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Abstract

Macroscopic properties of electrorheological (ER) fluids are often determined by the spatial arrangement of the suspended particles.
We investigate the microstructure of polydisperse ER fluids at low concentrations in a DC electric field. Optical microscopy reveals that
the particles with polydispersity in size or in both size and dielectric property are mixed in stable single particle width chains, showing
different spatial arrangement. This qualitatively agrees with the theoretical results obtained from an energy approach based on the finite
element analysis. Thus, it seems possible to achieve various microstructures and hence desired macroscopic properties of ER fluids, by
choosing appropriate polydispersity.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

It is known that macroscopic properties of colloidal sus-
pensions are often determined by the spatial arrangement
(microstructure) of the suspended particles. While self-
assembly is the spontaneous aggregation of small units into
materials with desirable structure or function [1], field-
induced assembly is the aggregation induced by application
of electric or magnetic fields [2,3]. Famous examples of this
are suspensions, such as electrorheological (ER) fluids, fer-
rofluids, magnetorheological fluids, and electro-magneto-
rheological fluids. Field-induced anisotropic structure in
the suspensions [2–7] has received much attention due to
their potential applications. Owing to the existence of poly-
dispersity in real suspensions, the study of polydisperse
effects on the structure and physical property of colloidal
suspensions becomes increasingly interesting (e.g., see Refs.
[8,9]).

ER fluids generally consist of highly polarizable colloi-
dal particles suspended in insulating oil [3,6,7,10–14]. One
showed that the well-established body-centered tetragonal
ground state in monodisperse ER fluids originally pre-
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dicted by Tao and Sun [15] may become unstable due to
the polydispersity in particles’ dielectric constants (i.e., in
dielectric property) [16]. In what follows, we shall investi-
gate the structure of ER fluids at low concentrations, which
contain particles with polydispersity in size or in both size
and dielectric property. Our aim is to study the polydis-
perse effect on the structure of the ER fluids, which is
expected to be potentially useful for achieving desired mac-
roscopic properties of ER fluids.

This Letter is organized as follows. In Section 2, we
report the experimental observations on the structure of
the ER fluids containing particles with polydispersity in
size or in both size and dielectric property. In Section 3,
we present a theory by using an energy approach based
on the finite element analysis. This is followed by Section
4 in which the comparison between the experimental obser-
vations and the theoretical predictions is presented in
detail. This paper ends with a conclusion in Section 5.

2. Experiment

To better observe the particles’ alignment in the ER flu-
ids at equilibrium, the optical microscopy (OLYMPUS
X70) was used to obtain the pictures displayed in Fig. 1.
In Fig. 1a,b, the ER fluid in use is made of (a) glass bead
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Fig. 1. (a,b) Polydispersity in size only. (c,d) Polydispersity in both size and dielectric property. Structure observed by using optical microscopy (OLYMPUS
X70) for (a) pure glass bead with dielectric constant ep = 3.1 and radius 10–15 lm, (b) pure sulphonated polystyrene with ep = 140 and radius 22.5–45 lm,
(c) mixture of the glass bead and the sulphonated polystyrene, and (d) magnification for a typical part in (c). All the particles are suspended in silicon oil
with ef = 2.2 under the external electric field with strength 1 kV/mm.
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with dielectric constant ep = 3.1 and radius 10–15 lm and
(b) sulphonated polystyrene with ep = 140 and radius
22.5–45 lm, suspended in silicon oil (50cSt) with dielectric
constant ef = 2.2. The external DC electric field has a
strength of 1 kV/mm and the volume fraction of the parti-
cles is 1%. In Fig. 1c both the glass bead and the sulpho-
nated polystyrene are suspended in silicon oil under the
DC electric field with the same strength 1 kV/mm. In this
case, the volume fraction of the particles is also 1%. For
clarity, Fig. 1d displays a magnification for a typical part
in Fig. 1c. From Fig. 1, we observe that there are stable sin-
gle particle width chains in polydisperse electrorheological
fluids. Moreover, suspended particles with polydispersity in
size only (Fig. 1a,b) or in both size and dielectric property
(Fig. 1c,d) are mixed in the chains.

3. Theory

Since particles nearly touch in real ER fluids, the dipole
approximation is no longer valid. It is a challenge to solve
the interaction of three bodies by using traditional meth-
ods, such as analytic approaches and multiple approxima-
tions. However, the finite element analysis based on first
principles has the higher accuracy for better solutions
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[17]. To understand the physical mechanism under the
experimental observations, below we present an energy
approach based on the finite element analysis method. In
so doing, we shall calculate the electrostatic energy for col-
loidal particles. Let us consider the system of dielectric
spherical particles of dielectric constant ep suspended in a
host fluid of ef (ep > ef) in confined boundary conditions.
The Gaussian law for this system with zero free charge
can be directly written as

r2/ ¼ 0; ð1Þ
where / is the electric potential. The continuous boundary
conditions are / and o/

or on the surface of each sphere, and
that /(x,y,z + L) = /(x,y,z) � E0L corresponds to a mac-
roscopic external field E0 [17]. The electric potential is
�E0L on the top and zero at the bottom. The whole system
can be decomposed into many discrete elements and the
information for each element is obtained by the finite ele-
ment analysis method. For treating our case, about
447377 tetrahedron elements were used, and the electro-
static energy for the spheres is [6]

W ¼ � 1

2

Z
V 0

~D �~E dV ; ð2Þ

where V0 denotes the volume or area under consideration.

