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Abstract

The microfluidic devices have recently attracted tremendous interest due to their potential of bringing novel applications into reality in
many areas including biomedical industry. However, the challenges in the design of microfluidic devices still remain since all aspects of
fluid flow in microchannels have not been yet fully understood. This paper presents major findings in the literature on fundamentals of
flow physics in microchannels. The review is intended to provide an extensive overview on the available knowledge base as well as the
areas that require intensive investigation. It includes studies on both pressure-driven and electro-osmotic flows in microchannels.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Miniaturized devices have found application in many
areas such as chemical processes, propulsion and power
generation, cooling of electronic devices, aerospace indus-
try, inkjet printers, and biomedical industry. The use of
microfluidic devices in the biomedical industry has received
recent attention due to several advantages of miniaturiza-
tion. These advantages include: (1) low unit cost of micro-
fluidic structures at mass production; (2) high throughput
in parallel processing; (3) reduced volume of sample and
reagent; (4) reduced volume of waste; and (5) possibility
of the fabrication of highly integrated and disposable
devices. New devices entitled ‘‘lab-on-a-chip’’ have been
developed in order to produce integrated and mobile
analysis systems. The long-term goal in this area is the pro-
duction of lab-on-a-chip systems that will eliminate time-
consuming clinical testing in central laboratories. The
primary goal of the present paper is to provide a wide over-
view of findings on the underlying principles of microflow
physics. The issues discussed include the effect of micro-
channel material and cross-section on flow behavior; pres-
sure drop and friction measurements in microchannels;
mixing and flow control methods for microfluidic systems;
and visualization and velocimetry techniques for micro-
flow. The Joule heating, which has an adverse effect in
the performance of electro-kinetic systems, is also closely
examined.

Although recent papers [1,2] have given reasons for con-
flicting results obtained by different researchers, it can be
still concluded at this point of research that no agreement
has been found among studies focusing on the charac-
terization of friction factor/pressure drop for microflow
systems. Further investigation requires understanding of
how entrance effects differ for microflows from macro scale
flow. There is a clear need to investigate the characteristics
of non-Newtonian fluid flow in microchannels.

2. Theory of miniaturization

In case of microdevices, the continuum approach can
still be applied for modeling fluid flow, especially if the
fluid is liquid. However, there are many situations where
fluid flow behavior in microdevices can considerably devi-
ate from those in macroscopic devices. The characteristic
dimension of a microchannel within a microfluidic system
is in the range of 1–1000 lm. The Reynolds numbers
encountered in microfluidic systems are quite small (often
on the order of 1.0 or smaller). Surface forces, which orig-
inate due to intermolecular forces, could be important in
microchannel flows. These forces are generally ignored at
macro scale. Surface effects also alter the value of viscosity.
It is found that the apparent viscosity is lower in the nar-
rower channel, which is contrary to the expected trend
[3]. Another important effect is air-dampening, which could
directly influence quality factor of the devices. The strong
air dampening is due to the dramatic increase in the sur-
face-to-volume ratio. Due to large surface-to-volume ratios
in microdevices, both convective and radiative heat transfer
rates are enhanced considerably. Despite deviation of flow
behavior at the microlevel, one should carefully analyze to
see if the continuum approach is valid in a given microflu-
idic device. For example, a 10 lm thickness contains 30,000
water molecules, enough to treat a flow to be in continuum.
In this section, we provide governing and auxiliary equa-
tions needed for analyzing flows in microdevices. The equa-
tions governing fluid flow, known as ‘‘Navier–Stokes
equations,’’ are conservation of mass, momentum, and
energy and can be expressed in partial differential form as:
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In the above equations, ui represents the flow velocity; q is
the density; p is the pressure; s is the stress tensor; e is the
specific internal energy; F is the body force; and q is the
heat flux. The repeated indices in any single term indicate
a summation following a standard summation convention.
The above equations do not form a closed system of equa-
tions, and one needs constitutive relationships among
unknowns to achieve this task. The above equations can
be simplified considerably for Newtonian and incompress-
ible fluids. When a constant temperature assumption is
valid, the energy equation can be de-coupled from mass
and momentum equations, providing further simplifica-
tions. Flow in microchannels can be also achieved by
means of application of electric fields. The above equations
need to be modified to include the effects of the applied
electric field forces, and relevant information is given in
the next section.

