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Synonyms

Capillary valves

Definition

Capillary force valves are fluid control structures that use
superficial tension at the interface between different fluids
to block and/or restore the entrance of fluids in microchan-
nels filled with a second immiscible fluid. For most of the
microfluidic applications the second fluid is air, and the

liquid–air interface at a narrow hydrophobic stricture is
used to prevent the liquid from entering a capillary.

Overview

Capillary forces result from the interaction of liquid, gas
and solid surfaces, at the interface between them. In
the liquid phase, molecules are held together by cohe-
sive forces. In the bulk of the liquid, the cohesive forces
between one molecule and the surrounding molecules are
balanced. However, for the same molecule at the edge of
the liquid, the cohesive forces with other liquid molecules
are larger than the interaction with air molecules (Fig. 1).
As a result, the liquid molecules at the interface are pulled
together towards the liquid. The overall effect of these
forces is to minimize the free surface of the liquid that is
exposed to air. The proportionality between the decrease
in energy of the surface that results from decreasing the
surface is described by the surface tension:

γ = dG

dA

where dG is the change in energy [N m], dA is the change
in area [m2] and γ is the surface tension or surface
energy [N/m].
Of interest for capillary forces is the contact between
three phases: liquid, solid and vapor (air). Three forces
are present, trying simultaneously to minimize the contact
area between the three phases. At equilibrium, the forces
at the triple interface are balanced (Fig. 2) and the rela-
tionship between them is described by the Young–Dupree

Capillary Force Valves, Figure 1 Superficial tension forces at the inter-
face between a liquid and air. For molecules in the liquid there is a balance
of the cohesive forces (F = 0), while for molecules closer to the interface,
the cohesive forces with other molecules in the liquid are larger than the
interaction with air molecules (resultant force F towards the bulk of the
liquid)
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equation:

γASL = γLSL+ γLAL× cos�

where L is the length of the triple contact line and � is
the contact angle between the liquid and the solid. It is
interesting to observe the vertical component pulling on
the solid surface in the case of wetting and pushing in the
case of non-wetting surfaces.
Capillary forces are critical at the microscale. The surface
tension is responsible for the increased pressure in a bub-
ble trapped in a capillary, and for the increased pressure
required to push liquid into an empty non-wetting capillary
(Fig. 3). The relation between surface tension and pressure
is given by the Laplace equation:

	P = γC

where C is the curvature of the liquid surface. Depend-
ing of the shape of the capillary, different formulas for the
curvature are available:

C = 2

R

C = 1

R1
+ 1

R2

where R is the curvature radius for the liquid in a circular
capillary and R1 and R2 are the curvatures in a non-circular
capillary.

Basic Methodology

The behavior of air and liquids in capillaries is of criti-
cal importance at the microscale. After their fabrication,
most of the channels in microfluidic devices are filled with
air. In general, before the microfluidic devices are used

Capillary Force Valves, Figure 2 Capillary forces at the interaction
between air, liquid and solid surfaces. Each of these forces works to min-
imize the energy of the interface between liquid and solid, air and solid,
liquid and air: Fls, Fas, Fla, respectively. At equilibrium, the horizontal pro-
jection of Fla and Fls and Fas cancel each other. The corresponding angle
between Fla and Fls is the contact angle between liquid and solid (�)

Capillary Force Valves, Figure 3 Capillary forces in hydrophilic capillar-
ies result in increased pressure in trapped air bubbles. Capillary forces in
hydrophobic capillaries prevent liquid from entering the capillary, and can
be overcome by larger pressure

for their designed purpose, the air inside the microfluidic
channels has to be replaced by the working fluid. How-
ever, there are many applications where not all the air
is replaced at once, and the advance of fluid inside the
microfluidic channels is controlled through capillary force
valves.
Two major strategies for making valves using the capillary
forces are through the use of (a) local changes of contact
angle and (b) local changes of surface geometry.
(a) The use of hydrophobic patches in a capillary relies on
the increased pressure that is required to push the liquid
over the area of larger contact angle (Fig. 4). The increased
contact angle between the liquid and the capillary in the
region of the hydrophobic patch results in a larger pres-
sure necessary for moving the liquid over that region.
After passing the patch, the pressure required for moving
the liquid returns to pre-patch values. The combination of
hydrophobic patches on the bottom of the channel is of
interest for microfluidic devices where precise valving is
required, or for liquids with different characteristics.
One other particular effect of practical interest whenever
capillary forces are used is the difference between advanc-
ing and receding angles for the same fluid in the same cap-
illary. This phenomenon is also known as hysteresis and
manifests itself as larger contact angle at the advancing
edge of a liquid–solid interface compared to the equilib-
rium contact angle which is itself larger than the contact
angle at the receding edge of the liquid–solid interface
(Fig. 5). The origin of this is partially in the roughness of
the surface and can have interesting effects when moving
columns of liquids through capillaries [1].
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Capillary Force Valves, Figure 4 Schematics of a capillary valve using
a hydrophobic patch. The pressure required to move the liquid (	P1)
is higher when the liquid–air interface reaches the region of increased
hydrophobicity (	P2)

