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ABSTRACT 

 
 A novel porous polymer was microfabricated to 
serve as a porous plug for a new device, the porous 
plug electro-osmotic pump (pp-EOP).  The plug 
eliminates any back pressure effects while enhances 
electro-osmotic flow in a channel.  The pp-EOP was 
batch fabricated by surface micromachining on top of a 
silicon wafer.  The pp-EOP device is driven by a 
periodic, zero-average injected current signal at low 
frequencies producing bubble-free electro-osmotic flow 
with reversible net movement.  Testing of the device 
produced an average water-air interface velocity of   
1.8 µm/s at 0.8 Hz.  The velocity was increased to 4.8 
and to 13.9 µm/s by necking the channel size.   
 

INTRODUCTION 
 
 Fully integrated microfluidic systems are highly 
effective because they can be completely automated 
and reduce consumption of organic or chemical 
reagents significantly [1].  These systems require 
pumps and valves to precisely control the liquid flow 
from one part of the system to another.  Complex 
microfluidic systems require many independently 
operating pumps and valves operated simultaneously or 
sequentially.  Therefore, pumps and valves must be 
easy to fabricate and integrate with the other 
components of the system [2]. 
 Today two types of pumps, mechanical and non-
mechanical, are common in microfluidic systems.  
Mechanical pumps use moving membranes actuated 
pneumatically, thermo-pneumatically, piezoelectrically 
and electromagnetically.  Even though these devices 
can pump any liquid, the moving parts make them poor 
choices for integrated systems [3].  Non-mechanical 
pumps, on the other hand, have no moving parts, 
simplifying their fabrication and operation.  These 
devices typically consist of an array of electrodes 
placed across a distance in a channel.  These pumps use 
the electrohydrodynamic effect to move dielectric 
liquids, the electrochemical generation of bubbles as a 
driving force, and electrokinetic [4] effects that employ 

the motion of charges by electro-osmotic or 
electrophoresis as a driving mechanism [5].  Among 
these, electro-osmotic flow pumps (EOP) have 
received much attention for biological applications 
such as capillary electrophoresis systems because they 
are easy to fabricate, have no moving parts and create 
very little hydrodynamic dispersion when transporting 
fluid zones [6].  However, conventional EOPs have 
two main problems. 
  In aqueous solutions, electrode potentials larger 
than 1.1 V cause electrolysis and bubble generation 
which leads to blockage of the EOP channel.  The 
channel blockage is eliminated by placing the 
electrodes across the channel at open areas such as 
reservoirs where bubbles can escape.  Because the 
distance between electrodes in this scheme is large, 
significant flow velocities requires very high voltages 
of 10-50 kV.  A lower electrode voltage is very much 
desired for implementing flow control electronics. 
 EOP systems are driven by the motion of charges 
in the double layer along the surface of the channel [4] 
hence susceptible to counter flows driven by 
hydrostatic pressure.  Because EOPs are generally 
open, any flow resistance element placed in front of the 
EOP causes a pressure buildup and a significant 
counter flow.  This counter flow can be very large if 
EOP is implemented in short channels. 
 In this paper, we are investigating two new 
techniques that help overcome the two problems 
discussed above.  First, a porous plug [7,10] is placed 
between the electrodes creating a high flow resistance 
that reduces the pressure driven counter flow 
substantially.  This permits the use of short channels 
and drive voltages as low as 20-30 V.  Second, bubble 
generation is minimized by applying a zero net current 
(and zero net charge) pulsed current signal across 
electrodes at very low frequencies.  The direction of the 
flow is determined by the width of the pulses and the 
nonlinear behavior of the electrode interface.  The 
bubble-free EOF technique (bf-EOF) thus allows the 
use of voltages much larger than 1.1 V without causing 
significant bubble generation.  
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Bubble Free EOF (Bf-EOF) 
 
 In conventional EOP of aqueous solutions gas 
bubbles are generated at the electrodes.  The amount of 
gas generated is proportional to the amount of net 
charge transferred to the H+ ions in solution.  This 
charge transfer results in a steady current.  The flow 
velocity is also linear with the applied field (and 
voltage).  The basic concept behind the bubble free 
scheme is that gas generation is avoided if the driving 
waveform has zero net current.  Reactions going on 
during positive current cycle would be totally reversed 
under negative cycle before any reactant gas molecules 
had enough concentration to form bubble and block the 
system 
 It is well known that when two electrodes in a cell 
are in contact with water they have a linear current-
voltage relationship under low voltages or high 
frequencies.  In these regimes a zero average current 
results in zero average voltage, and no net fluid 
movement.  At low frequencies, however the cell 
shows a non-linear current-voltage characteristic due to 
the activation control of the electrochemical cell [8,9]; 
hence a zero-averaged current signal yields a non-zero 
averaged voltage and net motion.  Net fluid motion is 
then obtained if a waveform of the shape shown in 
figure 1 is applied. 
 