2.1. Types of flows

Fluid is transported in several ways in the microchannels
used in microfluidic devices. Two important methods of
transport are flows driven by pressure differential and elec-
tro-osmotic flows. In the former case, flow is transported
by means of applied pressure differences. In the latter case,
flow transport is initiated by application of a high electric
field. This type of flow is broadly classified as electro-
kinetic flow. Capillary driving forces owing to surface
tension, ‘‘wetting’’ of surfaces by the fluid, can also lead
to pressure gradients in liquids. This pressure gradient
causes flow transport, so it is similar in many ways to pressure-
driven flows. However, the shape of the interface is an
important factor in this type of flow. Free surface flows
are caused by gradients in interfacial tension (Maran-
goni flows). These can be manipulated using the depen-
dence of surface tension on temperature or chemical
concentration.
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Fig. 1. The schematic of the electric double layer showing the Stern layer
and diffuse layer.
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Of all the four types of flows described above, electro-
kinetic flows and pressure-driven flows are most widely
studied. In microchannels, flows of common liquids are dri-
ven by typical electric fields (�100 V/cm) and mostly char-
acterized by low values of the Reynolds number [4]. Both
types of flows have advantages and disadvantages. Weigl
et al. [5] indicated that both of these techniques are not ulti-
mate solutions for the fluid transport and control due to
some of their disadvantages. However, electro-kinetic flows
offer an important advantage over pressure-driven flows in
one aspect, that they provide uniform velocity profiles (i.e.,
velocity is constant everywhere in microchannel except very
close to the wall), when a uniform distribution of charge is
applied on the microchannel walls. This is termed as ‘‘per-
fect plug flow’’ and is characterized by dispersion that is
dependent only on the molecular diffusion constant of the
sample, which allows low sample dispersion [6,7]. One of
the reasons that electro-kinetic flow is so often used in
microfluidics is that much lower sample dispersions can
be achieved compared with pressure-driven pumping [8].
Electrokinetic flows also obviate the necessity of having
moving parts in a microfluidic system. Another advantage
of electro-kinetic flows is that they can be used in applica-
tions where separation of mixtures is important, though it
is not good for general transport. Electrokinetic flows offer
an advantage when dealing with the flows in interconnected
or branched channels. Such flows can be easily controlled
by switching voltages without the need of valves. However,
electro-kinetic flows also have some disadvantages. The
main disadvantage is that this type of flow is limited to
polar solvents. They are characterized by high electric
field requirements (>100 V/cm) and low flow speeds
(<1 mm/s). Electrokinetic flows are highly sensitive to
surface contamination.

The elektrokinetic phenomenon has been known since
the early 19th century. Burgreen and Nakache [9] and
Probstein [10] briefly reviewed the historical development
of the elektrokinetic theory. Electrokinetic flows are classi-
fied into the following four types: electrophoresis, electro-
osmosis, streaming potential, and sedimental potential.
This paper mainly focuses on electrophoresis and electro-
osmosis, both requiring an applied electric field to create
motion. In case of electrophoresis, charged particles move
relative to the stationary liquid by the application of an
electric field; whereas, in the case of electroosmosis, ionized
liquid moves relative to the stationary charged surface by
action of the applied electric field. The early studies on
the elektrokinetic theory mostly examined the electro-
osmotic velocity distribution in fine capillaries [9,11].

When a charged solid surface and a polar medium are in
contact, the surface charge influences the distribution of
the ions within the liquid near the solid surface. The coun-
terions in the liquid are attracted toward the surface and
coions are repelled from the surface. The electric double
layer (EDL) is the region formed by the excess counterions
in the liquid. The EDL consists of two regions: the Stern
layer and diffuse (or Gouy–Chapman) layer (see Fig. 1).
The Stern layer is a thin region in which counterions are
adsorbed onto the charged surface. Although ions in the
Stern layer are fixed in place, ions in the diffuse layer are
free to migrate. The plane between the Stern layer and dif-
fuse layer is called the ‘‘shear plane.’’ The potential at this
plane is called the ‘‘zeta potential,’’ or ‘‘f.’’ Under an
applied electric field, the diffuse layer positive ions move
in the direction of the field, causing the ion drag on the
liquid. The liquid motion in the diffuse layer is translated
to the rest of the channel via viscous forces.

The conservation of mass, momentum, and energy
equations can be expressed as follows for the flow of an
incompressible, Newtonian, isotropic fluid in the presence
of an external electric field
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where l is the viscosity; qE is the electric charge density; E
is the external electric field; Cv is the specific heat at con-
stant volume; and k is the thermal conductivity. The term
qEEi in momentum equation is the Lorentz body force,
and the term qEEiui in the energy equation is the corre-
sponding work term.

For one-dimensional, fully developed electro-osmotic
flow, Eq. (5) reduces to
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where e is the permittivity and / is the electric potential,
and a constitutive equation has been applied.