Capillary Force Valves, Figure 5 Hysteresis in contact angle. The con-
tact angle at the advancing interface (�a) is usually larger than the equi-
librium contact angle (�e), and larger than the contact angle at the trailing
interface (�t)

(b) The larger contact angle at advancing interfaces can
be used in capillary valves as well, in combination with
local change of the shape of the surface or the change
in the diameter of the capillary (Fig. 6). This approach
to controlling a liquid–air interface can be used alone or
in combination with the hydrophobic patches. Although
the fluid control is usually less precise for valves using
changes in diameter compared to valves using hydropho-
bic patches, their implementation in microfluidic devices
is overall easier.

Key Research Findings

For the majority of microfluidic devices the initial filling
(priming) of the device with liquid or the formation of air
bubbles inside can render the device unusable. However,

Capillary Force Valves, Figure 6 Schematics of capillary valves using
changes in the diameter of the capillary. Rapid enlargement of a capil-
lary changes the physical angle between the liquid interface and the solid
surface and can form a temporary barrier for the advancing liquid (	P1).
Reducing the diameter of a hydrophobic capillary reduces the radius of cur-
vature of the interface and requires larger pressure (	P2) to move the liquid
and could also function as a valving mechanism

there are numerous examples that use the liquid–air inter-
faces to control the flow of liquid for different applica-
tions. Wall-less control of the flow of liquid streams has
been demonstrated on micropatterned hydrophobic sur-
faces (Fig. 7) [2]. Micropatterned patches have been used
to precisely stop the liquid flow at a certain position inside
a channel without the need for moving parts (Fig. 8) [3],
and for the accurate metering of nanoliter volumes of liq-
uids in microchannels [4, 5]. Handling of minute volumes
of fluids and mixing inside a capillary have been reported.
Through the use of passive valves to control the flow of
fluid and air bubbles expanded from side chambers, vol-
umes of liquids down to 25 pL can be handled precisely
(Fig. 9) [6]. The hydrophobic nature of the liquid–wall
interaction was critical for stable and complete separation
of picoliter volumes of fluid [7].
Capillary valves are burst valves, i. e. once the liquid
passes through them they no longer function as valves.
Resetting a capillary valve requires the formation of the
liquid–liquid or liquid–gas interface at the location of
hydrophobic interaction. This can be achieved by the
injection of gas or liquid, usually in a small volume, from
a reservoir or generated on the chip [6, 8].

Future Directions for Research

Capillary valves have no moving parts, are simple and
easy to implement and thus are very attractive for low-
cost microfluidic devices. At the same time, several areas
of improvement are under scrutiny, to increase the per-
formance of the valve, to improve the integration and to
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Capillary Force Valves, Figure 7 Hydrophilic and hydrophobic patches
are used to control the flow of liquid streams (here rhodamine in water)
in a wall-less configuration, just by relying on the surface tension of the
liquid [2] (�Color Plate 11)

Capillary Force Valves, Figure 8 Capillary burst valves are used to con-
trol the sequential mixing of reagents in a Lab-on-a-CD type device. The
solutions of enzyme, inhibitor and substrate were loaded in reservoirs that
were connected to channels labeled R1, R2 and R3, respectively. R4 is a
reservoir for waste collection. The rotation of the disk at different speeds
controls the opening of the valves, and the sequence of mixing the enzyme
with the inhibitor, followed by mixing with the substrate, and detection [3]

expand the range of applications. Continuous efforts are
made to enlarge the variety of liquids that can be han-
dled by new approaches to surface patterning in micro-
capillaries. The integration of an increasing number of
valves for the implementation of complex reaction proto-
cols is also an area of active research, especially, but not
limited to, Lab-on-a-CD type devices [9]. Finally, while
microfluidic devices are developed for applications out-
side the laboratory, it becomes increasingly important to

Capillary Force Valves, Figure 9 A volume of 25 pL is isolated by the
creation of two new liquid–air interfaces, through the use of two thermal
actuators. Two air bubbles isolate the separated volume from the rest of
the liquid in the main channel [6] (�Color Plate 19)

provide robust valve designs that would ensure function-
ing over a wider range of temperatures, storage conditions
and operator training, etc.
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Catalyst Testing

Definition

A branch of combinatorial chemistry used for developin
develop in an empirical or semi-empirical manner new and
more efficient catalysts.
Most often, in the heterogeneous catalysis the catalysts are
solids–usually metals, very often precious metals–while
the reactants are liquid or gaseous. The catalysts are usu-
ally composed of a number of (metal) components in var-
ious combinations. The tests are performed in parallel
under the otherwise equal temperature and pressure condi-
tions in a large number of microreactors. In each microre-
actor the combination of the tested catalyst components is
different and this results in a different yield or selectivity of
the test reaction. This is usually evaluated by composition
analysis of the reaction products. The results are stored in
a combinatorial library and processed mathematically to
determine the optimum combination.

