
Introduction

Electrorheological (ER) fluids are suspensions of di-
electric (or polarizable) particles in a nonconducting
liquid [1, 2, 3, 4] and exhibit drastic changes in their
rheological properties, which include a large increase in
apparent viscosity and the formation of reversible sus-
pension microstructures under an applied electric field
[5, 6]. Shear-stress models have been introduced to de-
scribe the ER phenomena [7, 8]. The original model, the
‘‘polarization model,’’ attributed the attractive force
among particles to Maxwell–Wagner interfacial polar-
ization [9, 10] and employed the point-dipole approxi-
mation, indicating that the suspended particles are
polarized owing to a dielectric mismatch between the
particles and the suspending fluid under an applied
electric field, and then the interaction among the

polarized particles causes them to arrange into strings
along the direction of the electric field. On the other
hand, as the gap between the conducting particles in the
fluid decreases, the fluid’s electric response becomes
nonlinear via electrical breakdown under high electric
field strengths. This nonlinear conductivity model for
ER fluids is a recent one [1, 11]. Clearly, the ER per-
formance depends on the electrical properties of the
suspended particles [12].

ER characteristics, such as the quickly reversible
change and tunable viscosity via an imposed electric
field, find practical applications in electromechanical
devices, for example, including engine mounts, shock
absorbers, clutches, ER valves, robotic arms, and other
various control systems [11, 13]. Nonetheless, ER de-
vices have not been fully commercialized, even though
they have many potential applications in industry. The
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Abstract Surface-conductive parti-
cles consisting of a poly(methyl
methacrylate) (PMMA) core and a
polyaniline (PA)-coated shell were
synthesized and adopted as sus-
pended particles for electrorheologi-
cal (ER) fluids. The PA–PMMA
composite particles synthesized were
monodisperse and spherical in
shape. The PA–PMMA suspensions
in silicone oil showed typical ER
characteristics under an applied
electric field. The PA–PMMA com-
posite particles possess a higher di-
electric constant and conductivity
than the pure PA particle, within an
acceptable conductivity range for
ER fluids, but the PA-based ER
fluid showed larger shear-stress

enhancement than the PA–PMMA-
based systems. This phenomena can
be explained by the interfacial po-
larizability of PA-based ER fluids,
which is the difference between the
ER fluid’s dielectric constant and
loss factor – this polarizability was
higher than that of PA–PMMA-
based ER fluids, as shown by the
dielectric spectrum of each fluid. The
insulating PMMA core suppressed
the interfacial polarization in ER
fluids, resulting in reduced interac-
tion among particles under an
imposed electric field.
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major stumbling blocks are a lack of a reliable, cost-
effective synthesis techniques, and a lack of under-
standing in the underlying ER molecular mechanisms.
During theoretical development, the suspended particles
in ER fluids are assumed to be monodisperse and
spherical; however, the particles used in ER fluids are
generally polydisperse and possess an irregular shape
[14, 15]. These factors are one of the most critical yet
difficult parameters in constructing a theoretical model.
Several attempts have been made to use ideal, well-
characterized particles, such as TiO2-coated Ni [16],
polyaniline (PA)-coated silica [17], microencapsulated
PA [18], poly(methyl methacrylate) (PMMA) with a
double-layered shell [19], and PA–clay nanocomposite
[20, 21]. Various conducting polymer-coated latex par-
ticles (including PA-coated polystyrene particles [22] and
polypyrrole-coated polystyrene particles [23]) have also
been investigated [24]. The ER properties for these
particles have not yet been carefully investigated.

In this study, we introduce a core–shell system using a
monodisperse PMMA core and a PA shell with a
monodisperse and spherical particle as potential candi-
dates for a model of the dispersed phase of an ER fluid.
The ER properties of these particles were examined and
compared to an ER fluid using only the PA particle.

Method

The monodisperse, spherical PMMA particles were synthesized via
a dispersion polymerization method [25], which is one of the pre-
ferred methods for preparing monodisperse polymer particles. The
distilled methyl methacrylate monomer (Aldrich, USA) and a
radical initiator (azoisobutyronitrile) (Aldrich, USA) were dis-
solved at 10 and 0.1 wt%, respectively, in methanol containing
4 wt% of poly(vinyl pyrrolidone) (ISP, USA) as a stabilizer at
25 �C. After purging with nitrogen to remove oxygen, the reaction
mixture was heated to 55 �C and then kept for 24 h. The synthe-
sized monodisperse particles of 2 lm were washed with methanol
and then dispersed in water prior to the PA polymerization.

