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Abstract: A two-dimensional numerical 
simulation study has been performed to model an 
electrohydrodynamic (EHD) micropump. The 
emphasis of this study was on simulating the 
effect of the different geometric design 
parameters on the micropump pressure head and 
volume flow rate. The simulated design 
parameters are the channel height, the emitter and 
collector electrodes heights and widths, and the 
interelectrode spacing and the spacing between 
the electrode pairs.  The micropump consisted of 
several electrode pairs which each can be 
considered as a pumping stage. The simulated 
working fluid was HFE-7100 3M® thermal fluid. 
One pumping stage were simulated where the 
total pressure of the pump can be calculated as 
pressure of one stage multiplied by the number of 
stages. The numerical results were first validated 
with published experimental data then were used 
to identify the influence of the different design 
parameters on the pump performance to obtain an 
optimum design. 
 
Keywords: Electrohydrodynamic, EHD, Ion-
Drag, Micropump, Multiphysics COMSOL 
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Nomenclature 
 

D Diffusion coefficient (m2/s) 
E0 Electric charge constant, 1.6x10-19C 
E Electric field intensity (V/m) 
Fe Electric body force density (N/m3) 
F Faraday Constant, 96.485x103 (C/mol) 
I Electric current (A) 
J Electric current density (A/m2) 
NA Avogadro’s number, 6.023x1023 mol-1 
p Pressure 
Q Fluid flow rate (m3/s) 
u Velocity of fluid (m/s) 
V Voltage (V) 
Greek symbols 
ε Electric permittivity (F/m) 
ε0 Permittivity of vacuum, 8.854x10-12 (F/m) 
εr Dielectric constant 

μ Dynamic viscosity of fluid (Pa.s) 
μe Mobility of charge (m2/V.s) 
ρ Fluid density (kg/m3) 
ρe Volume charge density (C/m3) 
σ Electric conductivity (S/m) 

 
1. Introduction 
 

Micropumps are crucial in microsystems to 
generate fluid motion that can be used for 
pumping, electronics cooling [1], cryogenic 
cooling [2], agitation or mixing. Their compact 
sizes and their ability to pump precise volume of 
fluid make them an attractive candidate for 
microfluidic systems and biomedical applications 
[3]. They can be classified as either mechanical or 
non-mechanical based on how the actuation 
energy is obtained to drive the fluid. 

Some examples of the mechanical 
micropumps (with moving parts) are electrostatic, 
piezoelectric, thermopneumatic, and shape 
memory alloy micropumps. Non-mechanical 
micropumps (no moving parts) utilize the electric 
fluid interaction to drive fluid motion such as 
magnetohydrodynamic, electroosmotic, 
electrohydrodynamic (EHD),   electrochemical 
micropumps. Nisar et al, presented a review of 
both the mechanical and non-mechanical 
micropumps used for biomedical applications [3].  

EHD pumping utilizes the influence of an 
electric field on electric charges, dipoles or 
particles embedded in a dielectric fluid to move 
the fluid. Several of the early designs of EHD ion 
drag pump has been presented in the literature [5-
8]. Moreover, the theory of the operation of EHD 
pumping have been documented in the literature 
[4, 7-8]. In EHD ion-drag micropump, as shown 
in Figure 1, an electric field is applied between 
two sets of electrodes (emitters and collectors) 
which are in contact with the dielectric fluid. The 
emitter electrode is where the voltage is applied 
and the collector electrode is connected to ground. 
As a result of the high electric field, the emitter 
electrode will inject electrons into the dielectric 
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(a) 3-D isometric                                                                     (b) Section view AA  

Figure 1. EHD ion-drag micropump layout 
 

fluid which will ionize the fluid molecules to 
create ions that will move in the direction of the 
electric field. This movement will drag the fluid 
to move in the same direction as the electric field 
(from the emitter to the collector). A strong 
electric field will accelerate the ionization process 
as the electrons of the ionized molecules will be 
accelerated to ionize other molecules. This will 
result in increasing the number of ions in the 
working fluid.  

Due to the low conductivity of the dielectric 
fluid, the current generated due to the high electric 
field is small which result in low power 
consumption of the EHD pump.  

Since, the pumping action depends on the 
amount of ions and the ability of the fluid 
molecules to be ionized, the pumping 
performance of an EHD ion-drag pump can be 
increased significantly by the selection of the 
working fluid properties. Fluids with high 
permittivity will have higher pumping 
performance. Moreover, the motion of the fluid 
depends on the dragging of the working fluid 
towards the collector. So, working fluids with low 
viscosity will also increase the pumping 
performance [9-10].  

