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ABSTRACT

Electrokinetic phenomena have gained attentions due to applications in generation of
flow and manipulation of fluid velocity in microfluidic systems. The article presented here
reviews and discusses low Reynolds fluid flows during the occurrences of electroosmosis, streaming
current, and streaming potential, each with its unique feature. If an electrolytic solution is
confined in a channel, a cloud of counter-ions, referred to as an electrical double layer, are
formed near the charged solid-fluid interfaces. A velocity of an electroosmotic flow is generated
by motion of counter-ions due to potential difference in the channel. Streaming current, an
electric current observed despite the absence of potential difference, is generated by motion of
counter-ions in the electrical double layer carried by a fluid flow caused by pressure difference
across the channel. Streaming potential, a potential difference generated by a difference in
pressure at channel ends, is due to the zero current condition of an open-circuit system. Microfluidic
applications of the three electrokinetic phenomena are also discussed.

Keywords: Electrokinetic phenomena, electroosmosis, streaming current, streaming potential,
microfluidics
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Introduction
Microfluidics refers to devices and methods employed in manipulating fluid flow with

length scale of 10-100 μm or smaller. Fabrication and utilization of microfluidic devices have
gained a lot of interest due to applications in biotechnology such as high-resolution separations
and detections that require very small volumes of samples (less than 1 μL) where a microchannel
can be replicated into a network of many channels [1-3]. Microfluidic devices can also be
employed as a tool to perform fundamental studies of chemical, physical and biological
processes on a cellular length scale [4]. Electrokinetic phenomena, a coupling between electric
currents and fluid flow of electrolytic solution, have received attentions as a way to control
flow in microchannels. If the channel surfaces are charged and it contains an electrolytic
solution, a diffuse region of small counterions, known as the electrical double layer, is formed
near the charged interfaces [5, 6]. This article focuses on reviewing and discussing fluid
mechanics of three different electrokinetic phenomena: electroosmosis, streaming potential and
streaming current, under a condition that the thickness of the electrical double layer, often
referred to as a Debye screening length, is comparable to the dimensions of the microchannels.
First, the Nernst-Planck equation describing the ion fluxes and the Poisson-Boltzmann equation
are introduced. Then, the calculation of an electric current and fluid volumetric flow rate as a
function of pressure gradient and imposed electric field will be discussed, followed by the
definitions of electroosmosis, streaming potential and streaming current. An analytical solution is
obtained for channels with weakly charged surfaces and the different fluid flow profiles during
the three electrokinetic phenomena would be compared. Finally, applications of electroosmosis,
streaming potential and streaming current are reviewed.

Ion fluxes, electrical double layer and Debye screening length
According to the Nesrnst-Planck equation, the fluxes of small cations and anions in an

ideal and dilute electrolytic solution can be written as follows.

(1)

where  and Ci are the flux and concentration of ion i, respectively, and zi is its valence. Di
is the diffusivity of ion i.  is the fluid velocity. k is the Boltzmannûs constant, whereas T is the
absolute temperature, and e is the elementary charge [7]. The first term on the right hand side
of Eq.(1) is the convective term, whereas the second and third terms are the diffusive term and
the electromigration term, a movement of ions due to an electric field, respectively.  is the
electrical potential, related to the volumetric charge density (ρe) by the Poissonûs equation as
shown below.
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(2)

where ε is the dielectric permittivity of the electrolytic solution. For a system in equilibrium
where the fluid is stationary and the convective term of the ion fluxes is absent, the diffusive and
electromigration terms of the Nearst-Planck equation are balanced, resulting in the ion
concentration obeying a Boltzmann distribution:

(3)

 is the ion concentration at the location where  = 0. Substituting the ionic concentration
from Eq. (3) into Eq. (1) results in the Poisson equation becoming the Poisson-Boltzmann
equation as shown below.

