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Dielectrophoretic levitation of droplets and bubb.es*
T. B. Jones**

‘epartment of Electrical Engineering, Colorado State University
Fort Collins, CO 80523

Abstract

Uncharged droplets and bubbles can be levitated dielectrophoretically in liquids using
strong, nonuniform electric fields. The general equations of motion for a droplet or bubkt e
in an axisymmetric, divergence-free electrostatic field allow determination of the conditions
necessary and sufficient for stable levitation. Two cases of a bubble or droplet with di-
electric constant (x,) less than or greater than the liquid medium dielectric constant (nl)
emerge. For x, < x,, passive levitation is possible, while for x_ > ¢,, active feedback-
controlled levgtatian is required. The design of dielectrophoretgc (DkP) levitation elec-
trode structures is simplified by a Taylor-series expansion of cusped axisymmetric electro-
static fields. Extensive experimental measurements on bubbles in insulating liquids verify
the simple dielectrophoretic model. Others have extended dielectrophoretic levitation to
very small particles (<100 um) in aqueous media. Zero-gravity DEP levitation remains to be
demonstrated. This paper concludes with a discussion of applications of DEP levitation to
the study of gas bubbles, liquid droplets, and solid particlex. Some of these applications
are of special interest in tiie reduced gravitational field of a spacecraft.

Introduction

Strong nonuniform electric fields exert effective forces on uncharged particles, liquid
droplets, and gas bubbles. Pohl named this effect dielectrophoresis in 1951. The dielectro-
phoretic phenomencn is most pronounced for r.all particles (<1000 ym). A cusped electro-
static field can stably levitate bubbles, droplets, and small particles suspended in di-
electric liquids. Further demonstrations of the manipulation and cecntrol of droplets,
bubbles, and solid particles exist that are relevant to the reduced gravitational environ-
ment of space. Zero-gravity dielectrophoresis offers some interesting prospects in a num-
ber of materials processing applications that are considered in this paper.

H. A. Pohl exploited dielectrophoresis in the separation of solid dielectric particles
from a liquid insulant. One proposed application has been in the separation of living from
dead blood cells.? Lin and Benguigui have used granular solid dielectric media stressed
with strong electric fields to achieve high gradient DEP separations.’® Veas and Schaeffer
used a cusped electrostatic field to levitate small droplets of one dielectric liquid sus-
pended in another.® Jones and Bliss studied the dielectrophoresis of small gas bubbles
in insulating liquids and levitated these bubbles using an improved electrode geometry.®
Kallio and Jones proposed the use of DEP levitation for the measurement of solid particle
and liquid dielectric constants.

In this paper, I discuss theoretical and experimental dielectrophoresis. Potential
applications of DEP in a number of diverse fields (including zero-gravity experimentation)
are reviewed in light of this recent work.

Theor:

The theory relevant to dielectrophoresis is conveniently divided into sections dealing
with the basic force calculation, properties of divergence-free electrostatic fields, fre-
quency dispersion effects (charge relaxation), and the equations of motion.

Dielectrophoretic Force

The DEP force is nonzero if either the magnitude or direction of the Lorentz force (gE)
exerted on the positive and negative ends of a dipole differ. The general expression is

FE = (Poge = NE, (1)

* To be presented at the Second Convention of the International Colloquium on Drops and
Bubbles, Monterey, CA, November 1981,

** present address: Xerox Corporation, Webster, N.Y. 14580.

17

|

b N s S e e



YA

~

s

where E 1s the impused electric field and p is the effective dipole moment of the par-
ticle. 1If the particle is an insulating spﬂgfe of radius R, dielectric constant «,, and

mass density p, in a dielectric insulator of dielectric constant Ky and mass densiay Pye

and if the par@icle is sufficiently small, then

- 3 27 Y&
Pegr = TR e \ v ) B 2)
Combining Egs (1) and (2), the familiar result is
o 3 2 T X1 2 .
P * 2nR CoKl m{ VE . (5)

which successfully predaicts the cbserved behavior. Particles with x, > x, are att. cted to
relative electric field intensity ma:’ 1a, while for Ko < Kyo the par@icle& ave attracted to
minima.

