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This paper presents modal characteristics of a flexible smart plate filled with an electrorheological
fluid. First, an oscillatory test is undertaken to extract the electric field-dependent complex shear modulus
of the employed starch/silicone oil-based electrorheological fluid. A dynamic model of the smart plate
associated with the measured modulus is then developed by adopting a finite element approach to predict
field-dependent modal characteristics. Following the construction of a four-partitioned smart plate, an
extensive modal test is empirically conducted to identify natural frequencies and mode shapes with respect
to both the intensity and the area of the applied field to the fluid domains. Consequently, the measured
natural frequencies and mode shapes are compared with the predicted ones to validate the proposed
dynamic model. In addition, the control effectiveness for different field-energizing areas under the forced
vibration is evaluated in the time domain.

Nomenclature
a = length of one finite element in x direction
b = length of one finite element in y direction
El = Young's modulus of the aluminum
E3 = Young's modulus of the composite laminate
G* = complex shear modulus of the electrorheological fluid
hi = thickness of the aluminum
/i2 = thickness of the electrorheological fluid
h3 = thickness of the composite laminate
T = kinetic energy of the smart plate
Te = kinetic energy for one finite element
U = strain energy of the smart plate
Ub = bending strain energy of the aluminum and the

composite laminate
Ue = axial strain energy of the aluminum and the composite

laminate
Us = shear strain energy of the electrorheological fluid
«! = in-plane displacement of the middle plane in the

aluminum in x direction
w3 = in-plane displacement of the middle plane in the

composite laminate in x direction
V - applied electric field to the electrorheological fluid

domain
Ve — strain energy for one finite element
Vi = in-plane displacement of the middle plane in the

aluminum in y direction
v3 = in-plane displacement of the middle plane in the

composite laminate in y direction
w - transverse displacement
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j82 = shear loss factor of the electrorheological fluid
v = Poisson's ratio of the aluminum and the composite

laminate
P! = density of the aluminum
p2 = density of the electrorheological fluid
p3 = density of the composite laminate
CD = excitation frequency

Introduction

IN the area of aeronautics and astronautics, flexible struc-
tures have been extensively employed to satisfy various re-

quirements for large scale, light weight, and high speed. How-
ever, these flexible structures are readily susceptible to the
internal/external disturbances. Thus, vibration control schemes
should be exerted by either an active or passive manner for
higher accuracy, performance, and stability. As a typical pas-
sive methodology to deal with vibration suppression of flexible
distributed-parameter structures, sandwich structures1 with vis-
coelastic core materials and composite structures2 with stack-
ing process of laminae have been widely utilized. As a new
methodology for active vibration control, smart structures3

with their inherent adaptive capabilities to variable environ-
ments have made great progress in vibration control of flexible
structural systems. Typically incorporated with aluminum,
steel, and composite materials, smart structures have exploited
piezoelectric sensing and actuating technologies, shape mem-
ory alloy actuators, electrorheological (ER) fluid actuators, and
optical fiber sensing technology. As one of the principal in-
gredients, actuators are employed to dramatically tune the
global or local mechanical properties and shapes of structural
systems. Especially when it comes to the field of aerospace,
embedded or surface-bonded actuators on an airplane wing or
helicopter blade will induce alteration of twist/camber of air-
foil, which in turn causes variation of lift distribution, and thus
can help to control static and dynamic aeroelastic problems
under stringent environments.4'5

