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’ INTRODUCTION

Potential applications for chitosan, such as bioinspired mate-
rials,1 drug delivery system,2 biosensors,3 scaffolds for tissue
engineering,4 and so on, based on their remarkable mechanical,
cytocompatible, and biocompatible properties,5 have been in-
tensively researched for a long time. By extension of the study on
the properties of chitosan to enlarge its application, our research
group have found that the viscosity of chitosan particles dis-
persed suspension increase with an applied electric field, and the
dispersed particles are polarized and form fibrous structures
under an application of an electric field.6

Some intelligent (smart) materials can respond to an external
environmental stimulus in a timely manner, producing a useful
effect.7 The electrorheological (ER) fluids are such smart materi-
als whose rheological properties are controllable through the
application of an electric field, showing useful and special func-
tion with the effect of reversibility.8 Because of their fast response
time and controllable shear viscosity, ER fluid has been one of the
most promising candidates as a new material for various indus-
trial utilizations such as human muscle stimulators,9 dampers,10

seismic controlling frame structure,11 and so on. Many efforts
have been spent on developing high-performance ER materials,
and many shortcomings are pertinent to these systems, for
example, a narrow working temperature, solidification at low
temperature, a high current density due to the high conductivity
of water and device erosion caused by water.12 Water-free ER
fluids have been developed under the assumption that they do

not have the shortcomings of hydrous ER fluids.13 However,
anhydrous ER fluids have different problems, particle sedimenta-
tion and nondegradable property, which could make ER fluids
malfunction, environmental problems, and severely limit prac-
tical applications.14 Enzymes (chitosanases) work in concert to
achieve complete biodegradation of the chitosan.15 Chitosan
degradative enzymes are abundantly secreted into soil and water
by microorganisms as part of their feeding cycle and are also
present in the digestive tracts of animals. The chitosan has pro-
perties of good dispersion in an oil phase and stabilizer for an
emulsion system.16 Because of these merits such as biodegrada-
tion property, a source of abundant supply, and good dispersion-
stability, we and other research groups have synthesizedmodified
chitosans for solving the above problems.17�21

Chitin is the second most abundant natural biopolymer, after
cellulose. Chitosan is a natural biomacromolecule produced by
N-deacetylation of chitin, which is a natural polysaccharide.22

Degree of deacetylation (DD) is a structural parameter which
influences physicochemical properties of the chitosan, and influ-
ences the biodegradability,23 the crystalline state,24 the cytocom-
patibility,25 the thermal decomposition,26 the gene transfection,27

the growth inhibitory of bacteria,28 the dispersion for the blend
with other materials,29 and so on. Chitosan has several unique
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ABSTRACT: Herein, the effect of the degree of deacetylation
(DD) on the gelation of the chitosan dispersed suspension as an
electrorheological (ER) fluid under an electric field is presented.
The fluids were prepared by dispersing the chitin and the
chitosan particles having various DDs into silicone oil, and they
were evaluated under various electric fields. The alignment of
chitosan particles in the fluid was also observed using an optical
microscope under the electric field. The formed fibrous struc-
ture between electrodes are though to continue to the viscosity
increase, because an attempt to move one electrode relative to
the order would be hindered by the drag of the dangling fibrils. A noteworthy result is that the region of the frequency for gel state of
the ER fluids increased in the order of chitosan DD 99.3, 93.4, 73.2, 83.8, and 87.3% under electric fields while the modulus of the
fluids increased in the reverse order. This order was well-matched with the result of dielectric constants and yield stresses of ER
fluids. The study of influence of DD on the gelation of the chitosan dispersed suspension under an electric field shows the relevance
of the chemical composition of the heteropolysaccharide (chitin�chitosan copolymer) to the rheological and electric properties of
ER suspensions.
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properties due to�NH2 and�OH group on the chitosan back-
bone.30 Chitosan is polar due to these groups. The polar groups
may affect the ER behavior by playing the role of the electronic
donor under the imposed electric field. It has been reported in
fact that the morphology of the chitosan fiber depends on DD in
the electrospinning process of the chitosan.31

Herein, we report on the effect of the degree of deacetylation
on the gelation of the chitosan dispersed suspension under an
electric filed. The chitosans with the various DD levels were
prepared with the alkaline treatment. Several techniques were
used for the determination of DD; such as titration, CHN
elemental analysis, and FT-IR spectroscopy. The electrorheolo-
gical and electrical properties of the chitin and chitosan particles
suspended silicone oils were investigated under DC electric
fields. This paper focused on effects of DD on enhancement of
electrorheological properties.

