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Abstract—The rheological behavior of 1-wt % suspensions filled with composite polymer particles of chitosan
with cellulose in polydimethylsiloxane without and in an electric field is studied. The features of the electro-
rheological response of the suspensions depending on the filler composition are revealed. The mechanism of
the electrorheological effect changes for fillers with a high cellulose content at a field strength higher than
4 kV/mm. The nature of the electrorheological effect is considered from the standpoint of the electrophysical
characteristics of suspensions. The results of sedimentation tests are consistent with the rheological data and
are determined by the structural features of the composite fillers. The relative efficiency of the studied f luids
reaches 105%.
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INTRODUCTION
The active development of science and technology

in the 21st century, and the design of new devices and
technologies require the creation of materials that
combine various functional properties. A large class of
such materials are “smart” materials that reversibly
change their properties under external stimuli [1]. In
recent decades, smart materials have attracted the
attention of researchers on account of the possibility of
their wide use in mechanics, soft robotics as an alter-
native to existing “hard” analogs, optics, camouflage,
and medicine.

Electrorheological f luids (ERFs) change their rhe-
ological behavior (viscosity, yield stress, storage mod-
ulus, etc.) under an electric field and are an illustrative
example of smart materials. Usually, ERFs are dis-
persed systems consisting of a liquid nonconductive
medium and polarizable microparticles or nanoparti-
cles of a filler [2]. Low-molecular-weight organosili-
con polymers (silicone oils with low dielectric permit-
tivity, thermal stability, low cost, and availability in a
wide range of molecular weights (viscosities)) are
widely used as a dispersion medium [3]. When an elec-
tric potential is applied, the filler particles are polar-
ized and form columnar percolation structures
between the electrodes: the transition from viscous to
elastic behavior is observed. Due to the reversibility of

their properties, ERFs are used in dampers with
adjustable stiffness, valves, tactile elements, sensors,
robotics, microfluidics, etc. [4].

The ERF efficiency depends on various parame-
ters, such as the nature and viscosity of the dispersion
medium [5, 6], the nature and shape of filler particles
[7, 8], the presence of activators [9, 10], and the elec-
trophysical characteristics of components [11, 12].
Recent studies are aimed at creating f luids with a low
concentration of dispersed phase particles exhibiting a
more contrasting change in the rheological properties
in an electric field [13, 14]. The formation of a perco-
lation network plays an essential role in such fluids. In
this regard, particles with a high aspect ratio [15, 16],
as well as fillers prone to self-organization into branched
fractal structures [17], are extremely promising.

Polymer and polymer–composite particles are a
separate class of fillers for ERFs [18, 19]. The use of
natural polymers such as chitosan and cellulose opens
up prospects for creating environmentally friendly
materials to restore balance between the technosphere
and biosphere.

Cellulose is the most abundant biopolymer on
Earth; it is a linear polysaccharide chain made up of
hundreds and thousands of linked β-1,4-D-glucose
units [20]. Cellulose is the main component of the
plant cell wall and can be isolated from various agri-
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cultural wastes, such as wheat husks, straw and soy-
beans, coconut-husk fibers, mulberries, etc. Chitin is
the second most abundant biopolymer after cellulose.
This is a nitrogen-containing polysaccharide, a poly-
mer consisting of N-acetylglucosamine units linked
through β-(1→4)-glycosidic bonds [21]. Chitin parti-
cles have intramolecular and intermolecular bonds
between acetamide and hydroxyl groups, which deter-
mines their high crystallinity. Chitin can be produced
at a relatively low cost from organic resources such as
crustacean shells (shrimp, lobster, crabs, and krill)
and seafood waste. Chitin and cellulose occur in
nature in the form of complex hierarchical structures,
i.e., fibrils consisting of crystalline and amorphous
regions, and can be isolated as separate crystalline
domains, i.e., nanocrystals [22]. Chitosan is N-deacetyl-
ated chitin. The degree of deacetylation significantly
affects the characteristics of chitosan, including its
electrorheological activity [23]. It has recently been
found that highly porous chitosan particles exhibit a
high electrorheological response in various dispersion
media at extremely low concentrations (less than
1 wt % (0.62 vol %) [24, 25].

Polymer nanocomposites exhibit unique properties
due to the combination of matrix and filler qualities.
The introduction of a functional additive into the
polymer leads to an increase in the Maxwell–Wag-
ner–Sillars polarization at the interface [26] and can
enhance the electrorheological effect. In this work, we
study the effect of the composition of composite par-
ticles based on chitosan and cellulose nanocrystals on
the electrorheological behavior of their suspensions in
polydimethylsiloxane.