In this paper, an ER fluid-embedded smart structure is pro-
posed. The ER fluid itself exhibits a dramatic and reversible
phase change in the presence of electric fields.6 As well known,
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embedded in voids of distributed-parameter structures, the ER
fluid enables stiffness and damping properties of the structures
to be instantly tuned by applying electric fields to the ER fluid
domain. Because of the specific characteristics, numerous
works have been accomplished in view of vibration control of
distributed-parameter structures. Choi et al.7 carried out ex-
perimental investigations on field-dependent modal character-
istics of ER fluid-based cantilevered beams. The field-depen-
dent natural frequencies, loss factor, and complex elastic
modulus were evaluated at different volume fractions and par-
ticle concentrations of ER fluids, along with the deflection
suppression through avoidance of the structural resonance by
tailoring electric fields to ER fluid domains. Wereley8 in-
vestigated the stiffness and damping characteristics of an ER
fluid-filled rotor beam to demonstrate the feasibility of using
ER fluids in vibration control of a flexible rotor blade system.
Choi et al.9 experimentally implemented an active control
scheme for an ER fluid-based beam via measured field-depen-
dent transfer function. As evident from the aforementioned
works, most activities have been phenomenologically per-
formed for cantilevered beams. Researches on the dynamic
model and vibration control of ER fluid-based plate structures
are considerably rare. Moreover, of the researches published,
none deals with the tuning of mode shapes in a two-dimen-
sional plate filled with ER fluids.

Consequently, the main objective of this study is to develop
a dynamic model for predicting modal characteristics, and to
implement shape control of an ER fluid-based smart plate.
Firstly, a chemically treated starch/silicone oil-based ER fluid
to be contained in the smart plate is composed and a rotary
oscillation test is undertaken to extract the field-dependent
complex shear modulus of the ER fluid itself as a function of
excitation frequencies and applied fields. A dynamic model
associated with the measured modulus is then formulated and
solved through a finite element method. Following the con-
struction of a four-partitioned smart plate, field-dependent mo-
dal properties such as natural frequencies are evaluated with
respect to both the intensity and the area of the applied fields.
This study's aim is to show how the field-dependent properties
of the ER fluid itself can be employed to obtain controllable
modal behaviors of two-dimensional structures in a globally
or locally continuous fashion.

Dynamic Modeling
Viscoelasticity of ER Fluids

The ER fluid focused in this study consists of conducting
particles and dispersing-insulating media, along with additives.
The specific phenomenological effect of the ER fluid is char-
acterized by its fast and reversible rheological properties in the
presence of the electric field. Since Winslow's discovery of the
ER effect,6 numerous works have been accomplished to ex-
plain the effect through various experiments, theories, and as-
sumptions. Based on these investigations on the ER effect, the
constitutive behaviors of the ER fluid are typically expressed
as a function of the field-dependent yield shear stress against
shear strain and shear rate. Depending on the magnitude of the
shear strain, the constitutive behavior of the ER fluid in shear
can be largely divided into preyield and postyield regions.
When the ER fluid is contained in the structural system under
continuous and periodic small deformations, it remains in a
preyield state of viscoelasticity, which can be controlled within
a certain range by the applied electric field.10 To infer the dy-
namic properties of the ER fluid itself in the distributed-pa-
rameter structural systems under vibration, a dynamic test to
subject the ER fluid to an oscillatory shear strain is required
to determine viscoelastic properties with complex shear mod-
ulus. Of the complex shear modulus, the storage shear modulus
expresses the force among conducting particles, which is re-
lated to the stiffness characteristics of the ER fluid-embedded

a l.OkV/mm
• 0.8 kV/mm
A 0.6 kV/mm
A 0.4kV/mm
O 0.2 kV/mm
• 0.0 kV/mm

30 i~"60 "^90" 120 150
Frequency (rad/sec)

0.5

l.OkV/mm
0.8kV/mm
0.6kV/mm
0.4 kV/mm
0.2 kV/mm
O.OkV/mm

b)
60 90 120

Frequency (rad/sec)
15

Fig. 1 Field-dependent complex shear modulus of the employed
ER fluid: a) shear storage modulus and b) shear loss factor.

structure. The loss factor, namely, the ratio of energy lost and
energy stored in a cycle of shear deformation, is associated
with the damping characteristics of the ER fluid-based struc-
tural system.

