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Micro-Flow Control and Micropump by Applying Electric Fields

through a Porous Membrane'

Tomiichi HASEGAWA**, Shinji TOGA***, Makoto MORITA*

Takatsune NARUMF* and Nobuhiro UESAKA****

Experiments of micro-flow control and micropump conducted by applying electric fields

on the flow through a porous membrane have clarified that only NaCl solution in water is

effective for the control of micro-flow among the liquids examined but KCl solution and

a colloidal dispersion of polystyrene latex particles in water as well as NaCl solution are

good as working fluids for the micropump. Although the applied voltages are less than 10 V,

performance of the present micropump is found belonging to the highest class in the past

methods. Effects of electro-osmosis, electrophoresis and absorption were discussed about

whether or not they may become causes of the present phenomena and it is concluded that

absorption is most possible as a cause. The colloidal dispersion of polystyrene latex particles

is thought to be a good working liquid, because it provides the flow rate proportional to the

applied voltage without generating any bubble of by-product.
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1. Introduction

Control of micro一己ow rates or micropump is a

key technology in micro-fluid mechanics and micro-

techniques, and not a few methods for driving liquids are

invented and utilized for medical treatment, process in

making medicine, and experiment in bio-laboratories^.

In particular, the method making use of electric e鮎cts has

recently attracted much attention, because it gives smooth

flow by the structure of no movable mechanical part and

makes easy control of the flow rate by changing volt-

ages applied. Electroosmosis has been most widely uti-

lized among the electric effects: Electroosmotic flow mi-

cropumps were fabricated with base on capillary systems

packed with silica particles( ¥ a porous core packed with

sintered glass beads(3), a densely packed particle struc-

ture between the polymer frits(4)'(5), a donut channel con-

structed by a gap between two parallel donut-shaped glass

Received 23rd January, 20G4 (No. 04-4034)

Department of Mechanical and Production Engineering,

Faculty of Engineering, Niigata University, Ikarashi-2,

Nngata-shi, Niigata 950-2181, Japan.

E-mail: hasegawa@eng.niigata-u.ac.jp

Graduate School of Science and Technology, Niigata Uni-

versity, Ikarashi-2, Niigata-shi, Niigata 950-2 1 8 1 , Japan

Department of Physiology, Nippon Medical School,トト

5 Sendagi, Bunkyo-ku, Tokyo 1 13-8602, Japan

JSME International Journal

plates(6). However, relatively high voltages and compli-

cated structures are required for those methods used- so

far. In this paper, we present a new and simple method that

uses the flow generated through a porous membrane by ap-

plying voltages less than lOV on both sides of the mem-

brane, and provide some results obtained by this method.

2. Experimental Method and Apparatus

Figure 1 (a) gives a schematic diagram of the experi-

mental apparatus: we set a porous membrane vertically to

the flow direction in the channel in which electrolyte solu-

tion or colloidal dispersion in water is丘Iied, and applied

a voltage on the both sides of the membrane by two elec-

trie poles. The left hand side of the membrane is upstream

and connected to a head tank, and the right hand side is

downstream and connected to a weighing cup set on a dig-

ital balance. In the experiment of flow control, a liquid is

made beforehand to flow from the head tank to the weigh-

ing cup through the channel and membrane, a voltage is

applied at a time (usually 300 seconds after the inception

of the flow), and the flow rate is measured with a digital

balance and recorded with time in a personal computer.

For the case of micropump, both heads of the head tank

and the weighing cup are adjusted and made to be equal in

advance (that is, no flow condition is realized), and then a

voltage is applied and the generated flow rate is measured

with time. For the two cases of Bow control and micro-
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Fig. 1 A Experimental apparatus

unit : mm

pump, the voltage is supplied by a constant voltage gener-

ator and the pressure differenial between the upstream and

downstream positions is measured with a manometer or a

pressure head of differential type.

Two kinds of membrane were used: one is a metal

membrane of nickel whose thickness is ll fxm and in

which 55600 pores of the diameter of nearly 5 |im are

regularly opened in a circle of the diameter of 8mm.
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Fig. 2　Flow rate as a function of time for distilled water.

Electric poles are stainless plates. Nickel membrane is

used and the diameter of the pore is 6.28トLm.