’EXPERIMENTAL SECTION

Materials. Chitin from Korea red crabs and chitosan with various
degree of deacetylation (DD)were purchased fromYB-Bio Inc. (Korea).
YB-Bio Inc. gave us information of the experimental method of
deacetylation and the P.V.S.-K. titration method. The deacetylation
was performed on 1 g of chitin suspended into 100mL of 40 wt %NaOH
aqueous solution and kept at 110 �C during 3 h under N2 atmosphere.
This procedure was repeated several times to get various DD levels.
Afterward, the sample was abundantly washed with distilled deionized
water (DI water, obtained from aMilli-Q water system as 18.2MΩ cm�1)
until neutral and then dried in a vacuum oven at 50 �C for 60 h. The
degree of deacetylation was determined using the P.V.S.-K. titration
method.32 The obtained values were 73.2, 83.8, 87.3, 93.4, and 99.3%.
These deacetlyated chitosans were named as chitosan DD 73.2%,
chitosan DD 83.8%, chitosan DD 87.3%, chitosan DD 93.4%, and
chitosan DD 99.3%. The CHN analysis of deacetylated chitosans were
carried out using Element Analyzer (CS 600, Leco) and DD was
calculated from the following equation33

DD ¼ 1� C=N� 5:145
6:861� 5:145

� �
� 100

where, C/N is carbon to nitrogen ratio. The obtained values with the
CHN analysis method for chitosan DD 73.2%, chitosan DD 83.8%,
chitosan DD 87.3%, chitosan DD 93.4%, and chitosan DD 99.3% were
68.7, 77.3, 86.2, 91.3, and 98.9%, respectively.
Particle Characterization. The chitin and chitosans were ground

to 5�50 μm particles using a ball mill. Attenuated total reflectance
Fourier transform infrared (ATR FT-IR) was used to analyze samples
with a Thermo Mattson Infinity Gold 60-AR spectrometer (Thermo
Electron Corp.) with a KRS-5 crystal. A mercury�cadmium-telluride
(MCT) detector was used for detection. The angle of the beam was 45�.
Mean particle diameter (Heywood diameter � defined as the diameter
of a circle having the same area of the segmented defect) of samples was
determined by a digital optical microscope (Reichert Metaplan 2, Leica)
equipped with a software (Nex Measure Pro 5, Bestecvision, Korea)
automatically. A field-emission scanning electron microscope (FE-SEM,
HITACHIS S-4200) was used to observe the morphology of the
chitosan particle.
Suspension Preparation and Electrorheological Measure-

ments. The ER fluids were prepared by dispersing the chitin and the
chitosan particles into silicone oil, whose viscosity was 30 mm2/s at
25 �C. The silicone oil was dried using molecular sieves before use, and
the particle concentration was fixed at 30 vol%. The rheological proper-
ties of the suspension were investigated in a static DC field using a
Physica Couette-type rheometer (PhysicaMCR301) with a high-voltage

generator. Themeasuring unit was of a concentric cylindrical type, with a
1 mm gap between the bob and the cup. The shear stress for the
suspensions was measured under a shear rate of 1� 10�5 to∼1000 s�1

and electric fields of 0�3 kV/mm at 25 �C. The storage and loss moduli
for the suspensions were measured under the frequency of 1� 10�2 to
1� 102 Hz and electric fields of 0�3 kV/mm at 25 �C. The shear stress
for the suspensions was also measured in the range of 25�100 �C at the
shear rate of 100 s�1.