(4)

If the electrolytic solution contains univalent-univalent electrolytes (z+ = 1 and z- = -1) and
the bulk external electrolytic solution (outside the channel) is electroneutral ( ),
Eq. (4) can be rewritten as

(5)

where φ is the electric potential scaled with the thermal energy (φ = e /kT.), and λ is the
Debye screening length defined as

(6)

From Eq. (5), it can be seen that the Debye screening length is the length scale of the system.
As indicated in Eq. (6), λ varies as a function of , and the Debye screening length can be
altered by adjusting . The higher  is, the smaller the Debye screening length becomes.
As will be discussed further in the next section, the value of the Debye screening length strongly
affects the flow profiles in charged microchannels.

Another observation from Eq. (5) is that the thermal potential (thermal energy divided
by elementary charge or kT/e), is the scale for the electric potential. At 25°C, the thermal

potential is approximately 25 mV. For a system where | | << kT/e (|φ| << 1.), the hyperbolic sine

term of Eq. (5) can be approximated as a Taylor expansion as follows.
sinh φ ≈ φ + O(φ2) (7)

The approximation shown in Eq.(7) is referred to as the Debye-Huckel approximation where
O(φ2) represents the error of including only the first term in the Taylor expansion (Eq. (7).
The error is on the order of φ2. When the first term in the above Taylor expansion is substituted
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back into Eq. (5), we obtain

(8)

Equation (8) is referred to as the linearized Poisson-Boltzmann equation. As an
example, a channel consisting of two charged parallel infinite plates is considered. As shown in
Fig. 1, y is the distance from the mid-plane, whereas y = 0 is the location of the mid-plane of the
channel with equal distances from both plates. The distance between the plates is 2H and the
potential on the channel surfaces is assumed to be constant at 0, leading to a following
boundary condition;

(9)

A solution of the linearized Poisson-Boltzmann equation obtained analytically is written as

(10)

where φ0 is the dimensionless channel potential defined as . The scaled electrical

potential profile is presented as a function of y in Fig. 2 for various values of Debye screening
length (λ). Equation (10) indicates that the Debye screening length is truly the length scale for
the electrical potential within the channel. As shown in Fig. 2, at locations where the distance
from the channel walls is much larger than λ, φ vanishes. So does the volumetric charge
density (ρe) that is proportional to its second derivative. The Debye screening length is,
therefore, often viewed as the çthicknessé of the electrical double layer because of the non-zero
concentration of counter-ions located as shown schematically in Fig. 1. It is important to note
that the sign of the counter-ions is always opposite to that of charges on the channel surface.
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Figure 1. Schematic drawing of a cross-section of channel consisting of parallel infinite
plates with identical surface potential ( 0 > 0). The mid-plane (at y = 0) is indicated
by the dot-dashed line, where as the distance between the plates is 2H. A stationary
electrolytic solution is contained between the plates. Diffuse regions of counter-ions
(cations), referred to as the electrical double layers, are formed near the liquid-solid
interfaces. The Debye screening length, λ, is proportional to . Transverse
locations with distances from the plates less than or equal to λ, the Debye screening
length, are represented by ç-é charges and shaded area.

It is worth noting that using the Debye-Huckel approximation in the calculation will likely to
overestimate the value of φ. The solution of the nonlinear Poisson-Boltzmann equation (Eq.(5))
is always less than the analytical solution of the linearized Poisson-Boltzmann equation (Eq. (8))
with the discrepancy increasing as φ0 increases.

Figure 2. A solution of the linearized Poisson-Boltzmann equation : dimensionless surface
potential (φ/φ0= / 0) inside a channel consisting of two parallel plates with
identical surface potential (Fig. 1). Results are plotted as a function of distance from
the mid-plane (y) scaled with the channel half-width (H) for the cases where the
Debye screening length equals the channel half-width (a line with diamonds), a
quarter of the channel width (a line with squares), and one-twentieth of the channel
width (a line with circles).
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Electric current, fluid velocity and volumetric flow rate of electrolytic
solutions in charged channels