In this study, a rotary oscillation test to extract the field-
dependent rheological measurement was performed with the
dynamic spectrometer. A chemically treated starch/silicone
oil-based ER fluid is composed. The size of the starch parti-
cles ranges from 10 to 100 jjim. The concentration of the par-
ticles is 55% by weight, and the viscosity of the silicone oil
is 50 cS. The conductivity of the particles is 3.2-5.4 X
10~10 fT1 cm"1. The employed ER fluid is easily available,
nontoxic, and eminent for field-dependent mechanical prop-
erties.7 The ER fluid was placed in circular parallel plate fix-
tures with the diameter of 50 mm, where the gap between the
fixtures is 1 mm. The experiment was undertaken via a con-
stant sinusoidal strain method with a strain of 0.8% under a
room temperature of 25°C. By sweeping oscillatory exciting
frequencies of the fixtures, complex shear modulus was mea-
sured under the constant electric field from 0.0 kV/mm to 1.0
kV/mm at each 0.2 kV/mm increment. Figure 1 presents the
measured complex shear modulus of the employed ER fluid.
It is clearly shown that both the storage shear modulus and
loss factor of the employed ER fluid vary with respect to the
electric field (V) as well as the excitation frequency (co). Sim-
ilar to other ER fluids over the investigated frequency range,
the storage shear modulus and shear loss factor increase with
respect to the imposed field. This measured complex shear
modulus is employed to formulate a dynamic model for pre-
dicting field-dependent modal characteristics of the ER fluid-
filled plate structure.

Finite Element Formulation
A sandwich plate (Fig. 2), in which the ER fluid is contained

between two elastic face layers of aluminum and composite
laminate, is examined. The controllable modulus of the ER
fluid can be used to tune structural behaviors of the sandwich
plate in a continuous fashion, which is the primary motivation
of this study. Like the previous approaches by Mead,11 the
following assumptions are also adopted to formulate a dynamic
model of the smart plate.
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Fig. 2 Schematic diagram of the ER fluid-based smart plate: a)
configuration and b) photograph.

1) The face layers suffer no transverse shear deformation.
2) The core material carries transverse shear, but no in-plane

stresses.
3) The core material is linearly viscoelastic.
4) Because of perfect bonding, no slip occurs at the inter-

faces of the three layers.
5) Because of thin face layers and flexural vibration, in-

plane inertia effects are ignored.
According to these fundamental assumptions, we can obtain

strain and kinetic energies for the ER fluid-based plate. Strain
energy of the smart plate is written as the sum of axial strain
energy, bending strain energy of the face layers (the aluminum
and composite laminate), and shear-strain energy of the core
material (ER fluid)12 as follows:

U = Ue + Ub + U,
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where dt = (hi + h3)/2 + h2. The kinetic energy of the plate
is given by

T=- dxdy (2)

Herein, mt = p{hi + p3h3 + p2/?2, which implies mass per unit
area of the smart plate. Following the derivation of the strain

and kinetic energies, the transverse displacement of the plate
is to be described by shape functions and nodal displacements
to formulate finite elements.

In this paper, a rectangular bending element with second-
order twist derivatives is employed in which each corner node
has four degrees of freedom. Define the nodal vector [q] of
the rectangular finite element as

dw dw d2w
—————9 —————9dXi dv, I = 1, . . . . 4 (3)

The transverse displacement is assumed to be expressed as a
16-term polynomial displacement function, where the con-
stants are determined by evaluating the 16-nodal values. The
transverse displacement can be explicitly rewritten in terms of
bicubic Hermitian shape functions N(g, 77) with nondimen-
sional centroidal coordinates £ and 77°:

r) = (4)

Herein
4 4 p

2 N(& T?)< = E G•=i «=i L

In the preceding equation

(-fif3 + 3fif + 2)/4,

(5)

+ fig2 - £ -

(-i?,y + 377,77 H- 2)/4

= (T73 + rim2 - 77 - 77,)/4

On the other hand, because of strain compatibility on the in-
terfaces among the three layers, the relationship between in-
plane displacement and transverse displacement is given by

d2w,

dy2 ElE3hlh2h3

EiE3hih2h3

7, co)

, a))dt dw
h\h2 dx

, a))df dw
z dy

(6)