EXPERIMENTAL
Polydimethylsiloxane (PMS 100, Penta Junior

LLC, Russia) was used as the dispersion medium. The
molecular-weight characteristics according to size-
exclusion chromatography were as follows: Mw =
12.2 kDa, polydispersity index 2.0.

Composite fillers were obtained from ChitoClear
43000–HQG 10 chitosan (Primex, Iceland; Mn =
80 kDa [27]) and cellulose nanoparticles (nanofibril-
lar cellulose, Nanografi Nanotechnology AS, Turkey).

Deionized water with the specific electrical con-
ductivity ≤10–4 S/cm, obtained in a Millipore MilliQ
system (Merck KGaA, Germany), and acetic acid
(Component reaktiv LLC, Russia) were used as sup-
plementary materials.

Samples preparation. Composite particles were
obtained similarly to the procedure described in [28]. To
obtain ERF fillers, 1-wt % chitosan solution in 1-wt %
acetic-acid solution was prepared. Then, nanocellu-
lose particles were dispersed into the solution to obtain
suspensions with different concentrations of nanocel-
lulose relative to the solution (0.01, 0.1, 1, 2, and 5 wt %).
The resulting suspensions were sonicated with a
NANOBIOTECHNOLOGY REPORTS  Vol. 16  No. 6 
UP400S submersible homogenizer (Hielscher Ultra-
sonics, Germany) for 5 min (400 W, 24 kHz; ampli-
tude 20%). After homogenization, the suspensions
were sputtered into a liquid nitrogen bath to form
composite particles. The particles were collected and
kept in a freezer at –24°C for 24 h. The solvent was
removed from the pores by lyophilization in an Alpha
2–4 LDplus freeze dryer (Martin Christ, Germany)
for 3 days at a pressure in the working chamber of
0.250 mbar, followed by drying for 10 h at a pressure of
0.030 mbar. This technique makes it possible to obtain
particles with a high porosity. Thus, composite fillers
cellulose/chitosan with different component ratios
(designated below in accordance with the cellulose
content as 0.01/1, 0.1/1, 1/1, 2/1, and 5/1) were
obtained.

ERFs were obtained by mechanical mixing of the
selected type of filler with polydimethylsiloxane using
an MR Hei-Tec magnetic stirrer (Heidolph, Ger-
many) for 48 h until uniform suspensions were formed.
The filler concentration in all the samples was 1 wt %.
Before measurements, the f luids were additionally
sonicated for 20 min in a UZV-4.0/1 TTTs (RMD)
ultrasonic bath (150 W, 35 kHz) (Sapfir LLC, Russia).

IR spectroscopy. The composition of the composite
fillers and initial polysaccharides was studied by infra-
red (IR) spectroscopy in a Nicolet iS5 FTIR spec-
trometer (ThermoFisher Scientific, United States)
using an iD5 ATR attenuated total ref lectance adapter.
The study was performed in the range of 550–
4000 cm–1.

Rheology. The rheological behavior of the suspen-
sions without and in an electric field was studied by
rotational viscometry in the geometry of coaxial cylin-
ders on a Physica MCR 501 rheometer (Anton Paar,
Germany). The cell volume was 20 mL and the gap
was 1 mm. An electric potential in the range up to 7 kV
was supplied from an HCP 14-12500 MOD external
high voltage source (FuG Elektronik GmbH, Ger-
many). Measurements were performed in the con-
trolled shear rate (CSR) mode to obtain f low and vis-
cosity curves, in the controlled shear stress (CSS)
mode to determine the yield stress values, and in the
oscillatory mode (FS) at a deformation value of 0.1%
(linear range) to determine the frequency sweeps of
the storage and loss moduli. The measurements were
performed at 20°C.

Scanning electron microscopy (SEM). The mor-
phology of the fillers was studied using a SEM Versa
3D instrument (ThermoFisher Scientific, United
States). Images were obtained in the high-vacuum
mode using an ETD secondary electron detector
(ThermoFisher Scientific, United States) at an accel-
erating voltage of 2 kV and a current of 33 pA. To min-
imize the accumulation of electric charge, a thin layer
of gold was preliminarily sputtered onto the surface of
the samples. Micrographs of the particles were also
obtained using a Phenom XL SEM instrument
 2021
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Fig. 1. IR spectra of the initial chitosan (1), nanocellulose
(7), and porous composite particles of the compositions
0.01/1 (2), 0.1/1 (3), 1/1 (4), 2/1 (5), and 5/1 (6).
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(ThermoFisher Scientific, United States) in the low-
vacuum mode (pressure 10 Pa) at an accelerating volt-
age of 5 kV using a backscattered electron detector
without sputtering the conductive coating.