Up until now, only the stationary electrolytic solution in a charged microchannel is
considered. In this section, a calculation of fluid velocity and electrical potential in a channel
containing the electrolytic solution that is moving due to two driving factors, a pressure gradient
and an imposed electric field, will be discussed. The first parameter to be considered is the
Reynolds number (Re) characterizing the flow defined as

(11)

where L and U are the length scale and velocity scale of the flow in the channel, respectively. ρ

and η are the fluid density and shear viscosity. As shown in Eq.(11), the Reynolds number is the

ratio between the estimated time scale of viscous dissipation  and the estimated

time scale of convection of momentum . The rule of thumb is that the çfasteré

process (with smaller time scale) controls the transport of momentum and mechanical energy
within the flow. If Re >> 1, convection plays a prominent role in momentum transport, whereas
the effect of viscous dissipation can be neglected (except at a region near solid surfaces referred
to as a boundary layer). On the other hand, if Re << 1, viscous dissipation dominates.

High Reynolds number flows involve small kinematic viscosities, large velocities and
large length scales. Flows observed in daily life (such as those of air and water) are generally
characterized by high Re, and observed phenomena include separations of streamlines,
formations of eddies, and if Re is above the critical Reynolds number, turbulence. Low Reynolds
number flows, also referred to as creeping flows or Stokes flows, however, are seen in systems
with small length scales, small velocities or large kinematic viscosities. These flows exhibit
distinct properties that are very different from those of high Reynolds number flows seen in daily
life. An example is flow reversibility. If a drop of color dye is gently placed in a Taylor-Couette
system consisting of viscous fluid contained in a space between two concentric cylinders and the
inner cylinder is rotated slowly in a counter-clockwise such that Re is very low, the color dye
will mix with the fluid. However, if the cylinder is once again rotated but in a clockwise
direction, the color dye will reverse back to being a drop (in an approximate sense) when the
number of turns of the cylinder rotation in the clock wise direction equals the number of turns of
the cylinder rotation in the counter-clockwise direction [8]. For a pseudo-steady creeping flow
characterized by low Reynolds number, time enters only as a parameter, and the fluid velocity
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and pressure respond almost instantaneously to changes in movement of surfaces [7]. Mixing and
çunmixingé the fluid can be achieved by changing the direction of the mixer.

For various circumstances concerning flows in microchannels, the Reynolds number
is small [4]. As an example, a channel with circular cross-section containing an electrolytic
solution with the shear viscosity close to that of water (on the order of 10-3 Pa.s at room
temperature) is considered. If the cross-section radius, R, is on the order of 1 μm, and the speed
of the electrolytic solution is a typical fluid speed of 1 cm/s, Re is 0.01. In the work presented
here, only systems with Re << 1 will be discussed.

In order to investigate the electrokinetic effect on fluid flow, the calculation of fluid
velocity and electric current in a channel with constant surface density and circular cross-section
will be presented as an example. The channel is assumed to be very long with its length much
larger than its radii such that for most axial position, the entrance effect on flow profile is small.
As a result, the electrolytic flow is unidirectional, fully-developed and steady. An electric field in
the axial direction (Ez) is uniform. Because Re << 1, the Navier-Stokes equation becomes the
Stokes equation with the electrical body force term as shown below.

(12)

where vz is the fluid velocity within the channel which is unidirectional. r and z are the radial
and axial positions, respectively. P is the pressure, and the term on the left hand side of Eq. (12),
dP/dz, is the pressure gradient in the axial direction. The first term on the right hand side of the
equation is the effect of viscous dissipation on the force balance, whereas the second term is the
electrical force per unit volume.

The governing equation for an electrical potential, the Poisson Equation (Eq.(2)),
becomes

(13)

The absence of  is due to the fact that the axial electric field, Ez, is constant.
A relationship between vz, Ez,  and dP/dZ can be obtained from substituting Eq.(13) into
Eq.(12) and integrating twice under conditions that vz(r = R) = 0 (a no-slip boundary condition at
the channel surface), and that both vz and  are finite at the channel centerline (r = 0). vz is as
a function of Ez and the axial pressure gradient as follows [9].