The distinction between electroosmotic and pressure-
driven flow profiles is seen in Fig. 2. In the case of pressure
driven flows, a pressure gradient (<1 bar/cm) is maintained
along a channel, causing flow to occur in an opposing
direction. This is a classical type of flow used in many engi-
neering applications at the macro level and is known as
‘‘Poiseuille flow.’’ It may be modeled using the Navier–
Stokes equations. At low Reynolds number, the flow is
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Fig. 2. The schematic of velocity profiles for (a) electro-osmotic flow (b)
pressure-driven flow.
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uniaxial along the principal axis of the channel, and the
speed of the flow varies in a parabolic manner over the
cross-section of the channel. This variation of speed over
the cross-section leads to rapid dispersion of bands of sol-
ute in the flow as the volume of fluid occupied by the solute
is stretched along the flow direction, and the portion of the
volume near the center of the channel outpaces the portion
near the walls. This is a main disadvantage as the increased
dispersion degrades the performance of electro-kinetic sep-
arations by impacting the resolution of closely eluted
peaks. It also affects the ability to control the movement
of discrete samples within a microfluidic device. Pressure-
driven flow devices also often contain moving parts, which
are not desirable in applications involving bioanalysis.
Flows of this type cannot be used in applications involving
separation of mixtures. Some of the advantages of pres-
sure-driven flows are that they can be applied to any type
of solvent and they are insensitive to surface contamina-
tions. Pressure gradients can be generated by low voltage,
gravity, osmosis, etc., providing a wide range of flow
speeds (<100 cm/s).

2.2. Materials

The development of materials for chemical and biologi-
cal analysis systems has gained enormous interest recently.
Perhaps the most striking example of these improvements
is provided by the great success of capillary electrophoresis
in speeding up the sequencing of the first human genome.
In the selection of appropriate material for microfluidic
devices, material properties need to be carefully evaluated.
Some of the important material properties include machin-
ability, molecular adsorption, and optical properties.
Glass, silicon, and plastics have been used as microchannel
materials to date. While silicon and glass dominated the
early years, a trend toward polymers as substrate material
has been observed. Use of poly-dimethylsiloxane (PDMS);
poly-methyl methacrylate (PMMA); poly-trifluoroethylene
(PTFE), commonly known as ‘‘Teflon’’; poly-methyl meth-
acrylate (acrylic); and quartz became common in the recent
past [8,12,13]. Becker and Locascio [14] compared mate-
rial properties and fabrication of six polymer substrates,
namely methyl-methacrylate, poly-carbonate, poly-ester,
poly-styrene, poly-vinylchloride, and silicones. A study
on microchannels using metals, especially stainless steel
and aluminum, was also carried out in the past to investi-
gate friction and pressure drop characteristics [15,16].
These investigations are more in line with applications such
as microheat exchangers. The current trend for biomedical
applications strongly points towards use of polymer-based
substrates. In parallel to the development of microfluidic
devices, microfabrication techniques have also evolved sig-
nificantly. Some of the important fabrication techniques
include lithography (soft and photolithography), lamina-
tion, injection molding, hot embossing, micromachining
with laser, and electrochemical or ultrasonic technologies
[5,14,17,18].

2.3. Microchannels cross-sections and entrance effects

Several investigators used different cross-sections such
as rectangular, circular, trapezoidal, triangular, and ellipti-
cal to understand the flow behavior in microchannels.
Rectangular and trapezoidal cross-sections have been
extensively studied for a wide range of applications,
mainly due to practical considerations such as fabrication
techniques, cost, ease of manufacturing, etc. Researchers
employed rectangular cross-sections for studying different
physical phenomena such as friction and pressure drop
[16,19–22], electro-viscous effects [23], velocity measure-
ments [24–26], flow control [4,13,27], and flow visualization
[28]. Some notable studies using trapezoidal cross-sections
are by Ross et al. [8], Takuto et al. [29], Liu et al. [30], Wu
and Cheng [31], and Barker et al. [12]. Ross et al. [8] inves-
tigated sample dispersion in electro-osmotic flows in plastic
microchannels. Frictional and pressure drop characteristics
were studied by several researchers [29–31]. Studies on con-
trol of flow direction using polyelectrolyte multilayers were
carried out by Barker et al. [12]. The use of circular cross-
sections is mainly limited to heat transfer equipment such
as microheat exchangers.