Transmission electron microscopy (TEM). The mor-
phology of nanocellulose in an aqueous solution was
studied by TEM using a Titan 80-300 instrument
(ThermoFisher Scientific, United States) at an accel-
erating voltage of 300 kV. The samples for TEM stud-
ies were prepared using negative staining: at the first
stage, the surface of copper grids with a carbon sub-
strate Pelco Pure C (Ted Pella Inc., United States) was
hydrophilized using a glow discharge in a Pelco Easi-
Glow system (Ted Pella Inc., United States) for 30 s at
a current of 25 mA and a pressure of 0.26 mbar. Then,
using 1-wt % uranyl acetate solution (Ted Pella Inc.,
United States), a negative staining procedure was per-
formed in accordance with the protocol in [29].

Dielectric measurements. The electrophysical char-
acteristics of the suspensions were obtained using a
Novocontrol Alpha-A impedance analyzer (Novo-
control Technologies GmbH & Co. KG, Germany)
equipped with a ZGS Alpha Active Sample Cell. The
measurements were performed in a special BDS1308
liquid cell consisting of a brass cup with two disk elec-
trodes 20 mm in diameter separated by a f luoroplastic
spacer. The distance between the electrodes was 2 mm.
The suspension sample was poured into the cup and
the liquid cell was placed between the electrodes of the
ZGS cell. The measurements were carried out at an
effective voltage of 1 V and a temperature of 20°C.

Sedimentation. The stability of the suspensions was
determined by evaluating the sedimentation ratio of
the height of the f luid containing the colloidal phase
to the height of the entire f luid column over time. This
technique is used to qualitatively assess the stability of
suspensions in cases where sedimentation proceeds for
a long time and the plotting of classical particle-size
distribution functions is impossible or extremely diffi-
cult.

RESULTS AND DISCUSSION
The chemical structure of composite fillers and

their components was confirmed by IR spectroscopy
(Fig. 1). As noted above, chitosan and cellulose belong
to the class of polysaccharides and have a similar
structure; therefore, their spectra have a small number
of non-overlapping absorption bands suitable for anal-
ysis. As can be seen from the presented data, as the cel-
lulose content in the composite particles increases, the
intensity of the absorption band of chitosan (Amide I,
1647 cm–1) decreases, and the intensity of the cellu-
lose bands at 1110 and 1205 cm–1 increases. In addi-
tion, changes are observed in the range of C–H
stretching vibrations (2800–3000 cm–1): a transition
from two absorption bands at 2875 and 2920 cm–1

(typical of chitosan) to one broad band with a maxi-
NANOB
mum at 2900 cm–1 can be seen. For composite parti-
cles, a component ratio-dependent shift of the absorp-
tion-band maximum in the region of 1550–1600 cm–1

occurs due to superposition of the bands of chitosan
(Amide I) at 1554 cm–1 and cellulose at 1594 cm–1.
Thus, the data of IR spectroscopy confirmed the pres-
ence of both polysaccharides in the composite fillers,
as well as their different content.

All the studied suspensions of composite particles
in polydimethylsiloxane exhibit an electrorheological
effect. In an electric field, a significant increase in the
shear-stress values is observed: the yield-stress values
increase. The f low and viscosity curves for a suspen-
sion filled with particles of the composition 0.1/1 at
various electric-field strengths are shown in Fig. 2 as
an example. When the potential is applied (Fig. 2a), an
increase in the yield-stress values by several orders of
magnitude can be seen on the f low curves, as evi-
denced by a weak change in the shear stress with an
increase in the shear rate in a wide range. The corre-
sponding viscosity curves are descending, reaching a
plateau at high shear rates (Fig. 2b). We note that the
viscosity values also depend on the electric-field
strength.

