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Design, Fabrication, and Testing of an
Electrohydrodynamic lon-Drag Micropump

Jeff Darabj Member, IEEEMihai Rada, Michael Ohadi, and John Lawler

Abstract—This paper presents the design, fabrication, and is the same. However, since the mass of the electron is negli-
testing of a novel electrohydrodynamic (EHD) ion-drag mi- gible compared to the mass of the ion, the major impact on the
cropump. In order to maximize the electrical field gradients that fluid motion is produced by the motion of the ions [1]. The fric-

are responsible for EHD pumping, we incorporated three-di- .. L . .
mensional (3-D) triangular bumps of solder as part of the EHD tion between the moving ions and the working fluid drags the

electrodes. To form these bumps, Niobium was sputter-deposited Working fluid toward the collector, thus setting the fluid (both

onto a ceramic substrate, coated with photoresist, optically ex- charged and uncharged species) in motion. Two of the most im-
posed and etched using a reactive ion etcher to define the electrodeportant aspects of ion-drag pumping are the design of the elec-
pattern. The substrate was then “dipped” into a molten solder q4eg and the existence of sharp points on the emitter elec-

pool. Since the solder adheres only to the metallic film, bumps . o e
of solder form on the electrodes, giving the electrodes a signif- trodes at which charge injection occurs. The electric field can be

icant 3-D character. The overall dimensions of the micropump generated with a variety of electrode configurations, including
are 19 mm x 32 mm x 1.05 mm. Four different designs were transverse mesh electrodes, needle or parallel electrodes, longi-
fabricated and tested. Static pressure tests were performed with tydinal traveling-wave electrodes and many others.

a 3M Thermal Fluid (HFE-7100) as the working fluid and the The fact that dielectric liquids can be pumped by the injec-

optimum design was identified. The results with the thermal fluid fi i . lied electric field has b K f it
were highly promising and indicated a pumping head of up to lon ofions in an applied electric field has been known for quite

700 Pa at an applied voltage of 300 V. The experimental results for SOme time. Indeed, the theoretical and experimental investiga-
the four different designs show that the presence of the 3-D bump tions of the EHD pump were widely pursued in early 1960's.

structures  significantly improves the pumping performance. Stuetzer [1] and Pickard [2] were among the first who proposed
Also, a much better pumping performance was obtained with the - 5,4 sy died the ion-drag EHD pump. Later, many researchers
micropump in which the emitter had a saw-tooth shape. [816] [3]—[5] made further studies of the ion-drag EHD pump. Using

Index Terms—Electrohydrodynamics (EHDs), ion-drag, micro- g simplified model, Stuetzer [1] arrived at the following relation
pump, three-dimensional (3-D) electrode. between pressure and electric field intensity:

I. INTRODUCTION P(z) = Py = = (E(z)* - E}) (1)

N ™

HE electrohydrodynamic (EHD) pumping uses the inter- i " , P
action of an electric field with electric charges, dipoles of"€re’ is the pressure within the fluid; the electric field in-

particles embedded in a dielectric fluid to move the fluid. Thignsity ance the permittivity. The basic assumption in deriving

charges can be injected directly by sharp points or by spectilaf" abqve equatlo_n was to use two _plane-p_arallel_electrodes to
means such as adding a small amount of a liquid containin gproximate the wire grid electrodes in practice. This means that

high density of ions. The major driving force in ion drag pump e variation of charge density around point-shaped emitter was

is the movement of ions across an imposed electric field. TRE9lEcted. Stuetzer [1] derived the maximum static pressure ob-

electric field is established between a charged electrode calf@aple from a dielectric liquid and ion drag pump with plane

an emitter and a grounded electrode called a collector. If ggctrode as:

electrical field is strong enough, the electrons that are normally 9 V VN2

present in the liquid from ionized molecules can be accelerated Phax = —€ - ( 0) (2)
to ionize other molecules. The electrons, accelerated to a high 8 d

speed, will act as ion producers. The Coulomb force that s prgparay is the threshold voltage below which no pressure is
duced by an external electrical field affects all the charges in tBEtainable and is the spacing between the electrodes. Pickard
fluid. The resulting net force that acts on the electrons and iom arrived at a slightly different relation for EHD pumping:
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trostatics point of view. He developed the following relations fgperforated substantially planar grids through which the pumped
a force density and a maximum pressure inside ion-drag punflpid moves. Richter displays an array of pairs for increasing
the pumping head. The gap of the grid electrodes is @50

F _nVo n /)_3 <x B C_1> 4) A maximum static pressure of 2500 Pa and a pumping rate

d € 2 of 14 mL/min have been achieved for ethanol. The applied

V2 voltage is about 500 V. Its flow rate is almost three orders of

Prax =2¢ - (E) (5)  magnitude higher than that of piezoelectric or thermally excited
micropump.