Cross References
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Cataphoresis

� Electrokinetic Motion of Cells and Nonpolarizable
Particles

Cathode

Definition

Negatively charged electrode.
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as addressed previously. Min et al. [2] have thoroughly
investigated the effect of the three dimensionless param-
eters on ηmax based on Eq. (36). They have demonstrated
that ηmax can be increased by decreasing the viscosity or
by increasing the dielectric constant of the liquid. They
have also proposed the possibility that efficiencies as high
as 15% are possible with careful attention to the channel
size and the solution composition.

Examples of Application

It has been shown that the thermal efficiency of the
electroosmotic pump is very low. Most of the electric
energy put into the electrolyte liquid is dissipated into
heat, so called Joule heating. In many cases, the mismatch
between the theory and the measurement for the pressure
is attributed to the Joule heating [5].
The maximum efficiency achievable through a careful
selection of packed materials and electrolyte has been
reported by Min et al. [2] to be at most 15%. In contrast,
Griffiths and Nilson [6] reported that the likely maximum
efficiency for any electroosmotic pump would be about
10% for operation at the condition of maximum work.
Hu and Chao [7] performed two-dimensional numerical
simulation on the performance of an electroosmotic pump
for planar channels. The model is able to handle the
case with the dimensions comparable to the EDL thick-
ness. Also no Debye–Huckle approximation and symmet-
ric conditions are required. But the results show consider-
able deviation from the experimentally measured ones.
Yao and Santiago [8] provided useful review on the histor-
ical background of the development of EO pumps. They
considered different molar conductivities for cations ( +)
and anions ( −) in calculating the electric current caused
by electromigration. They predicted that  + is almost
twice  − for sodium ions.
Kang et al. [9] considered the wall effect surrounding the
packed materials. Zeta potentials on the inner surface may
not be the same as those of packed spheres, and the poros-
ity is a function of the distance from the wall. The wall
effect is more enhanced for larger packed particles.
Yao et al. [10] studied an electroosmotic pump made from
porous silicon membranes having straight circular pores.
Tortuosity is unity andψ was measured directly from SEM
images of the cross-section. Zeta potential is calculated by
using the formula for the ratio Qmax/Imax and the meas-
ured data of Qmax and Imax. Comparison between theory
and experiment is good for the plots Qmax versus V and
Imax versus V. There was considerable deviation for the
prediction of 	pmax and Yao et al. attributed this discrep-
ancy to the problem in the zeta potential measurement and
non-uniform distribution of the pore size. At a lower flow

rate, the buffer electrolyte shows variation of PH leading
to unstable results.

Cross References
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Definition

Electrophoresis is the motion of charged particles in a fluid
under the influence of an electric field.

Chemical and Physical Principles

Electrophoresis provides an important method of actuation
in microfluidics. Many of the different types of species
that need to be transported on a microfluidic device are
charged, and electrophoresis thus provides a convenient
method for moving them to different locations on a chip.
Amongst the most important examples are colloidal par-
ticles, such as latex spheres, and biomolecules, such as
proteins and DNA. Under certain circumstances, elec-
trophoresis can also be used to separate these particles by
zeta potential or size, which is an important part of biolog-
ical analyses.
Electrophoresis also requires that the fluid entraining these
particles be able to conduct electricity. Often, salts are
added, yielding an electrolytic solution. The salts disas-
sociate into positively charged ions (�cations) and neg-
atively charge ions (�anions). The cations are attracted
towards the negative electrode (the �cathode) and anions
are attracted towards the positive electrode (the �anode).
When dealing with biomolecules, the salts are usually
weak acids and weak bases. The resulting solution is
a buffer, which keeps the solution within a narrow pH
range. As the charge and conformation of the biomolecules
depend on the solution pH, the buffer composition plays an
important role in biological applications of electrophore-
sis.
Consider first the simple case an isolated, charged ion
moving in a uniform electric field, as illustrated in Fig. 1.
While this is an overly simplistic picture of electrophoretic
motion in solution, it serves to illustrate the general prin-
ciple. We will consider a more realistic model of elec-
trophoresis in free solution in the following section.
The ion possesses a charge Q, with Q> 0 for a cation and
Q< 0 for an anion. The charge of the ion is given by the
number of unpaired electrons or protons, with the elemen-
tary electric charge e= 1.60219×10−19 C per proton or
electron. In this example, the ions in solution are assumed
to be so dilute that they do not interact electrostatically.
The ion is placed in a uniform electric field of strength E.
The field strength is often reported in V/cm, although the
proper SI units are V/m. In applications, one would typi-
cally apply a potential V between the two electrodes sepa-
rated by a distance L. In this case, the electric field between
them is simply

E = V

L
. (1)

Electrophoresis, Figure 1 Electrophoresis of a cation and an anion in
a uniform electric field. The anode and cathode are assumed to extend
infinitely in the vertical direction to avoid end effects. The positively charged
cations move towards the negatively charged cathode, whereas the nega-
tively charged anions move towards the positively charged anode

