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a  b  s  t  r  a  c  t

This  paper  presents  a radial  frit  geometry  electroosmotic  pump  with  a  soft,  semi-permeable  gas  venting
membrane  top.  Radial  pumps  exhibit  more  than  three  times  the  average  open  flow  rate  per applied
voltage  and  four times  the  average  flow  rate per  sourced  power  than  linear  pumps  for  a  given  pump
package  volume.  The  radial  pump  can  operate  over  a 16  h period  with  varying  load.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Microfluidic technologies have advanced the development of
ortable devices for medical diagnostics [1],  reagent manipula-
ion [2],  and power generation [3,4]. At the lab scale, fluid delivery
o such devices is often accomplished by pressure gradients via
yringe pumps or pressurized gases. Handheld devices will require
ompact and reliable pumps. Micro-pumps can be designed to
enerate specific flow rates and pressures with reasonable power
onsumption in a small scale, which makes them well adapted
or use in such devices. Recent micro-pump technologies include
iezoelectric reciprocating displacement pumps, electrohydrody-
amic pumps, and electroosmotic (EO) pumps [5].

EO pumps are attractive and versatile for a variety of applica-
ions due to the fact that they have no moving parts, can scale to

 wide range of form factors, and can achieve high flow rates and
ressures in a compact package relative to other dynamic micro-
umps [6].  EO pumps use an electroosmotic flow at the interface
etween a porous medium and an electrolyte. At the interface of a

iquid and solid, ions from the solution migrate to shield the surface
Please cite this article in press as: M.A. Schroeder, et al., Radial
doi:10.1016/j.sna.2011.05.013

harges, forming an electric double layer (EDL). When an external
lectric field is applied, columbic forces act on the diffuse ions in

∗ Corresponding author.
E-mail address: Jonathan.Posner@asu.edu (J.D. Posner).

1 Current address: Intel Corporation, Chandler, AZ 85226, USA.
2 Current address: Intel Corporation, Hillsboro, OR 97124, USA.

924-4247/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2011.05.013
the EDL, causing bulk motion of the electrolyte through viscous
drag [7,8].

EO pump applications include the cooling of microchips [9,10],
drug delivery [11], point-of-care testing systems [12], and have
proved useful in PEM fuel cell water management [13] and fuel
delivery [14]. Performance attributes of interest depend on the
application and include flow rate per unit input current/power,
pumping power, and thermodynamic efficiency. In an effort to
describe and increase output flow rates and pressures, several
pumping solvents [15] and fabrication methods, such as packed
capillaries [16] and photolithography [17,18], have been employed
[5]. The flow rate of EO pumps, Q, scales linearly with the EDL’s
effective surface potential, termed the zeta potential, � [19]. The
use of porous glass provides a cost effective and robust pumping
medium because of its pore size and it exhibits large and stable
values of � compared to other surfaces [20].

Long term stability and operation is a prominent challenge in the
design of EO pumps. In particular, long term operation is impaired
by the generation of electrolysis gases within the pump that can
occlude the frit pores [19]. Various methods have been developed to
deal with gas generation within an EO pump. One method involves
separation of the electrodes from the hydraulic circuit in order to
prevent electrolysis gases from occluding the frit pores and main-
tain a stable pH. Several techniques have been devised to achieve
this, such as using an ion exchange membrane [21–23] or a gel salt
 flow electroosmotic pump, Sens. Actuators A: Phys. (2011),

bridge [24] between the electrodes and fluid. In our previous work,
we demonstrated an orientation independent gas recombination
design that uses Nafion-sheathed electrodes, a catalyst chamber,
and an osmotic membrane to reform electrolysis gases back into
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Fig. 1. Diagram showing a cube electroosmotic (EO) pump form factor, having
dimensions X. The pumping medium of the cylindrical geometry has greater sur-
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For experiments involving pressure measurements, we use a
pressure transducer (PX-303-015G5V, Omega Engineering, Stam-
ford, CT) and micro-metering valve (P-445, Upchurch, Oak Harbor,
ace area, ∼�X , in comparison to the linear frit geometry, X . The greater surface
rea will increase the output flow rate of the radial pump relative to the linear pump,
or  a constant effective voltage.

ater [25]. Other designs for gas management have been developed
hat use alternating electric fields [26] or other periodic input signal
chemes [27] that attempt to reduce the nucleation of electroly-
is gases by reversing the polarity of the electrodes, and therefore
issolving gaseous species that have yet nucleated.