The PA–PMMA microspheres synthesized were then prepared
via a protocol established by Barthet et al. [22]. The PMMA par-
ticles were first dispersed at 5 wt% in a 0.0095 M sodium dodecyl
sulfate (SDS) aqueous solution and kept under mild stirring to
allow the SDS to contact and adsorb onto the PMMA surfaces.
Aniline (4 and 20 g per 100 g PMMA) was added to this suspen-
sion to produce PA–PMMA4 and PA–PMMA20. A small amount
of hydroquinone was also added to this reaction system to mini-
mize the polymerization of aniline in the water phase. Finally, it
was acidified to a pH of 0.7 using HCl, and then a solution of
ammonium peroxysulfate (APS) was put in the reaction system as
an initiator [26, 27, 28]. The molar ratio of APS to aniline was 1.25.
The polymerization was continued for 24 h at 25 �C. The PA–
PMMA composite particles were washed and their conductivities
were controlled by the same procedure as PA [29] in the range
between 10)9 and 10)10 Scm–1, which is the desirable range for
particles used in ER fluids. After adjusting the conductivity, the
products were dried in a vacuum oven at 25 �C. ER fluids of
10 vol% were prepared by dispersing dried PA–PMMA particles in
silicone oil.

In order to compare the ER performances, a PA homopolymer
particle was prepared using HCl dopant following the method

previously reported [30, 31]. It was also washed and dedoped after
synthesis. The dried PA particle was then dispersed in the silicone
oil.

Scanning electron microscope (SEM) photographs of the
monodisperse PMMA and PA–PMMA particles are shown in
Fig. 1. Although the coated surface of the PA–PMMA particles
with PA is not perfectly smooth, the monodispersity of the particles
is maintained.

The conductivity and dielectric constant of pressed disk-type
PA–PMMA particles were measured via the two-probe method
using a picoammeter with an internal voltage source (487, Keithley,
USA) and an impedance analyzer (4284A, HP, USA), respectively
[32]. The thickness of the PA-coated layer was measured via ther-
mogravimetric analysis (TGA) at 400 �C. Note that the PMMA
decomposed almost entirely at this temperature. The physical
properties of PA–PMMAs and PA are summarized in Table 1.

Both the electric conductivity and the dielectric constant in-
crease with PA shell thickness. To quantify the amount of coated
PA, we defined PA–PMMAX as X g aniline monomer per 100 g
PMMA during the synthesis. The actual amount of aniline was
measured via TGA, as given in Table 1.

The ER properties of the PA–PMMA-based and PA-based ER
fluids were examined via a rotational rheometer (MC120, Paar-
Physica, Germany) equipped with a high direct current voltage
generator and concentric cylinder-type measuring unit by shear-
stress and shear-rate control techniques. Specifically, the flow curve
was measured via a controlled-shear-rate mode in the shear-rate

Fig. 1. Scanning electron microscopy photos of (a) poly(methyl
methacrylate) (PMMA) seed particles and (b) polyaniline (PA)–
PMMA20 particles
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range from 0.01 to 1,000 s-1 with a stepwise increment (each step
takes approximately 6 s). Dielectric spectra of the ER fluids were
also measured from 20 to 106 Hz using the impedance analyzer
with a liquid fixture (16452A, HP, USA) at 25 �C [32].

Results and discussion

The flow curves of the ER fluids with PA–PMMA20 and
PA particles dispersed in silicone oil for 10 vol% at
various electric field strengths are shown in Fig. 2. These
ER fluids generally show the flow properties of a Bing-
ham fluid with yield stress (s0) [5, 15].

s ¼ s0 þ g _cc s > s0ð Þ ð1Þ

Here, s is a shear stress, s0 is a yield stress, g is a shear
viscosity after the yield point, and _cc ” dc/dt is a shear
rate related to a strain (c).

s increases with the electric field strength for broad
ranges of _cc; however, s slightly decreases as _cc increases
up to a critical shear rate, _cccrit (which is a typical trend
of ER fluids [33, 34]). Here, _cccritis a transition point to

the Newtonian-flow region where the shear stress in-
creases linearly with shear rate [30, 35]. Recently See et
al. [36] reported that the decrease in s with increasing _cc
occurs only under direct current electric fields. The
shear-stress enhancement is due to the fibril structure of
the particles formed by an applied electric field. When
the shear deformation is applied, the fibrils begin to
break apart and reform repeatedly, depending on the
magnitude of the applied shear and the particle–particle
interaction in the fibrils. As _cc increases, the destruction
rate of the fibrils becomes faster than the reformation
rate. This is the reason why s decreases for _cc< _cccrit. For
_cc> _cccrit, the hydrodynamic interaction among the parti-
cles or clusters becomes dominant over the re-formation
of the fibril structures, so the ER fluids exhibit Newto-
nian-flow behavior, as found in dilute suspension sys-
tems.

