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Abstract 

Pumping of fluids with precise control is one of the key components in a microfluidic 

device. The electric field has been used as one of the most popular and efficient 

nonmechanical pumping mechanism to transport fluids in microchannels from the very 
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early stage of microfluidic technology development. This review presents fundamental 

physics and theories of the different microscale phenomena that arise due to the 

application of an electric field in fluids, which can be applied for pumping of fluids in 

microdevices.  Specific mechanisms considered in this report are electroosmosis, AC 

electroosmosis, AC electrothermal, induced charge electroosmosis, traveling wave 

dielectrophoresis, and liquid dielectrophoresis. Each phenomenon is discussed 

systematically with theoretical rigor and role of relevant key parameters are identified 

for pumping in microdevices. We specifically discussed the electric field driven body 

force term for each phenomenon using generalized Maxwell stress tensor as well as 

simplified effective dipole moment based method. Both experimental and theoretical 

works by several researchers are highlighted in this article for each electric field driven 

pumping mechanism. The detailed understanding of these phenomena and relevant key 

parameters are critical for better utilization, modulation, and selection of appropriate 

phenomenon for efficient pumping in a specific microfluidic application.   

 

Keywords: micropump, electroosmosis, dielectrophoresis, electrothermal, lab-on-a-

chip 

 

1. Introduction 

In last two decades, there are significant interests in the microfluidic-based separation 

platforms because these devices can provide rapid separation with higher resolution 

and whole channel detection, require smaller sample volume and consume much less 

reagent, are cheap to fabricate and disposable, need lower electric potential, etc. [1-6]. 

To perform the complete analysis in these lab-on-a-chip microfluidic devices, several 

functionalities have to be integrated. One of the key functionalities of these devices is 

pumping, which is needed for transporting the separated bands, moving reagents to the 

separation/mixing chamber, supplying the ligands/antibodies to the binding sites, etc. 

Since most microfluidic-based separations are performed applying an electric field, it is 

desirable to have an electric field driven nonmechanical pumping system. The key focus 

of this work is to highlight the recent progress made in the electric field driven pumping 

mechanisms of liquids in microfluidic chips.  
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 When an electric field is applied to a liquid in a microfluidic device, a number of 

phenomena might occur depending on the type of liquids, liquid-surface interface, and 

nature of electric fields, which are generally known as electrokinetics. Although the first 

electrokinetic phenomenon is observed more than two-century back, many of them 

have only started getting attention in the late 1980s with the advent of the 

miniaturization techniques needed for this type of microdevice [7].  

 The major electrokinetic phenomena observed in microdevices are 

electroosmosis, electrophoresis, dielectrophoresis, Joule heating related electrothermal 

effect, induced charge electroosmosis, etc. Both electroosmosis and electrophoresis 

have century-long history and they are very widely explored in the context of 

separation. Electrophoresis is the motion of the charged particles or macromolecules in 

an electrolyte solution under the action of an applied electric field. The primary 

application of electrophoresis is to separate one analyte from others, or to concentrate a 

species from a dilute solution for detection or further processing. Depending on the type 

of electrolytes used, electrophoresis can be sub-divided into zone electrophoresis, 

moving boundary electrophoresis, isotachophoresis, isoelectric focusing, etc. [8]. These 

electrophoretic techniques are the workhorses of most analytical and bioanalytical 

works. To improve the separation resolution, two or more electrophoretic techniques 

can be hyphenated. In some instances, electrophoretic techniques are integrated with 

other types of separation methods, such as mass spectrometry to develop 2D or 3D 

separation platforms [1, 9, 10].        

Electroosmosis is the motion of ionized liquid with respect to a stationary 

charged or polarized surfaces in presence of an applied electric field  [11]. It is one of 

the very popular pumping technique used in the microfluidic device. Depending on the 

nature of the applied electric field and device configuration, electroosmosis can be 

classified as DC electroosmosis, time-periodic electroosmosis, AC electroosmosis and 

induced charge electroosmosis.  

The history of DC electroosmosis goes back to 1809 when Reuss demonstrated 

the motion of fluid from the anode to cathode in a porous clay diaphragms [12]. In the 

mid 19th century, Wiedemann repeated the experiment and described the fundamentals 

of this phenomenon [13]. Until the early 1990s, most of the DC electroosmosis was 
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restricted in capillary tubes, though the fundamental analysis for pure electroosmotic 

flow has been reported for both rectangular [14] and circular channels [15]. In 2002, a 

group of researchers has quantified the electroosmotic flow velocity distribution in a 

rectangular microchannel using microparticle image velocimetry, where they have 

demonstrated the plug like velocity distribution [16]. 

The time periodic electroosmosis concept was introduced by Dutta and Beskok 

in 2001 by applying an AC electric field along the channel [17]. In time periodic 

electroosmotic flow, the general structure of electric double layer remains the same, but 

the flow switches direction due to the change in the electric field direction. Later, these 

phenomena were extended to various microchannel geometries [18-20] and non-

Newtonian fluids [21-23]. Although this technique has some merits for mixing of species 

in microchannels [24], it cannot be applied for pumping of fluids.           

Unlike DC or time-periodic electroosmosis, in ACEO (AC electroosmosis), the 

surface charges are induced by externally applied voltages through the embedded 

electrode rather than from the naturally occurring charges on the channel surfaces [25]. 

Thus, the charge build-ups are hundreds of times stronger than DC electroosmosis.  As a 

result, this technique can generate locally stronger forcing field for fluid flow.  However, 

the ACEO technique is much more intricate as one must design and fabricate electrodes 

on the microchannel surface using expensive fabrication technique. Also, unlike DC 

electroosmosis, this method cannot be used for pressure build-ups, but an appropriately 

designed ACEO platform can provide local control in fluid flow which might be useful in 

many lab-on-a-chip devices.   

Similar to ACEO, AC electrothermal (ACET) technique can be used for pumping of 

conductive fluids using an AC electric field through embedded electrodes on the channel 

surface [26]. Unlike ACEO, the ACET is operated at a higher frequency to avoid bubble 

formation due to the Faradic reaction. In ACET, the electric double layer cannot be 

formed next to the electrodes as the electrodes are energized at a frequency higher than 

the charge relaxation frequency.  

The electric field can also be applied to transport micron and submicron sized 

particles immersed in a fluid. If these particles are charged, their motion is governed by 

the electrophoresis or combined electrophoresis and electroosmosis. On the other hand, 
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if these particles are neutral (uncharged), it is still possible to manipulate them using a 

technique called dielectrophoresis [27]. Like ACEO and ACET, dielectrophoresis 

requires non-uniform electric field to move particles. In dielectrophoresis, an electric 

field is applied to the particles through a liquid or electrolyte. The applied electric field 

serves two purposes: it polarizes the particles and moves the particles towards the 

appropriate electric field zone. For instance, if the particle is more (less) polarizable 

than the media, it moves towards the higher (lower) electric field regions, which is 

known as positive (negative) dielectrophoresis. By introducing appropriate phase lags 

between consecutive electrodes [28, 29], it is possible to move particles in a preferred 

direction, which can introduce a fluid motion due to the viscous interaction between the 

particles and fluid. This phenomenon is popularly known as traveling wave 

dielectrophoresis (twDEP). 

Another interesting electric field driven pumping mechanism is induced charge 

electroosmosis (ICEO) [30]. This technique shares some traits from both electroosmosis 

and dielectrophoresis. In induced charge electroosmosis, a stationary neutral post or 

charged surface can be polarized, one side has one type of net charge and the other side 

has the opposite net charge, using an electric field. The net surface charge (developed 

on the particle) from the polarization process can generate oppositely charged EDLs on 

the two sides of the particles, and the interaction of EDL and electric field can generate 

flow.  

From aforementioned discussion, it is clear that not all electrokinetic phenomena 

are used for microfluidic pumping. In this review, we focus on a few major 

electrokinetic phenomena that have been reported as a potential pumping mechanism, 

either globally or locally, in the literature. The rest of the paper is organized as follows: 

First, we present the general governing equations for both linear and nonlinear 

electrokinetic phenomena. Next, we briefly introduce the working principles of various 

electric field driven pumping mechanisms. This is followed by the specific and 

simplified governing equations as well as auxiliary conditions for each pumping 

mechanisms. Then, we only review important works in this area. It is important to note 

that there are thousands of publications on electrokinetic pumping, and it is impossible 

to review all of them. In this review, our primary focus was to delineate the fundamental 
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working principles of each electric field driven pumping technique along with 

similarities and dissimilarities among them. Readers are advised to consult the 

individual review papers on each topic for further information.  

 

2. Background 

Electrokinetics is a result of complex interaction among fluid species, electric field, 

induced thermal energy, dissolved ions, and object polarization. These interactions are 

governed by a number of equations which are discussed below. Depending on the types 

of electrokinetic phenomenon, one or more interactions play a dominant role, while 

other interactions can be safely ignored.  

 

2.1 Formation of an Electric Double Layer 

Electric double layer (EDL) forms when a charged surface comes in contact with an 

electrolyte, a liquid with free or mobile ions. Due to the presence of charges on the 

surface, the ions get redistributed close to the surface as shown in Figure 1(a). The 

formation of EDL next to a charged surface is the primary factor responsible for 

different types of electroosmosis.  
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Figure 1. (a) Formation of an electric double layer next to a negatively charged surface. 

The Stern layer is also known as compact layer and it consists of inner and outer 

Helmholtz layer (not shown). The electrostatic action is very dominant in the 

Stern/compact layer. The diffuse layer is impacted by the Coulombic interaction and 

random thermal motion. (b) The qualitative plot of co-ion (anions) and counterions 

(cations) distribution in an electric double layer. The electrolyte is electroneutral in the 

bulk regime, where the concentrations of cations and anions are same.   

 

In a dilute solution, the electric double layer consists of Stern and diffuse layers. 

The Stern layer is generally formed by an immobilized layer of counter ions (positive 
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ions in this case) from the electrolyte, where the electrostatic interaction is very 

dominant. In the diffuse layer, both electrostatic and thermal energy play key roles. The 

concentration of the counter ions decreases from the charged surface, while the 

concentration of co-ions increases as shown in figure 1(b). At some distance from the 

charged surface, the electrostatic energy is balanced by the thermal energy, and that 

length scale is known as Debye length. For a symmetric binary electrolyte, the Debye 

length can be expressed as [31] 

o

B
D

Cez

Tk
222


         (1) 

where   is the permittivity of the fluid medium, 
Bk  is the Boltzmann constant, T  is the 

temperature in absolute form, e  is the electron charge, z  is the valence, and 0C  is the 

concentration of ions in the bulk or electroneutral region. This relationship suggests 

that Debye length strongly depends on the electrolyte concentration, and it will be 

larger for a dilute solution compared to a concentrated one. Generally, the Debye length 

varies between 0.1 nm to 10 nm, which is much smaller than the typical microfluidic 

channel dimension (height or width), but for nanochannel, it is comparable to the 

channel dimension.  

 

2.2 Electric Double Layer for Nonlinear Electrokinetics 

In many microfluidic applications, such as AC electroosmosis, electrothermal, etc., a 

large electric field is applied to electrodes patterned on the channel surface. For the 

large charge density or large applied potential drop across the electric double layer, the 

inner diffuse layer  is overcrowded [32], which is termed as condensed layer as shown 

in figure 2. Like the low surface potential case, both Stern layer and outer diffuse layers 

are present in this scenario.  

When applied electric potential ( ) is much larger than the thermal potential (

ezTkBT / ), the dilute solution theory breaks down. This breakdown is not due to the 

exponential counter-ion distribution, but due to the Steric effects. The Steric limit is 

reached at the maximum concentration, and the corresponding critical potential [32] 
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0

maxln
C

C

ez

TkB
c         (2) 

At steric limit, the maximum concentration of counter ions can be given as  

3max

1

a
C          (3) 

 

Figure 2. Formation of an electric double layer for large applied potential  eTkBs /  

on the surface or large surface charge density. Essential layers in the fluid domain (from 

left to right) are Stern, condensed (inner diffuse) and outer diffuse layer. In this specific 

case, the inner diffuse layer consists of more than one layer of counter-ions forming a 

condensed layer. Due to the overcharging of the double layer, the dilute solution theory 

described in classical (DC) electroosmosis is not valid here. Adopted from Kilic et al. 

[32]. 

 

where a  is the typical spacing between densely packed ions considering hydration 

effects and ion-ion interactions. In a series of papers [32, 33], Bazant and co-workers 

have presented the dynamics of electrolytes at large applied electric potential, and they 

have identified linear, weakly linear and highly nonlinear regimes as  
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Linear:     
T      

Weakly nonlinear   cT       

Highly nonlinear   c      

The steric effect will be dominant in many nonlinear electrokinetic phenomena, such 

ACEO and ACET. Thus, readers are advised to consult the earlier works of Bazant and 

co-workers [32, 33] on steric effects for AC electrokinetic processes where energizing 

electrodes are placed on the channel walls.  