Even though a tremendous effort in microfluidics
research is currently underway, there is little work done
to study the entry flow in microchannels. Researchers gen-
erally assumed microchannel flows as laminar and fully
developed ignoring entrance effects. However, in the entry
region, velocity distribution and skin friction show signifi-
cant variations in the stream-wise direction, which could
influence separation efficiency in processes such as electro-
phoresis. Yang et al. [32] numerically simulated the flow
physics in the entry region of an electro-osmotic flow. Their
results indicated greater entrance length effects of the elec-
tro-osmotic flow as well as higher skin friction coefficient



Fig. 3. Friction factor data showing the effect of evaporation. Working
fluid: water; microchannel type: rectangular cross-section silicon micro-
channel. Reprinted from Kohl et al. [1] with kind permission of Elsevier.
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than for classical pressure driven flow. Campbell and Kan-
dlikar [33] studied the effects of entrance conditions on
microchannel and minichannel pressure gradient and
laminar to turbulent transition in a circular pipe. The
observed, fully developed, friction factor times Reynolds
number (which is constant for laminar flows in large diam-
eter tubes) had an increasing value with increasing
Reynolds numbers, even for low Reynolds numbers, for
both tubes.

Unlike previous researchers, Kohl et al. [1] did not find
any indication of early laminar-to-turbulent transition. The
previous findings on early transitions might be connected
to unaccounted effects such as entrance geometry and
energy dissipation.

2.4. Pressure drop and friction

Characterization of frictional pressure drop for fluid
flows through microchannels is a subject of continuous
debate since experimental results are often inconsistent
and contradictory. In the last two decades, a number of
papers have reported pressure drop data on laminar flow
of liquids and gases inside microchannels [16,20,22,29,31].
Recently, discrepancies among the work of many research-
ers have been summarized in a review paper by Koo and
Kleinstreuer [34]. Peng and Peterson [15] and Peng et al.
[19] observed either increase or decrease of friction factor/
pressure drop compared to conventional theory, and they
attributed this to an early onset of laminar to turbulent
flow transition. Mala and Li [35], Papautsky et al. [20],
and Ren et al. [23] assumed the deviation would originate
from surface phenomena. Most of their results indicate
that the friction factor/pressure gradient would increase
due to the effects of surface phenomena. Xu et al. [22]
and Judy et al. [16] insisted that the friction factor/pressure
gradient results are the same as the values predicted by con-
ventional theory. They claimed that the deviations, which
other researchers had observed, might have originated
from measurement errors of channel size, experimental
uncertainties, and overlooked entrance effects. The use of
the Navier–Stokes equations appears to be appropriate
for microchannel flows of liquids as long as the hydraulic
diameter of system is greater than 0.1 lm for conduits filled
with Newtonian fluids such as water under the standard
conditions [34]. However, Navier–Stokes must be modified
or augmented with auxiliary equations whenever it is
required to deal with non-Newtonian fluids and when sur-
face phenomena, such as near-wall forces and relative
roughness, becomes more and more important as the
microchannel size becomes smaller. In a recent publication,
Kohl et al. [1] measured pressure drop in microchannels in
an attempt to determine the sources of often conflicting
results previously reported in the literature. They inte-
grated tap lines and pressure sensing membranes into the
microchannel system, which allowed them to measure pres-
sure directly inside the microchannel. They pointed out
that this technique obviated the need of making of assump-
tions completely while measuring pressure. According to
Kohl et al. [1], indirect means of measuring pressure inside
microchannels resulted in under- or over-estimating pres-
sure drop. They also indicated evaporation phenomenon
is important in measuring mass flow rate in microchannels,
and the unaccounted evaporation rates might lead to errors
as much as 10% (see Fig. 3). Hetsroni et al. [2] highlighted
the significant effect of surface roughness on the pressure
drop in microchannels. They proposed a roughness-viscos-
ity model to take into account the influence of surface
roughness.

2.5. Flow control in microchannels

A diversity of fluid properties and microfluidic device
applications translates into a wide variety of requirements
in microscale flow control. Some examples of fluid control
in microchannels include the positioning streams within the
cross-section of the channel for the precise delivery of
reagents, the mixing of solutions required for chemical reac-
tions, and the transportation of small volumes of solution
for high throughput syntheses and analyses. Numerous
techniques such as patterned surface charge, patterned
topography, three-dimensional channels, magnetohydro-
dynamics, patterned wettibility, peristalsis, and patterned
electrodes have been tested to control electro- osmotic
(EO) and pressure-driven flows. Such patterned surface
charges (EO) have been used for manipulating flows in
microchannels. While techniques like patterned surface
charge and patterned electrodes can only be useful to con-
trol electro-osmotic flows, others such as three-dimensional
channels, patterned wettibility, and peristalsis can be used
to control pressure driven flow. Patterned topography
can be applied to both types of flows. All of these tech-
niques have been used as various mechanisms to control
dispersion, mixing, pumping, etc.