Several EHD ion-drag micropumps designs 
had been manufactured and simulated to examine 
the effects and the influence of the geometric 
design of the electrodes (height, width, and 
shape), the interelectrode spacing and the 
electrode pairs spacing [11-19].   

 In this study, an extensive parametric 
modeling of the planar electrode EHD ion-drag 
micropump was performed. It will examine seven 
different parameters which are the height of the 
channel(hch), height of the emitter(he), the height 

of the collector (hc), the width of the emitter(we), 
the width of the collector(wc), the interelectrode 
spacing(des), and the electrode pair spacing(dep). 
These parameters are shown in Figure 2. Due to 
the symmetry of the electrode pairs and the 
absence of variation in the electrodes geometry 
along the depth, a two dimensional model for only 
one electrode pair has been used in the study as 
shown in Figure 2. It has been shown 
experimentally in different studies that saw tooth 
geometry of the emitter electrode is better than the 
planar, as the charge density is higher as the saw 
tooth tip compared to the planar electrode [14,19]. 
However, the effect of the other design 
parameters will affect both designs in the same 
manner. Therefore, the results of this study will be 
also applicable to the saw-tooth design. 
 

One Simulation Stage

hch

hche

we wc

dep/2 des
dep/2

Inlet OutletCollector
Emitter

 
Figure 2. A schematic diagram of the geometric design 
parameters and the simulation stage 
 
2. Use of COMSOL Multiphysics 

 
2.1 Governing Equations 

 
The driving force for the EHD induced fluid 

motion is the electric body force. The electric 
body force density Fe acting on a dielectric fluid 
with free space charge density ρe and subjected 
to an electric field E is given by equation 1 [20]: 

Emitter Electrodes 

Collector Electrodes 

Fluid 
Flow 

A 

A 

Excerpt from the Proceedings of the 2015 COMSOL Conference in Boston



 

F௘ ൌ ௘Eߩ െ
ଵ

ଶ
Eଶߝ׏ ൅

ଵ

ଶ
׏ ൤Eଶߩ ቀ

డఌ

డఘ
ቁ
்
൨             (1) 

 
The electric force density has three 

components representing different forces acting 
on the fluid. The first term, called the 
electrophoretic force, represents the Coulomb 
force acting on a free space charge. The second 
term is known as the dielectrophoretic or 
Kortweg-Helmholtz force density and is defined 
for two-phase or non-isothermal fluids. The third 
term is electrostrictive force and is defined for 
inhomogeneous electric field or fluid 
compressibility.  

Ion-drag pumping uses a single-phase, 
incompressible fluid placed in a homogenous 
electric field. Therefore, only Coulomb body 
force causes mass transport.  
 The governing equations for ion-drag 
pumping are the electrical and fluid equations 
derived from Maxwell’s equations, charge and 
fluid conservation.  
 Gauss’s law, one of Maxwell’s equations 
defines the relationship between the electric field 
and charge density:  
 

.׏ EሬሬԦ ൌ
௘ߩ
ߝ

 (2) 

 
In addition, since the magnetic field is negligible, 
 

׏ ൈ E ൌ 0 (3) 
 
The irrotational nature of the electric field yields 
an expression for the electric field in terms of the 
potential field gradient. 
 

E ൌ െ(4) ܸ׏ 
 
The law of conservation of charge states that: 
 

௘ߩ߲
ݐ߲

൅ .׏ J ൌ 0 
(5) 

 
where the electric current density, J, is defined as 
the sum of the current density components both 
within the control volume medium and due to 
bulk motion of the medium. So the current density 
J is: 
 

J ൌ ௘Eߩ௘ߤ ൅ Dߩ׏௘ ൅ ݑ௘ߩ ൅ σE (6) 
  

Under high electric fields, as in ion-drag 
mechanism, diffusion has a negligible effect 
compared to the charge migration process and can 
be ignored. Therefore the current density 
components become the migration, convection, 
and conduction respectively. Since we are 
examining a steady state problem so using both 
equation 5 and 6, the charge conservation 
equation becomes: 
 

௘Eߩ௘ߤሺ׏ ൅ ݑ௘ߩ ൅ σEሻ ൌ 0 (7) 
 

The electric body force from the electrostatic 
physics will be combined with the fluidics 
problem to solve for the velocity and the pressure. 
Since the fluid flow is assumed to be laminar, 
steady and an incompressible. The fluid flow is 
governed by the continuity and Navier-Stokes 
equations will result into the two equations 8, and 
9  
 

.׏ ݑ ൌ 0 (8) 
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where F௘ ൌ  ௘Eߩ

 
It is required to solve equations 2,4,7,8,and 9 

simultaneously for charge density, electric 
potential, pressure and velocity. Note, that 
equations 2 and 4 can be combined so the problem 
is four equations in four unknowns.  
 