(14)

where R is the radius of the channel cross-section. The fluid flow rate (Q), the total volume
of fluid transported per unit time, is calculated as shown below.
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(15)

The second terms on the right hand side of Eqs. (14) and (15) are the fluid velocity and the flow
rate of a Poiseuille flow in an uncharged channel with circular cross-section, respectively.
The first terms on the right hand side of the equations, on the other hand, are the contribution of
Ez to fluid motion.

Under an assumption that the electrical double layer maintains its equilibrium
structure despite the imposed electric field, [ (r, z)- (0, z)] does not depend on the axial
position (z). The ion concentration does not vary in the z-direction, and the diffusion term in the
Nernst-Planck equation is absent, causing the current density (iz) to be written as

(16)

where the fluid electric conductivity, κe, is

(17)

From the above expression of the current density, the total current, I, can be obtained as

(18)

Substituting Eq.(16) into Eq.(18) yields

 .
(19)

To obtain the explicit expressions for vz, Q and I, it is necessary to evaluate the
difference between the electric potential, , and the potential on the centerline of the channel,

(r = 0, z). Similarly to obtaining the solution of the Poisson-Boltzmann equation for a channel
containing a stationary electrolytic solution discussed above, an analytical solutions for an
electric potential and a fluid velocity inside a channel containing a driven electrolytic solution
can be obtained by using a Debye-Huckel approximation as will be stated below.
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Electroosmosis, streaming current and streaming potential
Equations (15) and (19) combined yield a relationship between the fluid flow rate,

the electric current and the driving factors that cause fluid motion (the pressure gradient and the
electric field) as follows.

(20)

where

(21a)

. (21b)

(21c)

M11 and M21 are the fluid flow rate and electric current per unit pressure gradient, respectively,
whereas M12 and M22 are the flow rate and electric current divided by the magnitude of Ez.
The expression for M12 and M21 in Eq.(21b) is obtained from by-part integrating either the
second term on the right hand side of Eq.(15) or that of Eq.(19). The fact that M12 = M21 is an
example of the Onsager reciprocal relation. The three electrokinetic phenomena discussed here
can be understood directly from Eqs.(21a)-(21c) as discussed below.

Electroosmosis is a term referring to a fluid flow resulting from an applied electric
field. Analogous to an osmotic flow where a fluid flow is caused by a solute concentration
difference, an electroosmotic flow is caused by a voltage difference. When an electric field is
applied along a charged channel in absence of an imposed pressure gradient (  = 0), the
electric current is generated from the motion of the counterions in the electrical double layer
(I = M22Ez). A fluid flow rate (Q = M21Ez) is established throughout the liquid as shown
schematically in Fig. 3.

Streaming current, on the other hand, refers to an electric current caused by an
imposed pressure difference where the electric potential at both channel ends is çforcedé to be
equal by using electrodes as shown in Fig. 4. At zero potential difference (Ez = 0) but non-zero
pressure difference, a Poiseuille flow with Q = -M11( ) is created. The fluid flow carries the
counter-ions, and as a result, the electric current often called the streaming current, I = -M21( ),
is established and can be measured. The last of the three phenomena, streaming potential, occurs
because, in an open circuit in absence of electrodes, there is no electric current. According to
Eq.(20), if there is an imposed pressure gradient (  ≠ 0), there must be a voltage difference,
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resulting in a non-zero Ez;

(22)

The potential difference across the channel caused by the pressure difference is often
called the streaming potential. The resulted fluid flow is a combination of an electro-osmotic
flow and a Poiseuille flow, as shown schematically in Fig. 5.

Figure 3 Schematic drawing of an electroosmotic flow in a negatively-charged microchannel.
The channel cross-section is circular with radius R. The pressure at both ends of the
channel are equal; P1 = P2. An electric field in the axial direction created by potential
difference causes the motion of the positively charged counter-ions, resulting in the
fluid velocity of an electroosmotic flow ( EOF). Outside the electrical double layer,

EOF is uniform.