Stroock and Whitesides [4] reviewed two procedures for
controlling the flow of fluids in microchannels. The first
procedure involves patterning the density of charge on
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the inner surfaces of a channel. These patterns generate
recirculating electro-osmotic flows in the presence of a
steady electric field. The second procedure involves pat-
terning topography on an inner surface of a channel. These
patterns generate recirculation in the cross-section of
steady, pressure driven flows. The generation of recircula-
tion zones in microflows has applications to mixing as well
as controlling dispersion. Active and passive microflow
control has been demonstrated by Stoeber et al. [27], using
gel formation by dilute aqueous solutions of poloxamers at
elevated temperatures. In both cases, gel formation, which
effectively blocks the flow, is the control mechanism. In
case of active control, gel formation is caused by integrated
resistive heaters for localized heating, and in case of passive
control, viscous heating in high shear rate flows leads to
automatic gel formation in a microchannel. Barker et al.
[12] demonstrated the use of polyelectrolyte multilayers
(PEMs) to alter the surface charge to control the flow
direction in polystyrene and acrylic microfluidic devices.
They could generate complex flow patterning and achieve
even flow in opposite directions within a single channel.
Sui and Schlenoff [36] demonstrated control of electro-
osmotic flow in microchannels with pH-responsive PEMs.
Ismagilov et al. [13] published a method to control fluid
flow through tangentially connected microchannels by
means of an elastomeric microfluidic switch in two ways.
In the first approach, flow control is achieved by changing
the aspect ratio of microchannels through application of
external pressure. In the second approach, the flow direc-
tion is controlled by injecting additional streams of fluid
into the channel, which changes the lateral position of
the stream within the channel on which flow direction
depends. Goettsche et al. [37] developed an active control
method where they used a piezoactuated micromachined
silicone microvalve to control flow rate with a high degree
of precision for drug delivery applications. Centrifugal
platforms have been considered as elegant means to trans-
port fluids in these labs-on-a-chip. Ducree et al. [38] inves-
tigated how the pseudo-Coriolis force can be employed for
the hydrodynamic control of flow through straight and
radial microchannels of a rectangular cross-section on a
rotating disk. Based on this effect, a novel flow switch
has been realized. Polson and Hayes [39] demonstrated
the development of external voltage control of electro-
osmotic flow for microfabricated fluidic microdevices.
The external voltage flow control technique requires no
permanent changes in surface structure nor altered buffers,
which is an advantage in many applications where altering
structures or buffers are not acceptable. Hasselbrink et al.
[40] developed a non-stick polymer formulation for creat-
ing moving parts inside of microfluidic channels. They
applied the technique to create a piston-based device that
overcomes several microfluidic flow control challenges.
The major advantage of this technique is that moving parts
can be made without the limitations and difficulties
imposed by the need for sacrificial layers or mechanical
assembly.
2.6. Mixing in microchannels

Rapid mixing is an integral part of many applications
that involve microfluidic systems. Desired mixing is essen-
tial in lab-on-chip devices, drug delivery, and systems that
carry out complex chemical synthesis. The literature con-
tains a number of methods and devices designed to enhance
mixing on the microscale. Active mixing produces excellent
mixing; however, the means of achieving mixing could
involve moving parts which are difficult to fabricate and
integrate into the microfluidic systems. Passive mixing uti-
lizes no external energy input and depends mainly on the
mechanism used to generate fluid flow through the micro-
channels; consequently, only limited mixing can be
achieved. Flow mixing can be thought of as ‘‘flow control’’
since mixing to the desired degree can be viewed as one of
the requirements of flow control. In this context, proce-
dures involve patterning the density of charge as well as
patterning topography on an inner surface of a channel
can be used for mixing purposes as both techniques pro-
duce recirculation zones in addition to controlling the dis-
persion [4,41]. The former method produces recirculation
zones in the presence of a steady electric field, and in the
latter case, recirculation zones are produced in pressure dri-
ven flows. Liu et al. [30] presented a microchannel design as
a method to produce passive mixing based on the twisted
pipe. They used serpentine microchannel design with a
‘‘C-shaped’’ repeating unit to enhance mixing, which
is achieved through the chaotic advection. Vijayendran
et al. [42] compared the mixing capabilities of a straight
and serpentine microchannel in a surface-based biosensor.
They observed a slight improvement in three-dimensional
serpentine geometry compared to a simpler straight chan-
nel. He et al. [43] designed and fabricated a 100 pL mixer.
In this design, the channels parallel to the flow were nar-
row, whereas a larger channel ran back and forth across
the set of parallel channels at an angle of 45�. Simulations
were also performed to describe the mixing within this sys-
tem. Oddy et al. [44] developed an electro-kinetic process to
rapidly stir micro- and nanoliter volume solutions. Mixing
is caused by flow instability, which is observed in sinusoi-
dally oscillating, electro-osmotic channel flows. Lee et al.
[45] achieved mixing of fluid and particles through chaotic
mixing. The chaotic mixing process is achieved by inducing
folding and stretching of material lines, which are gener-
ated by either superimposing unsteady pressure pertu-
rbations or time-dependent dielectrophoretic forces to a
mean stream.