 

2.3 Polarization of an Object  

Polarization is a process of accumulation of positive and negative charges at the two 

sides of the object or at the two sides of the interface between objects and fluid as 

shown in Fig 3. The accumulation of charges on the object also induces polarization 

within the fluid (Fig. 3b). The result of this is the formation of dipolar charge double 

layer, which facilitates different electrokinetic phenomena. For instance, if the applied 

electric field is spatially nonuniform, it creates a net force on the object and causes 

motion of the object in the fluid medium, which is known as dielectrophoresis (DEP). On 

the other hand, for a fixed post or an object, the dipolar charge double layer can 

facilitate fluid flow, and this phenomenon is termed as induced charge electroosmosis 

(ICEO)[34].  
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Figure 3. (a) Polarization of a submerged neutral object right after the application of an 

applied electric field. (b) Polarization of the object attracts opposite ions in the fluid and 

causes induced polarization of fluid at the interface of the object boundaries at time, t> 

0. The time taken to form this induced polarization is known as charging time. The 

charging time depends on the fluid medium and characteristic length of the submerged 

object.  

 

3. General Governing Equations for Electrokinetics 

3.1 Ion Concentration and Electric Potential Distribution in an Electrolyte 

In an electrolyte system, the distribution of ions depends on the applied or induced 

electric field. For a dilute solution, the mass concentration of species i  can be obtained 

from the Nernst-Planck equation as [35]  

ii
i SN
t

C





       (4) 

where C  is the mass concentration and S  is the reaction term.  The mass flux of each 

species can be obtained by balancing the frictional term with the advection and 

electromigration as 

iiiiiii CDCEzCVN 


       (5) 
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Here D , z ,   are the diffusion coefficient, valence and absolute mobility of species, and 

V


 and E


 are the velocity and electric field, respectively. The electric field is related to 

the electrostatic potential as  

E


      (6) 

The governing equations for the electric field can be obtained from Maxwell’s equations 

by ignoring the magnetic effects. In a microfluidic channel with microelectrodes, the 

ratio of energy stored by the magnetic field to electric field can be given as [36]  




















EE

HH

U

U

e

m 






      (7) 

where   is the magnetic permeability and   is the permittivity of the medium. The 

magnetic field H


 can result from conduction and/or displacement current. If the 

conduction current dominates, the magnetic field can be approximated as LE ; while 

for dominant displacement current, the magnetic field can be estimated as LE  [36]. 

Figure 4 shows that for typical microfluidic setting, the magnetic energy is much smaller 

than the electrical energy if the applied electric field frequency is less than 100 MHz, 

and Maxwell’s electromagnetic equations can be simplified as [37]. 

e D


       (8) 

0 E


       (9) 

0



J

t



D

       (10) 

where D


 and J


 are the electric displacement vector and current density, and e  is the 

total volumetric charge density. Equation (9) indicates that under the quasi-

electrostatic condition, the electric field is irrotational. For a linear, isotropic and 

homogeneous medium, the material constitutive relation provides E


D . Thus, 

equation (8) can be rewritten as  

  e         (11) 

 

 15222683, 2018, 5-6, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/elps.201700375 by T

he U
niversity O

f T
exas R

io G
rande V

allley, W
iley O

nline L
ibrary on [24/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 
This article is protected by copyright. All rights reserved. 

13 
 

 

Figure 4. Relative magnitude of magnetic effect over electric for conduction and 

displacement current.  

  

If ions are the major current carrier, the volumetric free charge density can be given as 

[38] 


i

iie cez        (12) 

where e  is the electron charge.  

One can obtain the charge conservation equation by performing divergence operation 

on equation (10) and by utilizing equation (8) as  

0



J

t

e


      (13) 

In an electrolyte system, the current density term consists of electromigration, diffusion, 

and advection (bulk flow) of charged species, which can be expressed as [39] 

   iiiiiii CDCEzCVFzJ


     (14) 

where F  is the Faraday constant. In an earlier work, Castellanos et al. [36] reported 

that, in most microfluidic system, the contribution of the diffusion and advection term is 
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much smaller than the drift or electromigration term, and the charge conservation 

equation can be reduced to  

  0



E

t

e





      (15) 

where the electrical conductivity is defined as iii CzF   2  

 

3.2 Fluid Flow and Temperature Distribution 

The fluid flow in a channel is governed by the incompressible Navier-Stokes equations 

and continuity equation as [40]: 

  ),()( trFVpVVVtf


     

 (16) 

0 V


       (17) 

where f  is the fluid mass density, V


 is the flow velocity, p  is the pressure and F


 is 

the body force per unit volume. In Navier-Stokes equations, the first and second term of 

the left-hand account the transient and advective contribution in fluid flow, while the 

first and second terms on the right-hand side are related to pressure and viscous forces. 

In most micro/nanofluidic system, the convective term is much smaller than the 

viscous term due to small length scale and ultra-low flow velocity. Thus, the advective 

term can be dropped from the Navier-Stokes equations, and it will not be discussed any 

further for the rest of the paper. However, the contribution of the remaining terms 

depends on the specific case. For instance, in time-periodic electrokinetic flow, the 

contribution of the transient term cannot be ignored. Similarly, in mixed pressure 

driven and electroosmotic flow [41], the contribution of the pressure term is very 

important. The body force might come from a number of sources, such as buoyancy 

force due to density difference [42], acoustic streaming [43-45], or electrokinetic force 

due to an electrical field [36]. In an electrical field driven flow, the electrokinetic body 

force term is primarily responsible for facilitating fluid pumping that arises due to the 

interaction between electric field and fluids.  
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 The electrokinetic body force can be obtained from the Maxwell Stress Tensor 

(MST) which is regarded as the most reliable form to account for electric field driven 

forces [46]. The MST provides the comprehensive effect of electric field interactions 

among submerged particles and fluids. In most of the microfluidic electrokinetics, the 

frequency range for the applied electric field is low (less than 100 MHz) i.e. electric field 

wavelength is much higher than the typical electrode sizes. In such cases, the near field 

approximation holds and the effects of the magnetic field can be neglected, and the 

Maxwell’s stress tensor based on energy principles can be given by [47] 

IEEEM
f

fM























 2

2

1
     (18) 

where I


 is the unit tensor. The corresponding electrical field driven volumetric force 

density can be obtained by taking divergence as follows: 
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D   (19) 

The first term on the right-hand side represents force due to the free bulk charges, the 

second term represents force due to polarization i.e. dielectric force, and the last term 

provides the force due to electrostriction. Depending on fluid medium and the applied 

electric field, one or more terms of the equation (19) can be neglected.  The specific 

term that is significant for specific electrokinetic phenomena is discussed in the 

respective sections.   

Application of electric field also causes Joule heating in the electrolyte, which can 

change the fluid temperature either locally or globally. The amount of heat generation 

depends on the electrical conductivity of the electrolyte as well as the applied electric 

field. The electric field driven temperature distribution can be obtained from the 

following energy balance equation [48]  

  )()()( EETkTVTc tpf


      (20) 
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where pc  is the specific heat of the fluid, k  is the thermal conductivity and   is the 

heat generation due to viscous dissipation. The viscous dissipation term is generally 

significant for highly viscous liquids. The last term on the right hand represents Joule 

heating [49] due to the applied electric field. Like the fluid flow equation, the advective 

term can be dropped from the energy equation for most micro/nanofluidic applications. 

 

4. DC Electroosmosis 

Electroosmosis or electroendosmosis is the motion of ionized liquid relative to the 

stationary charged surface under the action of an applied electric field. This is also 

known as fixed charge electroosmosis or conventional electroosmosis. Figure 5 shows 

the working principle of electroosmosis in a straight channel. In this particular example, 

it is assumed that the microchannel surface acquires negative charges and cation 

dominant electric double layers are formed adjacent to the channel surface. The 

application of an electrical field will result in the movement of cations and anions 

towards cathode and anode, respectively. As the ions move in an applied electric field, it 

drags the fluid along it. Since, in Figure 5, the EDL is rich in cations, there will be a net 

movement of fluid from the anode to the cathode.  

 

 

Figure 5. Schematic of conventional electroosmosis in a microchannel. Fluids move 

from anode towards cathode since the channel surface has negative charge density. The 
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electric field exerts a tangential force on the electric double layer which is dominant in 

cations. This tangential force causes fluid to move. The electroosmotic mechanism can 

be applied in micro and nanochannel to pump fluids for various bioanalytical 

applications without any mechanical components.  

 

Electroosmosis could be beneficial in some applications, such as in the transport 

of separated sample zone in isotachophoresis or it could be detrimental, as in the 

dispersion of protein bands in isoelectric focusing. In the separation process, the 

electroosmotic pumping can be controlled by modulating the surface charge 

characteristics.  

 

Electric field induced electrokinetic body force is primarily responsible for 

electroosmosis. If we assume that the fluid medium is homogeneous throughout the 

channel, the electrokinetic body force can be approximated as Ee


 .  This body force is 

only dominant in the EDL region since the region outside of the EDL is electrically 

neutral. For pure electroosmotic flow through a channel, it is possible to obtain an 

analytical solution for flow velocity by balancing the body force term with the viscous 

term as [41] 

















 )(
1)(

y
Eyu x      (21) 

where   is the electric potential in the fluid, xE  is the tangential electric field, y  is the 

coordinate measuring from the channel centerline, and   is the zeta potential. At the 

channel surface, the electric potential approaches zeta potential, and the flow velocity 

approaches zero in order to satisfy the no-slip boundary condition at the channel 

surface. For a thin EDL case, the electric potential drops to zero for most of the channel, 

and the flow velocity can be approximated as uniform throughout the channel with the 

Helmholtz-Smoluchowski velocity  

xHS Eu



        (22) 
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For most microfluidic applications, the EDL region (0.1-10 nm) is much smaller 

than the channel height (10-100 microns). Thus, for those flows, electroosmotic flow 

can be modeled with the Helmholtz-Smoluchowski slip velocity at the channel wall. 

However, for the nanofluidic channel, where the channel size is comparable to the 

electric double layer, one should avoid the prescription of Helmholtz-Smoluchowski slip 

velocity at the channel wall. Rather, no slip and no penetration boundary conditions 

should be exercised in those cases.   

The electroosmotic flow velocity equation indicates that the nature of flow will 

depend on the type of channel materials since zeta potential is an indicator of surface 

charge density. The effect of substrate types on the EOF velocity profile is shown in 

Figure 6 [50]. For PDMS and fused-silica capillary microchannel, the flow is plug like, 

while for hybrid acrylic/PDMS microchannel, there is higher velocity in the middle of 

the channel compared to the edge. Authors hypothesized that this flow pattern variation 

from plug-like velocity is due to different surface charge densities at the top and bottom 

layer as well as due to the temperature variation caused by different thermal 

conductivities of acrylic and PDMS materials. Sinton et al. [51] also reported that EOF 

velocity deviates from plug-like flow if there is a non-uniform temperature distribution 

in the channel.  
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Figure 6. Fluorescent dye images of electroosmotic flow in various types of channels.  a) 

Acrylic microchannel at 266 V/cm, (b) PDMS microchannel at 248 V/cm, (c) hybrid 

acrylic/PDMS microchannel at 245 V/cm, and (d) Fused-silica capillary at 250 V/cm.  In 

all cases, the time gap between successive images is 50 ms. Different material types 

have different surface charge density and hence zeta potential, which is the primary 

reason for different flow velocity. The results are reproduced from Ross et al. [50].   

 

In electroosmotic flow through a microfluidic channel, the non-uniform surface 

charge density can create an adverse or favorable pressure gradient. At steady state, 

this combined electroosmotic and pressure-driven flow can be estimated by adding a 

pressure driven flow component as [52] 
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    (23) 
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where H  is the channel half height. For a favoarable (adverse) pressure gradient, the 

dxdP /  is negative (positive). 

4.1 DC electroosmosis as Pumping Mechanism 

In last two decades, the electroosmotic flow has been studied extensively both 

experimentally and theoretically. Dutta et al. [52] have presented the pressure building 

ability of DC electroosmotic flow using a hybrid microchannel consisting of materials 

with different surface electrical properties (zeta potential). Similar conclusions were 

obtained from the experimental works of Herr et al. [53].  