In this study, we present an EO pump that uses a radial frit
umping medium and a gas permeable membrane over the entire
op of the pump housing to vent the electrolysis gases. Fig. 1 shows

 comparison between linear and radial porous pumping medium
eometries. In the same pump form factor, and for similar frit prop-
rties and thickness, the radial geometry increases the available
urface area. We  expect the increase in surface area to increase
utput flow rate for a fixed applied voltage as described by theo-
etical work in Yao and Santiago [28]. We  also attempt to increase
ong term stability by sealing the entire top of the pump’s hous-
ng with a gas permeable, liquid impermeable, membrane to vent
he electrolysis gases generated within the pump. We  characterize
he radial EO pump’s flow rate and pressure output at several gal-
anostatic and potentiostatic loads, and compare with a linear EO
ump.

. Experimental methodology

In this section we detail the design and construction of a radial
O pump as well as a linear EO pump that is used to test the relative
erformance. The experimental setup used to perform tests with
he EO pump is also detailed.

.1. Pump construction

We  use ultrafine borosilicate sintered glass frits (D131766, Ace
lass Inc., Vineland, NJ) as the porous pumping medium. The glass

rit surface properties are 0.55 �m for the pore size, with a poros-
ty of 0.24 and a tortuosity of 1.45 [19]. The frit’s outer diameter,
nner diameter, thickness, and height are 10 mm,  5 mm,  2.5 mm,
nd 10 mm respectively. The properties of the frit used in construc-
ion of the linear pump are identical to that of the radial frit with the
xception of the frit geometry. The width and height of the square
inear frit are 10 mm,  with a thickness identical to the radial frit
f 2.5 mm.  The geometry of the frits is representative of the form
actor presented in Fig. 1, where X in this case equals 10 mm.

The housing used is cylindrical with an open top and solid base,
nd is fabricated from machined polymethylmethacrylate (PMMA)
lastic. The outer diameter of the housing is 21 mm,  with a total
eight of 12 mm.  To keep all geometric parameters between the
Please cite this article in press as: M.A. Schroeder, et al., Radial
doi:10.1016/j.sna.2011.05.013

inear and radial pumps identical with the exception of the frit sur-
ace area, the inner dimensions of the housings are set such that
he total dead volume for each pump is 1.2 ml.  The dead volume is
he amount of liquid that resides in the pump during operation. We
Fig. 2. Cross sectional diagram of the EO pump featuring radial frit geometry and
gas permeable membrane.

use 0.127 mm  wide platinum wire (SPPL-010, Omega Engineering,
Stamford, CT) for the electrodes. The spacing between the elec-
trodes is 3.5 mm for both the radial and linear pumps. Electrode
spacing is ensured by accurate machining on the pump housing,
where the electrodes are inserted and then fixed in place with
epoxy. The inlet and outlet tubes are 0.125 inch outer diameter
stainless steel (TUBN-125, Scanivalve Corp, Liberty Lake, WA). Fig. 2
shows a cross section view of the radial pump. All pump compo-
nents were bonded together and sealed with quick set epoxy.

A Gore-TexTM membrane (VE40814, Sealing Devices Inc., Lan-
caster, NY), permeable to gases and vapor and impermeable to
liquid water, is adhered to the top of the pump housing to seal the
frits and the enclosure. This membrane allows electrolysis gases
to vent to the atmosphere but does not leak liquid water. We  also
pressurize liquid in the housing to aid the venting by placing the
pump approximately 12 cm below the inlet and outlet reservoirs.

2.2. Experimental setup

Fig. 3 shows an overview of the experimental apparatus for test-
ing the EO pumps. We  connect the inlet reservoir, the EO pump,
and the outlet reservoir in series with PTFE tubing. The outlet
reservoir is placed on a mass balance (SI-603, Denver Instruments,
Bohemia, NY) to record the gravimetric output of the pump. Mass
balance data is collected via an RS232 port integrated with Lab-
View. The flow rate is obtained through temporal differentiation
of the mass balance data. We  connect the electrodes of the EO
pump to a sourcemeter (Model 2410, Keithley Instruments, Cleve-
land, OH) operating in either galvanostatic or potentiostatic mode.
The sourcemeter is controlled with LabView via a general purpose
interface bus (GPIB USB HS, National Instruments, Austin, TX).
 flow electroosmotic pump, Sens. Actuators A: Phys. (2011),

Fig. 3. Schematic of the experimental setup for flow rate, pressure, voltage and
current measurements. Micro-metering valve, tee, and pressure transducer are only
used when pressure measurements are made.

dx.doi.org/10.1016/j.sna.2011.05.013
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Fig. 4. Measured values of the average open flow rate as a function of the measured
voltage for the linear (open squares) and radial (open circles) pumps operating under
galvanostatic mode. The ratio of the slopes from the linear fits for each data set
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than 90% of the effective voltage [19]. Experimentally, we  found
that the open flow rate of the radial pump was  3.32 times greater
ndicates that the radial flow rate is greater by a factor of ∼3.