2.7. Joule heating and viscous dissipation effects

Pumping the fluid in a microchannel by means of elec-
troosmosis requires the application of a high external elec-
tric field along the channel. In this case, the Joule heating
arises from two effects: one is due to the convection electric
current, and the other one is due to the conduction electric
current. Since the electric charge density is only active
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within the effective EDL, the contribution of the convec-
tion electric current is not dominant in the Joule heating
compared to the conduction electric current. The Joule
heating effect may become significant, depending on the
volume of the channel. In some cases, the contribution of
the Joule heating term to the thermal energy transport
equation might be major over the entire volume. Horiuchi
and Dutta [46] reported that the Joule heating effect is sig-
nificant over the entire volume if the channel thickness is
higher than 20 lm. To diminish the effect of Joule heating,
Lim et al. [47] proposed improving the heat dissipation by
means of finned channel geometry. The optimum geometry
corresponding to the lowest temperature rise was evalu-
ated for glass microchannels with large cross-sections
(500 lm · 275 lm) in this study. Tang et al. [48] compared
the transient temperature fields of liquid solution in glass
and PMMA polymer-based microchannels by including
the Joule heating effect in the coupled Poisson–Boltzman
(P–B) equation, the modified Navier–Stokes equation
(N–S), energy equation, and the mass species transport
equation. The analyses took into consideration the temper-
ature dependent thermophysical properties of NaCl solu-
tion. Their results demonstrated that the Joule heating
effect is significant in the case of poor thermal conductivity
of the channel wall (i.e., PMMA wall). Chen and Santiago
[49] developed an electroosmotic (EO) pump that can
pump the fluid against up to 1.5 atm counter pressure.
They indicated that the Joule heating effect sets the upper
limit for the operating voltage of this type of pump. Since
the major constituent of the power consumption of EO
pump was devoted to the Joule heating, the thermody-
namic efficiency of the EO pump was quite low.

The degrading effect of the Joule heating in system effi-
ciency was observed not only in EO pumps but also in cap-
illary electrophoresis (CE) systems that are used to separate
biological molecules. The indication of the loss of separa-
tion efficiency in capillary electrophoresis (CE) systems
led Swinney and Bornhop [50] to develop a non-invasive
thermometry for the direct measurement of the extent of
Joule heating in CE systems. This study showed that even
relatively low electrical field strengths (475 V/cm) resulted
in an increase of 2.81 �C temperature above ambient.

For an EDL much smaller than the channel dimensions,
the energy generation due to the Joule heating effect is uni-
form through the microchannel cross-section. However,
the energy generation due to the viscous dissipation is
not uniformly distributed over the cross-section. Koo and
Kleinstreuer [51] investigated the effect of viscous dissipa-
tion in microtubes and microchannels using three working
fluids: water, methanol, and iso-propanol. Their numerical
analysis for pressure-driven flow revealed that viscous dis-
sipation effects might be significant for fluids with low
specific heat capacities and high viscosities. They also indi-
cated that high aspect ratio microchannels lead to higher
viscous dissipation. Maynes and Webb [52] analyzed the
effect of viscous dissipation for electro-osmotic flow. Their
analysis assumed constant fluid properties for viscosity,
electrical and thermal conductivity. A further analysis is
needed for electro-osmotic flow, which takes into account
the temperature dependent thermophysical properties of
working fluid.

3. Velocimetry techniques for microchannel flows

As the interest in the design of microfluidic devices
grows, understanding the characteristics of a flow at the
microscale through accurate measurement and visualiza-
tion techniques become increasingly important. Some of
the widely used measurement techniques in macroscopic
flow systems such as particle image velocimetry (PIV), laser
Doppler velocimetry (LDV), and scalar image velocimetry
(SIV) were modified for micron-resolution measurements.
New experimental techniques, specifically developed for
microfluidics, also emerged. This section will only present
information on the PIV and dye-based techniques.