Garton and Krasucki obsarved that ligquid droplets _and bubbles deform ;nto prolate spher-
oids in the direction of the applied electric field.’ Por prolate spheroids, the DEP force
oezomes

2nabc (e, = x.)
o 2 1 2

7€ _ 3
F= ST s LT B 4

where a and b are the semi-major and semi-minor axes of the particle, and Lz is the depolar-
ization factor:

2,2

L, = 1+ % a -2 « % A-+vy424 ...1/3%% and y = a/b . (s)

The ratio y is uniquely related to E. For small deformations, i.e.; y < 1.1, an approxima-
tion may be used:

/3 e x,r K -2
; o*1%0 1 1.2
y 21+ g (Kl -y 3) (cos eo) B, (6)
where
- 4
0, = cosh™l(3/Tpr_/48)/3 and r_ = (R%p/28 + R%) /2, (7)

P is the absolute ambient pressure and 8 is the interfacial tension.

Properties of Electrostatic Fields

Theorems concerning electric field intensity maxima and minima are very important in DEP
levitation. Consider a static, divergence-free electric field E such that

v+ E=0, and vV X E = 0. (8)
It is easily shown® that
9°E® >0 . (9)

This inequality specifically excludes the possibility of 7sc/ate) three-dimensional electric
field intensity maxima. The existence of isolated intensity minima (including zeroes) is
demonstrated by reference to examples such as the quadrupole. Because of the above proper-
ties of electrostatic fields, stable, star/e levitation of particles is possible only for

Ky < Ky This restriction places a serious limitation on the application of DEP levitation.

Certain properties of cusped axisymmetric electrostatic fields, useful in DEP levitation
cells, may be examined ing a Taylor-series expansion due to Holmes.® This field exeannion.
correct to second order in excursions (p,z') about some equilibrium poirt (0,z), is:!

/ 2
E, =V + a,z2' + a 20 (10)
z="V|% t 2 {2 nd K
ay )
ED = V [- T p - 0202'] . (11)
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where
N 3"
2

a_(z) =
n Unt gD

(12)

p=0,2

and V is the applied voltage. The stability of levitation for Ky < Ky is determined by the
dual conditions

2.2 2.2
3L i >0 ana 25 | >0, (13)
3z 0,z ap I0 z

where Ez - E: + Ez. Using Eqs (10) and (11), Eq. (13) can be reduced to conditions on the
coefficients @, 31. ay.

Frequency Dispersion

If the bubble, droplet, or particle and/or the fluid medium are slightly conductive,
charge relaxation makes the effective dipole o £ time dependent and dispersive. Benguigui
and Lin arrive at a concise result for the timg-iverage DEP force due to an ac dielectric
field on a spherical particle with conductivity o, in a fluid of conductivity %

K., = K 36 _(KqyOq = KaO,4)
F€ = 2nR3e°K1 K‘ + 2i 0 12 22 1 ) VE:ms (14)
2 1 o, + 201) (1 + 0°1°)
where « is the radian frequency, Erms is the rms electric field magnitude, and
T = eo(xz + 2x1)/(02 + 201) (15)

is a fundamental charge relaxation time. Equation (14) predicts that the DEP force is fre-
quency-dependent, and a map of the stable regimes of levitation has been provided by Jones
and Kallio.'® (See Table 1.)

Table 1. AC Levitation Conditions

I(z < Kl Kz S Kl
Uy > oy Stable levitation for No stable levitation at any
£ > fc only frequency (fc is not defined).
9y ¥ 0y Stable levitation for all Stable levitation for f <« fc
frequencies (f_ is not only
defined). ¢
f. = Moy - Oé)/co(K2 - rl)r /2n
For a suddenly applied dc electric field, the DEP force is
0, = @ Ko = K
=e 3. 2 1 - 2 3 2 1 - 2
F (t) = 27WR Lokl (5—2“—;—2‘0—1) (1 - exp( t/T)) VE + 27R CoKl (K—;—I—KI) exp( t/T) VE (16)

Charge relaxation, which governs the build-up and/or decay of free charge at the particle
interface, causes these time- and frequency-dependent effects.