Electroosmosis in microfluidics is mainly used to transport species or generate 

fluid flow [54]. Table 1 shows a few selected electroosmotic pumping works carried out 

by various researchers in last two decades. The maximum pressure generated by an 

electroosmotic pump can be expressed as 





2max

8

d
P       (24) 

where d  and   are the channel diameter and applied potential difference. Thus, the 

pumping power of an electroosmotic pump can be raised by increasing the zeta 

potential, the permittivity of the medium and the applied electric field, or by decreasing 

the tube diameter. Various researchers have tried to maximize the pressure building 

ability by modulating different parameters with various degrees of success. The use of 

nanofluidic channel is the most popular method since there has been enormous interest 

in the development of the nanostructured devices. However, the flow rate supplied by 

the nanofluidic channel is sometimes not adequate; 10~1000 of nanofluidic channels 

are needed to maintain the desired flow rate.  Based on the nanochannel design and 

fabrication processes, the electroosmotic pump can be classified as open channel, 

packed-column, porous membrane, porous monolith, etc. In the following section, we 

report different types of classical electroosmotic pump that have been used in 

microfluidic devices as a pumping mechanism. 

 

Table 1: Comparisons of various electroosmotically driven micropumps 

Author and Year Flow Rate Max Pressure Applied 
Voltage 

Pore Size Pump Type 

Gan et al. 2000 3.0 ml/min 0.15 MPa 500 V 2–5 µm porous-
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[55] membrane 

Zeng et al. 2001 
[56] 

3.6 µl/min 20 atm 2 kV  packed-
column 

Yao et al. 2001 
[57] 

7 ml/min 2 atm 200 V  open-
channel 

Zeng et al. 2002 
[58] 

0.8 ml/min 2 atm 1.0 kV  packed-
column 

Lazar et al. 2002 
[59] 

10-400 
nl/min 

80 psi 2 kV  open-
channel 

Chen et al. 
2002[60] 

15 µl/min 0.33 atm 1 kV  open-
channel 

Laser et al. 2002 
[61] 

13  µl/min 6 kPa 400 V  open-
channel 

Takamura et al. 
2003 [62] 

415 nl/min 800 Pa 10 V  open-
channel 

Yao et al. 2003 
[63] 

33 ml/min 1.3 atm 100 V 1.2 and 0.55 
μm 

porous-
membrane 

Laser et al. 2003 
[64] 

170 µl/min 10 kPa 400 V  open-
channel 

Tripp et al. 2004 
[65] 

0.41 ml/min 0.38 MPa 50 V 1700 nm porous 
monolith 

Razunguzwa et al. 
2004 [66] 

2 µl/min  3 kV  packed-
column 

Chen et al. 2005 
[67] 

4.2 µl/min 26 MPa 8 kV  packed-
column 

Brask et al. 2005 
[68] 

6 µl/min 450 KPa 30 V 200 nm porous-
membrane 

Chen et al. 2005 
[69] 

0.4 µl/min 0.4 MPa 6 kV micrometer porous 
monolith 

Yao et al. 2006 
[70] 

3.2 ml/min 30 kPa 25 V 1 to 3 µm porous-
membrane 

Wang et al. 2006 
[71] 

2.9 µl/min 3 atm 6 kV 4  µm porous 
monolith 

Nie et al.  2007 
[72] 

0.1 µl/min 2.4 bar 2 kV  porous 
monolith 

Nie et al.  2007 
[73] 

400 nl/min  2 kV  porous 
monolith 

Miao et al. 2007 
[74] 

86 ml /cm2 
min 

 70 V 50-200 nm porous 
monolith 

Vajandar et al. 
2007 [75] 

0.125 
ml/min-V/ 

cm2 

 3 V 30–100 nm porous 
membrane 

Seibel et al. 2007 
[76] 

10 nl/ min 65 Pa 40 V  microchann
el 

Joo et al. 2007 
[77] 

262.4 nl/min  1 kV/cm  open-
channel 

Wallner et al. 
2007 [78] 

11.9 
µl/min/mm2 

5.2 kPa 60 V >500 μm porous 
membrane 
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Edwards et al. 
2007 [79] 

0.19–2.30 
μl∕min 

 40-400 V  open 
channel 

Chen et al. 2008 
[80] 

0.09 ml/min 
V/ cm2 

25 kPa 20 V 20, 100 and 
200 nm 

porous 
membrane 

Borowsky et al. 
2008 [81] 

20 to 70 
nl/min 

800 psi 1.5-4.5 kV 50 μm porous 
monolith 

Berrouche et al. 
2008 [82] 

13.6 ml∕min 2 kPa        150 V  nanoporous 

Chen et al. 2008 
[83] 

2.125 µl/min 42 MPa        4 kV  packed-
column 

Ai et al. 2010 [84] 275 µl/min         5 V 200 nm porous 
membrane 

Shin et al. 2011 
[85] 

5-30 μl/min 7 kPa 0.2-0.8 V 1 µm porous 
membrane 

Nagarale et al. 
2011 [86] 

26 ± 3 µl/min  1 V 0.7-1 µm porous 
membrane 

Gu et al. 2012 [87] 287 nl/min 1208 bar         10 kV 700 nm porous 
monolith 

Cao et al. 2012 
[88] 

5 ml/min 900 Pa          11 V 5 micron open-
channel 

Luong et al. 2013 
[89] 

0.7 ml/min 9 x 104 Pa         7.5 V 3.2 µm porous 
medium 

Parashchenko et 
al. 2014 [90] 

325 µl/min        300 V 8-9 µm 
Channel dia 

porous 
membrane 

Li et al. 2016 [91] 122 pL/s        50 V 80 µm 
Channel dia 

microchann
el 

 

 

Figure 7. Schematic of an open channel electroosmotic pumping system used for eluent 

gradients. Here n  number of microchannels of diameter 1d  and length 1L  are connected 

between two reservoirs. A larger diameter ( 2d ) channel of length 2L  is connected to the 

outlet reservoir. Electroosmotic pumping mechanism results from the application of 

electric field between inlet and outlet reservoirs, and no electric field is applied to the 
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fluid of larger diameter channel. Reprinted with permission from Lazar and Karger [59]. 

Copyright (2002) American Chemical Society.    

 

4.1.1 Open-channel electroosmosis: This type of electroosmotic pump is generally 

composed of 10 to 1000 open parallel microchannels or capillaries to provide fluid flow 

in a large diameter channel. Figure 7 shows the basic structure of such a micropump as 

presented in the work of Lazar and Karger [59], where they microfabricated a pump 

with numerous microchannels. Authors claimed to obtain a flow rate ranging from 10 to 

400 nL/min using 1-100 microchannels. They also provided an expression for pressure 

generated by open channel electroosmotic pump as [59] 

2
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      (25) 

where 
1L  is the applied electric field in the narrow channels. The discharge of such a 

pump can be obtained as  
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     (26) 

These model equations are in good agreement in predicting their experimental results. 

Adopting similar concept, Darabi et al. [92] developed an electroosmotic micropump 

using numerous open channels to cool down an electronic chip. Reichmuth et al. [93] 

presented an open channel EOF pump for HPLC separation by increasing the dielectric 

constant of the working fluid. Their new design improved the pressure generation and 

efficiency up to 85% and 140%, respectively. Similar high pressure, larger flow rate, 

higher efficiency open channel electroosmotic micropumps are reported by [57, 77, 79, 

88, 94].  

A cascade electroosmotic pump consisting of multiple narrower (5µm x 20 µm) 

and wider (50 µm x 20) channels was reported by Takamura et al. [62] as shown in 

figure 8. The main objective of their micropump is to operate at low voltage to avoid 

Joule heating as well as bubble formation by serially connecting a number of pumping 

blocks, where the total applied potential difference remains same as in one block. Each 
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pumping block consists of narrow channels and a wide channel (Fig 8a), and the 

configuration for applied electric potential is shown in figure 8b. According to their 

unique design, a larger favorable pressure gradient can be developed in narrower 

channels, while much smaller adverse pressure gradient is formed in the wide channel. 

Thus, the total pressure difference in each module can be obtained by subtracting the 

pressure required in the wide channel from the pressure generated in narrower 

channels. Figure 8c shows the pressure developed by a cascade EOF pump for different 

applied electric potential. Their experimental results show that pressure is higher with 

increased number of stages, but the fluid velocity remains the same at both the 6 and 15 

stages for a particular electric field.  

 

(a)       (b) 

  

      (c) 
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Figure 8. (a) Photograph of a cascade type of EOF pump, (b) fundamental pressure 

building capability using a lower electric field, and (c) performance of cascade type 

open channel electroosmotic pump with 15 and 6 stages. In Fig. (c), symbol circle 

represents pressure, while symbol rectangle is for electroosmotic flow velocity. 

Reproduced with copyright permissions from Takamura et al. [62]. 

 

      (a) 

 

    (b)       (c) 
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Figure 9. (a) Schematic of the pumping section of a packed column electroosmotic 

micropump and the test rig to characterize a packed column electroosmotic micropump. 

The electric field is applied using two platinum electrodes.  Pressure transducer and 

pressure regulator were used to measure the flow rate and the pressure, respectively; 

(b) Flow rate vs applied voltage at a fixed back pressure; (c) Pump curve (flow rate 

versus back pressure) for an applied potential difference of 2 kV. The pump’s column is 

5.4 cm long,  530 µm in diameter, and it is filled with 3.5 µm silica particles. DI water 

(pH = 5.7,  = 3.0 S/cm) was used as the working fluid in this pump. Reproduced with 

copyright permissions from Zeng et al. [56].  

 

4.1.2 Packed-Column electroosmosis: In packed-column EOF pump, a capillary is 

filled with micron-sized particles and the capillary ends are sealed by frits like 

electrochromatography column. Paul et al. 1998 [95] have demonstrated the feasibility 

of a packed column micropump, where they obtained pressure in excess of 8,000 psi 

using micron size particles. Later, Zeng et al. 2001 [56] developed a packed column 

micropump and presented the performance of the electrokinetic pump using a setup 

similar to regular pump testing station (Fig. 9a). 

As shown in Fig 9b, in a packed column electroosmotic pump, the flow rate can 

be increased by increasing the applied voltage for a fixed back pressure. The small 

nonlinearity in experimental flow rate vs applied voltage was due to a slight variation of 

the back pressure in their experiments. Figure 9c shows pump curve for the packed 

column electroosmotic pump, where they observed bubbles when back pressure is 

below 7 atm. The pump discharge remains constant in this bubble formation region. 

Their pump was capable of producing a maximum flow rate of 17 µL/min and a 

maximum pressure of 20 atm. Later, a number of researchers integrated the packed-

column electroosmotic pumps with HPLC, liquid chromatography, nanoflow gradient 

generator, and ion exchange beads for various operating pressure and flow rate [58, 66, 

67, 83, 96, 97].  
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4.1.2 Porous-Membrane electroosmotic pump: In this type of pump, a porous 

membrane is utilized to construct the main functional unit of the pump. This porous 

membrane contains numerous tortuous channels that are connected from one side of 

the membrane to the other [98]. Unlike packed column electroosmotic pump, the length 

of the channels in a porous membrane is much shorter [63]. Thus, a much higher 

electric field can be achieved with low applied voltage.  

 

     (c)        (d) 
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Figure 10. Porous membrane electroosmotic pump and its performance. (a) Images of 

nanochannels obtained from SEM and AFM (inset figure), (b) nanochannel coated with 

silica for augmenting the flow rate, (c) schematic of a porous membrane electroosmotic 

nanopump. Electrodes were formed on the two sides of the membrane using a thin film 

deposition of Au or Pt, while the nanochannel structure is formed by the anodization of 

aluminum foil, and (d) flow rate supplied by the electroosmotic pump at different 

electric field for various pore diameter. Diameters of nanochannels can be varied 

between 5 to 280 nm by controlling the anodization process.  Reproduced with 

copyright permissions from Miao et al. 2007 [74]  

 

Miao et al. [74] demonstrated a porous membrane electroosmotic micropump, 

where the membrane is fabricated by anodization of aluminum foils in acidic solution. 

Figure 10c illustrates a schematic of their micropump, while Figs 10(a) and 10(b) show 

the images of the highly arranged nanochannels. The core pumping (membrane) section 

is fixed with plates on both sides to withstand the pressure generated by the 
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electroosmotic pump, and it is placed between the inlet and outlet reservoirs. An 

electric potential difference of 0.1 to 70 V is applied to gold or platinum electrodes on 

the two sides of the membrane. They reported almost linear flow rate increase with an 

electric field (Fig. 10d), and for a particular applied electric field, the largest diameter 

pore provided highest flow rate. By changing the anodization process, they were able to 

obtain nanochannels of different diameters ranging from 5 nm to 280 nm for their 

membranes. Moreover, they presented a way to improve the flow rate by treating the 

channel surface with different chemicals, which improves the surface electrical 

characteristics for electroosmotic pumping. For instance, they reported that silica 

coated nanochannels can produce 108 times larger flow rate than the untreated 

nanochannel.  

Similar porous silicon membrane based electroosmotic pumps are reported in 

[55, 68, 78, 85, 86, 90, 99] for various flow rate, pressure and applied electric fields. The 

performance of the pump depends on porosity, zeta potential, and pore’s sizes. Yao et al. 