The electrical force acting on the ion is the product of its
charge and the electric field,

Fe = QE = QV

L
. (2)

For a nominal electric field of 10 V/cm acting on a mono-
valent ion (like Na+), the electrical force would be 1.6×
10−16 N – very small indeed! However, this force is suf-
ficient to animate the ion because it is balanced by a very
small drag force. If the ion is approximated as a spherical
particle of radius a moving through a fluid of viscosity η,
then the drag coefficient ξ is given by the Stokes drag

ξ = 6πηa , (3)

and the drag force resisting the motion is

Fd = −ξv . (4)

By Newton’s second law, the sum of the electrical force
and the drag force equals zero. As a result, the ion has an
electrophoretic velocity

v = QE

ξ
. (5)

Keeping the example of Na+, the ionic radius is a =
116 pm. If the electrophoresis is performed in a fluid with
a viscosity similar to that of water (which is typically
the case), then η = 1 cP= 0.001 Pa s, and the resulting
drag coefficient is ξ = 2.18×10−12 Ns/m. With an elec-
tric force of 1.6×10−16 N, the sodium ion would thus
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move at a speed of 73 μm/s. Albeit a very slow speed
on macroscopic length scales, the ion moves over its own
radius over 500,000 times per second.
In general, data are not reported as electrophoretic veloc-
ities, but rather as electrophoretic mobilities. The elec-
trophoretic mobility is defined as

μ ≡ v

E
. (6)

If the velocity is a linear response to the electric field, as
is the case here, then the electrophoretic mobility is inde-
pendent of the field. This scaling breaks down in the case
of �polyelectrolytes [1].
Determining the electrophoretic mobility of polyelec-
trolytes, such as colloidal particles and flexible polyelec-
trolyte chains such as DNA, is considerably more com-
plicated because their electrostatics and hydrodynamics
differ from the simple charged, spherical ion consid-
ered above. Polyelectrolytes are intrinsically uncharged,
but contain ionizable groups (for example –OH and –H
groups) that will dissociate from the particle when it is
placed in solution. As indicated in Fig. 2, these ioniz-
able groups, known as �counterions, dissociate from the
macroion. The dissociation is not limited by mass action,

Electrophoresis, Figure 2 Polyelectrolytes contain ionizable groups that
dissociate from the particle when it is placed in solution. In the figure, the
red cations were originally associated with the colloidal particle. The yellow
cations and purple anions represent the dissociated salts contained in the
buffer solution. Nearby the particle, the counterions are strongly bound by
electrostatics and chemical affinity for the colloid, leading to the formation
of the Stern layer. The Stern layer is surrounded by a more diffuse layer
of charges, known as the Debye layer, where the local density of counte-
rions is governed by a balance between attraction towards the oppositely
charged colloid, the repulsion from other counterions, and diffusion

although flexible polyelectrolyte chains do not necessarily
completely dissociate due to Manning condensation [2].
Note that the solution can also contain counterions and
�co-ions of its own (with co-ions having the same charge
as the particle), which will normally be the case during
electrophoresis in buffers. The overall system is electri-
cally neutral – the number of counterions (red) equals the
number of charges on the particle surface, and the number
of counterions already in the solution (yellow) equals the
number of solution co-ions (purple).
When the counterions dissociate from the particle, dif-
fusion attempts to randomize their locations. However,
the counterions are attracted to the particle by electro-
static interactions, which act over long distances. Imme-
diately proximate to the particle is a molecular-sized layer
of counterions, called the Stern layer. The counterions in
the Stern layer are immobile as a result of their chemi-
cal affinity for the particle surface, as well as the very
strong electrical attraction at short distances from the
charged particle. The Stern layer also includes polar water
molecules that are oriented to the surface. A second, larger
layer of charges, called the �Debye layer, surrounds the
Stern layer. These charges are mobile and their loca-
tion is affected by electrostatic attraction to the sphere,
which wants to pull them towards the inner edge of the
Debye layer, and diffusion, which tries to randomize their
locations. To further complicate the issue, the counteri-
ons repel one another, since they have the same charge.
Exactly computing the structure of the Debye layer is
a challenging task, requiring the solution of the nonlin-
ear Poisson–Boltzmann equation (see �Lattice Poisson-
Boltzmann Method, Analysis of Electroosmotic Microflu-
idics), but the characteristic thickness can be obtained
from scaling, yielding

κ−1 =
√
ε0εbkBT

2e2I
. (7)

In the latter, ε0 is the permittivity of vacuum (8.854×
10−12 F/m) and εb is the permittivity of the bulk solu-
tion (or the dielectric medium), kB is Boltzmann’s constant
(1.38×10−23 J/K), and T is the temperature in Kelvin.
The parameter I is the ionic strength of the medium,

I = 1

2

∑

i

z2
i ci , (8)

where zi is the valence of ion i and ci is its concentration.
The �Debye length is historically written as an inverse
length (i. e. κ has units of m−1). In typical biological
buffers, the Debye length is between 1 – 10 nm.
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Key Research Findings