A)  between the EO pump and outlet reservoir. The pressure data
s collected from the transducer through a data acquisition card
NI-USB-6210, National Instruments, Austin Texas) and recorded
n LabView. We  use 0.125 inch outer diameter PTFE tubing for all
uidic connections, with the exception of connections between the
ransducer and micro-metering valve, which use 0.0625 inch outer
iameter PTFE tubing.

For the working fluid, we use 1 mM sodium borate buffer
o characterize the EO pump’s output flow rates and pressures.
he solution is prepared by dissolving sodium borate powder
part, Sigma–Aldrich, St. Louis, MO,  USA) in 18.3 M� cm deionized
ater (Millipore, Billerica, MA)  to a stock concentration of 0.2 M.

he solution is then titrated with 0.2 M boric acid (B7901-500G,
igma–Aldrich, St. Louis, MO)  to a pH of 9, and then diluted to 1 mM.

.3. Experimental procedure

Relationships for flow rate as functions of voltage and input
ower are obtained under galvanostatic conditions, where the
pplied current was varied from 0.25 to 3.25 mA  in 0.25 mA  incre-
ents. For each increment, the pump is run for 10 min. The reported

ow rates and voltages are averaged over the duration of the run to
btain mean values for each increment of applied current. Between
ntervals, the pumps are mechanically flushed with a syringe using
I water.

Flow rate measurements as a function of pressure are obtained
hrough incremental manipulation of back pressure with the use
f the micro metering valve for potentiostatic and galvanostatic
oads. The resulting pressure and flow rate for each increment are

easured for a duration of 200 s. The flow rate and pressure are
veraged over the duration of the measurement to obtain mean
alues.

. Results and discussion

In this section, we present experimental results comparing the
erformance of the radial pump and linear pump. In particular, we
Please cite this article in press as: M.A. Schroeder, et al., Radial
doi:10.1016/j.sna.2011.05.013

xamine flow rate in relation to voltage, input power, and pressure.
e also compare our results with theoretical expectations.
Fig. 5. Measured values of the maximum flow rate versus the input power for linear
and radial pump configurations. As we increase the input power to the pump we
observe larger flow rate outputs from the radial geometry.

3.1. Flow rate and pressure

Fig. 4 shows the average open flow rate (no pressure load) as a
function of the voltage for the linear and radial pumps. Both of the
flow rate and voltage values in Fig. 4 are measured and averaged
from several galvanostatic runs on the linear and radial pumps.
At any given voltage, the radial pump outputs approximately 3.32
times more flow rate than its linear counterpart. The flow rate’s
dependence on frit surface area can be inferred from theory [28],
where the open flow rate is given by,

Qmax = − 
�

εf

�
EeffA, (1)

where � is the pore tortuosity,   is the frit porosity, ε is the solvent
electrical permittivity, A is the frit area, Eeff is the electric field across
the pumping medium, � is the viscosity, and f is a dimensionless
parameter (between 0 and 1) that is determined from a numerical
solution of the Poisson–Boltzmann equation and depends on the
pore size, buffer used, and the magnitude of the zeta potential [28].
To compare the expected flow rates between the linear and radial
pumps for a given applied voltage, we compare the contributions
from the area and the electric field in Eq. (1),  where all the other
terms are similar. The radial electric field is established as,

Eeff = Veff

ln(r2/r1)r
, (2)

where the electric field is a function of the radial distance r, such
that r1 < r < r2, where r1 and r2 are the inner and outer frit radii
respectively. The cylindrical surface area is defined as Ar = 2�rX,
where X is the radial frit height. Computing the ratio of the radial
and linear pumps’ EA terms gives the relative flow rate perfor-
mance.