Equations of Motion

The translational equation of motion for a bubble, droplet, or particle in a nonuniform
electric field has a fairly general form:

dv - = WO —e
Moge 3t mg g-bv +F (17)
where: !’

- & 1 3 - 4 - 3
meff I (92 + 3 pl)R ’ mg v (02 bl)R (18)
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p, and p, are mass densities, g is the gravitational acceleration vector, V is the velocity,
aﬁd b is"a damping coefficient. In viscous fluids, the Stokes drag model for v.scous drag
can be used:

4uu1R for spherical bubbles,

6nu1R for solid spheres,

whefs My is the dynamic viscosity of the fluid. For a fluid droplet of dynamic viscosity
Hat
2

b= 2ﬂu1R (Zu1 + 3u2)/(u1 + uz). (20)

Equation (17) may be reduced to a set of linear dynamic equations if the Taylor-series
expansion for axisymmetric electrostatic fields is used. Consider the geometry shown in
Figure 1. Gravitational acceleration is directed in the - 2 direction, so Eq. (17) becomes:
2

. JE
Moee 2= - mgg -bz +K 52 ¢ (21)
. BEZ
meffp=-bp+l(~ap— (22)
where:
_ 3
K = 21R €551 (Kz - Kl)/(Kz + 2&1). (23)
To linearize Egs (22) and (23), let:
z(t) = z, + z'(t), (24)
p(t) = p*(t), and (25)
vit) = Vo + v'(t) (26)

where z', p', and v' are all small time-dependent variables. Then, using Egqs (10) and (11),

2
I = l20,0, + 20 + 20 a,z'] V2 + da v v (27)
3E? a 2
— = [2(—= = a a,)p') V° . (28)
3o 4 o 2 o
The equation of equilibrium
0 = -mgg + ZGOGIKV§ (29)

determines the location z, of the particle, bubble, or droplet. The perturbation equations
are

2KV 4KV
20 o+ g0 ;T—JZ (ui + 200,) z' - i;—ii (ajay) v' =0 (30)
Magf "eff ° af f
b Kvg °§
' o+ o' - (=— - 2a_a,)p’' =0 . (31)
Bofs Mege 2 072

For passive levitation v' = 0, and so Egqs (30) and (31) must have stable solutions for equili-
brium to be stable. For K < 0 (x, < x,), the prescribed conditions on a_, a,, a0, can be met,
but for K > 0 (x, > x,), radial aﬁd ax}al stability cannot be achieved s?mullaneausly. Thus,
active means musf be Used to levitate particles or droplets when x, > x;.

Consider the axisymmetric electrode geometry of Figure 2, which differs from the cusped
configuration of Figur<¢ 1 in that the maximum electric field intensity is found along the
center line. This configuration guarantees mdia! stability if

2
ay < 4u°a2 . (32)
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To provide axial stabilization, an error signal proportional to z' must be generated.
Assume that

v'/V, = = Gz2'/L (33)
where G is a dimensionless gain factor and L is a characteristic cell length. Then:
0+ 2+ 2xvg {20 a,G/L - a2 - 2a a,] 2' = O. (34)
Mogs Mags ol 1 o2
The condition for axial stability is
G/L > a1/2u° + azlul . (35)

which can be met with sufficient gain.

Equation (33) assumes that the error voltage v' is not coupled co p' and that the feedback
is ideal with no phase shift. In a practical implemencatiun of active DEP levitation, devia-
tions from such ideal behavior would be expected.

By setting v' = 0 and V(t) = V_ coswut, the parametric stability of Egs (30) and (31) may

be considered. But in the inertiflly dominated and the heavily damped limits, stability is
impossible to achieve for K > 0.

Experiment

Force measurement

Most attempts to measure the dielectrophoretic force and thus check the validity of Eq.
(3) involve the use of electrode structures with well-known electrostatic field solutions.
Jones and Bliss® used wedr-e-shaped electrodes to measure forces on small gas bubbles in in-
sulating liquid dielectrics. Pohl and Pethig'® describe experiments with an isomotive elec-
trode structure which features a DEP force that is independent of position within the cell.
(See Figure 3.) Within the accuracy of measurement, the experimental results are consistent
with DEP theory.