The other membrane is made of polycarbonate and lOトLm

thick, and 320000 pores of nearly 5 ¥im in diameter are

randomly opened in a circle of the diameter of lOmm. A

silver plate and a zinc plate were used for the plus pole

and the minus pole respectively in order to prevent bub-

ble generation. Sometimes, however, stainless plates were

used for both poles and in this case some bubbles were

generated. A schematic view for setting of membrane and

poles is shown in Fig. 1 (b). The membrane is pasted over

a hole of lOmm drilled on the base plate and the holes

of the same size are opened in the plates of electric poles

for smooth pass of flows. Figure 1 (c) gives dimensions

of the channel used in the experiment. NaCl solution of

O.15 mol/L in water was mainly used in the experiment,

because it is like a physiological solution, and KCl solu-

tion of the same concentration in water was also used for

comparison. Furthermore, colloidal dispersion in water of

polystyrene latex particles of the diameter of 0. 12 |im was

adopted in the experiment of micropump.

3. Experimental Results

3.1　Control offlow rates

Figure 2(a) and (b) show the results of the flow

rate for water through a membrane. The water was ob-

tained by treating city water with a series of process;

passing through a reverse osmosis membrane, distillation

and again passing through ion exchange resin (this wa-

ter is referred to as distilled water (DW)). Figure 2(a)

and (b) represent the case that the applied upstream heads
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Fig. 3　Flow rate as a function of time for NaCl solution in

water. The experimental condition is the same as in

Fig.2.

are lOmmAq and lOOmmAq respectively, and this is the

same in Figs. 3 and 4. In these figures, the ordinate is the

now rate through the membrane and the abscissa is the

elapse time in seconds. A normal solid line drown at the

time of 300 seconds indicates the inception of applying

voltage after the beginning of the flow at the time、of zero

second. Figure 2(a) and (b) include the three cases; no

voltage, +2V and -2V at the upstream, under the con-

dition that the membrane is a nickel丘Im and the poles

are stainless sheets. We see from these figures that ap-

plication of voltages to distilled water does not give any

measurable effect on the flow rate. Figure 3 (a) and (b)

give the results for a NaCl solution under the same exper-

lmental condition as in Fig. 2, and we see that the flow

rate gradually decreases after applying a negative voltage

in the upstream and becomes almost zero about 1 000 sec-

onds after, but a positive voltage does not give any effect

on the flow rate. Figure 4(a) and (b) show the result for

KCl solution in water under the same condition as Fig. 3

except that the applied voltage is 4V. It is seen that +4V

and -4 V in the upstream region give a slight increase and

decrease in flow rates respectively, which is very different

from the case of NaCl solution. In Fig.4, the flow rate

is gradually decreasing with time even for no application

of voltage. The reason is not clear, but it is thought that

some absorption of ions to the wall of pores may pack the

pores partially (see Discussion). Polycarbonate membrane

was used instead of the nickel membrane and the result is

given in Fig. 5. In this case also we see the decrease in且ow
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Fig. 4　Flow rate as a function of time for KCl solution in water.

Electric poles are stainless plates. Nickel membrane is

used and the diameter of the pore is 5.83トLm・

Fig. 5　Flow rate as a function of time for NaCl solution in

water. Electric poles are stainless plates. Polycarbonate

membrane is used and the diameter of the pore is 5.0トIm.

Head is 40 mmAq.

rates occurring, but higher voltages are needed in compar-

ison with the nickel membrane. Figure 6 shows the result

obtained by using a zinc plate as a negative pole and a sil-

ver plate as a positive pole instead of stainless plates. It

is seen that this combination of poles makes the flow rate

zero faster than for the stainless plates. Next, the NaCl

solution is replaced by KCl solution with other conditions

unchanged and the result is shown in Fig. 7. The flow rate

is decreased to the zero level but after a while it gradually

increases again. This suggests that the block mechanism

presumably caused with absorption and an electric effect

(see Discussion), even if it is formed, is weak in KCl so-

lution.
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Fig. 6　Flow rate as a function of time for NaCl solution in

water. Electric poles are a silver plate as plus pole and a

zinc plate as minus pole. Nickel membrane is used and

the diametef of the pore is 5.01 ¥im. Head is 40mmAq.
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Fig. 7　Flow rate as a function of time for KCl solution in water.

The experimental condition is the same as in Fig. 6.

3.2　Micropump

The set of experiment consists of three parts; Fluid

drive part, Liquid separation part and Flow rate measure-

ment part, as indicated in Fig. 8. The fluid drive part and

the flow rate measurement part are the same as in the ex-

periment of flow control. But we added the liquid sep-

∬ation part in this experiment which replaces the liquid

for getting driving forces by the liquid which we want to

transport. That is, the driving liquid (Polystyrene latex

colloidal dispersion or NaCl and KCl solutions in water)

is led from the fluid drive part to a cylindrical vessel of the

liquid separation part, in which silicon oil is丘Iied in the

upper region and connected to another cylindrical vessel.

