
beginning.

As advancements in microfabrication techniques al-
low for dramatic increases in the packing density of
microfluidic channels, heaters, optics and other sensors
coupled with the popularization of lower thermal
conductivity polymeric substrates, the exploitation of
computational simulation and development of experi-
mental methods for on-chip thermal analysis is likely to
become more and more important. The trend toward
increased channel density in electrokinetic systems for
example, is analogous to the increase in transistor
density in integrated computer chips and thus as
packing density increases some of the same thermal
management problems are likely to be encountered.
The problem is significantly more interesting in mi-
crofluidic devices, however, as the goal in many cases is
not just to reject heat but to harnessed it to drive or
enhance chemical processes.
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