Levitation

DEP levitation makes possible some interesting applications of dielectrophoresis in
terrestrial and extra-terrestrial environments. Veas and Schaeffer levitated small droplets
of one liquid suspended in another‘ using a cusped field. Jones and Bliss® levitated both
air bubbles and liquid droplets in dielectric liquids. Jones and Kallio'? extended the mea-
surements to various liquids, solid particles, and glass microballoons using the simple
electrode geometry shown in Figure 4.

The matter of electrode shape has been pursued further by Jones and McCarthy'®, who show
that thoe effectiveness of a DEP levitation cell is very sensitive to electrode shape, as
shown in normalized plots of the DEP force versus axial particle position in the cell. (Re-
fer to Figur$75.) This cbserved sensitivity is consistent with the analytical work of Pohl
and Pollock.

Frequency-Dependent Effects

Jones and Kallio!? attempted to verify the theory concerning variable-frequency levitation
of semi-insulating particles using ac and dc electric fields. The results are shown in
Table 2.

Some variable fregquency DEP levitation experiments usina very small cells to levitate
50 um solid particles'® and biological materials'® in aqueous media have also been reported.

Dieclectric Constant Measurement

The use of DEP levitation for measurement of dielectric constant was reportued in 1978°%.
All measurements are made with respect to a well-characterized standard dielectric liquid.
A small gas bubble is levitated at a fixed position in the cell and the required voltage is
noted. Then, the known liquid properties (mass density, dielectric constant) are used to
calculate a geometric constant for the cell. The unknown is then introduced to the cell.
In the case of an unknown liquid, a gas bubble is again levitated at the same position, or
in the case of an unknown solid particle, the particle itself is levitated at the same posi-
tion. The new veltage is noted and used in an analytic expression to compute the unknown
dielectric constant.
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Table 2. Results of some ac and dc levitation experiments.

Successful

fc 15 Levitation?
Sphere Liguid (Hz) (s) ac? de
Polystyrene Transfocmer oil 0.02 18 No No
Polystyrene Silicone fluid 240 Yes
Polystyrene Corn oil 0.55 Yes
Polystyrene Castor oil 0.40 Yes Yes
Polyvinyl acetate Transformer oil 18 No No
Pulyvinyl acetate Silicone fluid 240 No
Polyvinyl acetate Corn oil 0.7 0.55 No No
Polyvinyl acetate Castor oil 0.40 Yes
Glass microballoon  Transformer oil 7 0.18 Yes No
Glass microballoon Corn oil 4 0.55 Yes No
Solid glass Corn oil 0.55 No
Solid glass Castor oil 0.40 No

a ¢ > 45 Hz for all ac experiments.

Loomans and Jones’’ have investigated certain size-dependent phenomena (principally elon-
gation) that have an effect on the accuracy of this DEP dielectric constant measurement
scheme. They found up to 0.5% discrepancy in the volume normalized DEP force between small
(<200 .m) and large (~1200 um) diameter bubbles levitated in a cusped electrostatic field.
(See Figure 6.)

Bubble and Particle Control

Appropriate design of electrodes permits the manipulation of bubbles and particles sus-
pended in dielectric liquids. Figure 7a illustrates one periodic electrode structure that
can be used for the conveyance of bubbles or particles. Depending on how the "bubble ladder"
is connected, bubbles, etc., are collected and held at various locations between the rings.
If the rings are connected to multiple-phase ac voltage, a synchroncus pumping and delivery
of the bubbles or particles should be possible. Another simple means of conveyance for
bubbles and particles is shown in Figure 7b. Four electrode rods of alternate polarity are
arranged parallel, forming a two-dimensional null along the axis. Bubbles or any particle
with x, < «, are attracted to this null and, therefore, can be conveyed along the axis of
the bugble éonduit using buoyancy or other means.

Work to be Done

Active feedback levitation of particles with x x, has not been demonstrated yet. Such
a demonstration would greatly extend the capabiliéies sf DEP levitation. No zero-gravity
demonstrations of DEP phenomena have been attempted. Experimental verification of zero-
gravity levitation of bubbles, fluid droplets, or particles at a null in an electrostatic
field is needed to evaluate the dielectrophoretic effect in extra-terrestrial applications.