3.1. PIV measurements

PIV is a well known and commonly used technique in
the macroscale flow diagnostic. The application of this
technique to the microscale required resolving additional
issues related to miniaturized systems such as using com-
patible particle size to the size of microfluidic system. Paul
et al. [53] applied the SIV to visualize both pressure driven
and electro-osmotic flow. Santiago et al. [54] and Meinhart
et al. [24] successfully implemented micro-PIV in pressure
driven microflow systems and measured velocity fields on
the order of 1 lm spatial resolution. Devasenathipathy
and Santiago [25] obtained electro-osmotic flow fields at
a microchannel intersection using the micro-PIV in con-
junction with the particle tracking velocimetry (PTV).
Meinhart et al. [55] suggested the volume illumination of
micro-PIV system instead of illuminating via a two-dimen-
sional sheet of light when optical access is limited to only
one direction of the microchannel. The application of vol-
ume illumination for micro-PIV might be desirable for sil-
icon-based microchannels, which are fabricated by bonding
the glass wafer onto the silicon structure. However, this
alternative micro-PIV technique generates a high back-
ground noise due to receiving signals from out of focus
seed particles. Reducing concentration of seed particles
improves the signal-to-noise ratio in the expense of reduc-
ing the spatial resolution of measurements.

In general, quantitative PIV measurements require care-
ful selection of size and concentration of seed particles
since the flow and the velocity information of the flow is
extracted indirectly by observing the displacement of the
particles. The seed particles should be distributed uni-
formly throughout the fluid, exhibit neutral buoyancy,
and have no other effect on the fluid or flow properties
for accurate measurements. The selection of seed particles
is a challenging task for quantitative micro-PIV measure-
ments. The seed particles must be small enough to track
the flow faithfully, but at the same time, they must be large



822 T. Bayraktar, S.B. Pidugu / International Journal of Heat and Mass Transfer 49 (2006) 815–824
enough to scatter sufficient light. The size of seed particles
must be compatible with the size of the flow system, but
seed particles must also be in appropriate size to reduce
the effect of Brownian motion. Olsen and Adrian [56]
examined the effects of Brownian motion on the depth cor-
relation of PIV images.

3.2. Velocimetry techniques using dye tracers

Dye-based microflow visualization techniques, which
are alternatives to particle tracking techniques, employ a
dilute solution of highly fluorescent molecules as a flow tra-
cer. The caged-fluorescence imaging technique extracts
transport properties of microfluidic systems by photoacti-
vating a small amount of caged dye [8,53,57–59]. The ini-
tially transparent caged dye is converted to the uncaged
dye (free fluorescent dye) by exposing it to ultraviolet
(UV) light. The second laser excitation allows the uncaged
dye molecules to fluoresce, and Laser Induced Fluores-
cence images are acquired at a sequence of delay times to
track the transport of uncaged dye. The caged-fluorescence
imaging technique requires a microfluidic system that is
transparent to UV light. Another dye based technique,
the photobleached-fluorescence technique, is based on the
photobleaching effect, which is defined as photodecomposi-
tion of fluorescent molecules upon a brief exposure to a
high intensity light or a long exposure to a lower intensity
light. When fluorescent molecules in a region of the flow
field are photobleached, that particular region appears as
a dark region in a bright fluorescent background. Mosier
et al. [28] visualized the electro-kinetic flow in a curved
microchannel by tracing fluorophore dye molecules in the
flow via the photobleached-fluorescence technique. This
technique is suitable both for polymer and glass micro-
channel systems that are transparent to visible light.

Mosier et al. [28] indicated that the caged-fluorescence
imaging provides better signal-to-noise ratio compared to
the photobleached-fluorescence imaging. The charging
characteristics of uncaged dye may alter the results of
Table 1
Summary of potential research areas related to microfluidic systems

General area and related studies Potential researc

1. Characteristics of flow in microchannels
(a) Microchannel cross-sections [8,19] Triangular, ellip
(b) Entrance effects [33] Analysis for sma
(c) Friction factor and pressure drop [16,20,34] Contradictions a
(d) Surface roughness [63] Effect of surface
(e) Joule heating [22,46,49] Temperature eff
(f) Viscous dissipation [51,52] Viscous dissipat
(g) Materials [5,14,17] Fabrication met

2. Flow control in microchannels
(a) Flow control and separation [4,37] Leaks in microfl
(b) Flow mixing [4,41] Enhancing mixin

3. Experimental techniques for microchannel flows
(a) Micro-PIV [25,55] Accounting for
(b) Caged-fluorescence imaging [59,61] Spectral, chargin

determination o
caged-fluorescence imaging due to the repelling of charged
dye molecules from negatively charged channel walls in ele-
ktrokinetic flow [60]. Ross and Locascio [61] indicated that
the adsorption of caged dye at the polymer microchannel
walls effects the caged-fluorescence results, especially for ele-
ktrokinetic flow. They compared EOF mobilities of micro-
channel systems made of four different materials: PMMA,
PDMS, PC, and fused-silica. The investigation revealed that
the EOF mobility increases for polymer microchannels
when CMNB-caged fluorescence dye is added to the
carbonate buffer. No significant effect was observed for
the fused-silica microchannel. Therefore, this technique
might be limited to applications in fused-silica channels.