It should be noted that the maximum pressure given by (5)Fuhretal.[9] uses atraveling wave pumping design and sug-
is much larger than that predicted by Stuetzer [1] via (2) arg®sts that a square wave format is superior to sinusoidal wave
Packard [2] via (3). Equation (5) is only an approximatiorformat. He employs a grid of microelectrodes and uses a single
since many assumptions, including the presence of a unifopfiase or poly-phase electrical alternating potential applied to his
electric field, were made. In practice, the electric field iglectrodes. He further points out that traveling wave pumping
distorted, which makes predicting the performance of pumpgnciples require that the fluid pumped exhibit a gradient in the
containing electrodes with sharp features (required for godgoperties of electrical conductivity or permittivity.
pumping) more complicated. For example, (4) indicates thatAhn [10] fabricated an ion-drag micropump that consisted of
a nonuniform pressure will exist within a fluid because aplanar electrodes in a 3 mm wide channel with a channel height
the EHD force,F, varies with the fluid’s distance from the 0f 200m. Ethyl alcohol was used as the working fluid. A flow
emitter. This force gradient can generate an internal stirriggte of 55uL/min was documented at an applied voltage of 60 V.
of the fluid, forming electroconvection, which can reduce the Darabiet al. [11] developed a polarization micropump for
output pressure. microelectronics cooling applications. The device incorporated
The driving force of an ion drag pump is the Coulomb forcedn active evaporative cooling surface, a polarization micropump
thus its pumping performance relies critically on the electrignd temperature sensors into a single chip. The prototype device
properties of the liquids, such as permittivits),(conductivity demonstrated a maximum cooling capacity of 65 Wienith a
(o) and viscosity ). Generally, high permittivity and low vis- corresponding pumping head of 250 Pa.
cosity are required for high pumping performance. Crowley [1] In an ion-drag pump, the pumping is achieved if the elec-
showed that high dielectric constant and low viscosity woulgical shear stresses are higher than the viscous shear stresses.
lead to high flow velocity, while low electric conductivity andThus, the locations at which ions are generated and to which
mobility would promote high efficiency. The flow rate and they are accelerated play an important role in determining the
pressurep are expected to show quadratic increases with apverall pumping efficiency, so the design of the electrode pair
plied voltage. is of crucial importance. However, very few studies have been
With the development of microfabrication technology¢onducted on this topic at the micro scale. The simplest ar-
intense research efforts have been made toward microfluidi@gement is to use a series of planar comb finger electrodes,
systems and microliquid handling devices. In microfabricateften called emitters and collectors and allow the liquid to flow
systems, pumps without moving parts are of special interefitrough them. However, very few experimental studies of these
EHD pumps produce no vibration, require low power corisimple” pumps fabricated at the micro-scale have been pub-
sumption, are electronically controllable and require no d@ghed, so the design rules or optimized designs for these micro
little maintenance. These advantages make them attractive @gmps have not been established. In the present investigation,
applications in microsystems. The efficiency of an EHD pumyye compared the pumping performance of various two- and
is rather low, but this drawback can be offset by other beneffizree-dimensional (3-D) electrode features in order to begin to
of EHD pumping such as the freedom from moving parts. THevelop some of these design rules for maximizing the pumping
use of the electrohydrodynamic technique for micro-scale flugerformance of EHD ion-drag micropumps.
pumping has been investigated by a number of researchers
over the past' decade [7]—[;1]. Potentigl gpplicatiqns of EHD Il. DESIGN AND FABRICATION
micropumps include: pumping and portioning of minute quan-
tities of a large variety of fluids, implantable medicine dosage We designed an ion-drag EHD pump that employs a series
control, fuel injection, microscopic fluid or gas sampling an@f electrodes with the different 3-D features that maximize the
integrated cooling devices. field gradients responsible for electrohydrodynamic (EHD)