[99] reported a maximum flow rate of 3.2 ml/min and a maximum pressure of 730 Pa 

for a 350 µm thick silicon membrane, with pore sizes of 3 µm and 1 µm, respectively. 

For a fixed applied voltage, Chen et al. [80] have shown that flow rate can be increased 

by increasing the pore size. However, if the membrane size is very thin, then droplets 

may generate at low voltages [100].  Soumitra et al. [101] modified the zeta potential of 

the pores’ inner surface by depositing different coating materials to control flow.   

 

4.1.4 Porous monolith electroosmosis: In this case, a monolith column is used as a 

pumping component. Unlike a packed column or a porous membrane electroosmotic 

micropump, frits are not required in a monolith electroosmotic pump [102]. Organic 

polymer or inorganic silica-monolith can be used for the development of porous 

monolith electroosmotic pump [71, 103]. Tripp et al. 2004 [65] fabricated 

electroosmotic pumps based on microporous polymer monoliths. They investigated the 

effect of pore sizes on the monoliths, crosslinking density, and applied voltage on flow 

rate and pressure. Their electroosmotic pump can generate a flow rate of 0.41 ml/min 

and the measured pressure was about 0.38 MPa. Similar porous monolith based 

electroosmotic pumps are also reported by other groups [104, 105]. Gu et al. 2012 [87] 
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reported the assembly of multiple monolith electroosmotic pump in series, while Nie et 

al. 2007 [72] reported the assembly of nine parallel electroosmotic pumping systems 

for higher flow rate and pressure. Porous monolith electroosmotic pumps are used for 

various applications, such as flow injection system [69], liquid preconcentration and 

delivery process [73], and the separation of explosive molecules [81].  

5. AC Electroosmosis (ACEO) 

Similar to DC electroosmosis, discussed in the previous section, AC electroosmosis can 

drive the bulk fluid through the interaction of double layers and external electric fields. 

However, in AC electroosmosis, a time-periodic electric field is applied between a pair of 

neighboring electrodes as shown in Figure 11. The charging of these electrodes with an 

AC current not only provides the tangential component of electric field, but also the 

surface charges on the electrodes for the creation of EDL. During the first half of the AC 

electric signal (Fig. 11a), the polarities of left and right electrodes are positive and 

negative, respectively. Thus, the electric field (green line) is from the left electrode to 

the right one during the first half cycle. Moreover, the positively polarized left electrode 

creates an EDL parallel to the electrode which is dominant in anions, while the 

negatively polarized right electrode generates a cation-rich EDL. Hence, anions on top of 

the left electrode moves opposite to the electric field direction and cations on top of the 

right electrodes drift along the direction of electric field. During the second half of the 

AC signal (Fig. 11b), the left electrode becomes negatively polarized and right electrode 

gets positively polarized. This polarity change reverses the electric field direction as 

well as the dominant type of ions on both electrodes causing movement of ion in the left 

direction on the left electrode and towards the right direction on the right electrodes. In 

other words, in both half cycles, the direction of ion movement remains the same. This 

ion movement carries surrounding fluids owing to the viscous drag. AC electroosmosis 

requires much lower voltage than DC electroosmosis, which is one of the major 

advantages of this technique. Moreover, the effect of AC electric field can be controlled 

by the waveform, peak to peak voltage and the frequency of the applied electric 

potential.  
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Figure 11. ACEO fluid motion and induced charges at electrode surfaces. (a) During the 

half cycle when the left electrode has positive polarity and the right electrode has 

negative polarity; (b) during the next half cycle with opposite electrical polarity.  In AC 

electroosmosis, the bulk electrolyte is electroneutral and behaves in a resistive manner, 

while the EDL is charged and behave like a capacitor. 

 

Although there are many similarities between AC and DC electroosmosis, there 

are some significant differences between them. For instance, in AC electroosmosis, 

electrodes are responsible for both creating the electric field as well as forming the 

EDLs. In regular or DC electroosmosis, the channel surface charges actively participate 

in the EDL formation, and the surface charge density is much lower than in AC current 

supplying electrodes patterned on the channel surface. Thus, the mechanism for the 

electric double layer formation is quite a bit different in AC electroosmosis, which is 

discussed in Section 2.2.  

The general governing equations for fluid velocity and electrostatic potential are 

same as in DC electroosmosis.  Thus, we briefly review the boundary conditions for 

electric potential as well as for the flow field in the following section. Ramos and 

coworkers [106] presented the mathematical model to study the AC Electroosmosis 

considering the thin double layer and linear double theory. Later, Kilic et al. [32] 

extended the theory for the nonlinear electrokinetics, where the potential difference 
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across the electric double layer is much larger than the thermal potential. AC 

electroosmosis takes place when the applied electric field frequency is much smaller 

than the charge relaxation frequency of the bulk electrolyte  2/cf . At this low 

applied electric field frequency range, the EDL is in quasi-equilibrium. Under this 

assumption, the EDL goes through capacitive charging, while the bulk of the electrolyte 

behaves in a resistive manner. Thus, one can model the fluid domain with Laplace 

equation (can be deduced from Eq. 11), but with appropriate boundary conditions. At 

the channel surface, such as in the glass, PMMA, or PDMS, an electrically insulating 

boundary condition is valid. However, at the electrode surface, the boundary condition 

is slightly more complicated due to EDL formation. It is not possible to apply a Dirichlet 

boundary condition. The reason is that at low frequencies the EDL will go through 

capacitive charging and there will be a potential drop across EDL.   

The charging of the double layer due to bulk current can be expressed as [107] 

DL
DL qi
t

q

dy

d



 




       (27) 

where   eEDLDL VCq    and 
EDLC  is the capacitance per unit area of the electric double 

layer (both Stern and diffuse layer), eV  is the potential applied to the electrode, and   is 

the electric potential at the outer side of the diffuse layer. This linear relationship is 

valid for a small potential difference across the electric double layer. The double layer 

capacitance can be found from   

DSEDL CCC

111
       (28) 

where SC  and DC  are the Stern and diffuse layer capacitance. The capacitance of the 

Stern layer is generally independent of the ionic concentration of the solution. The 

capacitance of the diffuse layer can be found as [32] 

 
D

DD
d

dq
C


        (29) 
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where D  is the diffuse layer potential.  Kilic et al. [32] presented expressions for the 

diffuse layer capacitance considering the different level of double layer charging based 

on the applied electric potential as. 
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where   is the volume fraction occupied by ions in the bulk fluid.  

AC electroosmotic flow velocity can be obtained from the solution of the Navier-

Stokes and continuity equations by neglecting the inertia term. The inertia term consists 

of the transient term as well as the advective term. The transient term can be dropped 

since the time scale for fluid to respond to an applied AC electric field is much smaller 

than the applied electric field time scale. For instance, the typical electric field frequency 

used for AC electroosmosis is 10-100 kHz, while the typical response time for fluid in AC 

electroosmosis is in milliseconds. The advective term can be dropped because of the fact 

that the flow velocity is very small in an electric field driven micro/nanochannel flow. 

The typical Reynolds number for microflows is much smaller than 0.01. Thus, the 

simplified governing equations for AC electroosmosis are 

),( trFVp


       (30) 

0 V


      (31) 

These flow equations can be solved with no-slip and no-penetration boundary 

conditions at the channel and electrode surfaces, and periodic boundary conditions at 

the appropriate symmetry planes. In this general formulation, one has to find the 

forcing term throughout the computational domain. Like DC electroosmosis, for 

incompressible flow with a homogeneous fluid, the predominant forcing term is 

Coulombic. However, the computation of the Coulombic forces requires detail modeling 

of the EDL for electric potential distribution. One alternative approach is to solve the 

flow equations without the forcing term, but with an appropriate electroosmotic slip 
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velocity at the electrode surfaces. For AC electroosmotic, the required slip velocity at 

the channel surface can be given as 

 




  tt Eu

~
~~ 





     (32) 

where ~  is the complex electric potential at the inner side of the diffuse layer, and tE
~

 is 

the tangential (complex) electric field.  In linear regime [107], capacitances and electric 