2.2 COMSOL modeling 
 

The ion-drag pumping problem can be 
modeled using three physics which are 
electrostatics, charge conservation, and laminar 
flow.  
 This problem is a fully coupled multiphysics 
problem. To get the initial value for the electric 
potential, the electrostatics physics was solved 
first for the electric potential. Next the 
electrostatics with the charge conservation were 
solved together for charge density. Then, the three 
coupled physics were solved simultaneously for 
the four unknowns. Note that charge conservation 
requires the value of the electric potential 
(migration) and the fluid velocity (convection). In 
most of the simulations presented in literature, the 
convection component of the current density were 
neglected. In this study, this convection 
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component were modeled through the fully 
coupled multiphysics.   
 A parametric two dimensional model was 
drawn to represent the simulation stage shown in 
Figure 2. The material for the electrodes was 
modeled to be gold and the fluid is HFE 7100 
3M® thermal fluid.     

For electrostatics, the boundary conditions are 
straight forward, a voltage is applied on the 
emitter electrode and ground on the collector 
electrode. A periodic boundary condition is 
applied on the two ends of the segment as at the 
midpoint between two adjacent stages, both the 
geometry and boundary conditions exhibit 
periodic characteristics.  

For the laminar flow, there were two sets of 
boundary conditions corresponding to the static 
and dynamic flow conditions. For the static flow 
condition, where the interest was in the pressure 
head, the inlet to the stage was modeled at zero 
pressure while the outlet of the stage was set to no 
viscus stress. For dynamic flow condition, where 
the interest was in the velocity or fluid flow rate, 
the inlet and outlet were modeled at zero pressure. 
The electric body force density (۴ࢋ ൌ  was (۳ࢋ࣋
modeled as a volume force. 

For the charge conservation, there is no 
physics in COMSOL that can represent the law of 
conservation of charges. However, the transport 
of diluted species uses a Nernst-Planck equation 
for the conservation of concentration of a 
chemical species as shown in equation 10.   
 

 ci=Ri (10)׏.u+(V׏ ci-zi μe,i Fci׏.Di-).׏
 
This will resemble equation 7, if the concentration 
is replaced by charge density, and the reaction rate 
R to be the conductive component in equation 7 (-
σ.׏Eሻ.	Moreover, the diffusion coefficient is set to 
zero. The charge density will be the concentration 
multiplied by Avogadro’s number (NA) and the 
electric charge constant (E0). The boundary 
conditions for the charge density are not known. 
It can be estimated for the measured current 
during the experiments [15]. The boundary 
condition will be the charge density at the emitter. 
A value for the charge density was used from the 
reported experiments done by Benitis [21]. 
 

௘ߩ ൌ ௘௫௣ܫ on emitter so that	௘,௘௠௜௧௧௘௥ߩ ൌ ׬ J݀ܣ஺  
 
 

2.3 Modeling verification 
 
The model was verified using the experimental 
data presented in the work of Kazemi et al [19]. 
Two designs were compared in their work which 
were symmetric and asymmetric planar electrode 
designs. The asymmetric dimensions were we = 
40μm, wc = 20 μm, hch=100μm, des=80μm, 
dep=160μm, Number of pairs = 100 and width = 5 
mm. The symmetric dimensions were the same 
except that the wc=40μm. The reported results 
were that the micropump volume flow rate (Q, 
ml/min) and pressure for different emitter voltage.  
 The model was modified to the experiment 
dimensions and the velocity was measured at the 
output in the middle of the outlet cross section. 
The volume flow rate was evaluated as: 
Q = u.hch.width (m3/s) and converted to ml/min.  
The simulation estimates were in good agreement 
with the experimental results as shown in Figure 
3.  
 For the same two designs, the pressure was 
calculated as the differential pressure between 
outlet and the inlet of the simulation stage and 
multiplied by the number of stages which was 100 
in this case. The simulation estimates were also in 
good agreement with pressure experimental 
results of the two designs. 