The DC current densities, J, of the chitin and chitosan suspensions
were determined at room temperature by measuring the current passing
through the fluid upon application of the electric field, E0, and dividing
the current by the area of the electrodes in contact with the fluid. The
current was determined from the voltage drop across a 1 MΩ resistor in
series with the metal cell containing the silicone oil, using a voltmeter
with a sensitivity of 0.01 mV (Keithley, Model 248 High Voltage
Supply). The DC conductivity was taken to be σ = J/E0. The dielectric
constants, ε, of the suspensions were measured at 1 kHz and 1000 mV
using a Hewlett-Packard LCRmeter (model 4263 B). Ten samples were
measured in order to ensure the reproducibility of the results.

The experimental cell was assembled by mounting two parallel
electrodes with a 1 mm gap on a glass slide, in which a drop of well-
mixed ER fluid was dispersed. The behavior of the ER fluids was
observed under 3 kV/mm using a digital optical microscope.

’RESULTS AND DISCUSSION

Characterization of Chitin and Chitosan. Chitin is a high-
molecular-weight heteropolysaccharide composed mainly of
β-(1,4)-2-deoxy-2-acetamido-D-glucopyranose units (Figure 1a).
It is not found in higher plants, but is a major constituent of
crustacean exoskeletons and fungal cell walls. Purified chitin from
crustacean exoskeletons, the most readily accessible form of
chitin, is used for the chemical conversion of chitin to chitosan.
Chitosan occurs naturally in fungi and in specialized tissues of
some animals, but is difficult to isolate because it occurs
covalently attached to mucopolysaccharides and proteins, or
only occurs in small quantities. Though chitosan does occur
naturally, it is obtained commercially by the chemical N-deace-
tylation of chitin (Figure 1c). By convention, chitin and chitosan
are distinguished by their solubility in dilute organic acids.
Chitosan will dissolve as a polycation in dilute acids, whereas
chitin, with predominantly N-acetylated amine groups, will not.
Chitin is the parent compound of chitosan, so the proportion of
glucosamine monomer residues in chitosan is typically described

Figure 1. Chemical structures of (a) chitin, (b) chitin�chitosan hybrid
polysaccharide, and (c) chitosan.
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as the degree of N-deacetylation, or, simply, degree of deacetyla-
tion (DD). Generally, DD, which determines the content of free
amino groups in the polysaccharides, is employed to differentiate
between chitin and chitosan (Figure 1b). For instance, chitin
with DD of 75% or above is generally known as chitosan.34,35

The FT-IR spectra of chitin exhibited the strongly parallel
bands at 3432 and 3450 cm�1 (Figure 2a). The component
absorbing at 3432 cm�1 may be assigned to the bond formed
between the -O(3)H group and the ring oxygen in the next
glucose ring. And the band at 3450 cm�1 most probably can be
assigned to the -O(6)H stretching mode.36 The two perpendi-
cular bands near 3103 and 3262 cm�1 are most probably due to
the intermolecular hydrogen bonds in CONH peptide group.36

The peaks at 1655, 1558, and 1314 cm�1 can be assigned to
amide I (CdO stretching), amide II (N�H in plane deformation
coupled with C�N stretching), and amide III (C�N stretching
coupled with NH in plane deformation) and CH2 wagging
coupled with OH in plane deformation, respectively.37 The
C�CH3 wagging frequency occurred at 953 cm�1.36 After N-
deacetylation of chitin, peaks for -NH2 asymmetric stretching,
NH stretching in interchain NH 3 3 3OdC bonding, and �NH2

scissoring appeared at 3360, 3293, and 1590 cm�1, respecti-
vely.37,38 These peaks increased with the increase of DD. Many
research groups have reported on the possibility of determining
DD of chitosan by comparing a peak that is proportional to the
DD (measurement peak) to one that is independent of the DD
(reference peak). In this study, DD of the chitosan samples was
calculated using the spectra of chitosan samples, which was
proposed by Domszy and Robers.39 The computation equation
is given below:

DD ¼ 100� ½ðA1655=A3450Þ � 100=1:33� ð1Þ

where A1655 and A3450 were the absorbance at 1655 cm
�1 of the

amide I band as a measure of the N-acetyl group content and
3450 cm�1 of the hydroxyl band. The factor “1.33” denoted the
value of the ratio of A1655/A3450 for fullyN-acetylated chitosan. It
was assumed that the value of this ratio was zero for fully
deacetylated chitosan and there was a rectilinear relationship
between the N-acetyl group content and the absorbance of the

amide I band. The obtained values with the IR analysis method
for chitosan DD 73.2%, chitosan DD 83.8%, chitosan DD 87.3%,
chitosan DD 93.4%, and chitosan DD 99.3% were 70.3, 77.6,
80.1, 85.3, and 90.2%, respectively. Methods of P.V.S.-K. titra-
tion, elemental analysis, and FT-IR are easy, fast and inexpensive
to measure DD. However, there are some deviations between the
measuring methods. Solid-state methods that do not require the
material’s dissolution present the advantage of being applicable
over the entire range of DD values, both for chitin and chitosan.
Solution methods are limited to soluble samples. The most
widely used solid-state method for the DD determination is
FT-IR spectroscopy, but some bands depend on intricate asso-
ciations with the typical hydrogen-bonding networks different
for each chitin polymorphic form. Despite its drawback, FT-IR
spectroscopy has been often preferred because it is quick, user-
friendly and low-cost method. In summary, the reason for
different DD value measured by P.V.S.-K. titration, elemental
analysis, and FT-IR is due to the solubility of chitosan in the
solutions for the titration method, and problems of the determi-
nation of suitable bands and base lines for the FT-IR method.40

The particle size is important factor for comparison of the ER
properties between the different chemical structures of the ER
materials.41 Figure 3 shows the particle-size distribution of the
chitin and chitosans. Specific viscous behavior of ER fluids could
be observed under an electric field due to the influence of particle
size. And the ER effect is weak if the particles are two small, as
Brownian motion tends to compete with particle fibrillation.
Very large particles are also expected to display a weak ER effect,
as sedimentation would prevent the particles from fibrillation
bridges.42 All ER particles have similar size distribution and the
average sizes of the ER particles are ca. 17 μm (diameter).
Gelation of Chitin and Chitosan Dispersed Suspensions

under Electric Fields. The formation of gels was evidenced by
the data from frequency sweep experiments. A gel may be defined
as a material having a loss modulus G00 considerably smaller than
the storage modulus G0 for several decades of frequency, or less
restrictively when G0 is greater than G00 at some fixed freque-
ncy.43 It is intuitively expected that the cessation of tracer particle
motion in a gelling system should correlate with the rheological
measurements. The gelation points calculated from the bulk

Figure 2. ATR FT-IR spectra for (a) chitin, (b) chitosan DD 73.2%,
(c) chitosan DD83.8%, (d) chitosanDD 87.3%, (e) chitosanDD93.4%,
and (f) chitosan DD 99.3%.

Figure 3. Size distribution of chitin and chitosans, and FE-SEM image
of DD 87.3%. The average particle sizes of the ER particles are ca. 17 μm
(diameter).
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rheology are indicated in Figure 4, defined as the frequency when
G0 is greater than G00. The chitin dispersed fluid did not show the
gel state although the high electric field (3 kV/mm) was applied.
However, in the case of chitosan dispersed fluids, the gel state was
observed except the both low and high frequencies after the ap-
plication of DC electric fields. Especially, the ER fluid of chitosan
DD 83.8% showed higher modulus than any other fluids under
electric fields. The region of the frequency for the gel state of all
ER fluids under the electric field increased with the increase of
the electric field. Red dotted curves represent the region of the

gel state in the moduli curves. A noteworthy result is that the ER
fluids showing low modulus under the electric field showed the
gel state at the wide range of the frequency. The region of the
frequency for gel state of ER fluids increased in the order of
chitosan DD 99.3%, chitosan DD 93.4%, chitosan DD 73.2%,
chitosan DD 83.8%, and chitosan DD 87.3% under electric fields
while the modulus of the fluids increased in the reverse order. G0
increased in the order of chitosan DD99.3%, chitosanDD93.4%,
chitosan DD73.2%, chitosan DD83.8%, and chitosan DD87.3%.
G00 also increased in the same order. The value of G0 depends on