potential can be related by  

 
   






~~~~
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Using Eqs. (32) and (33), the time-averaged AC electroosmotic velocity can be obtained 

as 

 




  *

~
~~

Re
2

te

D

EDL
t EV

C

C
u









    (34) 

where Re[] is the real component and 
*

~
tE


 is the complex conjugate of the electric field. 

 

5.1 ACEO as Pumping Mechanism 

In ACEO pumps, an electric field is applied through microelectrodes patterned on the 

channel surface. Generally, symmetric coplanar electrodes are used for this type of 

pumping as shown in Figure 12a.  Figs 12(b-d) illustrate the experimental work of 

Green et al. [108], where they studied the effect of applied electric potential magnitude 

and frequency in pumping KCl solution of different conductivity: Fluid A - 2.1 mS/m, 

Fluid B - 8.6 mS/m, and Fluid C: 84 mS/m. Flow velocity was measured with fluorescent 

tracking particles under microscope and images were recorded. Their experimental 

results show that the ACEO velocity increases with frequency and reach to a peak value 

before decreasing with frequency. ACEO reaches to a negligible value at a frequency 

known as charge relaxation frequency. Thus, for AC electroosmotic flow, the applied 

frequency range should be smaller than the charge relaxation frequency so that the EDL 

can form on top of the electrode surface. In addition, they observed that flow velocity 

decreases with the conductivity of the fluid indicating that the AC electrothermal 
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velocity is negligible for the frequency range considered in their work. Similar planar 

electrode based ACEO pump was reported by other researchers [109, 110] to name a 

few. Urbanski et al. 2007 [111] developed 3D ACEO pumps based on nonplanar 

electrodes with variable heights. They demonstrated that nonplanar ACEO pump can 

produce fast fluid flow compared to planar ACEO pumps.  

 

 

    (a)      (b) 

 

    

   (c)      (d) 

            

Figure 12. (a) Schematic of coplanar electrodes used for ACEO.  Step averaged velocity 

obtained from experiments at different frequencies for KCl solution with conductivity 

(b) 2.1 mS/m, (c) 8.6 mS/m and (d) 84 mS/m. Results are obtained for different x-

location along the channel as noted in the figure. Each electrode is 2 mm long, 200 
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microns wide and 130 nm (10 nm Ti, 100 nm Au, and 20 nm Ti) high, and the gap 

between electrodes is 25 microns, and applied potential is 2 V. Reprinted figures with 

permission from Green et al. [108]. Copyright (2000) by the American Physical Society.  

 

Although symmetrical electrodes are popularly used to create AC electroosmotic 

flow, ACEO pumping with symmetrical electrodes cannot create a flow in a preferred 

direction. In fact, this type of symmetrical electrode configuration creates a circulating 

motion in the vicinity of an electrode in the form of vortices. Ajdari [112] first 

theoretically predicted that the asymmetry of electrodes array can be used to drive fluid 

in a certain direction for pumping liquid in microfluidics. In their theoretical work, they 

have demonstrated asymmetry by modifying the surface charge characteristics of 

electrodes in addition to electrode/channel surface topology. Later, Mpholo et al.[113], 

Brown et al. [114], Ramos[115] and others experimentally demonstrated pumping of 

fluid using asymmetric electrodes in the microchannel.  

Figure 13 shows the electrode arrangements for an AC electroosmotic pumping 

with an asymmetric electrode array. The asymmetric electrode array consists of wide 

electrodes (E1), narrow electrodes (E2), narrow gaps (G1) and wide gaps (G2) between 

electrodes. In order to break the symmetry, the width of the narrow electrode should 

not be the same as the width of the wide electrode. In addition, the gaps G1 and G2 

should be different [116]. Ramos et al. [115] studied the asymmetric ACEO numerically 

where they have shown fluid flow is always in one direction, but the experimental work 

from the same group for the identical microfluidic setup was not conclusive [117]. For 

instance, outside the vortices region, they obtained flow from the right to the left 

direction for low applied electric potential, but their flow direction reverses at high 

applied electric field direction (not shown). Pure AC electroosmotic phenomena with 

the linear voltage drop across the double layer cannot be used to justify the flow 

reversal at the high applied AC potential, and some other electric field driven 

mechanism might be responsible. Storey et al. [118] identified the steric effects, 

overcrowding of ions due to the large induced voltage across the double layer, related 

decrease in surface conductance as the primary reason for flow reversal even at the low 

bulk salt concentration case. Nevertheless, the average flow velocity obtained in both 
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high and low electric field cases are negligible for any useful pumping in a preferred 

direction.    

 

 

Figure 13. Schematic of the asymmetric electrode array for net fluid flow in a preferred 

direction. Boundary conditions for electric field and flow field are also presented for 

numerical simulation of ACEO. Reprinted this figure with permission from Ramos et al. 

[115]. Copyright (2003) by the American Physical Society.  

 

To improve the pumping ability of ACEO pump, Huang et al. [119] presented an 

ACEO pump with stepped electrode arrays, and they compared their design with a 

traditional asymmetric coplanar electrode ACEO micropump. Their pump could 

generate a pressure 1.3 kPa at 1 Vrms and 1 kHz, which is two orders of magnitude 

higher than the previously reported ACEO micropumps. Although the stepped design 

presented in their work was able to improve the pumping ability significantly, it is 

paltry for any useful pumping in a microfluidic device. In other words, AC 

electroosmotic phenomenon cannot be used as a standalone global pumping 

technology, rather it can be employed as a local control mechanism since it creates 

highly nonuniform velocity, which is responsible for vortices. Researchers combined the 

ACEO local pumping with other phenomena such as dielectrophoresis [120], light 
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activated phenomena [121], pressure driven flow, etc. for separation, concentration, 

manipulation, and sensing. For instance, ACEO pumping is combined with 

dielectrophoresis for the collection of cells [122] and particles [123], separation of 

colloids [124], rotation [125] and manipulation [126] of particles in a microfluidic chip. 

Similarly, by combining with other microfluidic-based actuation technique, ACEO 

pumping is used for separation and concentration [127-130] and detection [131-134].    

 

6. AC Electrothermal  

AC electrothermal effect is caused by the interaction between the applied electric field 

and space charges created by the temperature gradient driven conductivity and 

permittivity variations. Like ACEO, generally co-planar electrodes are used for creating 

ACET flow. The non-uniform electric field generated by the coplanar electrodes can 

generate spatially varying heat sources in the fluid domain, which in turn causes 

nonuniform temperature distribution in the system. Since the fluid properties, such as 

density, viscosity, electrical conductivity, and permittivity are a function of temperature, 

non-uniform temperature field will create a permittivity and density gradient, and these 

gradients will contribute to the forcing term, in addition to the Coulombic force. Like EO 

and ACEO, the electrostriction term is negligible for ACET flow. Thus, the total forcing 

term (per unit volume) can be expressed as a superposition of electrical and buoyant 

force.  

 gEEFFF rebouyelec


 

2

2

1
   

 (35) 

where r  is the reference density and g


 is gravitational acceleration.  

Since AC electric field is used in ACET, the computation of electrical forcing term 

requires the solution of the complex electric field, which is computationally expensive. 

Ramos et al. [25, 36] have introduced an alternate method for calculating flow field in 

ACET using some reasonable approximations. For instance, it is assumed that the 

electric double layer is very thin and the bulk region is electrically neutral. In their 
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analysis, the total electric field E


 is decomposed into two components, 0E


 and 
1E


, 

where  

0E


>> 1E


        (36a) 

00  E


.       (36b)  

Using aforementioned relationship, the electrokinetic body force term can be 

approximated as 

 
2

0
2

1
EEF oe


      (37) 

Similarly, the free charge density can be rewritten as  

  101100 EEEEEEEe


    (38) 

To find the electrokinetic forcing term, one has to find both 0E


 and 1E


. Fortunately, 

00 E


 can be found from the solution of  

0

2

0 0  E


      (39) 

Substitution of the free charge density and electric field in the charge conservation 

equation (Eq. 13) yields  

      010
10 









EE

t

EE
E

t











   (40) 

In AC electric field, the time-dependent electric field is presented in terms of a complex 

number. Thus, the charge conservation equation can be rewritten as 

  0110010  EEEEjEE


    (41) 

One can use the relationship presented in Eqs. (36) to simplify the charge conservation 

equation as 

  01010  EEjEE


     (42) 
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Finally, an equation for the divergence of perturbation electric field 
1E


 can be obtained 

from the rearrangement of Eq. (42) 

 




j

jEE
E




 00

1




    

 (43) 

Substituting Eqs. (38) and (43) on Eq. (37) provides an expression for the AC 

electrothermal flow as  

 
 gEE

j

E
F r

















2

00
0

2

1
   (44) 

The timescale for the fluid to response under an AC electric field is much slower than 

the applied electric field frequency. Thus, a time average forcing term can be applied to 

the flow equation. For the AC electrothermal flow, the time averaged electrical forcing 

term can be rewritten as  

      gEEE
j

E
F r



























 *

00
*
0

0

4

1
Re

2

1
  (45) 

The AC electrothermal flow can be obtained by solving Eqs. (30) and (31) with a 

time averaged forcing term given in Eq. (45). In case of the electrothermal process, the 

electric field for the forcing term can be obtained from the Eq. (39), with appropriate 

boundary conditions at the electrode. The electric field is applied on the metallic 

electrode surface. Under thin double layer assumption, the applied electric field can be 

connected with the bulk electrolyte potential by the charge conservation equation. In 

thin double layer, the lateral current due to advection or diffusion is much smaller than 

the normal current [36]. Thus, like ACEO process, the charge conservation can be 

expressed as a balance between charge storage rate in the double layer and the normal 

current as presented in Eq. (27), and the boundary condition for the electric potential 

can be deduced as [36] 

nCi
Ve











 .     (46) 
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6.1 ACET Pumping in Microchip 

The first known work on the electrothermal micro pumping was reported by Fuhr et al. 

in early 1990, where they observed the flow of low conductive distilled water in a 

microfabricated channel.  In their work [28], a four-phase traveling wave electric field is 

used to drive fluids in which an array of electrodes (10 microns wide and 10 microns 

gap) attained a peak velocity of ~180µm s-1 at 35 Vpp and 100 kHz with fluid 

conductivity 9.3 mS m-1. This demonstration showed practical possibilities of producing 

relatively high fluid velocity using a non-uniform electric field, which might be useful for 

micro pumping in the biomedical field. Sigurdson et al. [135] demonstrated the 

application of ACET effect to induce vortices in a pressure driven flow system to 

improve the binding rate of ligands in an assay. In their work, they have shown the 

transport of fluid in diffusion-limited reaction, where the binding rate factor is 

increased by seven when compared to conventional binding process. Later, Lian et al. 

[26] demonstrated AC electrothermal pumping of conductive liquids with an applied 

voltage level less than 25 V, and they claimed to achieve a local fluid velocity up to 80 

µm/s. The same group also used a T-shaped electrode design to pump biofluid [136]. 

Using interdigitated coplanar electrodes, Koklu et al. [137] presented a parametric map 

for electrothermal vortices within the physiological conductivities considering the 

different size of channel heights.  

Recently, Lu et al presented a design for long-range fluid motion induced by 

ACET [42]. Figure 14a shows the schematic of such a microdevice, where electrodes are 

formed on the bottom (glass substrate) layer, while the three other sides of the channel 

consist of PDMS. Their study has shown vortices that can span more than one 

centimeter (Fig 14b) if the channel height is in the order of a millimeter. On the other 

hand, smaller dimension microchannels (less than 300 microns) provides smaller 

counter vortices close to the electrode. They also developed a comprehensive 

computational model, which considers the buoyancy effects due to density gradient and 

temperature-dependent parameters. Their experimental results are in good agreement 

with numerical data if (i) buoyancy effect is considered, (ii) temperature dependent 

fluid properties are used, and (iii) a Robin type boundary condition is implemented for 

the temperature equation. Their extended numerical model also identified some major 

shortcomings of the general scaling law. For instance, their experimental data disagree 

with the claim that the local electrokinetic velocity is proportional to the fourth power 

of the applied voltage, especially for highly conductive biofluid. Loire et al. [138] also 

emphasized the role of buoyancy/natural convection forces on the electrothermal 
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studies, which were predominantly ignored in many classical electrothermal theoretical 

works.     

 

     

    (a)        (b)   

 

    (c)        (d)   

Figure 14.  Long-range fluid motion induced by ACET. (a) A cross-sectional view of the 

microchannel integrated with a pair of parallel electrodes. Arrows indicate the direction 

of the flow. Black spots represent the location of velocity measurement. (b) Formation 

of two pairs of counter vortices in the microchannel. Fluorescence images were stacked 

together to illustrate the trajectories of the microspheres. Performance of the ACEO 

micropump at different (c) voltage and (d) applied electric field frequency. Reprinted 

from Lu et al. [42] (2016), with permission from Elsevier. 

 

Since ACET takes place in a non-uniform AC electric field due to the conductivity 

gradient (spatial difference in conductivities) driven local temperature distribution 

resulted from the nonuniform Joule heating, a number of researchers tried to 

supplement the conductivity difference in the buffer furthermore using other innovative 
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techniques. Perhaps, the most common choice to achieve this goal is to heat the 

microchannel and create an artificial temperature gradient [139]. Yuan and Wu [140] 

have demonstrated this thermally biased AC electrokinetic pumping by selectively 

heating one electrode, while maintaining the other electrode at room temperature. They 

have reported a significant improvement in the ACET flow velocity due to selective 

heating of one electrode, though their results were presented for very low applied 

electric potential. Recently, Williams and Green [141] presented the effect of external 

heating on the flow performance for AC electrothermal flow, where the heating 

elements were electrically isolated from the electrodes used for AC electric field. They 

have studied the effects electrode arrangement, size, and gap between electrodes using 

a numerical model.  

  Another innovative way to create the conductivity gradient is by strong 

illumination [142], microwave or laser heating. Green et al. [143] have shown the effect 

of light in the AC electrothermal flows by illuminating one electrode region, while 

keeping the other electrode at dark. They have noticed that the direction of fluid flow 

changes with frequency, though they still maintain counter-rotating vortices. Later, they 

presented a self-similar solution to explain some of the experimental observations 

quantitatively [144]. Kwon and Wereley [142] have demonstrated rotationally 

symmetric vortices in light actuated electrothermal flow, where electrodes were formed 

on the top and bottom surfaces of a parallel plate microchannel; and conductivity 

gradient was enhanced by shining laser light on the top and bottom electrodes. Their 

study also emphasized the role of buoyant forces for the cases when the applied electric 

field frequency is above the charge relaxation frequency.  

Conductivity difference in the buffer can also be created by maintaining a DC bias 

to AC signal on symmetric planar electrodes formed on the microchannel surface. Figure 

15 shows the schematic of the negative and positive DC-bias AC electrothermal systems 

[145] used for pumping. In Fig. 15a, the right electrode is set as a net negative electrode, 