The yield stress is one of the main characteristics
of ERF. Figure 3 shows the dependences of the yield
stress on the electric-field strength for all f luids stud-
ied. The slope of the dependence (k) in double loga-
rithmic coordinates depends on the mechanism of the
electrorheological effect and is equal to 2 for the
polarization mechanism. It is known that the differ-
ence between the conductivities of the dispersed phase
and the dispersion medium can also affect the behav-
ior of f luids and leads to a change in the slope of the
dependence down to 1.5 and even to 1 at polarization
saturation [30, 31]. For the f luids studied, a number of
IOTECHNOLOGY REPORTS  Vol. 16  No. 6  2021
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Fig. 2. Flow (a) and viscosity (b) curves of a suspension filled with nanocellulose/chitosan composite particles of the composition
0.1/1 at different electric-field strengths.
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peculiarities are observed in the plot. For example, the
suspensions containing composite particles with a low
cellulose content (0.01/1 and 0.1/1) have similar
yield-stress values and a dependence proportional to
1.4 over the entire investigated range of electric-field-
strength values. This dependence is typical for suspen-
sions of non-composite porous chitosan particles and
indicates a predominantly conductive mechanism of
the electrorheological effect [24]. As the concentra-
tion of cellulose in the composite particles increased,
the nature of the dependence changed: for fillers of the
composition 1/1, 2/1, and 5/1, a change in the propor-
tionality from 1.3 to 1.0 was observed with an increase
in the field strength above 4 kV/mm, which indicates a
change in the mechanism of the effect and its more
complex nature. The higher yield-stress values for the
suspensions filled with composite particles with a low
cellulose content should also be noted.
NANOBIOTECHNOLOGY REPORTS  Vol. 16  No. 6 

Fig. 3. Dependence of the values of the static yield stress on
the electric-field strength for suspensions filled with parti-
cles of various compositions.
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To determine the contribution of viscous and elas-
tic components to the behavior of the samples, the fre-
quency dependences of the storage and loss moduli
without and in an electric field were obtained. The
data for a f luid filled with particles of the composition
0.1/1 are shown as an example (Fig. 4). Even without
an electric field, the storage modulus exceeded the loss
modulus in almost the entire frequency range studied,
which indicates the prevalence of the elastic compo-
nent in the sample and confirms the presence of a low
yield stress. When an electric field was applied, the
values of both moduli sharply increased by several
orders of magnitude and only slightly depended on the
frequency. We note that the storage modulus exceeded
the loss modulus by almost one order of magnitude: in
an electric field, the elastic component dominated
over the viscous component, confirming the forma-
tion of a strong percolation network of filler particles.
Interestingly, the values of the moduli decreased with
an increase in the proportion of cellulose in the com-
posite particles (data not shown). Thus, the results are
consistent with the rheological data obtained in the
flow mode.

The nature of the electrorheological effect is asso-
ciated with a difference in the electrophysical charac-
teristics (dielectric permittivity and conductivity) of
the filler and the dispersion medium. The dielectric
permittivity and conductivity of polydimethylsiloxane
have been repeatedly determined previously and at a
frequency of 1 Hz are ~2.3 arb. units and ~10–14 S/cm,
respectively [12, 32]. When polydimethylsiloxane is
filled with composite particles, the values of the elec-
trophysical characteristics increase (Table 1).

It can be seen that the values pass through a mini-
mum at a filler composition of 1/1. The high values of
the conductivity and dielectric permittivity at a low
cellulose content are determined mainly by the porous
branched structure of low-density chitosan due to the
fact that the surface conductivity in the polymers sig-
nificantly exceeds the bulk conductivity. An increase
 2021
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Fig. 4. Frequency dependences of the storage modulus (G ')
and loss modulus (G '') of a suspension filled with nanocel-
lulose/chitosan composite particles of the composition
0.1/1 at different electric-field strengths.
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Table 1. Electrophysical characteristics of suspensions at a
frequency of 1 Hz

Filler composition ε, arb. units σ × 1013, S/cm

0.01/1 4.94 11.4
0.1/1 3.83 8.12
1/1 3.02 1.62
2/1 3.25 2.55
5/1 4.03 2.98

Table 2. Relative efficiency of electrorheological f luids
filled with composite polymeric particles of various compo-
sitions

*In the case of suspensions that do not have a yield stress without
an electric field, the relative efficiency was estimated using the
shear-stress value of 0.1 Pa as the τ0 parameter.

Filler composition 0.01/1 0.1/1 1/1* 2/1* 5/1*

E, kV/mm Efrel × 10–2, %

1 3 29 104 120 162
2 9 77 287 310 329
3 18 146 507 534 576
4 28 217 761 724 748
5 37 294 906 845 795
6 49 363 1054 1029 976
7 66 409 1136 1162 1054
in the cellulose content in the filler structure leads to a
decrease in the mass fraction of chitosan and an
increase in the fraction of denser cellulose crystals and
is reflected in the electrophysical characteristics. For
suspensions with fillers of the composition 2/1 and
5/1, the contribution of cellulose exceeds the contri-
bution of chitosan, and an increase in the parameters
is observed. Nevertheless, the dielectric permittivity
and conductivity values of all the suspensions studied
were higher than those of the dispersion medium,
which determines the electrorheological response of
the f luids.

