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ABSTRACT: This article presents experimental results
on the influence of the electrode gap and electrode mate-
rial on the Bingham characteristics of polymer-based
electrorheological (ER) fluids. An experimental apparatus
adaptable to various types of electrodes was established
for this investigation. Three different electrode gaps and
three different electrode materials were tested. For ER flu-
ids, a water-based Arabic gum ER fluid and a dry-based
polyurethane ER fluid were tested. The field-dependent

yield stresses and current densities were demonstrated
under various operating temperatures. In addition, time
responses of the ER fluids were experimentally investi-
gated for on-off states of an input electric field and at
different operating temperatures. © 2009 Wiley Periodicals,
Inc. ] Appl Polym Sci 114: 3636-3644, 2009
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INTRODUCTION

Electrorheological (ER) fluids belong to a class of col-
loidal suspensions that exhibit reversible changes in
their rheological behavior when subjected to external
electric fields."” Since Winslow” reported on ER flu-
ids, many researchers have actively studied the mate-
rials, mechanisms, and applications of ER fluids. One
of the salient properties of ER fluids is that they have
a very fast response to electric fields, hence provid-
ing wide control bandwidth in addition to enhanced
structural and rheological properties such as yield
stress, shear viscosity, and dynamic modulus.*> This
inherent feature has triggered tremendous research
activity in the development of various engineering
applications, including torque transducers, dampers,
actuators, and other control systems. In general, the
working behavior of actuators based on ER fluids is
classified into three different working modes: shear,
flow, and squeeze.® In the shear mode, one of the
two electrodes, whose gap is filled with ER fluids, is
free to translate or rotate against the other. Applica-
tion devices operated under the shear mode include
clutches and brakes.”® In the flow mode, ER fluids
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flow between two fixed electrodes. Pressure drops
can be controlled by an electric field in this mode,
and thus vibration dampers can be realized.”"
Unlike in the former two modes, the electrode gap in
the squeeze mode is varied, and the ER fluid is
squeezed by a normal force. This mode is very effec-
tive for suppressing the vibrations featured by high
frequencies and low amplitudes.''™"*

The successful development of ER fluid technology
essentially requires three principal ingredients: an
advanced ER fluid, a reliable mechanism, and an effi-
cacious control algorithm. An advanced ER fluid
features high field-dependent yield stress and low
viscosity in the absence of an electric field. Numerous
works have contributed to the development of
advanced ER fluids, including both wet-based and
dry-based suspensions.'*'® In wet-based systems fea-
turing hydrophilic particles such as starch, silica par-
ticles, and cellulose,'” the particle chain structure
develops by either the polarization of the water or
the migration of ions in the absorbed water. Several
disadvantages of this system, such as water evapora-
tion, corrosion, and a limited range of operating tem-
peratures, have been noted. Concurrently, various
promising materials for ER fluids, including zeolite,'®
carbonaceous particles,'” starch phosphate,®® and
semiconducting polymers such as sulfonated poly
(styrene-co-divinylbenzene),>! camphorsulfonic acid/
polyaniline,** polyaniline and copolyaniline, and
polymer—clay nanocomposites,”*® have been widely
adopted as materials for dry-based, nearly anhydrous
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ER fluids. In addition to the effort to improve the
field-dependent yield stress, research on the tempera-
ture sensitivity and durability of ER fluids has been
undertaken to provide practical flavor.***°

An efficacious control algorithm features control
accuracy and control robustness for an ER system
subjected to parameter uncertainties and external
disturbances. To achieve this objective, various con-
trol strategies have been developed and imple-
mented.®>?'?? The reliability of the mechanism is
directly influenced by the choice of the electrode
materials as well as the design configuration. The
two most important design parameters for ER devi-
ces or mechanism development are the electrode
material and electrode gap. These parameters signifi-
cantly affect the yield stress, power consumption,
and mechanism reliability. Thus far, there have been
no reports on the influence of different electrode
materials and electrode gaps on the Bingham prop-
erties of ER fluids.

Consequently, the main contribution of this work
is to experimentally show the field-dependent Bing-
ham and response characteristics of ER fluids with
respect to different electrode gaps and materials. To
achieve this goal, an experimental apparatus adapta-
ble to the various gaps and materials was designed
and manufactured. The field-dependent yield stresses,
current densities, and response times were measured
and compared among different electrode gaps (0.75,
1.00, and 1.25 mm), electrode materials (stainless
steel, carbon steel, and brass), and ER fluids under
operating temperatures of 25, 70, and 100°C.