while the left electrode is as a net positive. Due to electrochemical reactions at the 

electrode-electrolyte interface (aka Faradic reactions), co-ions are produced and 

released on the electrolytes. Thus, for the negative DC-bias case, cations are produced 

on the net positive (left) electrode, while anions are gathered on the right electrodes as 
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seen from Fig. 15a. These anions and cations are responsible for setting up different pH 

-- acidic on the cationic side and basic on the anionic side.  

Ng et al. [145]  reported the formation of acidic and basic domain due to the 

release of ions from the electrodes, and these additional ions alter the conductivity of 

the solution. For instance, from their experimental work, high conductivity is observed 

for the net negative electrode and low conductivity are found for the net positive 

electrode, causing a conductivity gradient along the channel. Under the action of an AC 

electric field, fluid is moved from the higher conductivity region to the lower one 

creating clock-wise vortices next to electrodes. Similarly, in Fig. 15b, the electrode 

setting is just opposite of the Fig. 15a, and anti-clockwise fluid vortices are obtained as 

shown in Fig. 15d.  

 

      (c) Clockwise Vortices   (d) Anti-clockwise Vortices 

 

Figure 15. Schematic and working principle of DC bias AC electrothermal flow for (a) 

negative and (b) positive bias. Experimental results of fluid flow close to the electrode 

regions for (c) negative DC bias (-1.5 VDC) AC voltage (10 VPP and 100 kHz) and (d) 

positive DC bias (+1.5 VDC) AC voltage (10 VPP and 100 kHz). Here the microchannel is 5 

mm wide and 200 microns high. Each electrode is 1 mm wide and there is 20 microns 

gap between them. DC bias AC electrothermal flow can be applied to obtain higher flow 

strength than the regular AC electrothermal flow, where the direction of vortices can be 
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modulated by the polarity of the bias potential. Reproduced from Ng et al. [145] with 

permission of the Royal Society of  Chemistry. 

 

Like ACEO flow cases [146], asymmetrical electrode configurations were also 

explored in ACET flow. Vafaie et al. [147] presented so-called discretized electrodes for 

forward and backward pumping using asymmetric electrode configurations and 

switching of electrodes for positive and negative potentials. Asymmetrical electrodes 

configuration is used to create AC electrothermal flow to improve the binding reaction 

efficacy in a microchannel immunoassay [148]. Wu et al. [149], demonstrated the ACET 

flow driven vortex in a micromixer, where the fluid flow is created by 3D electrodes 

imprinted on the channel side wall. Salari et al. [150] developed an electrothermal 

micropump by placing asymmetrical electrodes on all sides of the microchannel.  Lang 

et al. [151] used thirty pairs of asymmetrical electrode arrays to develop a close loop 

electrothermal micropump to grow human embryonic kidney cells and human colon 

carcinoma cells in a microfluidic chip.     

Although there is a significant interest in AC electric field driven fluid motion in 

microdevices using ACEO and/or ACET, none of these methods were able to create a 

pressure gradient for a sustained net flow like DC electroosmotic pumps. Also, working 

with ACET for high conductivity fluids is not very desirable for the biological sample as 

excessive temperature rise happens in highly conductive biofluid especially close to the 

electrode, which may damage the biological activities of samples. Thus, extreme care 

must be taken to adopt this technology for highly conductive biological buffers or 

proteins.  

 

7.  Induced Charge Electroosmosis (ICEO)  

When an electric field (AC or DC) is applied to a polarizable post or an object embedded 

in an electrolyte, a dipolar charge is induced leading to the formation of a dipolar double 

layer as shown in figure 16b [30]. Due to the formation of the dipolar double layer, the 

applied electric field becomes tangent to the surface of the post or object, and causes an 

electroosmotic flow which is known as induced charge electroosmotic (ICEO) flow 
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(figures 16c & d) [34]. ICEO flow is observed both around the neutral polarizable object 

as well as the charged polarizable object [152-154]. ICEO phenomena are especially 

important at the smaller zeta potential [30]. Bazant and Squires demonstrated that 

when total zeta potential (initial + induced)   is much smaller than    DLekT /log/2 , 

ICEO dominates over other electrokinetic effects. Otherwise, nonequilibrium 

electrosurface phenomena (NESP), second kind electrokinetic phenomena etc. 

dominates [155-157]. 

 

 

Figure 16. Induced-charge electroosmosis phenomena around a metal cylinder in a 

binary electrolyte; a) sudden application of electric field, t = 0 initiates polarization 

where electric field lines are perpendicular to the surface. Application of electric field 

facilitates electric current, J which drives opposite ions around the cylinder on the two 
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sides. (b) After charging time, dipolar double layer forms at the two-opposite side of the 

cylinder. This dipolar double layer acts like an insulator and electric field lines become 

tangential around the cylinder. (c) The tangential electric field exerts a force on the 

accumulated charges on the dipolar double layer and causes electroosmotic flow around 

the conducting cylinder with zero net charges. (d) Similar dipolar double layer and 

electroosmotic flow are observed for the charged conducting cylinder. However, dipolar 

double layer formation for a charged particle is unbalanced and double layer on one 

side of the cylinder dominates over the double layer on the other side. Hence, resultant 

electroosmotic flow is asymmetric, which causes a streaming flow in the upward 

direction. Reprinted this figure with permission from Bazant and Squires [30]. 

Copyright (2004) by the American Physical Society. 

 

Like DC and AC electroosmosis, induced charge electroosmosis (ICEO) is a 

consequence of the interaction between the electric field and electric double layer. 

However, ICEO is different from other electroosmosis due to the nature and formation 

of the double layer from the surface electric conditions. In regular fixed charge or 

classical DC electroosmosis, zeta potential remains uniform throughout the material as 

an equilibrium surface property. In contrast, the zeta potential is induced in ICEO by the 

applied electric field due to charge accumulation, which is non-uniform and dipolar in 

nature. Squires and Bazant [30] provided the detailed theoretical analysis of ICEO for 

various conditions based on the thin double layer ( 0rD  ) and weak applied electric 

field ( zeTkrE B /0  ) approximation. In the following section, we briefly reviewed 

their theoretical model. 

 

When an electric field ( kE ˆ
0 ) is applied to an uncharged conductive cylinder of 

radius 0r  immersed in an electrolyte solution (Fig. 16a), the electric field lines intersect 

at a right angle on the cylinder and form an equipotential surface with an electric 

potential of 0 , which is given by [34]: 
















2

2

0

00 1
r

r
E      (47) 
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In the absence of electrochemical reaction, ions in the electrolytes move toward the 

cylinder and form dipolar screening of ion clouds around the cylinder surface. The 

formation of screening ion cloud facilitates a time-dependent induced zeta potential 

around the cylinder surface. The time-dependent zeta potential can be obtained from 

surface charge density ( q ), applied electric field and electrolyte conductivity ( ) as 

given by [30]  

rEdt

dq

dt

d
ˆ

)(

)(












    (48) 

where   is the permittivity of the electrolyte solution, D 1  is the Debye screening 

length and r̂  is the unit vector in the radial direction. The system eventually reaches to 

steady state configuration when the formation of the dipolar double layer around the 

cylinder is complete and expels all electric field lines i.e. electric field lines become 

tangent around the cylinder surface ion-cloud, leaving no normal component as shown 

in Fig. 16b. The tangential component of electric field is obtained as follows 

 sin2ˆ
0EEEt 


     (49) 

At this configuration, the electric potential outside the screening cloud can be expressed 

as 
















2

2

0

00 1
r

r
E       (50) 

Thus, the spatially non-uniform zeta potential around the surface can be obtained as 

follows [30] 

 cos2)()( 000 rEf      (51) 

The tangential component of applied electric field acts on the EDL formed by the non-

uniform zeta potential and causes induced charge electroosmotic flow (ICEO). The ICEO 

slip velocity around this cylinder is found from classical Helmholtz-Smoluchowski 

formula as follows 

  







 ˆ2sin2ˆsin2
cos2ˆ

00

00 UE
rE

Eu w

t

w

ICEO 


  (52) 

where 0U  is the order of velocity scale for ICEO, which can be presented as 
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 0

2

0

0

rE
U w       (53) 

ICEO velocity is stronger than regular electroosmosis since it depends on the 

square of the applied electric field.  For a charged cylinder as shown in figure 16d, i.e. 

cylinder with a non-zero equilibrium charge density, 
2

0

0
4 r

Q
q


 , the steady state zeta 

potential distribution has both constant uniform zeta potential and induced non-

uniform potential as follows 

 cos2)( 000 rE      (54) 

Hence, the ICEO slip velocity for a charged cylinder will be a superposition of slip 

velocity due to constant equilibrium zeta potential and slip velocity due to induced non-

uniform zeta potential as shown in Eq. (52) as given by [30] 




 ˆsin
2 0arg w

s

edCh

ICEO uu 


     (55) 

For time-dependent ICEO, the slip velocity for charged or uncharged cylinder, Janus 

particles, insulating or conducting post can be found in [30, 158-160]. ICEO can also be 

obtained in an AC electric field. The governing equations for ICEO include Maxwell’s 

equation, charge conservation equation (Eq. 15) and fluid flow equation (Eqs. 16-17). 

For typical microfluidic ICEO, the Navier Stokes equations reduces to Stokes equations 

because of the assumption mentioned in ACEO section. 

 

7.1 ICEO as Pumping Mechanism  

At the early stage of theoretical development of ICEO phenomena, the primary focus 

was on the flows around polarizable cylindrical posts in a uniform electric field where a 

quadrupolar flow can be obtained as seen in figure 17. Later, Bazant and Squires 

demonstrated that the ICEO can be used to drive fluid flow in any direction by designing 

and breaking the spatial symmetry of conducting posts relative to the background AC or 

DC electric field [160]. The spatial symmetry on the conducting post can be broken by 

dielectric or conductive coating or by optimizing the shape and topology of the posts to 

control ICEO flow [159, 161, 162].  
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Squires and co-workers demonstrated ICEO micropumps using arrays of Janus 

metallo-dielectric micropillars [163]. Unidirectional ICEO flow is obtained upon 

application of AC electric field across the channel length by breaking symmetry with the 

Janus micropillars. The schematic of the micropillars array, as well as other control 

mechanisms used in their study, are shown in figures 17a-d. The microfluidic ICEO 

pump was tested with seven different electrolytes (2 strong and 5 weak electrolytes) 

solutions, and the pK values of solution were varied by varying buffer composition for 

evaluating the effect on the ICEO velocities. The operating applied AC potential on the 

driving electrodes was varied between 100 and 175 VPP and frequencies between 1 and 

20 kHz. Fluid velocities, measured using microPIV, were observed on the low-pressure 

side of the channel loop.  The pump pressure was measured for various combinations of 

electric field strengths and frequencies as well as electrolytes as shown in the figure 

17g. The lowest pressure was found to be 15 Pa for 100 M KCl and the highest 

pressure was 150 Pa for 100 M Tris buffer.  They have reported that the pump 

pressure varies with applied potential as 20 p  depending on the frequency, type of 

electrolyte and applied voltage.  
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Figure 17. (a) Schematic of ICEO pumping mechanism using an array of metallo-

dielectric Janus micro-pillars. The applied AC electric field in vertical direction drives 

ICEO flow, QICEO from left to right. (b) Microfluidic channel for ICEO flow in a loop. The 

velocity profile was constructed from the microPIV measurement. (c) Side view of array 

region in the microfluidic ICEO pump. d) A sectional view of multilayer microchannels 

at the inlet. (e) SEM image of array region showing electrically permeable hydrogel 

plugs along the driving electrodes for blocking backflow (scale bar 50 m). (f) Picture of 

a complete working ICEO pumping device (scale bar 1 cm). (g) ICEO pump pressure 

measured for 10 frequencies between 1- 20 kHz, 4 different voltages (100 Vpp, circles; 

125 Vpp, triangles; 150 Vpp, squares; 175 Vpp diamonds), and 7 electrolytes (KCl, black; 

NaCl, blue; chloroacetate, pKa 2.9, yellow; acetate, pKa 4.8, cyan; MES, pKa 6.2, green; 

MOPS, pKa 7.2, red; Tris, pKa 8.3, magenta). Reproduced from Paustian et al. 2014 with 

permission of the Royal Society of Chemistry. 

Breaking symmetries of ICEO flow through irregular shaped posts, non-uniform 

surface properties, controlled potential and field gradients etc. are the key for 

producing streaming flow in this type of micropump [159, 160].  Recently it is reported 

that ICEO flow increases with the increasing concentration of NaCl and KCl [164], but it 

was previously considered that the ICEO velocity decays with increasing concentration 

in general [158, 165].  ICEO pumping velocity and mass flow rate are also dependent on 

the size and relative orientation of circular posts [166, 167]. Gregerson et al [159] 

developed a mathematical model for shape and topology optimization to improve the 

pumping capability of ICEO micropumps.  

 

8. Dielectrophoresis 

Dielectrophoresis (DEP) is widely used for movement of polarizable particles in fluid 

media under the action of a nonuniform electric field [168]. DEP mechanism is classified 

based on the nature of electric field, such as AC DEP, DC DEP, traveling wave DEP etc. 

Depending on magnitude and direction of the applied electric field, dielectrophoretic 

force can create movement of particles in a preferred direction. In a densely populated 

particulate system, the particle movement can cause a fluid flow and it is reported to 
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use as a pumping mechanism in microfluidics [169, 170]. The various mechanisms for 

DEP base fluid pumping are described in the following sections.  

8.1 Traveling wave Dielectrophoresis (twDEP) 

Traveling wave DEP is created for movement of particles in a preferred direction by 

imposing phase differences in the applied AC electric potential on electrode surfaces. 

Like ACEO or ACET, planar electrodes are used for the creation of AC electric field, but 

the phase difference between consecutive electrodes are not set at 1800. Figure 18(a) 

shows a schematic of a traveling wave DEP system, where continuous phase differences 

in the applied AC electric potential is achieved through a series of microelectrodes. The 

delay in phase differences at different electrodes creates a moving electric field gradient 

which either attracts suspended particles in the direction of propagation or drives away 

particles in opposite direction of electric field propagation. The movement of 

sufficiently dense particles induces flow and entire fluid domain moves with the same 

direction of particles motion [28]. 

 

 

Figure 18. (a) Schematic representation of an array of microelectrodes for traveling 

wave DEP. Travelling waves are created by using phase difference of /2 between the 

electrodes. Traveling wave DEP facilitates electrostatic force parallel to the direction of 

wave propagation in addition to the conventional vertical force. The phase difference 

creates spatial variation in the electric field which provides a movement of the 

suspended particles in the fluid media. Hence, it creates unidirectional flow of particles 

and an induced fluid motions in the microchannel. 
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In case of an electric field driven particulate flow, the time scale of particle 

motion is usually much smaller than that of the electric field. Hence the electrostatic 

potential distribution for particulate flow is obtained from the quasi-electrostatic 

model. In the quasi-electrostatic model, the Maxwell equations can be reduced to Eqs. 

(8-10).  

In pure DEP, charges are the major current carriers and the effects of ionic 

current are negligible. For a linear, isotropic and homogeneous medium, the current 

density due to the inherent carrier can be given as EJ


 , and the charge 

conservation equation (Eq. 13), can be rewritten as 

  0



E

t

e





      (56) 

Now, the time derivative of Eq. (11) and a complex variable presentation of 

electric potential     tjertr 


0,~   yield 

    e
e jj

tt












 ~~    (57) 

Substitution of Eq. (57) in Eq. (56) gives 

   
















 EEjEj e