Figure 4. Effect of frequency on storage modulus (G0) and loss modulus (G00) for (a) chitin, (b) chitosan DD 73.2%, (c) chitosan DD 83.8%, (d)
chitosan DD 87.3%, (e) chitosan DD 93.4%, and (f) chitosan DD 99.3% at room temperature (25 �C). The particle concentration of each ER fluid is 30
vol %. Red dotted curves represent the region of the gel state at moduli curves.
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the formation of the fibrous structure of ER particles under the
electric field. The long fibrous structure is easily broken although
it causes the increase of G0. G00 decreased slightly with the
increase of the frequency while G0 increased at the initial step,
and then decreased rapidly due to the destruction of the fibrous
structure. However, in the case of chitosan DD 99.3%, its G0
increased at the initial step, and then decreased slowly because
the formed fibrous structure is short and maintains its shape well
for the external force. Therefore, DD 99.3% showed the gel state
at the wider range of the frequency than chitosan DD 87.3%.
With the increase of the electric field, the sharp decrease of G0 of
ER fluids was observed (blue arrow in Figure 4) at the ca. 10 Hz
of frequency. At this frequency, a region for abrupt decrease of
the G0 is observed due to the destruction of the fibrous and
lamellar structures of ER particles in the fluids. We suggested the
model for explaining these phenomena in our previous study, and
the model was well matched with the experimental data.41

Figure 5 shows the electrorheological property of an ER fluid
visually. In the vial, 30 vol% of chitosan DD 83.8% was dispersed
in silicone oil. The gap between the two stainless-steel rods was
2mm.The two rods were connected with a high-voltage generator.
After applying 3 kV/mm, there was a suspension bridge (gel state)

between two rods as shown in Figure 5a. This means that the ER
strength was stronger than the gravity force acting on the ER fluid.
After eliminating the electric field, the bridge of the ER suspension
between the two rods was broken as shown in Figure 5b.
The alignment of ER particles in the fluid was observed using

an optical microscope with 5 vol% of chitosan DD 83.8% sus-
pension (Figure 6a and b). The experimental cell was assembled
by mounting two parallel electrodes with a 1 mm gap on a glass
slide, in which a drop of well-mixed ER fluid was dispersed. The
behavior of the ER fluids was observed under 3 kV/mm using a
digital optical microscope. The presence of fibrils was obvious,
although they were not always linear and even have double loops
in some cases. These partial fibrils are though to continue to
the viscosity increase, since an attempt to move one electrode
relative to the order would be hindered by the drag of the dangl-
ing fibrils. ER particles are aligned under the electric field, and
fibrillar shapes of the aligned ER particles flow along the fluids by
shear stress.
The structural patterns of the particles suspended in the ER

fluid under the electric field are depicted in Figure 6c, d. The
specific increase in viscosity of an ER fluid originates from
reorientation of dispersed particles whose initially random dis-
tribution transforms into a fibrillated or layered structure, giving
rise to a higher viscosity. When an electric field is applied to the
ER fluid, field-induced dipoles of dispersed particle attract each
other and cause the particles to form chains or fibrillated struc-
tures in the direction of the field. These chains inhibit fluid flow
and consequently increase apparent viscosity of the fluid in
milliseconds. On the other hand, the viscosity of the fluid reco-
vers the original state promptly by removing the applied field.44

Generally, two different mechanisms have been proposed to
explain the ER phenomena. The electrostatic polarization me-
chanism, proposed originally by Winslow,45 attributes the origin
of the ER effect to the field-induced polarization of the disperse
phase particles relative to the continuous phase. In this model’s
most general form, polarization can arise from a number of charge
transport mechanisms, including electronic, atomic, Debye, or

Figure 5. Observation of the ER fluid behavior between two stainless-
steel rods under a 3 kV/mm DC electric field (a) after application and
(b) after elimination of the DC electric filed.