EXPERIMENTAL
Materials

Two kinds of ER fluids were chosen for the compari-
son of Bingham response characteristics. One was a
water-based ER fluid (ERF-1) made from Arabic
gum and transformer oil as the particles and base
liquid, respectively. The size of the particles ranged
from 10 to 60 pm, and the dynamic viscosity of the
oil was 10 cS. The weight ratio of the particles to the
ER fluid was 30%.% The Arabic gum particles were
milled in a grinder to produce particle sizes of less
than 60 pm and dried in a thermohygrostat chamber
for 1 day before mixing. On the other hand, a dry-
based polyurethane ER fluid (ERF-2) was purchased
from Bayer (Germany); polyurethane-based ionic
conductor particles were used as the dispersed
phase of the ER fluid. It was reported that polymers
based on functional polyethers as well as aliphatic
polyesters and polycarbonate were crosslinked with
isocyanates to form polyurethane elastomers with
the dimensional stability required for the dispersed
phase of an ER fluid in silicone o0il.**
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Figure 1 Schematic diagram of the experimental appara-
tus (D/A = digital to analog). [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

Apparatus

As for the apparatus, Figure 1 shows a rotational
shear-mode-type electroviscometer designed and
manufactured to measure the yield stress, current
density, and response time with respect to the input
electric field. Each electrode is composed of inner
and outer cylinders connected to a power source
and an electric ground, respectively. The inner cylin-
der rotates by means of a controlled direct-current
(dc) servomotor to get shear rates of up to 2000 s *,
whereas the outer cylinder is fixed. The torque is
measured by a strain-gauge-type torque transducer
directly connected to the dc servomotor and con-
verted to the corresponding shear stress. The analog-
to-digital (A/D) converter has a 12-bit resolution.
The operating program is written in the C++ lan-
guage and is executed with a sampling time of
1200 Hz. Therefore, the fast response time of the ER
fluid, which is hard to measure with a commercial
viscometer, can be measured with the testing device
manufactured in this work. The high-voltage ampli-
fier has a dynamic bandwidth above 1500 Hz.

The schematic configuration of the cylindrical elec-
trode is given in Figure 2. In the steady rotational
mode, the inner cylinder rotates at a controllable
constant speed. The torque on the stationary outer
cylinder and the rotational velocity of the inner cyl-
inder are measured for the determination of the
shear stress and shear rate. Once the torque (T) is
measured, it is simple to describe the fluid shear
stress (t,0) at any point with the radius (r) between
the two cylinders:

T

~2m2LC, M)

Tro
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L. :length of the inner cylinder
I distance of the bottom edge
of the inner cylinder to the bottom
I I of the outer cylinder
L": immersed shaft length
L R :radius of the inner cylinder

R, : radius of the outer cylinder

A f R, : shaft radius

R o : cone angle of the bottom
—— of the inner cylinder

Figure 2 Schematic configuration of the electrode.

where C; is the resistance coefficient of surface cor-
rection, which is normally determined in an empiri-
cal manner. In this work, this value was determined
to be 1.1 by a comparison of the relationship
between the shear stress and torque of the proposed
device with that of a commercial device (VT1000,
Physica, Stuttgart, Germany). The length of the inner
cylinder (L) takes into account the so-called end
effects.®® For non-Newtonian fluids, when the inner
cylinder rotates with o (frequency) around the sta-
tionary outer cylinder, the fluid velocity and shear
rate profiles are obtained from the momentum equa-
Rl'(l)

tion as follows.
B r < r )12/11 (2)
1— (Ri/R)*™ |Ri \Ri

. & (v 2\ 1 (RN
i) =g ()=o) (5) ©

where 7,¢(r) is shear rate, v(r) is fluid velocity, d is
the bob radius ratio (6 = R,/R;), R, is the radius of
the outer cylinder, and R; is the radius of the inner
cylinder. Exponent n is the flow behavior index.