4. Comparison and results

We first investigate a model of the three-sphere system
which is illustrated in Fig. 2. The total electrostatic energy
of the three spheres is represented as W ð3Þ

abc. Also, we calcu-
lated the three-body interaction energy denoted by the
energy difference W ð3Þ

ab � W ð2Þ
ab . Here W ð2Þ

ab (or W ð3Þ
ab ) denotes

the total electrostatic energy of spheres A and B in the
absence (or presence) of sphere C. Except the three-body
interaction W ð3Þ

ab � W ð2Þ
ab , the three-body interactions

W ð3Þ
ac � W ð2Þ

ac and W ð3Þ
bc � W ð2Þ

bc should also play a role. How-
ever, the same qualitative results should be achieved for
them, and thus we shall focus on W ð3Þ

ab � W ð2Þ
ab only. In addi-
Fig. 2. Schematic graph showing the location of the three spheres in the
model system that is investigated by the finite element analysis in Figs. 3
and 4.
tion, the distance between the centers of two neighboring
spheres is represented as d = m(R + r)/2, see Fig. 2.

All the parameters adopted in the calculations were cho-
sen according to our experiments. Before proceeding to
present the theoretical results, we should first mention that,
if we take ep = 3.1 for the three spheres, r = 10lm for
spheres A and B, and r = 15 lm for sphere C, we achieved
the curves (no figure shown here) whose framework is the
same as that of Fig. 3a,b. Fig. 3a displays the total electro-
static energy W ð3Þ

abc versus h in the system containing spheres
A and B (ep = 140, r = 20 lm) and sphere C (ep = 140,
R = 45 lm). From Fig. 3a, it is apparent to conclude that
as the sphere C (middle particle) deviates from the single
particle width chain, the total energy becomes larger, thus
the structure is caused to be unstable. In other words,
straight single particle width chains are the most stable
structure in the presence of polydispersity in size, as exper-
imentally shown in Fig. 1a,b. Similar results appear for
Fig. 4a in which polydispersity in both size and dielectric
property is investigated in order to compare with the exper-
imental observations in Fig. 1c,d. We note that there is a
b

Fig. 3. Polydispersity in size. (a) Total electrostatic energy W ð3Þ
abc and (b)

three-body interaction energy W ð3Þ
ab �W ð2Þ

ab versus h in the system contain-
ing spheres A and B (ep = 140, r = 20 lm) and sphere C (ep = 140,
R = 45 lm). Parameters: ef = 2.2, E = 1 kV/mm, and m = 2.1.
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Fig. 4. Polydispersity in both size and dielectric property. (a) Total
electrostatic energy W ð3Þ

abc and (b) three-body interaction energy W ð3Þ
ab �W ð2Þ

ab

versus h in the system containing spheres A and B (ep = 3.1, r = 10 lm)
and sphere C (ep = 140, R = 40 lm). Parameters: ef = 2.2, E = 1 kV/mm,
and m = 2.1.
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critical location at hc (here 25� 6 hc 6 30�), beyond which
the total electrostatic energy changes dramatically
(Fig. 4a). Strictly speaking, as h < 25�, increasing h also
causes the total energy to be increased, and thus the parti-
cles tend to line up as a stable single particle width chain at
h = 0�. However, it is shown that the dependence of the
total energy W ð3Þ

abc on h is very weak. In other words, fluctu-
ation in real suspensions can cause the large particle with
large dielectric constant to be located in a position that is
deviated from h = 0� but within 0� 6 h < 25�. This is again
in qualitative agreement with the structural appearance dis-
played in Fig. 1c,d.

On the other hand, to interpret the experimental obser-
vations more carefully, we also calculated the three-body
interaction energy in Figs. 3b and 4b. According to the
two figures, it is concluded that both the three-body inter-
actions in the two systems are attractive and have the
strongest value at h = 0�, at which the particles are lined
up in a straight single particle width chain. This also sup-
ports our previous experimental observations. The three-
body interactions shown in Figs. 3 and 4 play a different
role. This is caused to occur by the effect of different degree
of dielectric contrast. In addition, the three-body interac-
tion can also change dramatically when the angle h is
beyond the critical location at hc (Figs. 3b and 4b). Also,
we have calculated the case with polydispersity in dielectric
property only. Similar result was obtained (no figure shown
here).

Finally, we should remark that besides the three-body
interaction discussed above, the pair interaction between
the particles are naturally attractive, due to the nose-to-tail
alignment of the dipole moments induced on the particles
in the presence of an external electric field. In a word,
because both the pair and three-body interactions are
attractive, the particles in the three-sphere system tend to
exist in a straight single particle width chain. The conclu-
sion naturally works for many-sphere systems, in which
the many-body interaction is also attractive and thus plays
a positive role in the formation of single particle width
chains.

5. Conclusion

To sum up, we have reported the observation of stable
single particle width chains in polydisperse ER fluids at
low concentrations subjected to an external DC electric
field, in which the suspended particles with polydispersity
in size or in both size and dielectric property are mixed
in the chains. This has been shown in qualitative agreement
with the predictions by an energy approach based on the
finite element analysis. Thus, it seems possible to achieve
various microstructures and hence desired macroscopic
properties of ER fluids, by choosing appropriate
polydispersity.
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