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Abstract

Electrorheological (ER) response of biocompatible particles suspended in an insulating silicone oil, was investigated under several different

applied external electric field strengths. Chitosan, a biodegradable polysaccharide, was used as anhydrous ER materials. The effect of particle

volume concentration on their ER response was examined by focusing on the measurement for rheological and electrical properties. The yield

stress of chitosan suspended in silicone oil system as a function of applied electric field strength showed different value of slopes for different

particle concentrations, however, all data points collapse onto a universal scaling function.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrorheological (ER) fluid, typically a suspension of

semiconducting or dielectric solid particles in electrically non-

conducting liquid media, exhibits rapid and reversible change

in shear viscosity under the imposed electric field. This

phenomenon originates from the aggregation of the solid

particles due to attractive forces, induced by the external field

[1–5], among the dipolar moments. The reversible behavior on

the order of millisecond is related to dielectric properties

including interfacial polarization. The migration of mobile

charges is caused by the increase in polarizability of the

particle and results in a larger dipole moment. These field

induced dipoles attract each other and cause the particles to

form chains or fibrillar structures in the direction of the electric

field. These chains are formed by interparticle forces which

exhibits sufficient strength to inhibit fluid flow, i.e. these

colloidal suspensions with high electric field strength and

particle concentration, exhibit strong resistance against a shear

deformation. The most significant change in the material

characteristics for ER fluids is associated with the yield stress,

which depends on the applied electric field strengths.
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Anhydrous ER materials are polarizable with conducting and

electroluminescent material, including polyaniline and its

derivative [6–8], inorganic particles with a polyaniline coating

[9,10], polythiophene [11], poly(acenequinone) radicals [12],

poly(p-phenylene) [13], and polymer/clay nanocomposites

[14–16]. Recently, biopolymers, as a new anhydrous material,

have been used to prepare ER fluid systems. These include

phosphate cellulose and chitosan derivatives, such as chitosan

adipicate suspension [17], chitosan sulfate suspension [18], and

dihydroxylpropyl chitosan suspension [19].

These imply that synthetic conducting polymers and

polymers with branched polar groups such as amino (–NH2),

hydroxy (–OH), and amino-cyan (–NHCN) can be used as the

disperse phase of the ER suspension [20,21]. The polar groups

affect the ER response by playing the role of an electronic

donor, therefore the chemical structure of the organic materials

becomes an important factor in determining the ER properties.

Since the chemical natures including molecular and crystal

structures determine the dielectric and polarization properties,

it is possible to modify the dielectric and polarization

properties to increase ER effect.

The chitin, among various natural polymers, is a macro-

molecule which consists of 2-acetamide-2-deoxy-b-D-glucose

through the b-(1-4)-glycoside linkage, which is widely spread

in the shells of crabs, lobsters, shrimps, and insects. The

principal derivative of chitin is a chitosan, which is a linear

polysaccharide of poly[b-(1/4)-2-amino-2-deoxy-D-gluco-

pyranose]. As the degree of deacetylation of chitinous material
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exceeds 50%, it becomes soluble in acidic aqueous solutions.

The difference between chitin and chitosan is their capability to

solubilize in dilute acidic media. This is produced by alkaline

deacetylation of chitin by removing acetyl groups from

N-acetyl glucosamine residues, leaving exposed amine groups

capable of attaining positive charges in aqueous solutions at

low pH. This active amine group provides several unique

chemical and physical properties to the chitosan polymer. Both

crystallizable [22] chitosan and chitin with excellent mechan-

ical properties are very attractive materials particularly in

pharmaceutical applications [23,24] since they can also be used

as drug carriers.

In this study, we adopted chitosan particles as anhydrous

particles in dry-base systems as a continuation of our previous

study [25]. The chitosan particles based ER fluids were

examined via electrical properties, dielectric characteristics, as

well as rheological properties, including yield stress. We

correlated the critical yield stresses with the polarization and

conduction models for the chitosan-based anhydrous ER

system, mainly by focusing on dispersed particle

concentrations.
Fig. 1. SEM photograph of chitosan particles.
2. Experimental

Chitosan, widely distributed in nature [26], is a series of

different deacetylated (higher than 50%) chitin derivatives. It is

classified as a cationic polyelectrolyte since only the amino

polysaccharide of which the amino group in the backbone of

the molecule can be easily protonated in acidic solutions.