For any fluid, including non-Newtonian fluids,
there is a radius at which the shear rate is virtually
independent of the fluid type for the given value of
®. This radius is a function of geometry only. It is
called the representative radius (Rg) and is deter-
mined with eq. (1) as the location corresponding to
the so-called representative shear stress (tz), which
is the average of the stresses at the inner and outer
cylinders [tr = (t; + 1,)/2]. The radius is given by

2
Re = Riy |20 = Ry |2 4)
1+9 1+9

Because 1z and the shear rate at R (yg) are virtually
independent of the fluid type, tzx and yr are calcu-
lated for a Newtonian fluid (n = 1) at r = Rg from
egs. (1), (3), and (4):

vo(7)

Journal of Applied Polymer Science DOI 10.1002/app

CHOI ET AL.

. +12n-N __ 2n-N
YR_82—1 60 — dsr 60

)

+1 T T
TR = 2 2 =I5 2
282 2nR2LC,  2rR2LC;

(6)

where N is the number of revolutions and I, and I,
are the influence coefficients of 6 on the shear stress
and shear rate, respectively.

The accuracy of the representative parameters
depends on the geometry of the cylinders (3) and on
n. According to German standards,® § = R,/R;
should be equal to or less than 1.1. The maximum
error between yr and 7, is less than 0.2% for a wide
range of fluid types (0.35 < n < 3.5).

The manufactured electroviscometer is adaptable to
different gaps and materials. To validate the reliability
of the manufactured electroviscometer, the yield stress
of a specific ER fluid was obtained with respect to elec-
tric field intensities and then compared with results
obtained from a commercial rheometer (VT1000, Phys-
ica). Figure 3 shows the measured torque, from which
the yield stress could be calculated. As shown in
the figure, the applied electric field increased in a step-
wise manner, and each step was maintained for 1 s
to satisfy steady-state conditions. In the mean time,
the shear rate was fixed at a certain value.

Figure 4 presents the shear stress calculated from
the measured torque. This shear stress was used to
obtain a linear regression. The dynamic yield stress
of an ER fluid obtained from the intercept at zero
shear rates is nearly independent of the shear rate.
These properties, of course, depend on the type of
ER fluid, operating temperature, and so forth. In Fig-
ure 5, experimental results of the yield stress meas-
ured by the proposed viscometer and a commercial
viscometer are compared. The difference in the yield
stresses is within the boundary of error and hence is
acceptable. From these results, it can be guaranteed
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Figure 3 Field-dependent torque of an ER fluid.
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Figure 4 Shear stress of an ER fluid.

that the manufactured electroviscometer provides
highly reliable Bingham properties.

In addition, information on the current density (J)
is very important to determine the power consump-
tion characteristics (voltage and current limit) of the
high-voltage amplifier, which normally has an
amplification factor of 1000. | of an ER fluid is
known to have the following relation with respect to
the electric field (E):

] =aE" )

where the values of a4 and b can be experimentally
determined under various conditions.

RESULTS AND DISCUSSION

An ER fluid undergoes reversible changes in its
rheological properties when it is subjected to an elec-
tric field. The most significant change is associated
with the yield stress of the suspension particles,
which are aligned in chains by the imposition of the
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Figure 5 Comparison of the yield shear stress with two
different electroviscometers.

3639

electric field on the fluid domain. An ER fluid, in
general, is modeled as a Bingham fluid, the constitu-
tive equation of which is expressed as follows™*>®:

T=ny+1y(E) (8)

where 1 is the shear stress; 7 is the shear rate; n is
the viscosity of the ER fluid; and 7,(E) is the yield
stress of the ER fluid, which is a function of electric
field E. The yield stress of an ER fluid means the
shear stress of the moment at which the ER fluid
starts flowing. However, it is hard to accurately
measure the yield stress of an ER fluid. Therefore,
the intercept value by means of the interpolation of
the shear stress is often adopted as a dynamic yield
stress. In general, the dynamic yield stress has been
treated as 1,(E) of the ER fluid, which exponentially
increases with respect to the electric field.” There-
fore, eq. (8) can be represented by

T=ny+ oEP )

where coefficient o and exponent  are experimen-
tally determined intrinsic values of an ER fluid
affected by the particle size, particle shape, particle
concentration, carrier liquid, water content, tempera-
ture, and so on.