With the aid of Eqs. (4) and (6), and Eqs. (1) and (2), the
strain and kinetic energies for one rectangular finite element
structure can be rewritten, respectively, in terms of the nodal
displacement {#} as follows:

V. = T. = [q}T[m]{q}/2 (7)

where the stiffness matrices [ArJ, [k2], and [Ar3] from the bend-
ing, axial, and shear strain energies, respectively, and the mass
matrix [m] are symmetric with size of 16 X 16. It is well noted
that the stiffness matrices [£2] and [£3], associated with the
complex shear modulus of the ER fluid in Fig. 1 , are a function
of the applied electric fields as well as excitation frequencies.
By introducing Lagrange's equation and incorporating a struc-
tural damping effect of the core material (the ER fluid) of /32,
the governing equation for one finite element can be expressed
by

= {0}

(8)
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The system equation for the total structure can be chained
by assembling all governing equations for each element. In
addition, because of the frequency dependence of the stiffness
matrices [k2] and [/%], it is reasonable to consider the forced
vibration in the frequency domain rather than in the time do-
main, which has a nonzero force vector on the right-hand side
of Eq. (8) given as

([AT,] + [K2]
(9)

Substituting an excitation force vector ({/} = {F}e'Mt) and a
structural response ({Q} = {Q}eia>t) into Eq. (9) and factoring-
out time-dependent parts, a frequency response equation can
be determined as

[K2] + [K3]

(10)

Letting the^th components of [F] be excitation terms, a fre-
quency response H{j at the ith position of the structure can be
found by

Hu = (11)

Experimental Setup and Procedures
Figure 2a illustrates a schematic configuration of the pro-

posed ER fluid-based smart plate, which consists of a rubber
spacer, an ER fluid, and two elastic face layers of aluminum

and glass/epoxy composite laminate. The upper aluminum
layer provides rigidity as a host material and also serves as an
electrode of common electric field, and the silicone rubber
spacer acts as a seal to hold the integrity of the structure, as
well as an electrical insulator. The rubber spacer is perfectly
bonded to the face layers with a silicone room temperature
vulcanite adhesive. On the other hand, the composite laminate
layer is coated with very thin aluminum foils (0.018 mm) par-
titioned into four parts, which independently provide different
positive electric fields to the ER fluid domain. The parts of the
separated foils are numbered counterclockwise as A1, A2, A3,
and A4. Into the void between the two face layers, the chem-
ically treated starch/silicone oil-based ER fluid is inserted. The
volume fraction of the ER fluid to the total structure is 75%.
Table 1 presents dimensions and material properties of the pro-
posed smart plate components. Herein, the concentration of the
ER fluid implies the weight ratio of the particle (starch) to the
ER fluid. The volume fraction of the ER fluid to the total
specimen is controlled by adjusting the width and thickness of
the rubber spacer between the aluminum and the composite
laminate. In fact, the composition of the ER fluid and the vol-
ume fraction are very important parameters in determining
field-dependent elastodynamic properties of ER fluid-based
structures.

Figure 3 shows an overall view for the experimental appa-
ratus employed to investigate field-dependent modal charac-
teristics of the ER fluid-based plate. The smart plate is
mounted to a fixture on clamped-clamped boundary conditions
along two opposite sides. The rigid fixture is bolted on the
shaker. Both the fixture and the shaker are insulated from the
applied electric fields. A proximitor is located on the fixture to

Table 1 Dimensions and mechanical properties
of the ER fluid-based plate

Specification

Young's modulus, GPa
Poisson's ratio
Density, kg/m3

Thickness, mm
Width, mm
Length, mm
Base oil
Particle
Volume fraction, %
Particle concentration, %

Aluminum

6.2
0.3

2652
0.25
400
400

——

Composite
laminate

32
0.3
1850
0.5
400
400

——

ER fluid
——

1145
3.60
390
390

Silicone oil
Starch

75
55

i Power amplifier f"**-

Fig. 3 Overall experimental setup.