In the lower region of the another vessel a transporting

liquid (in this case water) is丘Iied and led to the weigh-

ing cup on the digital balance. After adjusting the liquid

levels in head tank and in weighing cup to the same level

and attaining the condition of zero flow rate, we applied a

voltage difference between the both sides of the membrane

and measured the generated且ow rate and the pressure dif-

ferential. Figure 9 (a) and (b) show the result obtained by

NaCl and KCl solutions with the voltage of 4V. Applir

cation.of voltage begins at the time of 300 seconds, and

we see the case of no membrane gives no effect, but the

membranes of pore size of 5.8 and 3.9 ^im generate the

flow directing to the minus pole and the flow rate around

2ml/s. It is seen that the flow rate is slightly greater in
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Fig. 8　Fabrication for the experiment of micropump
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Fig. 9　Flow rate as the pump output plotted against time. The

voltage of 4V is applied after the time of 300sec.

Electric poles are stainless plates. Nickel membrane is

used and the diameter of the pore is 5.83トim or 3.9トLm.

KCl solution than in NaCl solution, but for these solutions

bubbles were generated.

Also we used as a driving liquid the polystyrene la-

tex colloidal dispersion in water of 0.1% in volumetric

concentration, where the diameter of the latex particle is

0.12 |im. Voltages used are four degrees ranging from 3.0

to 10.OV. The results are shown in Fig. 10: Each voltage

applied at the time of 300 seconds generates the flow di-

recting to the minus pole and increasing with voltage. We

notice some fluctuation in the data of flow rate with time,

but this is considered not to be characteristic of the flow

JSME International Journal
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Fig. 10　Flow rate as the pump output plotted against time.

We used as a driving liquid the polystyrene latex

colloidal dispersion in water of 0.1% in volumetric

concentration, where the diameter of the latex particle

is 0.12トim. Voltages from 3 V to lOV are applied after

the time of 300 sec. Electric poles are stainless plates.

Nickel membrane is used and the diameter of the pore

is 5.01トIm.
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Fig. 1 1 Flow rate as the pump output plotted against the

voltage.

but due to some noise given to the balance used, because

it is seen to exist before applying voltages. Figure 1 1 gives

a correlation between the voltage and the flow rate for the

same data as m Fig. 10 in the steady state after a long time

has passed since applying voltages, and we see a linear

relationship between the two. Only the data of one con-

centration (0.1%) is shown here, but we confirmed by ex-

penments that variation of concentration hardly gives in-

fluence on the characteristic of flow rate. Because no bub-

ble is generated and there is a linear relationship between

the flow rate and the voltage, polystyrene latex colloidal

dispersion in water is thought to be a promising driving

liquid.

Figure12 shows the flow rate against the pressure dif-

ferential measured between upstream and downstream po-

sitions in the channel together with a theoretical line which

was obtained by assuming Poiseuille丑ow for the flow

through the pores in the membrane. It is seen that the

experimental data almost agree with the theoretical line,

and this tells us that the pressure differential generated by

the applied voltage is consumed exclusively for the flow

JSME International Journal
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downstream position. This corresponds to the pump

p erformanc e.

through the pores in the membrane, because the water lev-

els in the upstream head tank and in the downstream cup

on the balance are nearly the same in the present experi-

mental condition.

Furthermore, flow rates were measured under the

condition of rising the pressure in the downstream region,

and the result is shown in Fig. 13, which corresponds to

a pump performance. We see that the flow rate decreases

monotonously with increasing the pressure and the abso-

lute value of pressure is low compared with those of past

experiments^ト(5). But the downstream pressure can be

made higher by increasing the voltage applied.