Free Solution Electrophoresis

The first key physical phenomenon to consider is the
electrophoresis of colloidal particles and polyelectrolytes
in free solution. The use of the term free solution here
implies two assumptions: the particles are very far from
any boundaries and the particles are sufficiently dilute so
that they do not interact with one another. Free solution
results are generally applicable for electrophoresis in an
empty microchannel, provided that the particles are not too
large relative to the smallest dimension of the channel. As
a rule of thumb, the particle radius (or the radius of gyra-
tion, in the case of polyelectrolytes) should be at least one
order of magnitude less than the smallest channel dimen-
sion. As systems move towards the nanoscale, the interac-
tions with the walls (and other effects of confinement) will
become increasingly important.
Consider first the electrophoresis of the colloidal particle
of charge Q and radius a depicted in Fig. 3. As mentioned
above, the particle dissociates into a single large, charged
species (the macroion) and a number of small counterions.
Since these species have different charges, they will move
in opposite directions with respect to the electric field.
Determining the electrophoretic mobility of a charged col-
loidal particle for an arbitrary Debye layer thickness is
a daunting task. However, two simple limits can be com-
puted relatively easily. The following two derivations fol-
low very closely from Ref. [3].
In the case where the Debye layer is very large relative to
the particle size, i. e. when κa→ 0, then the counterions
are distributed uniformly throughout space. As a result,

Electrophoresis, Figure 3 Schematic of the electrophoresis of a rigid
colloidal particle. The electric field acts on both the counterions and the
macroion, resulting in relative motion in opposite directions

their motion does not affect the motion of the colloidal par-
ticle and the electrophoretic mobility is given by Eqs. (5)
and (6). We can further simplify this by noting that, for
a spherical particle of total charge Q, Gauss’s law requires
that the particle’s charge create an electric field

E = Q

4πεε0r2
(9)

that decays like 1/r2 as we move away from a Gauss sur-
face centered on and enclosing the particle. The potential
ψ is related to the electric field by

E = −∇ψ . (10)

In spherical coordinates, the potential at the surface of the
particle is thus given by

ψs =
∞∫

a

Edr , (11)

where we have set the potential at infinity to be zero. Inte-
grating, we find the potential to be

ψs = Q

4πεε0a
. (12)

If we assume that the drag on the sphere is given by Stokes
Law,

ξ = 6πηa , (13)

then substituting Eqs. (12)–(13) into Eq. (6) furnishes the
mobility

μ = 2εε0ψs

3η
. (14)

While Eq. (14) is aesthetically pleasing, it is not partic-
ularly useful in practice for two reasons. First, although
we can define a surface potential ψs for our calculation,
in general it is not possible to measure the surface poten-
tial directly. Second, the presence of adsorbed counterions
and oriented water in the Stern layer leads to an immo-
bile layer immediately proximate to the sphere. To circum-
vent these problems, we define a zeta-potential, ζ . The zeta
potential is a phenomenological parameter, which is often
associated with the electrical potential at the edge of the
Debye layer closest to the particle surface. Alternatively,
the zeta-potential can be defined as the potential at the
so-called “shear plane,” i. e. the point at which the fluid
begins to move at a different velocity than the sphere. In
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principle, the zeta potential could be measured by elec-
trophoresis through Eqs. (17) or (22), although it is nor-
mally determined by static methods (see �zeta potential
measurements).
As the Stern layer is quite thin, we can take the zeta-
potential to be

ζ = ψ(δ + a) , (15)

i. e. the potential ψ at some distance a+ δ from the sphere
center, where δ� a. Returning to Eq. (11), we now have

ζ =
∞∫

a+δ
Edr , (16)

where the electric field E is still given by Eq. (9). Not-
ing the thinness of the Stern layer relative to the particle
size, the zeta potential is given approximately by Eq. (12),
where upon the mobility in the infinite Debye layer limit
is

μ = 2εε0ζ

3η
. (17)

The other simple result occurs in the opposite limit,
κa→∞, where the thickness of the Debye layer is very
small relative to the size of the particle. This is particu-
larly relevant for microfluidic applications in ionic buffers,
which is the usual situation for bioanalyses. As the typi-
cal Debye layer thickness is several nanometers, the elec-
trophoresis of any micron-sized particle will be governed
by this limit.
Outside of the Debye layer, the fluid is electrically neutral.
Inside the Debye layer, the fluid obeys the Navier-Stokes
equation with an electrical body force

η
d2u

dz2
+ ρ(e)E = 0 , (18)

where ρ(e) is the space charge inside the Debye layer.
The latter is related to the electrical potential via Poisson’s
equation,

εε0
d2ψ

dz2
= −ρ(e) . (19)

Working in a reference frame that moves with the particle,
we require that the fluid velocity at the edge of the Stern
layer (where ψ = ζ ) vanish due to the no-slip condition.
As a result, Eq. (18) and the no-slip condition are satisfied
by the fluid velocity

u(z) = −εε0
η

[ζ − ψ(z)]E . (20)