~~~

    

 (58) 

Alternatively, the above equation can be written as  

     0~~~~






   EEj


     (59) 

where the complex permittivity can be given as 








 j

j
~ . 

The electric potential distribution for twDEP is obtained by solving Eq. (59) for both 

fluid and particle domain. This requires proper boundary conditions as well as interface 

conditions between particle and fluid interface.  The typical boundary conditions are as 

follows: 
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)(

0)(~   tjex


 on an electrode surface   (60) 

0
)(~






x

x





  on an insulating surface    (61) 

The continuity of the electric potential and the normal component of the electric flux 

density are imposed as interface conditions between particle and fluid interface as:  

fp  ~~        (62) 

nn

f

f

p

p 







 





~
~

~
~       (63) 

where subscript p  is for the particles, f  is for the fluid media and n


 is the surface 

normal. The volumetric dielectrophoretic force is calculated from the time-averaged 

Maxwell stress tensor by integration over the period of the AC electric potential. Hence 

the time-averaged dielectrophoretic force density on the particle surface can be given 

by [171]  

nIEEEEEndtM
T

nMF
T

M
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MDEP





















2
**

0

~
)

~~~~
()~Re(

4

11
   (64) 

where *
~
E


 is the conjugate of E
~

 , I

 is the unit tensor, 

*
~~
EE


 is the dyadic product of 

electric field and its conjugate.  

Although Maxwell’s stress tensor-based estimation of DEP force is considered as 

the most accurate method, it requires the solution of complex electric potential (  tr ,~ 
 ) 

in a fluid domain embedded with particles or posts. The computational process of Eq. 

(59) is very challenging and it requires interface-resolved sophisticated numerical 

methods with high computational cost [37, 172]. Fortunately, there exists an alternative 

approach to evaluate DEP force based on the effective dipole moment method. In this 

method, particles are considered as point charges and the effect of polarization is 

accounted through the dipole moment. In this simplified case, the electric potential 

distribution is estimated by solving Laplace equation (Eq. 39) in the fluid domain 

without considering the presence of particles. Wang et al. [173] presented a unified 

effective dipole moment based force expression as 
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where ),( trp


 is the induced dipole moment, yx pp ,  and 
zp  are components of induced 

dipole moment in x, y and z-direction of Cartesian coordinate, and the AC electric field 

can be expressed as 

ktEjtEitEexEtrE zyx

tj ˆ)(ˆ)(ˆ)())(Re(),(
~

)(

0  
   (66) 

where kji ˆ,ˆ,ˆ  are the unit vector in Cartesian x, y, z coordinates, respectively, 

 ),,(cos),,()( 0 zyxtzyxEtE xxx   ,  ),,(cos),,()( 0 zyxtzyxEtE yyy   , 

 ),,(cos),,()( 0 zyxtzyxEtE zzz    and  zyx EEE 000 ,,  are the magnitudes of electric 

field,  zyx  ,,  are the phases of electric potential in x, y, z direction.  Using 

superposition principle, Huang et al. [174] derived an expression for dipole moment as 

follows  
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where )~2~/()~~( fpfpCM    is the Clausius-Mossotti factor. Since typical AC 

frequencies in DEP is below 100 MHz, it satisfies quasi-electrostatic approximation. 

Hence 
x

tE

yxxyy

tE yx


















 )()( 22 
 and using Eqs. (65) and (67), the generalized 

DEP force in the x-direction is given by [174] 
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The time-averaged generalized DEP force component in x-direction is obtained from 

above equation as follows  




















x
E

x

E
ErF x

xCM

x

xCMfxgDEP


 2

0

0

0

3

, ]Im[]Re[2     (69) 

 15222683, 2018, 5-6, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/elps.201700375 by T

he U
niversity O

f T
exas R

io G
rande V

allley, W
iley O

nline L
ibrary on [24/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 
This article is protected by copyright. All rights reserved. 

56 
 

 Similarly, the time-averaged component of generalized DEP force in y and z-direction 

can be obtained.  The effective dipole moment based generalized DEP equation is given 

by [173]: 

)]()Im()([Re)~Re(2 22223

zzyyxxCMrmsCMfDEP EEEErF  


 

 (70) 

where the first term represents the spatial nonuniformity of applied electric field which 

is relevant to the conventional DEP force, and the second term represents spatial phase 

distribution to account the effect of the traveling wave. The second term goes to zero for 

conventional DEP since the electric field is phase independent.  

The particles move toward the positive gradient of the electric field when 

)(Re CM is positive and vice versa.  On the other hand, the particles move along the 

propagating direction of the traveling wave when )Im( CM  is positive and against the 

propagating direction of the traveling wave when )Im( CM  is negative.  The maximum 

effect of twDEP is observed near the Maxwell-Wagner relaxation frequency,  




















mp

mp

WMf




 2

2

2

1
      (71) 

 

Table 2: Comparisons of various travelling wave dielectrophoretic pumping 

Author and Year velocity Applied Voltage Pumping Fluid 

Fuhr et al[28]. 1994 190 m/s 35 V Aqueous solution with suspended 
latex microparticles 

Hagedorn et al[29]. 
1992 

600 m/s 12 V Water with suspended 
microsphere 

Masuda et al. 1988 10 m/s 1.5 V Sucrose solution with suspended 
erythrocytes 

Pethig et al[175]. 
2003 

64 m/s 1.06 Vrms Monocytes cells suspending in 
glucose, sucrose solution 

Tseng et al[176]. 25 m/s 5.5 V Red blood cells suspending in 
glucose, sucrose solution 

Wang et al[177]. 
2011 

4.2 m/s 2 V Red blood cells suspending in 
glucose, sucrose solution 

Lei et al[178]. 2009  15 m/s 15 V Red blood drops 
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8.1.1 Travelling Wave DEP for Microfluidic Pumping 

Unlike a fixed electric field minima or maxima in conventional DEP, traveling wave DEP 

creates a moving point of attractions i.e.  moving electric field minima or maxima for 

particles so that particles can be continuously transported in a certain direction. The 

second term of Eq. (70) should be large enough so that it can overcome fluid drag force 

as well as a component of the first term of Eq. (70) which acts against this (second) 

forcing term [175]. These forces can be optimized for a continuous flow by regulating 

the electrical properties of fluids and suspended particles, applied electric field 

strength, and frequencies (Table 2).  

Lei et al. [178] demonstrated microfluidic blood delivery using the twDEP pump, 

where an array of microelectrodes is deposited at the bottom of the glass-PDMS 

rectangular microchannel. They applied an AC potential (3 to 5 V) with a frequency 

range from 1 to 40 MHz and phase shift of 900 or 1200 between neighboring electrodes 

(repeats in every 4th electrodes) to create a significant variation of conventional and 

traveling wave DEP forces.   
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(a) 
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Figure 19. Performance of a traveling wave dielectrophoretic pump for human blood 

delivery. (a) Distribution of dimensionless conventional DEP and twDEP forces along 

the channel length.  Average cell velocities as a function of (b) applied frequencies, (c) 

number of phases and (d) number of electrodes. Reproduced from Lei et al. [178] with 

copyright permission of the Royal Society of Chemistry. 

 

Figure 19a shows the variation of non-dimensional conventional and traveling 

wave DEP forces at the half of the channel depth. The twDEP forces are positive in the 

region of electrodes and decay rapidly beyond the electrode regions. On the other hand, 

the conventional DEP force is weaker in the electrode region and stronger near the 

reservoir. This observation is in line with the previous experimental findings of Hughes 

[179] where it was reported that the conventional DEP force is higher than the twDEP 

force within 5 m of the reservoir. Near the reservoir, the conventional DEP force works 

against the twDEP force. However, because of the stronger twDEP force over electrode 

 15222683, 2018, 5-6, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/elps.201700375 by T

he U
niversity O

f T
exas R

io G
rande V

allley, W
iley O

nline L
ibrary on [24/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 
This article is protected by copyright. All rights reserved. 

60 
 

region, blood cells are pushed forward and a lower pressure is created at the upstream 

compared to the downstream region. The motion of blood cells causes a continuous 

flow, and the flow velocity was measured using microscale particle image velocimetry – 

microPIV. The velocity of cell within the microchannel is shown in figures 19(b -d) as a 

function of applied frequency and number of electrodes, respectively.  

 Their experiment reveals that the velocity increases as the peak to peak applied 

voltage increases (not shown here). They have reported a minimum peak to peak 

voltage of 3 V for pumping, and blood cells were damaged at 6 V. There is an optimum 

frequency for which the pumping velocity reaches its maximum depending on the phase 

lag. For their experiment, the optimum frequency is 20 MHz and 30 MHz for a phase 

difference of 900 and 1200, respectively. It is also reported that the average velocity 

increases with the increase in the number of electrodes due to stronger twDEP force.  

Application of traveling wave electric field can also facilitate other types of 

electrohydrodynamic pumping [180]. He and Liu [181] presented the effect of 

electrohydrodynamics on twDEP pumping. Recently, multifluid mixing and pumping 

[182], modulation of blood flow in microchannels [177], separation and transportation 

of cells etc. are demonstrated where twDEP is used as a primary fluid driving 

mechanism [183, 184]. Tseng et al. [176] designed and developed a driving circuit that 

can efficiently replace function generator for steady state twDEP pumping of blood 

sample in a microchannel.  

 

8.2 Liquid Dielectrophoresis (LDEP): 

Liquid dielectrophoresis (LDEP) is defined as the motion of liquid in an air-liquid 

interface or bubble within a liquid due to the application of a non-uniform AC or DC 

electric field [185, 186]. The fundamental working principle of LDEP is shown in figure 

20. When a non-uniform electric field is applied in a liquid-air interface or liquid-bubble 

mixture, polarization takes place. In case of a liquid-air interface (Fig 20a), dielectric 

liquid is drawn to the higher intensity electric field since it is more polarizable than the 

gas. On the other hand, for the liquid-bubble mixture (Fig. 20b), gas or vapor bubbles 

are driven away from higher intensity electric field. Like ACET, LDEP is distinct from 

many electrokinetic mechanisms, where flows are primarily originated from the ion-

drag effect or electroconvection.   
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Figure 20. Schematic of liquid dielectrophoretic actuation; (a) dielectric liquid (2) is in 

contact with air (1 and 1 <2) are placed between two electrodes. Upon activation of 

electrodes, the liquid-air system polarizes and dielectric liquid is drawn into stronger 

electric field region, which is on the convergent side of the electrode system.  (b) When 

a dielectric liquid (2) with bubbles (1) is placed between energized electrodes, the 

bubbles are driven away from the stronger electric field region (the divergent section) 

due to the lower dielectric permittivity of the bubble.  

 

There are some similarities between LDEP and electrowetting as LDEP can be 

used to move liquid from a droplet using a pair of electrodes. However, unlike 

electrowetting, in LDEP the electric field lines penetrate through the liquid and control 

the shape of the liquid front that moves between electrodes [187]. Usually, the contact 

angle of LDEP is higher than the electrowetting.   LDEP can be used to move conductive 

liquid too using an AC current. In case of conductive liquid, the microelectrodes have to 

be coated with a very thin dielectric layer and liquid pumping depends on the applied 

frequency of AC electric field and the thickness of dielectric layer [187]. If the applied 

frequency is greater than the crossover frequency, the conductive liquid behaves like a 

dielectric liquid, and in that case, the conductive fluid is driven like a moving finger 

front. On the other hand, conductive fluid cannot be moved using a frequency lower 

than the crossover frequency. In that case, fluid just spreads on the substrate as shown 

in Fig. 21c.  
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Figure 21. The effect of applied electric field frequency on DEP liquid manipulation. (a) 

Dielectrophoresis actuated liquid flow as a moving finger from the droplet towards the 

other end of the electrodes,  (b) cross-section of the water finger showing semicircular 

profile when f>>fc, (c) cross-section of slowly spreading water film when f<<fc. In figure 

(c), the electric field lines cannot penetrate the liquid. Reprinted with permission from 

Jones [187]. Copyright (2002) American Chemical Society. 

 

If a liquid is placed between two energized electrodes as shown in figure 21a, the 

electric field induced force acts on the interface between liquid and gas to facilitate 

motion of the liquid. This interfacial force is found from Kelvin-Helmholtz formulation 

[46, 188] as follows: 









  /

2

1

2

1 22

EEEF f


    (72) 

The similar formulation is obtained from Maxwell’s stress tensor as discussed for 

equation (19). For an uncharged and incompressible liquid, the first and the last term of 

right-hand side of the forcing equation can be neglected. At the interface, the DEP force 

(the second term in the equation 72) can create a hydrostatic pressure difference 

between liquid and gas, which is similar to capillary force at the curved surface [185]. 