4. Discussion

4. 1 Electrophoresis and electro-osmosis

If the present micropiimp effect is generated mainly

by electrophoresis, mobility of a charged particle in an

electric field m is given by dividing the ionic equivalent

conductivity L by Farady constant F(7). And the mobility

ofNa+ is given by

m=L/F

=(50.1 cmz -n-1)/(9.65 × 104 C)

=5.19×10-w　-1.V-1

Now the applied voltage is 4V in one example of the

present expenments, and the electric丘eld is approxi-

Series B, Vol.47, No. 3, 2004
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mately given by 2.0V・cm-　Therefore we have a veloc-

ity ofNa+ particle as 1.04x 10 2mm・s-1 from the above

equation. On the other hand, the velocity obtained by the

present experiment of micropump is about 1.4 mm

This great difference between both the velocities shows

that the pump effect seems not to be accounted for by

the electrophoresis theory. On the other hand, the mea-

sure of thickness of electric double layer, Debye length

AD, is given by the relationship for NaCl solutions( >;

xD = 0.304/欄nm, where [NaCl] presents the con-
centration (mol・1当In the present experiment, [NaCl] is

given as 0.154mol・I-1 and we have Ad = 1.97nm. This

predicted length is very thin and it is questionable for the

electric double layer and therefore for the electr0-osmosis

to play a main role in the flow through the hole of the di-

ameter of・5 ^im. Nevertheless if it is a mam cause, the

velocity v is given by the Helmholtz-Smoluchowski equa-

tion(9) y=型, where s is the dielectric constant, E is the
〃

electric field, S蝣is the zeta potential and ¥i is the viscosity.

At the present stage, g is unknown and we cannot know

the absolute value of v, but according to this equation v

is proportional to the applied voltage. This is noticed in

Fig. ll.

Also it should be noted that the月Iow rate encountered

in the experiment of flow control is one order of magni-

tude greater than the output flow rate in the experiment of

pump, as indicated by Figs. 3 (b) and 9 (a), although the

flow control is restricted to several cases, that is, all cases

of NaCl solutions examined and one case of KCl solution

shown in Fig. 7. This discrepancy in flow rate between the

flow control and the micropump is also open to question.

Now the flow rate of the present micropump is com-

pared with those of the several reported micropumps. For

comparison, the flow rate has been expressed in the style

of the flow rate per unit voltage and unit area perfor-

mance of the pump; 0.000 6 (ml/min/)V/cm2 was reported

by Gan et al.(3), 0.001 (ml/min/)V/cm2 by Zeng et alS^

and 0.03 (ml/min/)V/cm2 by Yao et al.(5), while it is 0.015

(ml/min/)Ⅴ/cm2 for Polystyrene latex colloid dispersion

shown in Fig. ll, and 0.03 (mVmin/)Ⅴ/cm for NaCl and

KCl solutions ofFig. 9 (a) and (b) in this experiment. Then

the present method belongs to the highest class with re-

spect to the flow rate among the methods presented so far.

4. 2　Absorption and its block mechanism

Comparing the cases of no voltage in Fig. 2 for DW

with those in Figs. 3, 4 and 5 for NaCl and KCl solutions,

we notice that gradual decreases in flow rates with elapse

time are greater in NaCl and KCl solutions than in DW.

This suggests that the flow causes some absorption of ions

to the wall of pores, even if any voltage is not applied.

Concerning this, we conducted an experiment of the pres-

sure drop against the flow rate through smaller pores for

DW and NaCl solution without application of voltage dur-
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Fig. 14　Flow rate against pressure drop in the case that

solutions are made to flow by heads with no voltage.

Polycarbonate membrane is used and the diameter of

the pore is 1.2トun. The flow rate is seen to decrease as

the concentration of NaCl increases.

Upstream

Na+

NaVNa+

Na+Na+

Downstream

Cl~

Na+、J Na+　　　Cl-
Na十→ (Blocked)

Na+　Na+Na+

Na+

Fig. 15　Block mechanism ofNa+ ions at the aperture

ing the time of 900 seconds after starting flow. The result

is given in Fig. 14, where the membrane used is a sheet of

polycarbonate and the diameter of the pore is 1.2 [im. We

see NaCl solutions provides higher resistance than DW at

the same且ow rate, which may be due to absorption.

Usually plus ions in a liquid are attracted to the sur-

face of a plate immersed in the liquid, because the surface

of most substances wears minus electric charges. In ad-

dition, plus ions and minus ions in the liquid are attracted

to the negative and positive poles respectively by apply-

ing voltages (see Fig. 15 for a NaCl solution). When the

fluid flows, the Na+ ions gathered around the minus pole

on the upstream side also flow toward the aperture, but

there already exist Na+ ions around and in the aperture

and the coming Na+ ions will be blocked by the existing

Na+ ions and consequently the flow is stopped at the aper-

ture. If the pole on the upstream side is positive, Cl ions

gather around the positive pole and flow to the aperture as

Na ions do in the above mentioned case of the upstream

negative pole. But in this case the hydrated radius of Cl~

ion is smaller than that of Na ion as shown in Table 1,

and therefore it can pass through the aperture which is

made narrow with the attached Na+ ions. K ions also can

pass through the aperture because they are smaller than

JSME International Journal



Table 1 Ionradius

ion H 20 + N a + K + cr

Bare ion

radius(nm)
-

0.095 0.133 0.181

Hydrated

radius(nm)