In this work, the influence of the electrode gap
and electrode material on the Bingham characteris-
tics of ER fluids was experimentally evaluated with
the manufactured electroviscometer. Figure 6 shows
the manufactured inner and outer electrodes used in
the test. In this work, nine different electrode sets
were manufactured with three different electrode
gaps (0.75, 1.00, and 1.25 mm) and three different
electrode materials (stainless steel, carbon steel, and
brass). For each electrode set, the inner diameter of
the outer cylinder and the length of the inner cylin-
der were 28 and 40 mm, respectively.

1.25mm 1.00mm 0.75mm

| ]
b

Sl b
NEPR

Figure 6 Manufactured cylindrical electrodes. [Color fig-
ure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Figure 7 Bingham characteristics of ERF-1 with different gaps.

Before the experimental investigation of the Bing-
ham characteristics, the variation of the shear stress
and shear rate with respect to the electrode gap was
evaluated with the following radius ratios:

14
01.00 13.00 1.076923 (10)
0125 = 75— 1.098039

Substituting these ratios into eq. (6), we can obtain
the relationship between the torque and shear stress
as follows:

09478635
2nLR?C;

= 0.0000195T (R; = 13.25)

T0.75 = Lss 0. S
075 = 155,0.75 2nLR2Cy

T1.00 = Iss1.00 =0.9311224

ZRLR?CL ZnLRiZCL (11)
= 0.0000199T (R,- = 13.00)
T T
=1 ————=0.9147003 ————
T1.25 s5,1.25 27rLR,2CL ZRLR?CL

= 0.0000204T (R; = 12.75)
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Furthermore, the shear rate can be expressed by the
substitution of eq. (10) into eq. (5) as follows:

2n-N on-N
Yozs = Isr,0<75n6—0 — 18.1804281 =%~ — 1.9038500N
n-N 21 - N
V1.00 = 1 — —=1351 - =141
Fro = oo~ g5 = 13.5185185 4156559N
2n-N on-N
125 = Lyp125 “6 = 10.7233645“6—0 — 1.1229481N

(12)

Consequently, the shear stresses show almost the
same values with respect to the electrode gaps in
cases in which the measured torques are equal.
However, the revolution speed of the motor should
be increased as the electrode gap increases to main-
tain an equal shear rate.

To explicitly observe the influence of the electrode
gap, the variations of the field-dependent yield
stress and current density were evaluated for three
different electrode gaps: 0.75, 1.00, and 1.25 mm.
The experimental results for the Bingham properties
with ERF-1 are presented in Figure 7. According to
the results with an operating temperature of 25°C,
as shown in Figure 7(a), the yield stress at 4 kV/mm
increased from 429 Pa at the electrode gap of
1.25 mm up to 714 Pa at 1.00 mm and 830 Pa at
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Figure 8 Bingham characteristics of ERF-2 with different gaps.

0.75 mm. In the mean time, the current densities of
the three different electrode gaps were quite similar.
Therefore, it can be inferred that the smaller elec-
trode gap is more efficient than the large one
because higher yield stress can be obtained with the
same power consumption with the smaller electrode
gap. Figure 7(b) shows experimental results at 70°C.
The yield stress was higher than at 25°C. However,
the maximum yield stress was low because the elec-
tric field was restricted by 2 kV/mm. This was
because the increased current density caused power
consumption to exceed the limit of the power ampli-
fier (voltage range = 10 kV, current range = 10 mA).

Figure 8 shows experimental results with ERF-2,
which is a dry-based ER fluid. As was the case for
ERF-1, the maximum yield stress of ERF-2 was
obtained from the smallest electrode gap of 0.75 mm
at both 25 and 70°C. However, the yield stress at
25°C was not much affected by the variation of the
electrode gap, whereas the current density was
increased a little by a reduction of the gap. Further-
more, the maximum yield stress at 70°C was almost
the same as that at 25°C even though the current den-
sity increased by 10 times. Thus, it can be seen that
the ratio of the efficiency of the yield stress to power
consumption was reduced with an increase in the
temperature. Consequently, the yield stresses of ERF-