Thus, the hydrostatic pressure difference at the interface can be obtained [185] as 
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airliquidtairliquid Epp   2

2

1
    (73) 

However, strictly speaking, the LDEP is not a pumping mechanism. Nevertheless, it can 

provide a flow of liquid or bubbles in a way similar to the fluid flow in the capillary tube 

through capillary action or surface tension. In LDEP literature, the height rise of the 

liquid between narrowly spaced electrodes is calculated based on Pellet’s classical 

experiment [189] as 

 
g

E
h

l

airliquid





2

2


      (74) 

The liquid dielectrophoretic pumping mechanism is also mostly modeled with 

simplified Maxwell’s equation for electric field and Navier Stokes equation (Eqs. 16-17) 

for fluid flow. However, for simplicity, it is reported to use phase-field formulation to 

describe LDEP mechanism. In phase field formulation, the air and liquid volume are 

treated as one fluid domain with varying physical properties (such as density, viscosity, 

electrical permittivity, and conductivity) across air-liquid interface [190]. The driving 

force in liquid dielectrophoresis can be calculated from Eq. (19). However, for dielectric 

liquid, 0e  due to an absence of free charge in the liquid and first term on force 

expression in Eq. (19) can be neglected. 

8.2.1: LDEP as Pumping Mechanism  

Pan et al. [191] demonstrated DI water pumping in a microchannel for various channel 

configurations using LDEP. In their experiment, DI water (as pumped liquid) was 

surrounded by silicon oil (as a low dielectric medium), and the mixture is placed 

between plates as shown in figure 22a, where the top plate contains blank electrode and 

bottom plate contains patterned electrodes. The path of water flow is defined by the 

patterned electrode, which is covered with a dielectric coating. Spacers of different 

depth were placed on the bottom glass slides to hold liquid of different depth depending 

on the experimental conditions. The DEP force that drives the liquid depends not only 

on the applied electric potential, but also on the width of patterned electrodes and 

depth of flow stream [192].  Figure 22c shows the water stream flowing over the bottom 

electrode and forming a virtual microchannel. Pumping velocity of water flow in the 

virtual microchannel was measured by observing the advancement of the water 
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meniscus.  The pumping velocity depends on the applied voltage and aspect ratio (d/w) 

as shown in figure 22d. It has been shown that the pumping velocity can be reached as 

high as 27 mm/s by modulating aspect ratio and applied voltage for 100 kHz AC signal. 

Their group also demonstrated liquid flowing over wide varieties of electrode designs 

[191]. 
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Figure 22. (a) Concept sketching of LDEP pumping mechanism for an electric field 

defined virtual microchannel. Electric field is applied between unpatterned electrode 

(top plate) and patterned electrodes (bottom plate) where the channel shape depends 

on the design of electrode on the bottom plate. (b) Cross-sectional view of device, (c) DI 

water is flowing over an array of linear electrodes with different width due to the 

application of 100 kHz AC electric field, and (d) pumping velocity of DI water for various 

applied electric potentials and aspect ratios i.e. d/w where d is the depth of spacers and 

w is the width of electrodes. Reproduced from Fan et al. [191] with permission of the 

Royal Society of Chemistry. 

 

Renaudot et al. [193] reported optimization of LDEP devices that can operate as 

low as 150 Vrms between electrodes with 4 m gap for a liquid having conductivity up to 

10 mS/m. LDEP was also used to flow sucrose solution to transport HeLa cell in a 

microchannel to demonstrate DEP trap and release mechanism [194]. Moreover, LDEP 

has been reported to use in the transportation of free-floating droplets[195], continuous 

gas pumping without leaking [196], and liquid actuation on superhydrophobic surfaces 

[197]. For more information on this micro pumping technique, readers are suggested to 

consult the detailed review of Kaler et al. [198] and Jones [185]. 

 

9. Concluding Remarks 

Electric field driven pumping mechanisms are popular in microfluidics since they do not 

require mechanical moving parts, which make them more compatible with micro-total-

analytical systems (TAS) or lab-on-chip format. This review article provides a 

systematic description of various electrokinetic phenomena used for micro pumping 

with detailed physics, unified governing equations, related boundary conditions, and 

scaling laws. Table 3 shows the comparisons of different electric field driven pumping 

mechanisms. Depending on the choice of fluid medium, electric field and substrate, one 

or more phenomena can drive fluids. In some scenarios, one or more phenomena need 

to be suppressed through design parameters for better control and efficient pumping. 

Based on the rigorous analysis and literature review presented above, following 

conclusions can be drawn: 
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Table 3: General comparisons of selective electric field driven micro pumping 

mechanisms covered in this review. Here DCEO: DC electroosmosis, ACEO: AC 

electroosmosis, ICEO: induced charge electroosmosis, ACET: AC electrothermal, twDEP: 

traveling wave dielectrophoresis, and LDEP: liquid dielectrophoresis. 

 Ion Drag (EDL formation) Thermal Effect Particle Polarization 

 DCEO or EO ACEO ICEO ACET twDEP LDEP 
Required 
conditions 
for flow in 
micro/nano-
channels 

Spontaneous 
EDL 
formation 
due to fixed 
charge on 
channel 
surface 

Periodic EDL 
formation on 
electrodes 
due to an 
applied AC 
field 

Nonuniform 
EDL 
formation 
due to the 
polarization 
of metal or 
neutral post 

Nonuniform 
permittivity and 
density due to 
nonuniform 
temperature as 
well as space 
charge 

Densely 
packed 
micro-
particles 

Two 
immiscible 
fluid media 
with distinct 
permittivity 

Type of 
applied 
electric field 

High voltage 
DC power 

Low voltage 
and low-
frequency AC 

Intermediate 
range AC or 
DC voltage 

Low voltage and 
high-frequency 
AC 

Low voltage 
AC with 
phase lag 

High AC or 
DC voltage 

Primary 
driving force 

Coulombic 
forces 

Coulombic 
forces 

Coulombic 
forces 

Coulombic and 
dielectric forces 

Dielectric 
forces and 
fluid drag 

Dielectric 
forces 

Major 
advantages 

Very high 
pressure and 
high flow 
rate, and can 
be used for 
pumping  

Low electric 
potential, 
and can be 
used for local 
flow control 

Mid range 
electric 
potential, 
and does not 
create 
vortices 

Low electric 
potential, and 
can be used for 
local flow control 
with vortices 

Suitable for 
pumping 
particulate 
fluids with 
more 
controls 

Continuous 
flow of 
liquids or 
droplets 
with high 
velocity 

Primary 
limitations 

Very High 
voltage is 
needed, and 
bubble 
formation is 
very common 

Negligible 
pressure 
build up and 
undesired 
flow reversal  

Negligible to 
low-pressure 
build up 

Negligible 
pressure build 
up and can only 
be used to highly 
conductive 
buffer 

Cannot be 
used to 
pump fluids 
without 
densely 
packed 
particles 

Dielectric 
coating on 
electrodes 
are needed, 
and cannot 
be used to 
pump one 
fluid 

Perspective 
on future 
research 
activities 

Fundamental 
research and 
product 
development 
are expected 
to continue 
at the current 
or faster pace 

Fundamental 
research 
activities are 
expected to 
accelerate in 
near future  

Expected to 
drop due to 
lack of 
general 
interest in 
this area 

Has the potential 
of significant 
increase in 
fundamental 
research in 
coming years 

Not 
expected to 
grow in a 
significant 
manner 

Failed to 
generate 
enough 
interest and 
unlikely to 
make a big 
splash in 
future too 

 

9.1 Electroosmotic pumping: Electroosmosis has been extensively used for pumping 

in the lab-on-a-chip microfluidic device. Surface coating, channel diameter, and 

electrode configurations are mainly used to control pumping in DC electroosmosis, 

 15222683, 2018, 5-6, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/elps.201700375 by T

he U
niversity O

f T
exas R

io G
rande V

allley, W
iley O

nline L
ibrary on [24/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

 

 
This article is protected by copyright. All rights reserved. 

67 
 

while electrode structure and locations are the primary design parameters for AC 

electroosmosis. Analytical solutions for electroosmotic and mixed electroosmotic-

pressure driven velocity distribution are available for DC electroosmotic pumping in 

rectangular or circular shaped microchannels. For a thin EDL limit, the electroosmotic 

flow can be modeled with the Helmholtz-Smoluchowski slip velocity at the channel wall. 

However, deviation from a typical plug-like flow profile can be observed due to non-

uniform zeta potential at the channel surface or Joule heating within the channel.  

Unlike its DC counterpart, a closed form analytical solution for AC electroosmosis 

is not possible due to nonlinearity in the electric field. In AC electroosmosis, electrodes 

are responsible for both creations of the electric field and EDL. Due to the close 

proximity of the neighboring electrodes, the electric potential applied in AC 

electroosmosis is much smaller than that of DC. Moreover, in AC electroosmosis, the 

flow field is highly nonuniform and localized close to the electrode regions. Although AC 

electroosmosis provides more design parameters, such as electrode geometry and 

electric field frequency for control, a global flow field cannot be obtained from AC 

electroosmotic pumping. Depending on the conductivity of the working medium, both 

DC and AC electroosmotic pumping mechanisms can generate heat as Joule heating [48, 

199], which can affect the sample in bioseparation process.  

9.2 ACET Pumping: Like AC electroosmosis, ACET pumping uses coplanar electrode 

design and AC electric field to create spatially varying heat source to facilitate 

temperature variation, which is responsible for the ACET flow. However, this 

mechanism is different from AC electroosmotic pumping in two ways. First, ACET uses 

much higher electric field frequencies than regular AC electroosmosis. Second, it takes 

advantage of variable fluid properties to generate spatially varying heat in the system. 

The complete modeling of ACET involves the solution of the complex electric field, 

energy, and fluid flow equations.  However, the simplified mathematical model based on 

scaling law analysis can be applied to calculate electric field, which is used to find the 

dielectric and Coulomb forces. ACET pumping can be controlled by adding an external 

heating element in addition to modulating the number of energized electrodes and their 

orientations. ACET can also be supplemented with laser lighting or by including a DC 

bias to the regular AC electric field. Since the core working principles of ACET involved 
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heat generation, this process might not be suitable for many bioanalyses, where the 

sample is temperature sensitive. One must carefully evaluate the benefits of using this 

technique in biological samples if other alternatives are available.    

9.3 ICEO pumping: Dipolar double layer, due to the polarization of particles in an 

electrolyte, is responsible for ICEO. ICEO exhibits non-linear electrokinetics phenomena 

and becomes dominant physics at the smaller zeta potential.  The ICEO can be modeled 

with Maxwell’s equation, Nernst Plank equation, and fluid flow equation where 

Coulombic force is the driving mechanism for fluid flow. The pumping pressure can vary 

with applied electric potential as a quadratic relation depending on the frequency, 

electrolyte, and voltage. ICEO pumping mechanism has some unique advantages over 

other electroosmotic pumping, such as i) ICEO pumping can take place in both AC and 

DC electric field; ii) the direction of fluid flow and applied electric field directions are 

perpendicular to each other; and iii) operational frequency range in ICEO is much wider 

than the operational frequency range in ACEO. 

9.4 DEP Pumping: Even though DEP is popularly used for the manipulation of particles, 

only traveling wave DEP and liquid DEP are used for microfluidic pumping. Travelling 

wave DEP can be obtained by applying AC electric potential on neighboring electrodes 

with a 90-degree phase difference. The phase differences on applied electric potential 

can create a moving electric field in a preferred direction, which can attract or repel 

particles suspended in fluid resulting in a movement of fluid. Traveling wave DEP can 

only be applied to a fluid with suspended particles, such as blood. In traveling wave 

DEP, the direction of the net flow depends on the relative magnitude of traveling wave 

period and the delay between imposed field and particle moments. If the delay between 

imposed field and induced particle moment is smaller than the half of the traveling 

wave period, the fluid flows against the propagating direction and vice-versa. The flow 

can be modulated through electrode design, applied electric potential magnitude and 

frequencies, properties of fluids and particles, etc.  

On the other hand, the LDEP is used either to generate a continuous flow of liquid in a 

liquid-air interface or to move bubbles immersed in a liquid medium. The LDEP 

pumping mechanism is analogous to the capillary action since it influences hydrostatic 

equilibrium. This mechanism is different from general electroconvection based 
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electrokinetic pumping. LDEP has been demonstrated to generate flow for both 

conductive and non-conductive liquid. In LDEP, the pumping velocity depends on the 

applied electric field, frequencies, the width of the electrode as well as the depth of the 

flow stream. 
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