At the edge of the Debye layer, the potential drops to zero.
As a result the bulk fluid is moving at a velocity

u = −εε0ζ
η

E , (21)

since the body force appearing in Eq. (18) is zero outside
of the Debye layer. If we switch our frame of reference
and consider a particle moving in an otherwise quiescent
fluid, then the particle moves in the opposite direction to
the fluid with a mobility

μ = ε0εbζ
η

. (22)

Equation (22) reveals an important feature of electrophore-
sis in the small Debye layer limit: the electrophoretic
mobility is independent of the size of the particle. As
a result, particles of any size will move at the same speed
in free solution. This is a desirable feature when the goal
is to move the particles to different locations on a chip. On
the other hand, Eq. (22) implies that the common task of
sorting colloidal particles by size cannot be accomplished
by free-solution electrophoresis.
Now consider the case of flexible polyelectrolytes such
as DNA. There are two dominant hydrodynamic mod-
els for polymer motion, the Rouse model and the Zimm
model [4]. In the Rouse model, the different parts of the
chain are assumed to be hydrodynamically independent, so
that the total friction of the chain is simply the sum of the
friction of each segment. The Rouse model is also referred
to as freely draining, since the polymer chain appears to
be hollow to the fluid. The Zimm model includes both the
Rouse friction of the individual segments with the fluid
and the hydrodynamic interactions between different seg-
ments. The Zimm model is not freely draining; the poly-
mer appears as a solid object to the surrounding fluid.
During electrophoresis in free solution, polyelectrolytes
are freely draining and exhibit Rouse-like behavior. The
reason for the absence of hydrodynamic interactions dur-
ing electrophoresis is the exponential decay of electro-
static effects; the very thin Debye layer surrounding the
polyelectrolyte screens the hydrodynamic interactions and
allows each segment to act individually [2]. Thus, if the
chain consists of N segments with charge q per segment,
the total electrical force acting on the chain is

Fe = qNE . (23)

Likewise, if the friction on each segment is given by ξ ,
then the total frictional force on the chain will be given by

Ff = −Nξv . (24)



E

Electrophoresis 585

Noting that these two forces balance one another, and mak-
ing use of the definition in Eq. (6), the electrophoretic
mobility of long polyelectrolytes is thereby independent
of molecular weight,

μ = v

E
= qN

Nξ
∼ N0 . (25)

The free solution electrophoresis of long polyelectrolytes
is thus qualitatively the same as colloidal particles; all
chains will move at the same speed, independent of molec-
ular weight. Note that the latter scaling for the mobility
does not hold for the diffusion coefficient. Polyelectrolyte
chains still diffuse with a molecular weight-dependent
Zimm diffusivity [4].

Gel Electrophoresis: Separating Polyelectrolytes by Size

The above discussion makes clear that colloidal parti-
cles and polyelectrolytes cannot be separated by size dur-
ing free solution electrophoresis. As a result, many elec-
trophoretic size separations for chemistry and biology are
performed in gels. The precision afforded by microfab-
rication has led to miniaturized version of these classic
protocols, as well as a number of novel separation tech-
niques that differ distinctly from the separation principles
prevailing in gels [5]. In order to best understand the cur-
rent research in microfluidic separations of colloids and
polyelectrolytes, in particular the important applications to
protein and DNA separations, it is important to first under-
stand the physics of gel electrophoresis.
For small particles, such as colloids and collapsed pro-
teins, the dominant separation mechanism is Ogston siev-
ing [1]. The underlying hypothesis behind the Ogston
model is that the electrophoretic mobility is equal to the
free volume available to that particle. In principle, this free
volume argument should account for both the reduction
in entropy due to excluded volume effects as well as the
fact that large particles will run into “dead ends” in the
gel. Although the Ogston hypothesis does not explicitly
account for these effects, it nonetheless provides a useful
model for the electrophoresis of globular particles in gels.
The result of the model is that the mobility of a particle of
size a in a gel of concentration c is given by

μ(a, c)

μ(a, 0)
= exp[−K(a)c] , (26)

where K(a) ∼ a+Rfiber is the retardation factor, with
Rfiber the size of the gel fibers.
The precision of micro- and nanofabrication should allow
this model to be tested in well-controlled systems. Indeed,
theoretical work by Slater and coworkers has questioned