Figure 6. Optical microscopy images of (a) chitosan DD 87.3% suspension and (b) the same portion of the gel after application of a 3 kV/mm DC
electric field. Structural patterns of the particles in the ER fluids; (a) before and (c) after application of a DC electric field.
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interfacial polarization. Another proposed mechanism is the
overlap of electric double layers. Each particle is surrounded by
a diffuse counterion cloud that balances its charge (an electric
double layer). Under the applied field, this cloud will distort and
overlap with the counterion clouds of its neighbors.46

Electrorheological and Electrical Properties of Chitin and
Chitosan Dispersed Suspensions. Shear stress is one of the
critical design parameters in the ER phenomenon and has
attracted considerable attention both theoretically and experi-
mentally. Shear stress curves as a function of shear rate for chitin
and chitosans dispersed suspensions under 0�3 kV/mm of the

electric field are shown in Figure 7. All chitin and chitosans
dispersed suspensions showed the typical Bingham plastic beha-
vior although they showed some deviations. This means that flow
is observed only after exceeding a minimum yield stress (τy). In
the case of chitin, its fluid showed weak ER effect under an
electric field.With the increase in DD, the shear stress of chitosan
dispersed suspension increased under an electric field. However,
after 93.4% of DD, the shear stress of chitosan dispersed
suspension decreased under the electric field with the increase
of DD. Chitin and highly N-deacetylated chitosan showed the
low ER effect. These materials are a homopolymer. The chitosan

Figure 7. Shear stress versus shear rate for (a) chitin, (b) chitosan DD 73.2%, (c) chitosan DD 83.8%, (d) chitosan DD 87.3%, (e) chitosan DD 93.4%,
and (f) chitosan DD 99.3% at room temperature (25 �C). The particle concentration of each ER fluid is 30 vol%.
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with 87.3% of DD showing the highest ER effect is a copolymer.
This result is also same with the experimental result of the effect
of frequency on moduli (Figure 4). An electric field polarizes the
particles, leading to the appearance of induced charge at the
particle surfaces. This charge creates a dipolar field around the
particle. The charges in the solvent around the particles lead to
effective dipole moments for the particles. Thus, theories for-
mulated on the basis of dielectric constant mismatches have been
qualitatively successful in describing the physics of the suspensions,

even in the presence of finite conductivity solvents.44 Choi et al.
measured the yield stress of the three different chitosan-oil
systems (corn oil, soybean oil, and silicone oil) in the electric
field, and obtained different values for different chitosan-oil
systems.47 To study the effect of chemical composition in the
ER particle for the dielectric constant and the shear stress under
the electric field, Unal et al. investigated polyindole/poly(vinyl
acetate) conducting composites having different compositions
and obtained similar results with our study.48 There is a peak

Figure 8. Effect of temperature on shear stress for (a) chitin, (b) chitosan DD 73.2%, (c) chitosan DD 83.8%, (d) chitosan DD 87.3%, (e) chitosan DD
93.4%, and (f) chitosan DD 99.3% at fixed shear rate (100 s�1). The particle concentration of each ER fluid is 30 vol%.
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composition in the ER particle to get high shear stress under the
electric field. We think that specific chemical composition of the
chitosan particle is more polarized in the silicone than other
compositions. In this study, chitosan DD 87.3% showed the
highest electric constant and yield stress. The charges in the
silicon oil around the particles of chitosan DD 87.3% lead to
more effective dipole moments for the particles than others.
Herein, we can note that the copolymer is more favorable than
the homopolymer to design and choose the chemical composi-
tion for ER materials.
Figure 8 shows the changes in the shear stress of chitin and