FABRICATION 
 
Porous Polymer 
 
 The most important part of this new electro-
osmotic pump is the porous plug.  For this, we use a 
new novel porous polymer, poly(butyl methacrylate-
co-ethylene dimethacrylate-co-2-acrylamido-2-methyl-
1-propanesulfonic acid). The porous material is formed 
by casting of a monomer solution inside a mold.  The 
preparation of the solution is described elsewhere [10].  
The main advantage of this porous polymer is that its 

pore size can be adjusted easily from tens of nm to tens 
of µm by changing the percentages of 1-propanol and 
buteniol in the porogenic solvent of the monolith 
solution, as shown in figure 2 [10].  Hence we believe 
it has potential for extensive use in microfluidic 
systems. 
 The main challenges in casting the polymer were 
caused by its low viscosity and its inability to 
polymerize in the presence of oxygen.  We overcome 
these difficulties by enclosing the polymer solution 
between the silicon substrate and a glass wafer with a 
20 µm etched well as showed in figure 3.  The glass 
wafer was wet-etched in 7HF:10HNO3:10H2O with a 
Cr/Au (20/100 nm) mask.  The solution enclosed was 
polymerized by heating on a hotplate at 55 oC 
overnight.  Good adhesion of the porous polymer to 
silicon and also to parylene films was achieved by 
deposition of an adhesion promoter (10:10:1 DI, IPA, 
A174 (gamma-methacryloxytropyl trimethoxy saline 
from Specialty Coating Systems)) under low pressure 
(0.1 mTorr) before pouring the monolith solution onto 
the substrate and polymerizing.  In parylene and oxide 

Figure 2. Pore size distribution profiles of monolithic 
polymers with different percentages of 1-propanol.  
Percentage of 1-propanol in the porogenic mixture: 
peak 1, 80%; 2, 78%; 3,76%; 4, 74%. 
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Figure 3. Method used for casting. 
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Figure 1. Example injected waveform with net 
zero charge used in bf-EOF 



  

coated substrates, exposing the surface to oxygen 
plasma for a 1 min at low power increases the 
effectiveness of the adhesion promoter.  On top of the 
20 µm-thick porous polymer film, a Cr-Al metal mask 
is defined by a lift-off process.  The unmasked polymer 
areas were plasma etched inside a Semi-group Inc. RIE 
at an approximate rate of 1 µm/min in a mixture of 47.5 
sccm O2 and 2.5 sccm CF4 at 50 mTorr and 150-watt 
RF power.  The resulting patterned porous polymer 
structure is shown in figure 4 
 Photo definition of the porous polymer with 365 
nm UV light is also possible.  However, this requires a 
10 hr exposure with an intensity of 1150 µW/cm².  
During this period, the sample also needs cooling since 
the material also polymerizes with heat and the 
resulting pattern has low resolution ( ~50 µm ) due to 
shifts of the monomer solution.  Therefore patterning 
by RIE etching was favored.  
 
Pp-EOP Fabrication 
 
 The fabrication process for the pp-EOP shown in 
figure 5 consists of 4 lithography steps.  We used 
silicon as a starting substrate, but it can be any other 
material.  The process begins by depositing a 5 µm 
thick parylene-C layer as an insulator for the 
electrodes.  This forms the bottom layer of the channel. 
A 1 µm thick thermal oxide can also be used as an 
insulator and bottom layer, but it wasn’t preferred 
because of its rough surface.  A 200 nm layer of Au is 
next evaporated and patterned to form the electrodes.  
The 20 µm-thick porous polymer plug was formed and 
patterned as explained above.  Next a 20 µm-thick 
layer of photoresist is patterned as a sacrificial layer to 
form the channel and reservoirs.  In this step, extra care 
should be paid when clearing the resist on top of the 
porous plug to avoid a resist bridge.  The resist is only 

removed on a small section of the top of the plug. Next, 
a 4 µm thick layer of parylene-C is deposited to form 
the walls of channels.  A layer of 20 µm-thick 
photoresist is used as a mask to plasma etch holes on 
the parylene in a Semi-group RIE (for 40 minutes with 
100 sccm O2, under 200 mTorr pressure at 150 watt RF 
power.)  This etch defines the reservoir and electrode 
openings and a 30x60 µm2 escape hole just before the 
plug.  The resist under the channels is next removed 
using a sacrificial acetone etch.  
 The escape hole decreases the sacrificial etch time 
and removes the entrapped air present between the plug 
and the reservoir.  It also permits bubbles that are 
intentionally or unintentionally generated during 
testing to escape.  Figure 6 shows a picture of a 
finished device. 
 