Electrophoresis, Figure 4 When a long polyelectrolyte like DNA is elec-
trophoresed through a gel, the fibers of the gel confine the DNA to a rep-
tation tube. The force acting on each segment of the tube depends on the
orientation vector sx of that segment in the electric field. The total projec-
tion of the chain, hx, is the sum of the orientation vectors (Eq. (16)). The
net velocity of the chain is computed from the average motion of the chain
through many tubes, each of which has a different projection hx

the validity of the Ogston model through a number of stud-
ies of electrophoresis in regular arrays of obstacles (see [6]
and subsequent papers in this series).
Although their free-solution behaviors are similar, flexible
molecules (like DNA and denatured proteins) exhibit dra-
matically different behavior in a sieving matrix. Once the
size of the pores in the gel becomes small relative to the
radius of gyration of the polyelectrolyte chain, the poly-
electrolyte chain must uncoil in order to move through the
gel. Although the uncoiling process is entropically unfa-
vorable (since it reduces the number of available confor-
mations for the chain), the entropy loss is offset by the
reduction in the electrical potential energy as the chain
moves in the field.
The mobility of flexible chains in gels is well described by
the biased reptation model [1], which is indicated schemat-
ically in Fig. 4. In the model, the fibers of the gel are
coarse-grained into a � reptation tube that confines the
chain. The chain thus slithers along the tube contour (the
reptation part) under the influence of the electric field,
which provides a tendency for the slithering motion to be
in the direction of the electric field (the biased part).
The electrophoretic mobility can be computed from the
picture presented in Fig. 4. The electric field exerts a force
q̂Esx on each segment of the chain, which depends on the
orientation sx of the segment in the direction of the elec-
tric field and its charge per unit length, q̂. The total electric
force acting on the chain is the sum of the force acting on
each segment,

Fe =
∑
(q̂E)sx . (27)

As indicated in Fig. 4, the total projection of the chain is
given by

hx =
∑

sx , (28)
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whereupon the total electric force is given by summing the
forces over the whole chain,

Fe = QE
hx

L
. (29)

In the latter, Q is the total charge of the chain and L is its
contour length. The curvilinear friction counters the elec-
trical force,

Ff = −ξcvc , (30)

where ξc is the friction coefficient for motion along the
contour at a velocity vc. Balancing the friction against the
electrical force, the velocity along the tube contour is thus

vc = F

ξc
= QEhx

ξcL
= μ0Ehx

L
, (31)

where the free solution mobility μ0 is defined to be μ0 =
Q/ξc, analogous to Eq. (6). The time required to move
through the tube is

t = L

vc
, (32)

during which time the chain has moved a distance hx in
the direction of the field. As a result, the velocity in the
x-direction through a tube with an extension hx is

vx = μ0E

(
hx

L

)2

. (33)

After the motion through many such tubes, the elec-
trophoretic mobility is given by the average of the velocity
in each tube divided by the field,

μ

μ0
=
〈
h2

x
〉

L2
, (34)

where 〈· · · 〉 represents the average over many tubes.
Albeit overly simplistic [1], the analysis leading to
Eq. (34) qualitatively captures much of the key phenom-
ena observed experimentally. As indicated in Fig. 5, when
the field acting on the chain is weak, then the chain is not
strongly deformed and retains its Gaussian conformation
(with a size proportional to L1/2). The average conforma-
tion is thus a random walk. The reptation tubes have the
average extension

〈
h2

x
〉 ∼ L , (35)

Electrophoresis, Figure 5 Illustration of biased reptation with and with-
out orientation. For weak fields and small chains (as indicated in the upper
red figure), the electric field does not strongly perturb the conformation of
the chain and it remains in a Gaussian coil. The projection of the coil in the
direction of the field thus scales like L1/2 for a chain of length L. For long
DNA or strong fields (as indicated in the lower blue figure), the chain tends
to be come oriented in the direction of the electric field. The projection of
the chain then scales like its total length L

and the mobility depends on molecular weight. If the field
is strong, then the chain is strongly extended and the tubes
are almost fully extended and

〈
h2

x
〉 ∼ L2 . (36)

As a result, the separation is lost and all chains will move
at the same speed. These scaling results agree well with
experiments, and the so-called compression band, where
all of the long chains co-migrate, is a major limitation
of gel electrophoresis. As a result, a great deal of effort
in microfluidics and nanofluidics research has focused on
designing systems which permit the separation of long
DNA and other polyelectrolyte chains by methods other
than biased reptation.

The Joule Heating Problem
and Applying Microscale Electric Fields

In addition to the difficulties in electrophoretically separat-
ing particles by size, a second challenge in electrophoresis
is Joule heating. The heat generated by a conducting solu-
tion is given by Joule’s law,

WJoule = σE2 (37)

where σ is the conductivity of the fluid. Heating can
be catastrophic for electrophoretic processes; non-uniform
changes of temperature lead to viscosity gradients, which
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in turn result in strong convective currents that can over-
whelm the electrophoretic motion. In practice, Joule heat-
ing leads to a smearing of the separation bands (or a single
plug of solute) and limits the maximum electric field that
can be applied.
Microfluidics and nanofluidics offer an excellent solution
to the Joule heating problem. The Joule heat must be
removed from the system by thermal diffusion. The diffu-
sive heat flux for a temperature drop 	T across a channel
of size w is given by