chitosans suspensions under various temperatures and at con-
stant conditions (E = 0, 1, 2, and 3 kV/mm, _γ = 100 s�1, Conc. =
30 vol%). It was observed that the shear stresses of all the
suspensions examined in this work increase with the increase of
temperature. The influence of temperature on shear stress may
be viewed as deriving from net effect of two contributions: one is
the change in the electrostatic polarization force which may
either strengthen or weaken the ER effect, the other is the
enhancement of Brownian thermal forces at high temperature
which tends to weaken the ER effect.49 Whether temperature
increase would intensify or weaken the ER effect is really depen-
dent on which factor would become dominant at that tempera-
ture. The results in Figure 8 suggest that the polarizability
increases with temperature to an extent that dominates over
the contribution from Brownian motion due to the large particle
size. Moist ER suspensions are believed to have a narrow
temperature range somewhat between �20 �C and þ70 �C,
possibly due to the water solidification and evaporation. An
anhydrous ER suspension could work in a wide temperature
range, however, it is limited by the large conductance at high
temperature, as most anhydrous ER fluids are made from ionic
materials. To remove the effect of adsorbed water on ER parti-
cles, the used chitosans were dried in a vacuum oven at 50 �C for
a long time. The stable increase of shear stress was observed with
the increase of temperature because there is not the water
solidification or evaporation during the change of the tempera-
ture. The current density and the conductivity of all ER particles
were measured, and their values were lower than 0.017 μA/cm2

and 6 � 10�10 S/m at the electric field of 3 kV/mm. Therefore,
the conductivity is not a significant factor for the shear stress in
the case of chitin and chitosans. These materials were influenced
by the polarization force dominantly, which increases with the
increase in temperature.
The yield stresses obtained from various logarithmic shear

stress versus shear rate curves also plotted as a function of electric
field strength for ER fluids as shown in Figure 9. Electric field-
induced shear stress (τy) is linearly related to E

2 as mentioned by
Marshall et al.: τy � E2.50 The typical correlation of the yield
stress to the electric field strength at a fixed particle concentration
was proposed by Klingenberg and Zukoski: τy � ER.51 We see
that a straight line through five points with good value of R2 is
acceptable to rely on in our calculations. The R values of chitin,
chitosan DD 73.2%, chitosan DD 83.8%, chitosan DD 87.3%,
chitosan DD 93.4%, and chitosan DD 99.3% are 0.827, 1.306,
1.467, 1.803, 1.121, and 1.116, respectively. This result differs
from the theoretical prediction that τy is proportional to the
electric field strength E2. The difference is due to several factors,
such as particle concentration,52 shape of the particle,53,54 lost of
ER effect,55 and so on. Choi et al. explained the difference bet-
ween theoretical value and experimental value of R using a
polarization model and conductivity model.56 In this result, the

polarization may be the main factor determining the R value.
High R value of the ER fluid indicates that the fluid shows high
ER effects.
The dielectric loss model is one of various models such as

fibrillation model, electric double layer (EDL) model, water/
surfactant bridge mechanism, polarization model, conduction
model, and dielectric loss model to explain the ER phenomena.57

Two dynamic processes were emphasized in this model. The first
step is the particle polarization process, in which the particle
dielectric constant in dominant. The second step is particle
turning, i.e., the polarized particle could have the capability to
align along the direction of the electric field. This step was
determined by the particle dielectric loss. The second step is the
most important one, which distinguishes the ER particle from
non-ER particle. Chitin and chitosans dispersed fluids showed
very low values of the conductivity. Therefore, dielectric constant
is a very important factor for the chitin and the chitosans
dispersed fluids as an ER fluid. Hao et al. suggested the relation-
ship between the interfacial polarization and the particle di-
electric loss.13 The total dielectric constant, ε, can be expressed as