Schematic diagram of the chemical reaction producing chitotan

from chitin is as follows:
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The chitosan, used as an anhydrous ER material, is a

commercial powder supplied by Samchully Pharm. (Korea),

which is 95% deacetylated. To remove any trace of moisture

for the application of anhydrous ER systems, chitosan particles

were placed in a vacuum oven for two days at room

temperature prior to use. ER fluids were then prepared by

dispersing appropriate amounts of chitosan particles in silicone

oil (viscosity: 50 cS). The chitosan based ER fluids with three

different volume fractions (22, 29, and 37 vol%) were

prepared. The density of the chitosan and silicone oil was

0.68 and 0.96 g/ml at 25 8C, respectively.

Electrical conductivity of the chitosan particles was

measured to be 5.26!10K10 S/cm using a two-probe method

with the 13 mm pellet type KBr. Rheological properties of the

chitosan-based ER fluids with and without an applied electric

field were examined using a rotational rheometer (Physica

MC120, Stuttgart, Germany) with a Couette geometry (Z3-

DIN) equipped with a high-voltage generator (HVG 5000,

Stuttgart, Germany). Temperature was controlled via circulat-

ing oil bath (Viscotherm VT 100). Several Dc electric field
strengths (0.5–2.5 kV/mm) were applied to the insulating bob.

The flow curves were measured via the controlled shear rate

(CSR) mode in which the shear rate was applied to the ER fluid

and the resulting shear stress was measured [27]. The ER fluid

(in a controlled shear stress (CSS) mode) was also stressed by

an applied mechanical torque until the particle chain was

broken to initiate flow. The shear stress at an onset of the flow

with CSS mode was reported as a static yield stress. This yield

stress is strongly dependent on the electric field strength and

increases with particle concentration [28]. Furthermore, the

dielectric relaxation spectra of all prepared ER fluids were

examined using the HP 4282A Precision LCR meter with HP

16452A liquid test fixture. Frequency of AC electric fields

ranged from 20 Hz to 1 MHz. All these experiments were

performed at 25 8C.
3. Results and discussion

Fig. 1 shows scanning electron microscope (SEM) photo-

graph of the chitosan particles. The particle shape was

observed to be irregular with rough surface in which the

particle size of the chitosan was adjusted by using a 100 mm

sieve prior to the ER measurement.

Fig. 2 shows the Fourier transform infrared spectroscopy

(FT-IR) spectrum of the chitosan particles. The peaks observed

the OH and NH2 at 3000–4000 cmK1, the CaO of NHCOCH3

which indicates small amount of remaining chitin at

1663 cmK1, the C–H stretching at 2878 cmK1, and the C–H

bending at 1376 cmK1, respectively. In addition, the charac-

teristic peaks shows the C–O–C at 1077 cmK1 and amide

(OaCN) at 1423 cmK1.

Fig. 3 shows flow curves for the chitosan based ER fluids in

silicone oil (29 vol% of particle concentration) at six different

electric field strengths obtained from the CSR mode. The fluid

behaves like Newtonian in the absence of an applied electric

field representing a slope of 1.0. When the electric field is

applied the shear stress (for all shear rates) of ER fluid

increases with the electric field strength since interparticular

interactions enhance the shear stress as the particle formed the

fibrillar structures. This behavior is described by the following
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Fig. 2. FT-IR spectrum of chitosan particles.

J.H. Sung et al. / Polymer 46 (2005) 12359–12365 12361
Bingham fluid model in general,

t Z ty Ch _g tRty

_g Z 0 t%ty ð1Þ

Here, ty is the yield stress and is a function of an electric field

strength, t is the shear stress, _g is the shear rate, and h is the

shear viscosity. The yield stress, the critical parameter in ER

response, depends on the electrical field strength and particle

volume fraction.