0.28 0.36 0.33 0.33

Na ions as shown in Table 1. This is an explanation of

the present experimental result of flow control. Also the

micropump effect is thought to be caused with the plus

ions or the plus ion charged colloid particles which pro-

ceed to the minus pole from the plus pole separated by

the membrane. Electr0-osmosis or electrophoresis may be

concerned with this process.

5. Concluding Remarks

Micro-flow control and micropump was experimen-

tally investigated by a new and simple method applying

an electric field on the now through a porous membrane.

It is clarified that only NaCl solution in water is effective

for the control of micro-flow among the liquids examined

but KCl solution in water and a colloidal dispersion in

water of polystyrene latex particles as well as NaCl so-

lution are good as working fluids of the micropump. Al-

though the applied voltages are less than lOV, which is

one order of magnitude lower than those in current exper-

lments, performance of the present micropump is found

belonging to the highest class in the past ones. Effects of

electr0-osmosis, electrophoresis and absorption were dis-

cussed about whether or not they may become causes of

the present phenomena and it is concluded that absorption

can be the most possible cause. The colloidal dispersion of

polystyrene latex particles is a good working liquid of mi-

cropump, because it generates the flow rate proportional

to the applied voltage without any bubble of by-product.

A cknowledgem ents

The authors wish to thank Mr. Ryuichi Kayaba,

JSME International Journal

563

Mr. Yasuhiro Shirai, Mr. Tomotaka Sasaki, Mr. Hitoshi

Yokota, Mr. Toshiyuki Takahashi, Mr. Tatsuroh Sugitani

for conducting the experiment.

Refe rences

( 1 ) Nguyen, N.-T. and Wereley, ST., Fundamentals and

Applications of Microfluidics, (2002), pp.293-341,

Artech House, Inc., ISBN 1-58053-343-4.

(2) Zeng, S., Chen, C.-H., Santiago, J.-G., Chen, J.-R.,

Zare, R.-N., Tripp, J.-A., Svec, F. and Frechet, J.-M.J.,

Fabrication and Characterization of Electrokinetic Mi-

cro Pumps, Sensors and Actuators, B, Vol.79 (2001),

pp.107-1 14.

( 3 ) Gan,W., Yang,L.,He,Y,Zeng,R.,Cervera,M.-L. and

Guardia, M., Mechanism of Porous Core Electroos-

motic Pump Flow叫ection System and Its Application
to Determination of Chromium (VI) in Waste-Water,

Talanta, Vol.5 1 (2000), pp.667-675.

(4) Zeng, S., Chen, C.-H., Santiago, J.-G., Chen, J.-R.,

Zare, R.-N., Tnpp, J.-A., Svec, F. and Frechet, J.-M.J.,

Electroosmotic Flow Pumps with Polymer Frits, Sen-

sors and Actuators, B, Vol.82 (2002), pp.209-212.

( 5 ) Yao, S., Hertzog, D.-E., Zeng, S., Mikkelsen Jr., J.-G.

and Santiago, J.-G., Porous Glass Electroosmotic

Pumps: Design and Experiments, Journal of Colloid

and Interface Science, Vol.268 (2003), pp. 143-153.

(6) Fujisawa, T., Kamiya, A., Kitoh, 0. and Ushijima,

T., Basic Study for Micro Pump Using Electroos-
motic Flow, Proc. of ASME FEDSM'03, 4th ASME-

JSME Joint Fluid Engineering Conference, Honolulu,

Hawaii, USA, (2003), pp.ト6.

( 7 ) Rika-nennpyo, (1987), p.527, Maruzenn Co. Ltd., To-

kyo.

( 8 ) Israelachvili, J.N., Intermolecular and Surface Forces,

Second Edition, (1992), p.238, Academic Press.

( 9 ) Nguyen, N.-T. and Wereley, S.T., Fundamentals and

Applications of Micro且uidics, (2002), p.56, Artech

House, Inc., ISBN 1-58053-343-4.

Series B, Vol.47, No. 3, 2004