To identify the factors that cause different rheolog-
ical behavior and the electrorheological response of
fluids with fillers of various compositions, the mor-
phology of filler particles was studied. The initial cel-
lulose powder consisted of micron-sized fibrils
(Fig. 5a). However, when a small amount of powder is
dispersed into water, the macrostructure undergoes
degradation to individual nanocrystals with a high
aspect ratio (Fig. 5a, inset). Lyophilization of the filler
with a low cellulose content (compositions 0.01/1 and
0.1/1) leads to the formation of polydisperse, predom-
inantly spherical particles with a high porosity
(Figs. 5b, 5c). Due to the low contrast between cellu-
lose and chitosan, it is impossible to distinguish nano-
crystals in the polymer particle structure in SEM
images. With an increase in the cellulose content, the
morphology of the particles is disturbed; among the
chitosan matrix, large macrofibrils are observed, the
number of which increases with concentration
(Figs. 5d, 5e). Obviously, the higher the cellulose con-
tent in the matrix solution for particle formation, the
worse cellulose is dispersed to individual nanocrystals.
The problem of cellulose homogenization is reflected
in the disturbance of the morphology of filler particles
and, at high concentrations, apparently leads to
destruction of the composite structure in the ERF
composition. For example, in f luids filled with parti-
cles of the composition 1/1, 2/1, and 5/1, several types
of particles are simultaneously present: shapeless
porous chitosan fragments, macrofibrils, and cellulose
nanocrystals. This, in turn, leads to a decrease in the
yield stress as well as storage and loss moduli of ERF
in an electric field and explains the change in the
mechanism of the electrorheological effect in high-
power electric fields (Fig. 2).

The peculiarities of the structure of composite fill-
ers, depending on the cellulose content, are reflected
in the sedimentation stability of ERFs. Figure 6 shows
the dependence of the sedimentation ratio over time.
Fluids containing composite fillers of the composi-
tions 0.01/1 and 0.1/1 retain high sedimentation sta-
bility similarly to non-composite porous particles [24].
The sedimentation ratio exceeded 95% after approxi-
mately 100 h of observation. Such stability is associ-
ated with the formation of an extended colloidal struc-
ture from porous filler particles due to the penetration
of dispersion-medium molecules into the pores in the
NANOB
particles. The worst sedimentation stability was exhib-
ited by suspensions with a filler of the composi-
tion 5/1: the sedimentation ratio drastically decreased
in the first 2 h of observation and reached a constant
value of ~18% in just 4 h. Fluids filled with composite
particles of the composition 1/1 and 2/1 occupy an
IOTECHNOLOGY REPORTS  Vol. 16  No. 6  2021
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Fig. 5. SEM images of the initial cellulose particles (a), nanocellulose/chitosan porous composite particles of the composition
0.1/1 at various magnifications (b, c), as well as particles of the composition 2/1 (d) and 5/1 (e). The inset (a) shows a TEM image
of 0.1-wt % suspension of nanocellulose in water.
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intermediate position in terms of stability: the ratio
reached a constant value within 8–10 h and was ~30%.
Apparently, f luids with a high cellulose content in the
filler are less stable due to destruction of the porous
structure of chitosan and the presence of large parti-
cles (cellulose macrofibrils).

The relative efficiency of ERF reflects the contrast
of changes in the rheological behavior and can be cal-
culated by the formula [33]:

= τ − τ τ ×rel 0 0(( )/ ) 100%,EEf
NANOBIOTECHNOLOGY REPORTS  Vol. 16  No. 6 

Fig. 6. Sedimentation stability of suspensions filled with
particles of various compositions.
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where Efrel is the relative efficiency, τE is the value of
the yield stress of the suspension in an electric field,
and τ0 is the value of the yield stress without an electric
field. The values of the relative efficiency of f luids
filled with composite particles of various compositions
are shown in Table 2.

The relative efficiency of f luids increases with an
increase in the electric-field strength and cellulose
content in the filler and reaches approximately 105%.
Thus, despite the lower sedimentation stability and
reduced yield stress of suspensions in an electric field,
the relative efficiency of suspensions with a high cellu-
lose content in the composite (1/1, 2/1, and 5/1) is
extremely high.

CONCLUSIONS
The efficiency of composite polymer fillers with a

high porosity for ERFs is shown. The important
parameters that determine the magnitude of the elec-
trorheological response of the studied suspensions and
their sedimentation stability are the quality and homo-
geneity of the distribution of cellulose particles in the
composite filler. The principal possibility to change
the properties of ERF by varying the composition of
the filler in order to create smart materials with desired
properties is shown. Understanding the relationship
between the functional characteristics of f luids and
the structural organization of the filler allows an
expanded notion of the nature of the electrorheo-
logical effect and to purposefully change the prop-
erties of the material.
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