As we increase the shear rate, the fibrillar structure of

particles aligned in the applied electric field direction is

distorted and destroyed via an imposed strain. However, the

shear stress remained approximately constant (plateau region)

as the shear rate increased up to a certain critical value, where

the electrostatic force becomes approximately enough to the

hydrodynamic force as shown in Fig. 3. This flow behavior at a

plateau region can be compared with other ER fluids showing a

critical shear rate, which corresponds to a transition point to

the Newtonian-fluid region after decrease in the shear stress.
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Fig. 3. Shear stress vs. shear rate for 29 vol% chitosan particle suspended in

silicone oil for six different electric field strengths.
At a low shear rate region, the electrostatic interactions among

particles (induced by the applied electric fields) are dominant

compared to the hydrodynamic interactions (induced by the

external flow field). The aligned particular structures begin to

break with shear deformation, and these broken structures tend

to reform chains by the applied electric field, depending on

the applied shear strength and particle–particle interaction in

the fibrils [29]. In the presence of an applied electric field, the

Mason number, which is the ratio between the viscous forces

which tend to disrupt the structure and the polarization forces

responsible for the structural formation, has been used to

quantity the interplay between dipole force and flow [30].

The shear stresses of the ER fluid at specific shear rates

( _gZ10 and 100 sK1 in Fig. 3) are shown in Fig. 4 as a function

of the applied electric field strength. The slope in Fig. 4 shows

the deviation from the polarization model, tfE2 [31]. The

polarization model is obtained from the attractive force

between particles like Maxwell–Wagner’s interfacial polariz-

ation and applied point-dipole approximation [32]. The slopes

we obtained are 1.75G0.02 at _gZ10 sK1 and 1.50G0.01 at

_gZ100 sK1. These differences of the slope at the given shear

rates indicate the relation between interparticle electrostatic

force and hydrodynamic force. It also demonstrates that the

exponent deviates from two (expected from the polarization

model) under the shear (nonzero _g). This slope change also

indicates that the flow field with a hydrodynamic force induces

less dependence of the applied electric strength as the shear rate

increases and finally in the high shear rate region, all the flow

curves merge to that with zero applied electric field strength.

Fig. 5 presents the dependence of static yield stress (ty) on

electric field strength of suspended chitosan in silicone oil for

different volume fraction from the CSS mode. The yield stress

originates from the attractive forces between particles, by fully

taking into account both polarization and conduction models.

The nonlinear conductivity effect with the bulk conducting

particle model and the exponent of the power law is 1.5 at high

electric field strengths.
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silicone oil at _gZ10 and 100 sK1.



100 2x100 3x100
101

102

103

S
ta

tic
 Y

ie
ld

 S
tr

es
s 

(P
a)

Electric Field Strength (kV/mm)

22 vol%
29 vol%
37 vol%
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tyðE0Þ Z kE2
0

tanh
ffiffiffiffiffiffiffiffiffiffiffi
E0=Ec

pffiffiffiffiffiffiffiffiffiffiffi
E0=Ec

p

� �
(2)

where k depends on the dielectric constant and the particle

volume fraction, and Ec is the critical electric field strength,

which is proportional to the particle conductivity. We also

found that Ec is influenced by the conductivity mismatch

between the particle and medium liquid and is weakly

dependent on the volume fraction. Generally, the correlation

of the yield stress (ty) on the electric field strength (E0) was

represented by the power law model [33,34].

tyfEa
0 (3)

The a values in this study were 1.48, 1.77, 1.48, 22, 29, and

37 vol%, respectively. These results in this study deviate from

the exponent from the polarization model [35] in which yield

stress is proportional to the square of electric field strength, E2.

The polarization is considered to maintain chain-like structures

formed by particles dispersed in oil under an external applied

electric field. Furthermore, the particle shape affected the

polarization behavior. The response of ER fluid becomes

nonlinear through electrical breakdown at high electric field

strengths and under applied shear rate.

Fig. 6 represents the plot of dynamic yield stress (tdyn) vs.

fE1.5 for chitosan particles based ER fluids. The curve presents

a linear fitting: tdynZ312.5fE1.5. The, tdyn, extrapolation

value of the plateau region in the flow curves given in Fig. 3,

depends on the particle’s attractive forces. The conductivity

among the stationary adjacent particles is affected in ER

response resulting from the conduction model which described

a static model [36]. tdyn depends on the E range that it shows 2

until reaching the Ec and becomes smaller than 2 as EOEc [37].

The interfacial polarization is reported that the fibrillar

structures are formed by particle’s rotation under external

electric field [38].

It is well-known that the polarization model shows a good

agreement [39–41] with the data for small f and E0. However,

the dynamic yield stress data deviate significantly from the
polarization model at high E0 and are better represented by the

power law relationship as given in Eq. (3) (a comes out to be

smaller than 2). Note that aZ2 in the polarization model, while

aZ1.5 in the conduction model.