Bart et al. [7] discloses an EHD pumping principle em-Pumping. The micropump is made from three pieces that are
ploying a traveling electrical wave or charge imposed betwe&gnded together. The bottom substrate and the top cover are
electrodes positioned in a substantially parallel array whereBlgmina substrates and the sidewall consists of an epoxy gasket.
a nonelectrically conducting fluid is moved transverse to thEhe electrodes are deposited on the bottom substrate. A laser
electrodes by a sinusoidally applied voltage. This micropunyjas used to cut inlet and outlet ports into the top cover. The
consisted of 1um parallel electrodes spaced At apart and Main components of the micropump are shown in Fig. 1. They
1.75 um thick. The electrodes were connected to allow thfe as follows.
generation of a three-phase electric wave. No pumping data wase A ceramic (alumina) substrate on which a set of EHD elec-
documented there. Richtet al.[8] proposed a micromachined trodes are deposited and patterned. The designs consist of
ion-drag EHD pump, consisting of pairs of facing permeable or  planar and saw-tooth emitters and planar collectors. The
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Fig. 1. Schematic diagram of the micropump.
electrical connection leads are passed beneath the epoxy TABLE |
side wall and wire bonded to the external leads SPECIFICATIONS OFVARIOUS ELECTRODE DESIGNS(SEE FIG. 1)
* An epoxy gas.ket. (Side Wa”)- Design | Geometry | S(um) | d(um) | Emittertip angle | No. of stages
« A top cover with inlet and outlet ports. Option (o - degrees)
Al __ | Planar 50 100 N/A 95
. A2 Saw-tooth 50 100 60 80
A. Emitter and Collector Patterns Bl | Saw-tooth 100 200 60 50
) . B2 | Saw-tooth 100 200 60 50
The electrode geometry and dimensions have been carefi with bumps

selected to allow a wide range of test conditions. Four different
electrode patterns were designed. The distances between the

emitter and collector electrodes) @s well as the distances be-£fficiency. This design in conjunction with the B1 design will

tween the stagesi) are varied in the different layouts. Thedllow us to study the effect of the 3D bump structures on the

saw-tooth pattern was designed to produce a more intense fiefilPing. The specifications of the four different designs are

at the tip of the emitter, resulting in a higher charge injectiofummarized in Table I.
The collector electrode consists of a planar strip with a width of | o
10 um. The base width of the emitter electrodes iga0. The B- Microfabrication
base length of a saw-tooth is 20n with a 60-tip angle. Fabrication began with polished alumina substrates. The
The first electrode layout, labeled A1, consists of planar emgubstrates were approximately 3-inch square, allowing six
ters and collectors. The electrode gap ig/d@and the distance units to be fabricated in parallel. Niobium metallization was
between stages is 100n. The second design (A2) has an elecsputter-deposited onto the ceramic, coated with photoresist and
trode gap of 5Qum with a 100m distance between stagesoptically exposed using a 1X aligner. Following development,
In this design, the emitter has a saw-tooth geometry to provideeactive ion etch defined the niobium metallization pattern.
higher field intensities gradients, resulting in a higher pumpirtdalf of the designs used a titanium/paladium/gold (Ti/Pd/Au)
at lower voltages. The third design (B1) presents a saw-toaiherlayer, capable of accepting solder. Niobium provides
design and has a higher electrode gap of A@0with a 200um an electrical connection between individual solder bumps.
distance between the stages. This design along with the A2 deliftoff pattern of photoresist was deposited, exposed and
sign will allow us to study the effect of the electrode gap for théeveloped. Ti/Pd/Au was sequentially evaporated in 40/400/40
saw-tooth geometry. The fourth design (B2) is similar to the preanometer thicknesses. Rinsing off the remaining photoresist
vious design with the inclusion of 3D bump structures along theft Ti/Pd/Au behind on the chosen regions of the niobium.
emitter electrode. The solder bumps with diameters ranging Béie three metals served three different functions: a 35-nm
tween 4 micrometer and 1 mm can be produced with a burhjgh Ti layer was used as an adhesive/barrier layer, a 400-nm
height approximately 12% of the base diameter. The surfad layer was used as a contact layer and a 50-nm Au layer
shape depends on the base geometry and it is very complicgiegl’ented Pd oxidation. These layers are schematically shown
for noncircular geometries. For round bumps, however, the sim-Fig. 2. A solder dipping process deposited InSn solder onto
face shape is a slice of a sphere. The bumps were placedttos Ti/Pd/Au patterns; the solder forming rounded bumps on
every other saw-tooth. The fact that the ions are injected in ttiee regions containing the Ti/Pd/Au layers. Microscope photos
region away from the wall should further increase the pumpiraf the electrode structures are shown in Fig. 3. The advantage