Conclusion

Dielectrophoresis offers some unigque capabilities for the control and manipulation of
small uncharged gas bubbles, liquid droplets, and solid particles suspended in liquid media.
Investigators have successfully levitated and controlled various particles (up to 1 mm in
diameter) in dielectric fluid media using intense electric fields. Using more modest elec-
tric fields, levitation experiments have been extended down to small particles (<50 um) in
agueous media. The limit on dielectrophoresis imposed by Joule heating is moet harmful in
large electrode geometries or in highly conducting liquids, where electric fields of suf-
ficient strength for DEP cannot be imposed. Charge relaxation produces significant fre-
quency-dependent effects on the dielectrophoretic force, which can be used to characterize
the electrical and dielectric properties of unknown solid and liquid media.

Ir applications not requiring stable levitation, dielectrophoretic forces can be used for
separation, agglomeration, collection of bubbles, droplets, and particles with no real res-
trictions on relative dielectric c. .stants. But a fundamental electrostatic theorem, which
permits local three-dimensional field intensity minima, while excluding such maxima, im-
poses the condition x, < x, for stable static levitation. This condition must be generalized
for the dispersive caae (sée Table 1). However, active feedback may be used to levitate
particles when Ky > Kypo
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Applications

The study of bubbles, droplets, and particles suspended in liquid media is important in
many fields of science and technology. Dielectrophoretic phenomena, since they represent
an important case of interactions of electric fields with these small multi-phase systems,
merit attention. Some general categories of DEP experiments of at least potential inter-
est in the weak gravitational environment of space are discussed below.

® Zero-gravity hydrodynamics - Levitation of bubbles and droplets in space providl.s
the opportunity to study reduced and zero gravity hydrodynamics. DEP levitation might
afford unique opportunities to observe the dynamics of uncharged dielectric liquid
droplets ana bubbles.

® Multi-phase separations - Some preliminary work on using nonuniform electric fields
to separate constituents in gas/liquid and solid/liquid systems in zero gravity has
been reported. New space manufacturing processes which require separation could
benefit from DEP techniques.

e Biology in space — New opportunities for biological experimentation on living cells
exist in reduced gravity. DEP levitation can be used to position cellular materials
in vitro and to perform certain dielectric measurement diagnostics.

® Electrochemical experiments — Limited experience exists in the study of solid parti-
cles in agqueous media using DEP levitation. Using variable-frequency techniques, the
dispersive nature of double layers in electrcliy.as may be investigated using certain
types of small particles.

® High-voltage engineering — DEP levitation affords a means to study solid/liquid/gas
interactions in the presence of strong electric fields. Bubbles and particulate im-
purities are known to be important in the breakdown of dielectric liquids. Experience
with liquid insulants in zero gravity is very limited. Thus, dielectrophoretic levi-
tation may be a useful investigative tool in extra-terrestrial, high-voltage engineer-
ing applications.

® Dielectric measurements — The dielectric constant measurement scheme described else-
where in this paper offers a unique cpportunity for the nondestructive evaluation of
solid dielectric particles from pcwer to audio frequencies and rf. Simple 1% mea-
surements on liquids have already been demonstrated.

Other applications of dielectrophoretic effects, in general, and DEP levitation, in par-
ticular, may be envisioned. For example, processing and ultrasonic cleaning of small
spherical particles, such as laser targets, might be possible using DEP levitation. Levi-
tated pafpicles can be rotated to improve the uniformity of coating operations in wet pro-
cessing. "

Dielectrophoretic phenomena offer unigue means to control and manipulate small, uncharged
gas bubbles, liquid droplets, and solid particles suspended in liquid media. In the reduced
gravitational environment of space, these nonuniform electrostatic field effects can be used
to provide a controllable body force which is localized and tailored to requirements by pro-
per electrode design. A better understanding and appreciation of dielectrophoresis will
enhance the basic investigations of drops and bubbles and may open some new opportunities
for space processing of materials.
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