Figure 4 Schematic drawing of a streaming current in a negatively-charged channel. Electric
potential at both channel ends are equal, whereas P1 > P2. The imposed pressure
difference creates a Poiseuille flow that carries counter-ions and generates an electric
current, I, often referred to as streaming current, in absence of voltage difference.
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Figure 5 Schematic drawing of streaming potential ( ) created in a negatively-charged
channel. Because there is no electrode, the system is an open circuit and the total

electric current, I, must be zero. An imposed pressure difference created , and
the resulted fluid velocity, , is a superposition of a velocity of a Poiseuille flow
and that of an electroosmotic flow.

It is worth noting that streaming potential is often considered a bit peculiar, especially
from points of view of physicists who are familiar with Ohm’s Law, because I is zero despite the
non-zero potential difference. Likewise, streaming current is a non-zero electric current that can
be generated even though the potential at both channel ends are equal.

Analytical solution for flows in weakly-charged channels
To illustrate the different profiles of fluid velocity during the three electrokinetic

phenomena, a weakly-charged channel, where the Debye-Huckel approximation can be applied,
is considered. The ionic concentration inside the channel with circular cross-section, assumed to
retain its equilibrium distribution, can be approximated as follows.

(23)

where  and  is the concentration of ion i at the channel centerline (r =
0). Substituting Eq.(23) into Eq.(13), one obtains a governing equation for an electric potential
in a dimensionless form as shown below [8].

(24)

where  The length scale of the system is the Debye length
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redefined based on the ionic concentration at the centerline of the channel as shown below.

(25)

It is worth noting that  ≠ 0. A solution to Eq.(24) can be calculated analytically and can be
written as

(26)

where  is the modified Bessel function of the first kind of order zero. Eq.(26) is obtained

under a condition that . The remaining unknown constant, Γ, must be evaluated
from the surface charge density, qe, as follows [7].

(27)

Substituting the expression of the derivative of the dimensionless electric potential obtained
from Eq.(26) into Eq.(27) yields

(28)

Substituting Γ back into Eq.(26), one obtains the dimensionless electric potential which leads to
the fluid velocity (Eq.(14)) becoming

(29)

During electroosmosis,  = 0. From Eq. (29), the fluid velocity in the axial direction, 
is simply

(30)

If qe > 0, the counter-ions are anions. The direction of the electroosmotic flow is opposite to that
of the imposed electric field. On the other hand, if qe < 0, the counter-ions are cations and the
fluid flows in the direction similar to that of the axial electric field as shown in Fig. 3. For very
small values of λ0 (compared to R), the fluid velocity outside the thin double layer becomes
uniform. As λ0 → 0, the flow profile becomes similar to that of the plug flow (a flow with
uniform velocity throughout the cross-section).
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During the occurrence of a streaming current, Ez = 0 (because of the similar potential
at both channel ends due to imposed electrodes) but  ≠ 0. The fluid flow inside the
charged channel is a parabolic Poiseuille flow that carries the counter-ions and generates a
streaming current as shown in Fig.(4)

(31)

As for the streaming potential, the fluid velocity in the axial direction ( ) can be
found using an expression in Eq.(29) with Ez obtained as a function of  from Eq.(22) as
shown below. If qe < 0, the direction of Ez will be similar to that of the pressure gradient,
whereas if qe > 0, the directions of Ez and the imposed pressure gradient will be opposite.
The fluid flow results from a superposition of an electroosmotic flow and a Poiseuille flow as
shown earlier in Fig.(5).