DARABI et al. DESIGN, FABRICATION, AND TESTING OF AN ELECTROHYDRODYNAMIC ION-DRAG MICROPUMP 687

InSn SOLDER BUMP TABLE I
THERMOPHYSICAL PROPERTIES OFHFE-7100 EUID
Ti/Pd/Au Sandwich Thermophysical Property _ { HFE-7100

Boiling Point (°C) (at 1 atm) 61
Liquid density (kg/m’) 1402
Liquid kinematic viscosity (¢St) | 0.38

! Liquid specific heat (J/kg-K ) 1253

: Dielectric strength (kV/mm ) 11

' Dielectric constant 7.40

(a) Ti/Pd/Au overlayer (b) In/Sn solder bumps

Fig. 3. Microscope photos of electrode structures. (a) Ti/Pd/Au overlayer and (RN

1l | Il
(b) In/Sn solder bumps.

1
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' ‘Illlillliéfsi:
2 3 |4

METRIC

of this process is that complex microstructures can be produced
using a series of simple steps. Fig. 4. A photograph of the assembled micropump.
The top covers consisted of the same ceramic material as the

base. Laseronics Corporation used a laser to cut the ceramic]
the correct final dimensions and to include an inlet and outl
port onto each cover. Assembly was completed with an epo
film to create the cavity sidewalls. The individual bottoms an
covers were aligned with an epoxy gasket. Under pressure a
with heating (150C), the epoxy was cured for an hour. The &=
epoxy thickness (channel height) was measured after the &
sembly and found to be between Ath—70m. The range in |
numbers indicates a degree of tilt after assembly. I \%%

I1l. EXPERIMENTAL SETUP ”

The first static pumping tests were performed using a 3M’s :
HFE-7100 heat transfer fluid. This fluid has a low vapor _éj
pressure; hence, it does not require a high-pressure closed-loop
system. Also, it has a good dielectric constanty 7.4, a rela- Fig. 5. Static pressure test of device (Liquid column level is near the top of
tively low viscosity and a relatively high thermal conductivity™°®-

The boiling point of HFE-7100 fluid is 6XC at atmospheric
pressure. Other thermo-physical properties of this fluid aresolution of 1 V and A was used to provide the necessary
listed in Table II. voltage to the EHD pump.

The device (without inlet and outlet ports) is shown in Fig. 4. As shown in Fig. 5, the pump produced a liquid column rise
Each device measures 19 muB2 mm x 1.05 mm. The tests of about 45 mm, which corresponds to over 600 Pa pressure.
were performed in a transparent glass container. In order to tAstthe voltage was further increased to 700 V (for a 100
the pumping capability of the device, a glass tube was mounteléctrode gap), the liquid overflowed the 45 mm tube. When a
on the exit port of these devices using transparent epoxy. Tlhager tube was used, the pump produced a liquid rise of about
device was placed in a bath of a 3M thermal fluid and a negati88 mm corresponding to 780 Pa pressure. These results were
dc voltage was applied to the emitter electrodes and collectoghly promising and demonstrated successfully the pumping
electrodes were grounded. A 0—1000 V dc power supply withcapabilities of the micropump.
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IV. EXPERIMENTAL RESULTS © B1: 100 pm saw -tooth