Techniques that measure the average flow velocity by
tracking the emitted radiation from the heated liquid in
microchannels are also available. Chung et al. [26] mea-
sured the velocity of the maximum radiative intensity point
(VMRIP) by using the infrared thermal velocimetry. The
infrared thermal velocimetry is based on extracting the
velocity information from the thermal image of moving
fluid flowing in a silicon microchannel. This technique is
not suitable to obtain a velocity profile and can be used
only when the microchannel is made of silicon.

Park et al. [62] integrated resistance temperature detec-
tors into a rectangular straight microchannel to measure
the temperature distribution of the fluid in the microchan-
nel. The pressure drop and micro-PIV measurements were
conducted to investigate the effect of varying channel wall
temperature on the flow resistance and velocity profile.
The authors indicated that the variation of physical prop-
erties of the fluid along the microchannel, caused by vary-
ing channel wall temperature, have significant effect on the
flow resistance. In addition to this, the velocity measure-
ments revealed that the maximum fluid velocity along the
channel increases with the increasing channel wall temper-
ature. These results show that when a microchannel system
is exposed to thermal effects, the temperature-dependent
thermophysical properties of the fluid should be taken into
consideration.
h areas

tical, and non-uniform cross-sections
ller channels. Entrance effects on flow control
mong various investigations and establishing some benchmark studies
heterogeneity and defects

ects on electro-osmotic flow profiles
ion effects in fluids other than water
hods, cost reduction criterion. Use of flexible materials

uidic valves. Low separation efficiencies
g at micro scales, modeling of active mixtures

motion of seed particles due to electrophoretic and electro-osmotic forces
g, and separation properties of caged dye candidates;
f optimum caged dye concentration for cost effective application
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4. Future directions in microfluidics research

The research in microfluidics has attracted attention in
the recent past due to the possibility of commercialization
of technology, especially in the area of biotechnology. Cur-
rently, tremendous effort is underway and a vast amount of
literature is available for an interested researcher. Despite
the fact that a large amount of information is available,
it is surprising to see that basic information on microflui-
dics, such as types of flows and the associated governing
equations, are not readily available. In this context, the
authors attempted to compile information on basic micro-
fluidic theory and the current state of research. Table 1
gives some notable research studies as well as topics that
need further investigation.

5. Conclusions

Based on an extensive literature review, the authors con-
clude that there are many possible areas of research in the
field of microfluidics. For example, experimental results on
pressure drop and friction factor measurements reported in
the literature are mostly inconsistent and contradictory.
Several papers on microscale flow indicated early transition
from laminar to turbulent flow and deviations between the
predictions of conventional theory and experimental results
on pressure drop and friction factor. The reported experi-
ments in the literature include a variety of fluid types,
microchannel cross-section shapes and sizes, different Rey-
nolds numbers, and channel materials with a range of
surface roughness. Kohl et al. [1] and Hetsroni et al. [2]
suggested the following possible reasons for the inconsis-
tent results encountered in the literature: experimental
uncertainties in the measurements of channel dimensions
and flow rates (especially neglecting the effect of evapora-
tion during the flow rate measurements); differences in
surface roughness; unaccounted Joule heating and viscous
dissipation effects; unaccounted electro-viscous effects for
pressure-driven flows; unaccounted entrance and exit
effects. Benchmark studies, which carefully examine pres-
sure drop, friction factor, and entrance and exit effects in
microchannels are strongly needed.

The use of fluorescent dye as flow tracers is a promising
approach for extracting the fluid dynamics properties of
microfluidic systems without disturbing the flow. However,
it appears that more work is needed to understand some
important properties of dye candidates such as spectral,
charging, and separation properties. Researchers should
also take into account the cost of each dye candidate for
caged-fluorescence imaging since caged dyes can be used
only once due to the irreversible nature of the uncaging
event.

In general, most of the experimental work is done
involving Newtonian fluids, mostly using either water or
water-based solutions. Lab-on-a-chip type applications
definitely warrant the characterization of bio-fluids such
as human blood, which is a non-Newtonian fluid. Under-
standing the behavior of non-Newtonian fluids at micro-
scale is indeed an important step towards realization of
micro assay devices. Another significant research area that
needs extensive investigation is that of the flow control.
Flow control is still not fully understood at the microscale
level, and existing techniques must be thoroughly investi-
gated and improved significantly.
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