1 and ERF-2 increased as the electrode gap decreased.
However, the yield stresses of ERF-1 and ERF-2 were
maintained as the operating temperature increased,
but the maximum yield stress decreased because of
limitations of the electric field caused by the high cur-
rent density. In addition, the applied electric fields
were subjected to high current densities at a high
operating temperature, regardless of electrode gaps.
The influence of the electrode materials on the
Bingham characteristics was evaluated for three dif-
ferent materials: stainless steel, carbon steel, and
brass. The experimental results with ERF-1 are pre-
sented in Figure 9. The maximum yield stress was
produced by the stainless steel electrode at 25°C
because the electric fields for the carbon steel and
brass electrodes were limited by 3.5 kV/mm on
account of the high current density. As the operating
temperature increased from 25 to 70°C, the maxi-
mum yield stress of the stainless steel electrode
decreased from 714.1 Pa at 4 kV/mm to 250 Pa at
2 kV/mm, whereas the maximum yield stresses of
the carbon steel and brass electrodes were not much
changed, even though their electric fields were
reduced to 2.5 and 3 kV/mm, respectively. This was
mainly caused by the fact that the current density of
the stainless steel electrode was highly subject to the
operating temperature, as shown in the results.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 Bingham characteristics of ERF-1 with different electrode materials.
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Figure 10 shows the influence of the electrode
materials with ERF-2. Contrary to the results of ERF-
1, it can be observed from the results of ERF-2 that
similar yield stresses and current densities were
obtained at an operating temperature of 25°C,
regardless of the electrode material. As the tempera-
ture increased to 70°C, the electric fields for the
three electrode materials were limited by 3 kV/mm,
with a similar increase in the current density. Conse-
quently, the yield stresses of ERF-1 were dependent
on the electrode materials, whereas the yield stresses
of ERF-2 were constant, regardless of the electrode
materials and operating temperature. It can also be
observed that the electric fields were restricted by
the amount of current density, although the yield
stresses at an operating temperature of 70°C were
not much higher than those at 25°C.

Figures 11 and 12 present the rising (voltage on)
and falling (voltage off) time response characteristics
at 25°C, which were measured directly from the test
devices shown in Figure 1. An electric field of 4 kV/
mm was applied, and the measured shear stress was
achieved from the torque transducer with an A/D
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converter. The shear rate was kept at a constant
value of 10 s~'. The response time was obtained by
an inspection of the required time when the shear
stress reached 63.2% of its final steady-state values.
The response time of ERF-1 was evaluated to be
5.9 ms in the rising case and 4.8 ms in the falling
case, whereas the rising and falling response times
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sl Falling Time
P 59 6.1
£ 48
2 of
=
2L
0

ERF 1 (25°C) ERF2(25°C)  ERF 2 (100°C)
Figure 13 Comparison of the response time (4 kV/mm).
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of ERF-2 were 4.5 and 4.3 ms, respectively, as shown
in Figures 11 and 12. There was almost no difference
in the response time between ERF-1 and ERF-2. It is
clearly shown in Figure 13 that the response time of
ERF-2 was not affected by temperature variation for
either the rising or falling case. ERF-1 and ERF-2
have fast response times that can be applied to a
practical device.

CONCLUSIONS

The Bingham characteristics and response character-
istics of polymer-based ER fluids with different
electrode gaps (0.75, 1.00, and 1.25 mm) and elec-
trode materials (stainless steel, carbon steel, and
brass) were experimentally investigated. For ER flu-
ids, a water-based Arabic gum ER fluid (ERF-1) and
a dry-based polyurethane ER fluid (ERF-2) were
employed. After a shear-mode-type electroviscome-
ter was devised, comparisons of the field-dependent
yield stress, current density, and response time were
undertaken. It was observed that the yield stresses
of ERF-1 and ERF-2 increased with similar (or some-
times even decreasing) current densities as the elec-
trode gap decreased. This means that the smaller
electrode gap is more efficient than the larger one
because a higher yield stress can be obtained with
the same power consumption. The efficiency of the
yield stress versus power consumption decreased as
the operating temperature increased because applied
electric fields are subject to high current densities at
a high operating temperature, regardless of the elec-
trode gaps and materials. In addition, the yield
stresses of ERF-1 are dependent on the electrode
materials, whereas the yield stresses of ERF-2 remain
constant, regardless of the electrode materials and
operating temperature. It has also been demon-
strated that the response time of ERF-1 and ERF-2 is
not affected by temperature variations for either the
rising or falling cases. The experimental results pre-
sented in this work will be very useful for determin-
ing the appropriate electrode gap and electrode ma-
terial for the design of ER devices or mechanisms.
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