+ B2: 100 ym saw -tooth

The pumping experiments were performed with these fo with burmps

modules using the 3M’s HFE-7100 as the working liquid. Th 600 -
transparent container and the test module were carefully clear w
with acetone to avoid the contamination of the fluid with im-Z'
purities. Then the test device was fixed on the bottom of tfﬁ 400
transparent container and the electrical connections to the po\ ¢
supply were made. The container was then filled with the 3I§
fluid to a reference level. The reference level was recorde £ g o
The voltage was applied to the electrodes and the liquid heic
rise was recorded. The liquid column level was relatively stab *
over a period of 2 hours. However, a slight fluctuation in th o0
L L 0 4 :
liquid level was observed. A work is in progress to address ti 0 ) . 6 8 10 12
long-term performance. Electric Field [Vium]
The pumping head results for the planar and saw-tooth ge- H
ometry are shown in Fig. 6. The electrode gap in both cases:§ g pressure head versus electric field for z@0saw-tooth electrode with
50 um. The results clearly show a much higher pumping perfoaad without 3D bumps on the electrodes.
mance with the saw tooth geometry as compared to the planar
electrode. Although the electrode gap is the same in both casesnp geometry, a pumping head of 500 Pa is obtained at a
the pumping starts at a much higher voltage for the planar eleoltage of 1000 V, whereas this same pumping head can be ob-
trode. For the planar geometry, approximately 900 V is requir¢ained for the bump geometry at less than 500 V.
to produce a pumping head of 600 Pa, whereas only 200 V isThe experimental results for the four different designs are
required with the saw-tooth geometry. It is believed that this presented in Fig. 9. Several observations can be made from
due the higher electric field gradient for the saw-tooth desigthese graphs. As expected the planar design (Al) has the lowest
which facilitates the ion injection process, resulting in a highg@rerformance. The second observation is that a much higher
pumping efficiency. pumping performance can be obtained with the design with
The results obtained with the saw-tooth electrodes for elezaw-tooth emitters. The pumping head results obtained with
trode gaps of 5um and 100um are shown in Fig. 7. We be- the B2 design show that the presence of the 3D bump structures
lieve the larger number of stages (pairs of electrodes) in thignificantly improved the pumping performance. Among the
50 um-gap device is responsible for the better pumping perfdour electrode geometries tested, the A2 design, which has a
mance of this design. larger number of pumping stages, performed the best. Along
The pumping head results for the 10 saw-tooth design with the progress in micro fabrication technologies, the space
with and without 3-D bump structures are shown in Fig. 8. THeetween the emitter electrode and the collector electrode in an
results show that the pumping effect is significantly improved bslectrical field can be reduced to the range from 10 tq.60
the presence of the bump structures. This observation is likelgd the operating voltage can be lower than 200 V. Thus, re-
due to the ions being injected further away from the wall for théucing the electrode gap and increasing the number of pumping
bump electrode and thus, allowing a more efficient momentustages can significantly improve the pumping capability. Also,
transfer to the bulk of the fluid. It can be seen that for the ribhe results clearly show that the 1081 saw-tooth design
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Fig. 10. Input electrical power consumption versus generated pumping

pressure for various designs.
Fig. 9. Pressure head versus the electric field for various electrode designs.

V. CONCLUSION

The feasibility of micropump fabrication using an array of

with bumps (A2) is more efficient than the 1g@n saw-tooth 3-D bump structu_res was demonstrated anq _the pumping_power
design without bumps (B2). Thus, it is expected that g.80- generated _by th!s micropump was quantified. We de5|gne_d

saw-tooth design with bumps to have a better performance t@ﬁ#r ceramic devices and a series of pat_terned e!ectrodes with
a 504m saw-tooth design without bumps. Indeed, one of o erent 3—Dfeatures_ that maximize the field grad|ents respon-

electrode designs included a 5@ saw-tooth with bumps. sible for EHD pumping. The results were highly promising

However, this design was not testable due to some problé\?ld d_emonstrated successfully the pumping_ capabilities of
during its fabrication. the micropump. The pump produced a pumping pressure of

) ) ) over 700 Pa using 3M’s HFE-7100 thermal fluid. The results
~ Another observation from these graphs is an abrupt incregsgicated that among the various designs that were tested, the
in the pressure with increasing electric field. Generally, tWoa.tooth geometry with 3-D bump structures performed the
different regions can be distinguished. At low electric fielgest. we believe reducing the electrode gap and increasing the

strengths, the pressure head is attributed to dissociationn@imber of pumping stages can further improve the pumping
impurities in the liquid. As the field strength increases, iongapability.

generated by dissociation of impurities are neutralized at
the electrodes and the current density remains more or less
independent of the electric field strength. At high electric field T
strengths, however, a steep increase in the pressure is observgr
This is due to the charge injection at the electrodes. In the
absence of impurities, the first region is unimportant, indicatir}%e
that there is a threshold field strength below which no pumping
is observed.

The rates of input electrical power consumption for the var- "
ious micropumps as functions of pressure head for the var-
ious designs tested are shown in Fig. 10. As can be seen ]
this figure, the highest pumping efficiency is obtained for the
saw-tooth design with the smallest electrode gap. This compar-
ison also demonstrates that the design with bumps has a higher
efficiency than one without bumps. The planar design require
the highest power input, which makes this design less efficient.
As seen in Fig. 9, the electrode design A2 and B2 show a sim{®]
ilar behavior in pressure head. However, the power consump-
tions for the electrode design A2 is lower. This is due to the [6]
fact that the electrode spacing is different in these two design%]
(50 pm for design A2 versus 100m for design B2). Thus, for a
given electric field, the applied voltage in design A2 is approx-
imately half that of the design B2, resulting in a lower power
consumption.

(8]
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