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Introduction
Recently microfluidic systems are of great interest to many researchers because of
several advantages in heat and mass transport over conventional systems [1]. For
successful design and operation of such microsystems, the control of microfluids is the
key and great efforts have been done to find effective means of control. In the present
talk, we are concerned with the control of microfluids by using the electromagnetic
fields. But the main focus will be given in this extended abstract to the electrostatic
force due to the space limitation.

Under electric field, a common linear isotropic fluid is subject to the force

f(s)=p/E—ETZ Ve

where the first term is the force on the free charges and the second term is due to the
force on the polarized charges [2]. The electro—kinetic phenomena, which includes
electro—osmosis and electrophoresis, are mainly due to the free charge effect. On the
other hand, the dielectrophoresis is in the second category. Here we want to introduce
several ways of control of microfluid flows by using the electrostatic forces after briefly
mentioning the characteristics of microfluidic systems.

Characteristic scales in microfluidic systems
The characteristics of microfluidic systems can be best recognized by considering the
characteristic scales. To do that, let us consider first the pressure driven flow in a

capillary shown below. If we consider the typical flow parameters such as L2=0.1m,
y=10 "' N/m,
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u=10 “kg/m+ s,U=10 ?m/s, the pressure drops and the surface tension stress are
as shown in Table 1. In the table, t . is the characteristic tangential stress at the wall.
As we can see in the table, the pressure drop is inversely proportional to the square of
radius and increases drastically if the same velocity is to be maintained. Therefore, if we
want to use the same pressure drop, the velocity decreases drastically.On the other
hand, that is not the case for the surface tension driven flow.

of

O

+ 2
=3

Jon

o O|E4d E& H8Z A2z 20028

J



Theories and Applications of Chem. Eng., 2002, Vol. 8, No. 2 5487

Table 1. Characteristic pressure drops and surface tension stress in micro-—capillary.

R(m) 10 > (1mm ) (10 (100 pm)| 10 ~>(10 pgm) | 10 * (A pum)
T.(N/m?) 2 x10 2 2x%x10 7! 2 2x10
Ap(N/m ?) 4 4%x10° 4%x10° 4%x10°
%(N/mz) 2x10° 2x10° 2x10 * 2x10°

The surface tension stress is inversely proportional to the radius and becomes very
large as the radius decreases and it may be used as the driving force for the
micro—channel flow. For example, the surface tension may drive the micro-channel flow
to the O(lcm/s) for the 10um channel, and O(0.1cm/s) flow even for the 1pm channel.
Another important characteristics is for the diffusion process. Differently from the
heat conduction process, the diffusion process is a slow process even for microsystems.
That is the case especially for the diffusion process of particles of nano—-meter or larger
such as DNA particles. To appreciate this fact, let us consider the diffusion of particle of

nn

radius "a" as shown below.

If we apply the Stokes-Einstein diffusivity, D=k7/6npa, to compute the diffusion
timescale, tC=R2/D, for particles dispersed in water flowing in a channel of radius of

100 pm, we have the result shown in Table 2.

Table 2. Typical diffusion timescales in a micro—channel

a 10 nm 1nm 0.1nm
D(m?*/s)| 2x10 " 2x10 7" 2x10 ~°
t,(s) 5x10°? 5x10 5

As we can see in the table, diffusion of particles takes a quite long time and this fact
indicates the importance of efficient mixing even in microsystems. That is the case when
we consider the dispersed system of particles.

Electro—osmosis

One common way of driving fluid in a micro—channel is based on the electro—osmosis.
Electro-osmosis is nothing but the use of electrical force exerted on the free charges
dispersed in the electrical double layer near the charged surface. When the charged

surface has the zeta—-potential ¢, the flow generated outside the double layer is

uoo=—87§EoQ.
H

However, the flow generated by the electro-osmosis is usually quite slow because the
zeta potential is low (usually ¢~ O(100mV)) and the external electric field, £ ., is
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limited by the electrolysis. So, the research interests in electro—osmosis are focused to
how to control the zeta potential and how to maximize the applied potential without
inducing electrolysis.

Regarding the first problem, there has been a considerable progress. By using a
similar idea as the solid-state field-effect transistor in electronics, a very useful idea has
been developed for the control of zeta potential [3]. Incorporating this nice idea, the
methods of efficient mixing have been devised. From the formula for the electro-osmosis
velocity, we can imagine a certain mixing strategy. In the following figure,
electro—osmotic flow is shown for the channel of which the top layer has locally positive
zeta potential while the bottom layer is negatively charged. We can see clearly the
circulating flows near the top layer, which is expected to improve the mass transfer
efficiency. This idea has been further developed to

generate chaotic mixing. Recently Qian and Bau showed that chaotic mixing can be
induced by using the time-periodic zeta potential [4]. Of course, their idea is based on
the field-effect flow control.

Electrowetting
As mentioned in the section of characteristic scales, the capillary force may play a major

role.
Thus it would be very nice, if we may control the surface tension as we want. In that
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direction, we have a nice idea called "electro-wetting". By applying strong electric field
across the dielectric layer, we collect the charges near the fluid-solid interface which in
turn changes the fluid-solid interfacial free energy. The free energy change results in
the contact angle change via the force balance at the triple point. The change of contact
angle is predicted by the Young Lippmann equation
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cos0(1N=cosO(0)+ - |2
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where ¢ and d are the electrical permittivity and the thickness of the dielectric
(insulating) layer between the fluid and the external electrode, and y ,, is the interfacial

tension of the vapor-liquid interface. Since the contact angle change has a significant
effect on the flows in micro—channels, electro—wetting has drawn much attention of
researchers [5]. Nevertheless, the basic understanding on the fundamentals of the
phenomena 1is still far from being complete and awaits the challenge of bright
researchers. One of such unresolved problems 1is the explanation of contact angle
saturation [6].

Dielectrophoresis

As mentioned in electro—osmosis, the applied potential is limited by the electrolysis. But
in the case of dielectric liquid, we do not have to worry about that and we may apply
very strong field to induce various interesting electrohydrodynamic(EHD) phenomena. One
of such phenomena is the generation of electrical stress at the interface, which results in
the flow to satisfy the continuity of tangential stress across the interface. The basic idea
underlying this interesting phenomenon was discussed earlier in the classic paper by
Melcher and Taylor [2]. Recently, the same idea has been incorporated with the chaos
theory for devising a way rapid mixing of microfluids [7].

Remarks
Due to the space limitation, many other interesting problems have not been touched in
this extended abstract. Those problems will also be discussed in the talk.
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