As the gap between the conducting particles in the fluid

decreases, the electric response of the fluid becomes nonlinear,

e.g. electrical breakdown or particle discharge at the high

electric field strength occurs. In this case, the ER effect is

caused by the fluid-induced conductivity enhancement among

nearly touching particles. The conductivity mismatch between

particles and liquid media, rather than the dielectric constant

mismatch, was considered to be a dominant factor for the Dc

and low frequency Ac excitation [42]. The conduction model

considers the particle interaction only and does not take into

account the microstructural changes, which occurs after the

application of an electric field.

In other viewpoint of the nonlinear conductivity effect

considered in bulk conducting particle model and yield-stress

model fitting, the power law index approaches 3/2 at high

E. From this result, Ec separates the two different slopes for E0

vs. ty plot [43]. Eq. (2) provides the following two limiting

behaviors [44] for ty

tyðE0Þ Z kE2
0

ffiffiffiffiffiffiffiffiffiffiffi
E0=Ec

pffiffiffiffiffiffiffiffiffiffiffi
E0=Ec

p

� �
fE2

0

since

tanh

ffiffiffiffiffiffi
E0

Ec

s
Z

E0

Ec

� �1=2

K
1

3

E0

Ec

� �3=2

C/y
E0

Ec

� �1=2

for E0!!Ec

(4)

On the other hand,

tyðE0Þ Z kE2
0

ffiffiffiffiffiffi
E0

Ec

s !K1

Z k
ffiffiffiffiffi
Ec

p
E3=2

0 fE3=2
0



10–1 100 101 102
10–1

100

101

102

τ/
Φ

1(
φ,

 Ε
)

λγ

E (kV/mm)
φ (vol %) 0.5 1.0 2.0 

22
29
37

.

Fig. 9. Universal flow curve for chitosan based ER fluids for three different

particle concentrations and electric field strengths.
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since

tanh

ffiffiffiffiffiffi
E0

Ec

s
y1 for E0 OOEc (5)

Ec stemmed from the nonlinear conductivity model, and

represented the crossover behavior as shown in Fig. 7. Ec

appears to be proportional to the particle conductivity and is

influenced by the conductivity mismatch between the

suspended particle and liquid media [45]. Furthermore, it can

be noted that the error in the value of Ec does not influence the

conclusion in the universal scaling.

We normalized Eq. (2) with Ec and ty(Ec) to collapse the

data into a single universal curve. We could express as

following:

t̂ Z 1:313Ê
3=2

tanh
ffiffiffiffî
E

p
(6)

where Ê hE0=Ec and t̂ htyðE0Þ=tyðEcÞ with tyðEcÞZkE2
c

tanhð1ÞZ0:726kE2
c . The chitosan data are found to be

collapsed onto a single curve using Eq. (6), as shown in

Fig. 8, fitting for three different volume concentrations. The

beauty and the benefits of the employment of this universal

scaling include that not only this scaling can connect the

polarization and conductivity models smoothly together, but

also it can predict the performance of certain ER materials with

limited experimental data. It is well known that to obtain a

yield stress at a relatively high applied electric field above

10 kV/mm is generally difficult due to electric current or

limitation of the measuring apparatus. In addition, please note

that even though our universal yield stress model is not derived

from first principles, it is important for representing data by

experimentalists as we mentioned it in our first report regarding

this [44].

Furthermore, to examine shear rate ð _gÞ dependence on the

shear stress (t), we decouple t as flow-dependent part ð _gÞ and

flow-independent point (f, E) as a functional formula of F2ðl

_gÞ and F1(f, E), respectively [46].
tð _g;f;EÞ Z F1ðf;EÞF2ðl _gÞ (7)

tð _g;f;EÞ

F1ðf;EÞ
Z F2ðl _gÞ

Here, l is related to the dielectric constant of materials in ER

suspension and

l Z
16hc

303cd2E2
(8)

where, hc (viscosity of the suspension medium)Z0.048 (Pa s),

30 (permittivity of free space)Z8.8542!10K12 (F mK1), 3c

(dielectric constant of the silicone oil at 100 Hz) [47]Z2.5 30,

3p (dielectric constant of chitosan particles at 100 Hz)Z11.77

30, and dZ ð3pK30Þ=ð3pC23cÞZ0:77 [48]. Fig. 9 represents

the universal curves for t/F1 (f, E) vs. l _g at three different

particle concentrations through Eqs. (7) and (8). The flow

curves are approximately in a single line with some fluctuations

due to its slight departure of E2 dependence on yield stress.
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Since the magnitude of the dielectric constant is related to

the molecular structure, its dependence on time, frequency, and

temperature generally reflects molecular motion. Fig. 10 shows

dielectric relaxation spectra of the suspended chitosan in

silicone oil. The characteristics of interfacial polarization are

represented by dielectric constant (3 0) and dielectric loss factor

(3 00) [49,50], and fitted with the Cole–Cole formula [51] of

dielectric relaxation data.