Wdiff ∼ k
	T

w2
, (38)

where k is the thermal conductivity of the solution. If these
two heat fluxes [Eqs. (37) and (38)] are balanced, then the
maximum permissible electric field scales like the inverse
of the channel width. As a result, much higher electric
fields (and thus faster electrophoretic velocities) are pos-
sible as the channel sizes are reduced. As microfluidic and
nanofluidic systems also require transporting the solute
over small distances, the total gain in process speed can
be significant.
Joule heating is not the only problem associated with
applying strong electric fields. In typical microsystem
applications, the electric field is applied via platinum elec-
trodes inserted into the various reservoirs on the chip. The
application of the field leads to electrolysis of the water
(i. e., the dissociation of water into oxygen and hydrogen)
and bubble formation. When large reservoirs are used, the
bubbles are generally not troublesome because they will
rise to the top of the reservoir and exit the system. Indeed,
electrolysis and Joule heating have long been recognized
as problems in conventional gel electrophoresis, but the
large size of the system and buffer recirculation can relieve
the problem to some extent. These are not options for
microsystems. When small reservoirs are used or the elec-
trodes are located inside a channel system, the resultant
bubble formation can be catastrophic. The bubbles are very
difficult to remove from the system, clogging the channels
and causing sharp changes in the channel current.

Examples of Application

Electrophoretic separation of small charged species was
one of the earliest applications of Lab-on-a-Chip and
microfluidics. Indeed, the paper [7] that introduced the
term µTAS (micro-total analysis system) dealt primarily
with the electric field limits imposed by Joule heating.
Microfluidic electrophoresis leads to tremendous gains in
the separation time and strongly reduces the amount of
sample consumed on chip.

Microfluidics and nanofluidics have also lead to a num-
ber of new separation techniques for long DNA that cir-
cumvent the limits of gel separations [5]. One of the sim-
plest approaches is to make an artificial gel by microfab-
ricating an array of posts [8]. In this strategy, the post
diameters are commensurate with the radius of gyration
of the long DNA (∼ 1 μm), whereas the posts are spaced
by several microns. As a result, the DNA no longer needs
to unwind and reptate through the artificial gel. Rather,
the motion is governed by a cyclic process of collisions
with the posts, unraveling and unhooking of the chain in
a rope-over-pulley process, and then motion towards the
next post. These dynamics are referred to as geometration,
because they resemble the motion of an inchworm, and the
motion can be analyzed by continuous time random walk
theory [9]. Post arrays are but one example of the differ-
ent electrophoretic separation techniques that have been
proposed [5].
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Electrophoresis of the Second Kind

Synonyms

Nonlinear electrophoresis; Superfast electrophoresis

Definition

Electrophoresis of the second kind refers to the nonlin-
ear electrokinetic motion of a conducting particle passing
a superlimiting current, due to electro-osmotic flow of the
second kind.

Cross References

� Electrical Double Layers
� Electrokinetic Motion of Polarizable Particles
� Electroosmotic Flow (DC)
� AC Electro-Osmotic Flow
� Electrophoresis
� Electroosmosis of the Second Kind
� Induced-Charge Electro-Osmosis
� Induced-Charge Electrophoresis
� Nonlinear Electrokinetic Phenomena
� Super-Limiting Current

Electrophoretic Flow

� Electrophoretic Transport in Nanofluidic Channels

Electrophoretic Mobility

Definition

Velocity acquired by an ion per unit applied electric field.

Cross References

� Electrokinetic Flow and Ion Transport in Nanochannels
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Synonyms

Ion transport; Electrophoretic flow

Definition

The motion of electrically charged particles or molecules
in a stationary medium under the influence of an elec-
tric field is called electrophoresis. In such transport the
electric force is applied through a potential difference
between electrodes. Selective use of the Lorentz force by
applying a magnetic field can also induce such move-
ment. Electrophoresis and electroosmosis are two key
modalities of electrokinetic transport which are very use-
ful in micro- and nanofluidics for a variety of applica-
tions including biomedical (bio-NEMS, etc.), fuel cell and
micro total analysis systems (μ-TASs). In electroosmosis
the bulk fluid moves due to the existence of a charged
double layer at the solid–liquid interface. While one-
dimensional electrophoresis is more commonly used, two-
dimensional electrophoresis may also become a useful tool
for the separation of gel proteins based on isoelectric prop-
erty.

Overview

Let us consider an aqueous solution of a salt. A fraction of
the salt dissociates into ions. Negatively charged ions are
called anions, while positive ions are called cations. Such
an ionic solution is called an electrolyte. If two electrodes
are kept at a potential gap in such an electrolyte, the disso-
ciated ions migrate towards oppositely charged electrodes
at their characteristic speeds. Anions move towards the
positive electrode, while cations are attracted by the nega-
tive electrode. The velocity and the number density of ions
directly influence the electric current which increases with
the strength of the electric field. Similar transport can also
occur in a protein mixture that contains several charged
species based on its degree of acidity. Chemical and elec-
trical interactions may also occur during such transport.
The electrons move across the electrochemical interface
between the electrode and the electrolyte. The study of
such migration of charged particles with or without the