The PA–PMMA4-based ER fluids have flow char-
acteristics similar to PA–PMMA20-based ER fluids
under imposed electric fields; however, the PA-based ER
fluid shows a drastically different flow response and its
stress enhancement is larger than that of the PA–PMMA
series when compared to the electric field strength of
3 kVmm–1. Considering the electrical properties of the
PA and PA–PMMA particles (Table 1) in the light of
previously reported results [27, 29, 37], the PA–PMMA
systems are expected to show a better ER performance.
However, the result in Fig. 2 does not indicate such an
improvement. We speculate that the cause is as follows.

It has been suggested that interfacial polarization is
an important factor in determining ER performance [10,
38]. The Cole–Cole plots of ER fluids shown in Fig. 3
support this explanation. The interfacial polarization of
suspensions is a typical property of ER fluids with a
polarizable dispersed phase and an insulating medium.
The interfacial polarization induced by an external al-
ternating current electric field is delayed as the frequency

(x) increases. �¢ decreases from �0 e0 ¼ lim
x!0

e0
� �

and �0

has a peak in the dielectric spectrum [39]. The lines in
Fig. 3 are obtained by the fitting data to the Cole–Cole
formula [40]:

e� ¼ e0 þ ie00 ¼ e1 þ e0�e1
1þ ixkð Þ1�a 0 � a < 1ð Þ ; ð2Þ

where the exponent (1–a) characterizes the broadness
of the relaxation time distribution and i ¼

ffiffiffiffiffiffiffi
�1
p

. When
a=0, Eq. (2) reduces to Debye’s well-known single
relaxation time model. Here, k is the characteristic
time.

The parameters that appear in Eq. (2) are summa-
rized in Table 2. Although �0 is not directly shown in
the experimental results, it can be determined from the
second intercept on the �¢-axis by fitting the data to the
Cole–Cole arc. D� ” (�0–�¥) is the achievable polariz-
ability in an ER fluid. k is related to the yield stress and

Table 1. Polyaniline (PA) layer thicknesses and electrical proper-
ties of PA–poly(methyl methacrylate) (PMMA) and PA

Sample code PA layer
thickness
(nm)a

Weight
percent
of PAb

Conduc-
tivity
(S/cm)

Dielectric
constantc

PA–PMMA4 11 3.6 3.2·10-10 6.82
PA–PMMA20 52 17.7 8.0·10-9 15.75
PAd 100 1.0·10-11 6.99

aAssuming that the PA layer has uniform thickness
bMeasured via thermogravimetric analysis
cMeasured at 1 kHz
dSynthesized under the reaction conditions given in Ref. [22]

Fig. 2. Shear stress versus shear rate for PA and PA–PMMA20
based electrorheological fluids under various electric field strengths
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the stress enhancement of ER fluids under an applied
electric field. As k becomes smaller within an adequate
range, the stress enhancement is achieved [37]. In addi-
tion to k, Hao [38] also suggested the role of tan d (=�¢/
�¢¢) of the particle in determining ER properties. How-
ever, the dependence of D� on the ER properties was not
examined carefully in any previous report.

Even though the PA particle has the lowest dielectric
constant among the particles studied here, �0 and D� of
the PA suspension are higher than for the others, indi-
cating that the interfacial polarization of the PA-based
ER fluid is larger than PA–PMMA-based ER fluids. k
is no longer related to the ER performance in this series.
It is understood that the insulating PMMA core
counteracts the interfacial polarization of PA–PMMA-
based ER fluids, and therefore lessens the electrically

induced interactions among the particles. The PA sus-
pension exhibits its best ER performance despite its
inferior electrical properties owing to the superior D� of
the PA–PMMA suspensions, suggesting that D� is an
important factor in determining the ER properties.

Conclusion

Microspheres with a semiconductive PA shell and an
insulating PMMA core were used for the dispersed
phase of ER fluids and were then characterized using
SEM, TGA, and impedance analysis. The PA–PMMA-
based suspensions showed typical ER properties under
an applied electric field, suggesting that the shear stress
increases with the electric field strength for broad ranges
of shear rate.

Furthermore, the characteristics of the ER fluids were
explained by assuming the insulating PMMA core in-
terfered with the interfacial polarization of the PA–
PMMA suspension under an applied electric field, and
this was subsequently confirmed by analysis of the di-
electric spectra for the ER suspensions.
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Fig. 3. Cole–Cole arc of elec-
trorheological fluids. The lines
are obtained from Eq. (2)

Table 2. Parameters in Eq. (2) obtained via the dielectric spectra
of electrotheological (ER) fluids

ER fluids �0 �¥ D� ” �0–�¥ k (s) a

PA–PMMA4 3.6 2.72 0.88 0.002 0.50
PA–PMMA20 4.2 2.72 1.48 0.020 0.50
PA 5.7 2.96 2.74 0.040 0.41
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