Table 2 Field-dependent modal parameters at different field energizing areas

Field area
None
Al only

Al, A2

Al, A3

Al, A4

Al, A3, A4

Area all

Input field,
kV/mm

0.0
0.6
0.8
1.0
0.6
0.8
1.0
0.6
0.8
1.0
0.6
0.8
1.0
0.6
0.8
1.0
0.6
0.8
1.0

(1, 1)
11.12
11.39
11.42
11.54
11.50
11.60
11.63
11.51
11.58
11.65
11.59
11.62
11.68
11.67
11.70
11.71
11.70
11.73
11.82

Experiment

(1,2)
12.55
14.48
18.01
19.16
13.87
17.96
19.23
13.39
14.13
14.20
13.44
14.50
14.96
14.01
17.33
21.41
13.47
13.69
19.07

(Hz) mode

(2, 1)
37.67
42.58
43.58
43.94
43.73
44.48
45.74
44.74
46.81
47.29
47.37
47.46
48.42
46.02
46.08
47.14
40.75
42.53
44.61

(2,2)

48.67
56.33
59.33
65.41
60.22
60.55
61.43
57.12
62.59
65.70
59.19
61.83
69.95
61.09
62.05
67.20
53.82
60.56
75.71

(1, 1)
11.00
11.06
11.18
11.24
11.36
11.55
11.61
11.29
11.41
11.55
11.21
11.38
11.54
11.32
11.45
11.62
11.21
11.68
11.75

Prediction

0, 2)
14.01
15.98
16.76
17.85
16.68
17.22
18.98
15.98
17.42
18.76
16.65
17.88
18.52
16.86
18.02
19.09
17.28
18.42
19.66

(Hz) mode

(2, 1)
37.99
40.68
42.21
44.45
41.55
42.98
44.42
41.24
43.88
44.55
41.12
43.30
45.00
41.65
43.10
44.90
41.87
43.02
44.93

(2,2)
49.00
54.86
57.45
59.60
55.21
57.68
60.11
55.65
58.88
60.02
55.11
58.02
60.21
55.02
57.68
60.11
56.20
58.24
60.45
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Fig. 4 Predicted mode shapes at different iseld energizing areas. Mode a) (1, 1); b) (1, 2); c) (2,1); and d) (2, 2).
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Fig. 5 Measured mode shapes at different ield energizing areas. Mode a) (1, 1); b) (1? 2); c> (2,1); and d) (2, 2).
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measure the input signal and another probe is set over the plate
to pick up vibration responses. The shaker is excited with ran-
dom signals from the dynamic signal analyzer through the
power amplifier. Both the input and output signals from the
two proximitors are used to obtain frequency responses (trans-
fer functions) at an interested position over the focused fre-
quency span of 0-100 Hz, which contains the first four modes
of the smart plate. With the aid of system software installed
on a microcomputer, the measured transfer functions at each
node point (total 49 node points, refer to Fig. 2b) are used to
infer mode shapes and natural frequencies. To determine nat-
ural modes in heavy modal coupling, a coherence method is
employed. High-voltage supplies independently furnish the
smart plate with high electric fields in a continuous/discrete
fashion. Considering both the effect of deflection suppressions
and the measuring range of the proximitors, the random ex-
citation magnitude is appropriately limited to an rms of 2.30
m/s2. Field-dependent transfer functions are measured by increas-
ing electric fields from 0.0 to 1.0 kV/mm at each 0.2-kV/mm
increment. On the basis of the fact that the employed ER fluid
easily changes into a solid phase at a low electric field because
of the high particle concentration of 55%, 1.0 kV/mm is ap-
propriately chosen as a maximum electric field.