RESULTS AND DISCUSSION 
 

Figure 4. Porous plug patterned by RIE 

Si Substrate 

Parylene 

 1.Deposit insulating bottom layer 

Gold 

Si Substrate 

 2. Lithography 1- Pattern electrodes, 
    Polymerize porous polymer. 

Porous Polymer 

Si Substrate 

 3. Lithography 2-Pattern porous plug mask, 
    RIE etch porous polymer,  
    Lithography 3-Pattern sacrificial photoresist. 

Photoresist 

Si Substrate 

 4. Lithography 4-Pattern reservoir, electrode, 
    escape hole openings. RIE etch parylene. 
     Acetone release sacrificial photoresist. 

Parylene Escape hole Reservoir 

Figure 5. Pp-EOP fabrication process flow. 



 

 The test results presented here are for devices with 
porous plug that used 80% 1-propanol in its solution.  
This corresponds to a 300 nm pore size.  The devices 
were tested using DI water only.  When the reservoir 
on one side of the channel was filled with water, it 
wicked in the channel and stopped at the plug.  A 
periodic zero-averaged current signal was next applied 
between the electrodes pumping water slowly to the 
other side of the plug.  The forward and reverse 
movement of the water inside the channel is shown in 
figure  7. 

Figure 8 shows an example of the zero averaged 
injected current signal and the resulting voltage.  The 
signal frequency is 2 Hz with 30% duty cycle.  The 

voltage response is non-linear with non-zero average as 
predicted by bf-EOF producing non-zero net fluid 
motion.  The direction of motion of the water-air 

interface is reversed when the time averaged voltage 
response changes sign.  This direction can be changed 
simply by reversing the injected current signal. 
 The resulting fluid velocity is a function of the 
frequency of the injected signal.  Figure 9 shows the 
frequency response of the net velocity of water-air 
interface.  The maximum velocity was 1.8 µm/sec at 
0.8 Hz with a field roughly ~200 V/cm.  Although, this 
device is slow, it can be used for precise pumping.  
However, since we aim to use this device in integrated 
microfluidic systems, faster motion can be achieved 
simply by necking down the channel.  Figure 10 shows 
a 200 µm regular channel necked down to 50 µm and 
20 µm from the end of the plug at a 45º angle.  Their 
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Figure 6. Picture of a finished pp-EOP device. 

Figure 9. Average velocity of water-air interface 
of a regular device with 200 µm channel as a 
function of drive frequency  
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Figure 8. Applied current signal (top) and voltage 
response (bottom) 



  

results are shown in figure 11.  The 50 µm device has a 
maximum velocity of 4.8 µm/s at 0.8 Hz.  The 20 µm 
device has a maximum of 13.9 µm/s at 0.8 Hz.  These 
devices all show the same velocity vs. frequency 
profile with a peak around 0.8 Hz.  

 
SUMMARY 

 
 In this paper, we presented a new kind of porous 
plug electro-osmotic pump, which we believe has a 
high potential in integrating microfluidic devices 
because it is easy to fabricate, has no-moving part and 
achieves control of liquid flows with low voltages.   
This device uses a micromachined porous polymer 
plug.  The plug creates a high resistance to hydrostatic 
pressure driven counter flows permitting the 
constrution of very compact pumps for the first time 
while maintaining EOF within its porous structure.  

The device is driven a zero net current pulse 
eliminating bubble generation inside the channel.  This 
is accomplished by applying a periodic zero-averaged 
current signal at low frequencies to the device and take 
advantage of its non-linear voltage response to generate 
net movement.  Measures indicate water-air interface 
velocity of around 1.8 µm/s at 0.8 Hz.  This velocity is 
increased to 4.8 and to 13.9 µm/s by necking the 
geometry of the channel  from 200 µm to 50 and 20 
µm. 
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 Figure 10. Devices with channel necked from 200 to  
50 µm (left) and 20 µm (right).   

Figure 11. Average velocity vs. frequency plots 
of devices with channel necked from 200 to 50 
 and 20µm, respectively.  