(32)

Applications of electroosmosis, streaming potential and streaming current
Electrokinetic phenomena mentioned above are employed for various applications in

microsystems and microfluidic devices: the most notable being applications of electroosmosis.
If a soluble substance is injected into a flow inside a channel, at first, a sharp peak of solute
concentration is created. After a while, a phenomenon referred to as Taylor dispersion is
observed where the peak broadens as a result of the transverse variation of the velocity in the
field combined with the solute diffusion in all direction [7] as shown below in Fig. (6).
Electroosmotic plug flow (which occurs if the Debye length is small compared to the dimension
of the channel) permits transport of sample without sample broadening due to Taylor dispersion
[4]. In addition, an integration of microelectrodes and power supply into the channel design
allows generation and control of the electric field and an electroosmotic flow. Electrokinetic
pumping, replacing purely mechanically driven parts that are often bulky, enables the devices to
be portable [10, 11].

Furthermore, an electroosmotic flow can also be employed to facilitate effective
mixing in microfluidic devices [12, 13]. Due to the fact that viscous dissipation dominates the
momentum transfer in low Reynolds flows and turbulence is normally absent, streamlines do not
intersect, and the flow is often unidirectional. Even in curved or twisted channels, the transverse
component of the flow is very small compared to the axial component [14]. Several techniques
involving electroosmosis were utilized in order to increase the mixing rate. An example is a
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method called çelectrokinetic focusingé where the sample (containing solutes) is introduced
through the middle inlet of a T or a Y junction, and the solvent streams are introduced through
the side inlets [15]. The sample stream width is reduced, and so is the mixing time. An insertion
of this rapid mixer into microfluidic platforms makes studies of fast reaction kinetics such as
microsecond kinetic studies of protein folding possible [16]. In addition, the heterogeneities of
the surface charges on the channel walls have also been exploited to create localized recirculation
regions within the flow in order to improve species mixing in the microchannel [17] as shown
below in Fig. (7).

Figure 6 Schematic drawing of Taylor dispersion occurred in a microchannel containing a
soluble substance injected into a Poiseuille flow. The size and direction of the arrows
represent the magnitude and direction of fluid velocity, whereas shaded areas denote
regions with injected solute concentration. At t = t0, the soluble substance is injected
into the flow, and the solute concentration exhibits a sharp uniform profile across the
channel. Due to transverse variation of fluid velocity, solutes located at different
transverse location are moving at different speeds. At later time (t = t1), the solute
concentration profile can be seen as non-uniform across the channel. In addition,
because of solute diffusion in all directions, the solute concentration will gradually
broaden axially. This becomes apparent at t = t2. Electroosmotic plug flows observed
at very low Debye length (compared to the channel sizes) with the fluid velocity
being uniform at all transverse locations outside the electrical double layer are often
employed to prevent Taylor dispersion in microchannels.
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Figure 7 An example of how an electroosmotic flow contained in a channel with heterogeneous
surface charge densities can be employed to improve specie mixing. A section of a
very long channel where there is a heterogeneity in surface charge density is
presented in the above schematic drawing. The direction of the flow and the electric
field are indicated by the arrows. The base of the long channel is negatively charged
everywhere except in a narrow section where its base is patterned with a band of
positive surface charges. The motions in the opposite directions of cations and
anions in the electrical double layer create an electroosmotic flow with a localized
recirculation region. Figure is not drawn to scale.

Comparing to electroosmosis, the other two electrokinetic phenomena, streaming
current and streaming potential, are less widely employed. Streaming potential measurement is
used either to characterize the channel surface charges from the measured fluid flow rate, or to
determine the flow rate if the channel surface charge density (or surface potential) is known [4, 18].
Likewise, a measurement of streaming current in channels is a sensitive method to characterize
the channel surface potential.

Conclusion
Fluid mechanics of three electrokinetic phenomena with relevant microfluidic

applications has been reviewed. Electroosmotic flow is a fluid flow driven by the potential
difference, whereas, streaming current is an electric current generated by pressure difference
inside the channel in absence of a voltage difference. Streaming potential, on the other hand,
refers to a potential difference in an open-circuit microchannel generated by a pressure gradient.
Applications of electroosmosis include prevention of sample broadening due to Taylor
dispersion, fluid pumping and effective mixing, whereas applications of streaming current and
streaming potential are mainly determination of channel surface charge density, surface potential
and fluid flow rate.
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