Qmax −rad
Qmax −lin

= 90.65Veff

40Veff
= 2.27 (3)

We expect, given that all other properties are equivalent, that the
radial pump’s open flow rate will be 2.27 times larger than the linear
geometry pump for a given applied voltage. The applied voltage can
be approximated to be the effective voltage, as when the resistance
loss from the electrode to the frit surface is considered in either
geometrical configuration, we found the applied voltage is larger
 flow electroosmotic pump, Sens. Actuators A: Phys. (2011),

than the linear pump, as computed by the ratio of the linear fits
shown in Fig. 4 for a given applied voltage.

dx.doi.org/10.1016/j.sna.2011.05.013
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where I is the applied current, 	∞ is the electrolyte conductivity,
and g is a dimensionless flow rate per current ratio [28]. This equa-
tion clearly defines that the open flow rates are independent of the
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ig. 6. Measured pressure versus the measured flow rate comparing the radial and
inear pumps operated at a potentiostatic load of 45 V. The radial pump is expected
o  have 2.27 times larger relative Qmax, and equivalent Pmax.

Fig. 5 shows the average open flow rate, for both radial and lin-
ar pumps, as a function of the input power, defined as the applied
oltage multiplied by the sourced current. To sustain a required
ow rate, the linear pump requires more input power than the
adial pump. There is a nonlinear increase in the flow rate with
nput power from both pumps. This is expected since the flow rate
s linear with voltage and the power scales as voltage squared. The
ifference in required input power also increases at higher flow
ates, demanding substantial power input for the linear pump. For
xample, at a flow rate of 1 ml  min−1, the radial pump consumes
oughly 4 times less power. Substantial increases in flow rate per
pplied power are achieved without compromising package size.
lthough radial geometry consumes less power in this operating
ondition, the overall efficiency of EO pumps is relatively low (<1%).
he efficiency, given by the ratio of the pumping power to input
ower, at a flow rate of 1 ml  min−1 for the linear and radial pump
as approximately 1.5e−4 and 3.25e−4 respectively.

Fig. 6 presents flow rate as a function of the pressure for
he radial and linear pumps under potentiostatic control. As we
ncrease output pressure (through flow restriction), the pumps’
ow rate decreases linearly similar to general pump behavior.
nder potentiostatic loads, the radial and linear maximum pres-

ure, �Pmax, should be equal. Theoretically, the maximum pressure,
Pmax, under constant voltage is given by

Pmax = −8ε�Veff

a2
f, (4)

here a is the frit pore diameter [28]. Fig. 6 shows that the maxi-
um pressure for the radial pump is approximately 25% lower than

he linear pump. At high pressures, the radial pump performance
uffers due to detrimental changes in pH associated with electrol-
sis of the buffer, an issue that is discussed by Yao [19] and Brask
21]. Changes in pH associated with electrolysis are unfavorable
ecause they result in lower zeta potential which lowers the max-

mum pressure [31]. This effect is exaggerated at low flow rates
ecause there is insufficient advection to replenish the buffer [25].
he radial pump appears to suffer poignantly from these effects,
ttributed to pH gradients onset by electrolysis and concentration
olarization inside the pump’s small inner volume. The small dead
olume of the radial pumps inner radius is only 200 �l (roughly

 times smaller than the linear pump) and is subject to increased
Please cite this article in press as: M.A. Schroeder, et al., Radial
doi:10.1016/j.sna.2011.05.013

oncentrations of acid relative to the outer dead volume, 1000 �l,
hich contributes to pH polarization. Differences in Veff may  also

ontribute, despite that the same potential was applied to both
umps.
Fig. 7. Measured voltage as a function of the applied current shown for the radial
and  linear pumps. The radial pump displays � times less electrical resistance than
the  linear pump, which we  attribute to differences in frit surface area.

Fig. 7 shows the voltage as a function of current for the linear
and radial pump as measured under open flow rate conditions. The
electrical resistances of the pumps are given by the slopes, where
the linear pump has an electrical resistance that is larger than the
radial pump by a factor of approximately 3. We  attribute this to its
larger frit area and equivalent porosity and buffer properties.

Fig. 8 shows the flow rate as a function of the pressure under
galvanostatic control for the linear and radial pumps. The pumps
have nearly equivalent maximum flow rates. Both pumps show a
roughly linear decrease in flow rate with increasing back pressure.
The linear pump exhibits a maximum pressure greater by a factor
of seven times that of the radial pump.