 
 

Figure 3. A comparison between Simulated and 
experimental flow rate  

 
3. Data and Results 

 
 In this study, twenty five different designs 
were simulated to examine the relationship and 
the influence of the seven aforementioned 
geometric parameters shown in Figure 2. Three 
main ratios were introduced which are: 

ds = dep / des 
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wr = wc/we 
hr = hc/he 

 

These ratios define the relationship between six of 
the seven parameters. The last parameter was the 
channel height which was varied while keeping 
the other parameters the same. 
 

For the first ratio which was the spacing 
distance, only the effect of increasing the 
electrode pair spacing was examined. That is 
because if both spacing were equal there would be 
a back flow between the adjacent pairs and no 
pumping would occur in that design. The impact 
on both the pressure and volume flow rate were 
examined as shown in Figure 4. Only the 
electrode pair spacing was increased while 
keeping the other parameters constant. As shown 
in Figure 4, both the flow rate and the pressure per 
stage increased as the ratio ds increased. It should 
be noted that if the width of the pump was limited 
then as the ds was increasing the number of stages 
would decrease. This will result in the decrease of 
the total pressure.  
 As shown in Figure 5, a representative 
pressure contour for the six different designs 
simulated for this spacing ratio. The pressure was 
measured as the difference in pressure between 
the inlet and outlet of the stage.  
 In Figure 6, the velocity profile of different 
spacing ratio. It can be shown that velocity was 
maximum between two electrodes where the 
maximum electric field. When the spacing ratio 
increased, the maximum velocity stayed between 
the electrodes.  
 

 
 

Figure 4. Effects of dep/des on the flow rate and the 
pressure/stage. 

 

 

 
Figure 5. An example of the pressure contour when 
the ds = 4. 
 
 

 
(a) ds= 4 

 
(b) ds = 8 

Figure 6. The velocity profile for different ds ratios 
 

The second ratio was wr, electrode width ratio. 
Five designs were studied by varying the wc and 
keeping the emitter electrode width constant. As 
shown in the Figure 7, there is a sharp increase in 
both the pressure and flow rate when there was 
asymmetry between the width of the collector and 
the width of the emitter. However, if the emitter 
or the collector electrode became too narrow 
compared to the other electrode, there will be 
significant back flow between subsequent pair 
which will affect the pressure and flow rate 
values. A ratio of two will be optimal and will  
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Figure 7. Effects of electrode width ratio on the pump 

flow rate and pressure/stage. 
 

 
 

Figure 8. Electric field profile for electrode 
width ratio of 2.5 

 
 

Figure 9. Effects of electrode height ration on the 
pressure/stage and the flow rate. 

 
minimize the back flow. In Figure 8, a 
representative of the electric field profile was 
shown where the field was concentrated between 
the two electrodes the emitter to the collector. 
 The last ratio is the electrode height ratio hr. 
Nine designs were examined by varying he and 

keeping hc constant. As shown in Figure 9, the 
influence of this ratio was that at the extreme 
cases, the pressure and the flow rate would 
increase. 

The last parameter to be examined is the 
height of the channel. Five different heights were 
simulated. It was shown experimentally, that the 
charge density varies with the height of the 
channel [21]. For each design, there is a specific 
height where the charge density reach a plateau at 
a specific voltage. The value of the charge density 
varies exponentially with the height. In the 
simulation, the charge density evaluated in the 
experiments were used as boundary conditions for 
the emitter. 

As shown in Figure 10, the pressure as well as 
the flow rate increases with the increase of the 
height. This due to the fact that as the height 
increases the charge density increases which will 
result in a larger electrical body force and 
consequently faster fluid motion.  

 
 

Figure 10. Effect of the channel height on the 
flow rate and the pressure/stage. 

 
4. Conclusion 
 

In this study, the effects of the different 
geometric parameters were examined. An optimal 
design would make use of the asymmetry in width 
and height between the electrodes. Moreover, the 
ratio of electrode pair spacing to the interelectrode 
space should be in the range of 3-4 to benefit from 
the effect on the pressure and the flow rate and 
avoid the limitation on the number of electrode 
pair stages. The height of the channel should be 
increased up to the point where the charge density 
reach the plateau. The usage of saw tooth design 
could be combined with the previously mentioned 
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features to maximize the gain from the EHD Ion-
drag micropump. 
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