Results and Discussions
Consider a square ER fluid-based plate, of which two op-

posite sides are clamped-clamped and the others are free. The
size of the plate is 400 mm by 400 mm with a total thickness
of 4.35 mm. Thirty-six rectangular elements of a 6 X 6 array
with 49 nodes are employed to form a mesh (refer to Fig. 2b).
Each node with four degrees of freedom is numbered consec-
utively along the x axis, which leads to 196 degrees of free-
dom. For the analytical case, the position of harmonic force
excitation and structure response is the center of the plate.
With the aid of transfer functions obtained from the experiment
and from the dynamic finite element model, natural frequen-
cies and mode shapes can be inferred. In this study, the first
four natural modes dominant in flexural vibrations of the pro-
posed smart plate are considered. Table 2 represents the first
four predicted and measured natural frequencies with respect
to both the intensity and the area of applied electric fields. It
is well noted that various modal frequencies can be accom-
plished as a function of the energizing area as well as the
intensity of the imposed electric field. As the field intensity
and the applied area become larger, the modal frequencies in-
crease. For instance, note from the measured data that the fouth
natural frequency of 48.67 Hz without electric field increases
to 75.71 Hz by applying the electric field of 1.0 kV/mm to all
of the areas. There is a good agreement between measured and
predicted results. The minor discrepancy comes mainly from
neglecting the fixture, the silicone rubbber spacer, and the thin
aluminum foils in formulating the dynamic model.

Similar to the case of the modal frequencies, we obtain var-
ious mode shapes as a function of the energizing area as well
as the intensity of the imposed field. In this paper, under the
employed maximum field of 1.0 kV/mm, mode shapes tuned
by different field-energizing areas are exhibited. Figures 4 and
5 denote predicted and measured mode shapes by globally and
locally applying the field of 1.0 kV/mm. The shaded zones
illustrate the areas subjected to the electric field. Amplitude of
mode shape is normalized with respect to amplitude of mode
(1, 1). As expected, the suppression of mode shapes becomes
larger with increment of the energizing areas. Under the same
electric field of 1.0 kV/mm, various mode shapes are obtained
by only changing the energizing areas. The difference between
the predicted and measured mode shapes arises from the fact
that single-point excitation with sine sweeping is employed in
the dynamic model, whereas two fixed-edges excitation with
random signal is adopted in the experiment. Because complex
shear modulus of the ER fluid can be measured through a sine
sweeping method, the sine sweeping excitation method is

o.o

Fig. 6 Measured deflection suppression under the forced vibra-
tion at different field energizing areas.

adopted in obtaining the predicted mode shapes. As evident
from the results, a desired mode shape can be accomplished
by combination of the intensity and the energizing area of the
applied electric field. This is the most eminent modal charac-
teristic of the proposed smart plate. Figure 6 presents the mea-
sured responses at the center of node 25 in the time domain
under mode (1, 1) excitation of 11.12 Hz. Under the field of
1.0 kV/mm, various responses for the suppression of the point
deflection are obtained with respect to the energizing areas.
Because of the increment of stiffness and damping properties,
vibration alleviation becomes higher as the energizing areas
increase.

The results presented in this study indicate that by applying
electric fields with an appropriate control scheme, mode shapes
and vibrational behaviors of flexible structural systems can be
arbitrarily tuned. These capabilities will be very important in
applications of various aerospace structures such as aircraft
wing and rotor blades subjected to either global or local dis-
turbances and parameter variations.

Conclusions
A dynamic model of an ER fluid-based smart plate was pro-

posed to predict modal characteristics such as natural fre-
quency and mode shape. To demonstrate the effectiveness of
the smart plate and dynamic model, globally and locally con-
trolled mode shapes and natural frequencies were investigated
through both simulation and experiment. The predicted and
experimental results provide the feasibility of controlling the
vibration characteristics of flexible structural systems via an
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ER fluid actuator. As a second phase of this study, an appro-
priate control scheme for controlling the mode shapes is to be
developed in a closed-loop feedback manner.
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aircraft development efforts, the VJ 101 and the VAK 191 programs.
The VJ loiC and the VAK 1918 design approaches are described,
and the results of their flight test efforts are summarized.
Designers specializing in V/STOL aircraft design and flight testing
will find the lessons of this case study relevant to future ASTOVL
fighter and attack aircraft developments.
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