Under galvanostatic control, the maximum flow rate is given as

Qmax = −Imax
ε�

g, (5)
 flow electroosmotic pump, Sens. Actuators A: Phys. (2011),

Fig. 8. Measured pressure versus the measured flow rate comparing the radial and
linear pumps operated at a galvanostatic load of 1.5 mA. Based on theory, Qmax is
expected to be equivalent for the linear and radial pumps, which is reflected in the
measured results. The linear pump exhibits a Pmax seven times greater than the
radial pump.

dx.doi.org/10.1016/j.sna.2011.05.013


ARTICLE IN PRESSG Model

SNA-7392; No. of Pages 6

M.A. Schroeder et al. / Sensors and Actuators A xxx (2011) xxx– xxx 5

0 2 4 6 8 10 12 14 16
0

1

2

3
C

ur
re

nt
  [

m
A

]

0 2 4 6 8 10 12 14 16
0

50

100

V
ol

ta
ge

  [
V

]

0 2 4 6 8 10 12 14 16
0

200

400

Time  [hrs]

Fl
ow

 ra
te

  [
µl

 m
in

-1
]

Fig. 9. The applied current, measured voltage, and measured flow rate are plotted as
functions of time. The applied current is a square wave superimposed on a sinusoidal
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Fig. 10. Measured flow rate as a function of time for a radial pump with a semi-
permeable membrane over a duration of 6 h at an applied current of 2 mA.  Notably,

a  review of theory and applications, New J. Phys. 12 (2010).
ignal with a range of 0–3 mA,  which was used to test the resilience and long term
tability and response of the venting semi-permeable membrane equipped pump.

rit surface area as verified by our experiments shown in Fig. 8. To
redict the maximum pressure of the linear pump relative to the
adial pump under galvanostatic loads, Ohm’s law is substituted in
o Eq. (4),  where V now becomes IR, effectively making the maxi-

um  pressure a function of the applied current. Using the relative
lectrical resistance (shown in Fig. 7), the maximum linear pump
ressure can be approximated to be ∼3 times greater relative to
he radial pump for a given galvanostatic load. We  attribute the
ifference between the predicted and measured maximum pres-
ures to the limited internal dead volume of the radial pump. The
adial pump suffers from detrimental changes in zeta potential due
o pH degradation attributed to increased concentration of acid in
he small inner dead volume. Degradation of pumping pressure at
ow flow rates has also been previously reported [18,32].

.2. Long term operation

The semi-permeable membrane passively mitigates the effects
f pump degradation due to electrolysis gases generated within the
ump. Electrolysis gases can occlude the frit pores reducing the
ffective surface area. Equivalent pumps with a hard, non-venting
op typically demonstrate low or no flow rate within 3 h of oper-
tion at moderate applied currents of 1–2 mA [30]. Fig. 9 shows
he applied current, measured voltage and measured flow rate as
unctions of time over a duration of 16 h for a pump equipped with

 semi-permeable top. The applied current ranged from 0 to 3 mA
n 1 mA  steps to simulate various working conditions. The radial
ump demonstrates the ability to generate a flow rate over a long
uration of time for a range of applied loads. The flow rate only
ecreases approximately 38% over the 16 h period based on the
aximum flow rate given by the first and last peaks in the plot.
Please cite this article in press as: M.A. Schroeder, et al., Radial
doi:10.1016/j.sna.2011.05.013

ig. 10 shows the measured flow rate for a duration of 6 h oper-
ting at a continuous applied current of 2 mA  for another pump
quipped with the semi-permeable top. The radial pump in Fig. 10
the pump had been used for numerous tests, accumulating more than 50 h of opera-
tion and still demonstrated relatively good stability and only a 29% decrease in flow
rate over the duration of the run.

had been used for numerous tests, accumulating more than 50 h of
operation, and still demonstrated good stability.

4. Conclusion

We  present an EO pump that utilizes radial frit geometry with a
soft top, gas permeable membrane. For the same pump form factor
and dead volume, radial frit geometry delivers a given flow rate
with less input power than typical linear architecture, largely due
to its greater frit surface area. The flow rate generated by the radial
pump for a given applied voltage in our experiments was greater
than the linear pump by a factor of ∼3. The radial pump generates
lower maximum pressures than linear pump due to modifications
in solvent pH in the small inner reservoir of the radial pump. Radial
geometry offers large gas venting areas. Radial soft top EO pumps
may  find application in stationary instruments or instruments with
defined orientation relative to gravity. Radial geometry also allows
for the creation of multi-chamber arrangement of the pump [30,33].
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