3� Z 30 C i300 Z 30N C
300K30N

1 C ðiul3Þ
1Ka

ð0%a!1Þ (9)

where 300Z limu/0 3�ðuÞ and 3000 Z limu/N 3�ðuÞ. l3 is the

relaxation time for the interfacial polarization, which is

estimated from the following Eq. (11). The relaxation

frequency at which the 3 00 had a local maximum is very

important for electrorheology due to the rate of polarization of

particles. If aZ0, Eq. (9) represents Debye model which has a

single relaxation time. By fitting the Cole–Cole plot (Fig. 11),

the value of 300 was estimated to be 5.8, 7.3, and 9.1 for chitosan

particles at the concentrations of 22, 29, and 37 vol% in

silicone oil, respectively as summarized in Table 1. Among the

parameters in the Cole–Cole plot, the relaxation time of

interfacial polarization (l3) and an achievable polarizability
Table 1

Parameters in Eq. (9) for chitosan based ER fluid with three different

concentrations

Chitosan concentration

(vol%)

30 3N D3Z30-3N l (ms) a

22 5.8 3.36 2.24 2.3 0.26

29 7.3 3.62 3.68 1.6 0.28

37 9.1 3.84 5.26 3.2 0.28
(D3Z30K3N) are related with the yield stress and stress

enhancement under an applied electric field [52].

The l reflects the rate of interfacial polarization when an

external electric field is applied, so that it is mainly related to

the stress increase during deformation under a shear field, and

D3 shows the degree of polarization, which is related to the

electrostatic interaction between particles. As the concen-

tration of chitosan increases, D3 increases. Polarization

consists of interfacial, dipole-orientation, as well as ionic and

electronic polarizations. The polarization rate is inversely

proportional to the relaxation frequency.

l3 Z
1

2pfc

(10)
2 3 4 5 6 7 8 9 10
0

ε'

Fig. 11. Cole–Cole plot of for three different concentrations (22, 29, and

37 vol%) of chitosan suspension.
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The frequency, fc corresponds to the maximum value for 3 00

or for which 3 0 represents the steepest descent with frequency

[51]. The connection between dielectric measurements made in

the frequency and time domain are related by the Fourier

transform relation. The 3 00 vs. frequency of the chitosan based

ER fluids showed the maximum frequency in Fig. 10. We

obtained the relaxation time from the Eq. (10) for each system:

70 Hz for 22 vol%, 100 Hz for 29 vol%, and 50 Hz for

37 vol%. The relaxation time is calculated to be 2.3 ms for

22 vol%, 1.6 ms for 29 vol%, and 3.2 ms for 37 vol%,

respectively .

The l and D3 obtaining from the dielectric spectrum of ER

fluid are demonstrated by resulting in the difference of the flow

behavior and ER performance. Although the l shows the higher

value in chitosan 29 vol% than that of other ER fluids, the

highest D3 of chitosan based ER fluid shows in the higher

particular concentration (in case of 37 vol%) meaning the

strongest particular attraction among ER fluids. Therefore, it

can be considered that D3 value is more effective and dominant

for ER performance because it is directly related to the strength

of particulate fibril structures [53–56].

4. Conclusions

A chitosan suspension in silicone oil showed the ER

response upon the application of the electric field and this

suspension behaved as a Bingham fluid. ER property of

chitosan suspension was determined by the polarizability of the

branched amino polar group of the chitosan particles, whose

micro-structural properties changes during flow. These systems

were correlated well with the universal scaling curve for the

yield stress at the given critical electric field strength. We also

investigated flow-dependent scaling analysis by constructing a

dimensionless group for shear rate. The chitosan based ER fluid

was also examined from the electrical relaxation analysis

obtained from the dielectric spectrum.
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