ε ¼ εs þ εI þ εD þ εA þ εE ¼ εs þ εI þ εD þ ε¥ ð2Þ
where εI, εD, εA, and εE are artificially regarded as the dielectric
constant induced by the interfacial, the Debye, the atomic, and
the electronic polarizations, respectively, εS is the static dielectric
constant, and ε¥ = εA þ εE is the high-frequency dielectric
constant. Correspondingly, the total polarization of ER material,
P, can be expressed as

P ¼ PI þ PD þ PA þ PE ð3Þ
Therefore, the high dielectric constant of fluids can exhibit high
ER effects. The dielectric constant of the ER materials might be
described in the following order: chitosan DD 87.3% > chitosan
DD 83.8% > chitosan DD 73.2% . chitosan DD 93.4% >
chitosan DD 99.3%. chiti,n as shown in Figure 10. This order is
well-matched with the result of moduli curves against the
frequency and the shear stress curves on the shear rate for ER
fluids (Figures 4 and 7). In comparison to the R values in
Figure 9, R is depending on the dielectric constant, ε, of the ER
fluid. The high dielectric constant value of the chitosan implies
that themobile ions tend to accumulate in the chitosan. The ionic

Figure 9. Log�Log plot of yield stresses versus electric field for (a)
chitin, (b) chitosan DD 73.2%, (c) chitosan DD 83.8%, (d) chitosan DD
87.3%, (e) chitosan DD 93.4%, and (f) chitosan DD 99.3%.
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mobility is related with the coordination of functional groups of
the chain in the chitosan.58 The effective coordination site of
functional groups of the chain depends on the conformation of
the chain in the chitosan. The conformation of the chain in the
chitosan is likely to be influenced by DD. The related function of
the conformation of the chain in the chitosan with DD is not
linear but exponential.59 This tendency was well-matched with
the value of the dielectric constant of the chitosan.

’CONCLUSIONS

In this paper, we first report on the effect of the degree of
deacetylation (DD) on the gelation of chitosan dispersed sus-
pension under an electric field. We examined the particle size, the
conductive, dielectric, and rheological properties of chitin and
chitosan dispersed suspensions. A noteworthy result is that the
region of the frequency for gel state of the ER fluids increased in
the order of chitosan DD 99.3%, chitosan DD 93.4%, chitosan
DD 73.2%, chitosan DD 83.8%, and chitosan DD 87.3% under
electric fields while the modulus of the fluids increased in the
reverse order. With the increase of DD, the shear stress of
chitosan dispersed suspension increased under an electric field.
However, after 93.4% of DD, the shear stress of chitosan
dispersed suspension decreased under the electric field with
the increase of DD. It was observed that the shear stresses of
all the suspensions examined in this work increase with the
increase of temperature. The stable increase in shear stress was
observed with the increase of temperature because there is not
the water solidification or evaporation during the change of the
temperature. The current density and the conductivity of all ER
particles were measured, and showed the low values under the
electric field. Therefore, the conductivity may not be a significant
factor for the shear stress in the case of chitin and chitosans
dispersed ER fluids. These materials were influenced by the
polarization force dominantly which increase with the increase of
the temperature. The dielectric constant of the ER materials
might be described in the following order: chitosan DD 87.3% >
chitosan DD 83.8% > chitosan DD 73.2%. chitosan DD 93.4% >
chitosan DD 99.3%. chitin. This order was well matched with
the result of moduli curves against the frequency and shear stress

curves on shear rate for ER fluids. In comparison to the R values
which is obtained from the slope of log�log plot of the yield
stresses versus electric field for ER fluids, R is depending on the
dielectric constant, ε, of the ER fluid.

In brief, the results in this study indicate that ER effect of the
chitosan dispersed suspension depends on the degree of deace-
tylation. It is expected that this work on the response of the
chitosan to the electric stimulus will lay the foundation for the
future application to the fabrication of the chitosan scaffold using
the electrospinning process, the study on the bioelectric signal
between the chitosan matrix and human cells such as stem cells,
human dermal fibroblasts (hDFs), and so on in addition to
electrorheological materials.
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