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MR � uids have captured the attention of researchers only recently.
MR � uids have an order of magnitude higher dynamic yield stress
as compared to ER � uids and a broader operational temperature
range.9 This paper focuses primarily on a mechanisms-based ap-
proach for modeling ER � uid damper behavior. But ER and MR
� uids exhibit qualitatively similar rheological characteristics,10 so
that the model can be applied to MR � uid dampers as well. The
model uses linear mechanisms in conjunctionwith nonlinear shape
functions to model the various nonlinear effects, such as transition
at yield and coulomb friction effects at low amplitudes. This paper
also describes the experiments that were conducted to support and
validate the mechanisms-basedER damper model. The results show
that the model captures the nonlinear effects quite accurately and,
thus, would provide a valuable tool in the design and performance
prediction of systems incorporatingcontrollable � uids.

ER � uids behave like simple viscous � uids in the absence of an
electric � eld, and their behaviorcan be described by the Newtonian
shear model. When an electric � eld is applied, the � uid exhibits a
yield phenomenonwherein the material does not � ow until the crit-
ical yield stress value is exceeded.This yield stress value nominally
increases as a quadratic function of the applied electric � eld. An
idealized model to describe this yield phenomenon is the Bingham
plastic model. This model is a good approximationfor the postyield
behavior,and can be used as a startingpoint for damperdesign.11¡13

The Bingham plastic model can be used for quasisteady loading11

and dynamic loading.12 But under dynamic loading conditions, the
preyield behavior, which is ignored in the Bingham plastic model,
also plays an important role in determining the overall dynamic
characteristics of the damper. Frequency and amplitude of excita-
tion must also be considered under conditions of dynamic loading,
which are not accounted for in the Bingham plastic model.

Variousmodelshavebeenproposedto describethedynamicprop-
ertiesof ER � uids and ER � uid dampers.Gamota et al.14 proposeda
model based on the Fourier analysis of ER � uid stress response to a
sinusoidal shear deformationof amplitude0:5 and frequency10 Hz
as the material was subjected to increasing electric � eld strengths.
The experimental studies on which this model was based provided
valuable insight into the dynamic behavior of these materials.15;16

The authorsproposeda nonlinearviscoelastic–plasticmodel, which
described the preyield and the postyield characteristics of an ER
� uid using a nonlinear network of linear viscoelastic and viscous
elements.17;18 The models of Refs. 14–18 are strictly for describing
ER material behavior. These models depend only on the material
properties.

There are also models that describecontrollable � uid damper be-
havior. Apart from the � uid properties, the modeling of a damper
involvesgeometry-dependentpropertiessuchas the damper size and
other builtup damper effects due to rod seals and bearings.Stanway
et al.19 proposedusing a coulomb element in parallelwith a dashpot
element. The element parameters were estimated using a nonlinear
� lteringalgorithm.Ehrgott andMasri20 conductedexperimentswith
a dynamic testing device incorporatingan ER � uid. The device re-
sponse was simulated using a nonparametric identi� cation method
based on Chebyshev polynomials. Lou et al.21 used the Bingham
plastic model with factors to account for the frequency effects and
conducteda parametric study to evaluate the performanceof differ-
ent con� gurations. Spencer et al.22 proposed the Bouc–Wen model
to describe MR damper behavior. The current authors extended the
nonlinear viscoelastic–plastic � uid model to describe the behavior
of a mixed mode type of damper.23;24 The frequency response of a
mass-spring-ERdampersystemwas shownto beveryclose to thatof
a proportional coulomb and viscously damped system.24 Makris et
al.25 developeda phenomenologicalelastic–plasticmodel to account
for the preyield and postyield behavior and used it in conjunction
with a neural network to predict the nonlinear behavior.

This paper presents a combined experimental and theoretical
study of an ER � uid damper. A mixed mode, moving electrode
ER damper was built and tested for different � eld strengths and
excitation amplitudes.An augmented six-parametermodel is intro-
duced that simulates both the force–displacement and the force–

velocity hysteresis cycles, which represents an extension to the
four-parameterviscoelastic–plastic ER � ow model from Ref. 18 for

predictingdamperbehavior.The model uses linearmechanisms,and
the nonlinearities are captured using smooth nonlinear shape func-
tions. This makes the model more amenable to numerical imple-
mentation than directly using nonlinear mechanisms such as those
with slope discontinuities.The linear mechanisms are based on the
observedphenomenologyof the dampers and containonly a few pa-
rameters that can be easily estimated.The augmentedsix-parameter
model accuratelycaptures the nonlinearcoulomb effects and the ef-
fects of � uid inertia that were not entirely accounted for by the
four-parameter viscoelastic–plastic model used in Refs. 23 and 24.

II. ER Damper Experiments
A mixed mode moving electrode ER damper was designed and

built for this study. In this damper con� guration, one electrode
moves relative to the other. The resisting force of the damper is
then a sum of the viscous drag due to the relative motion between
the electrodes and the pressure drag force created as a reaction to
the ER � uid being forced through the electrode gap. A sketch of the
ER damper is shown in Fig. 1. The outer shell and the piston head
are made of aluminum, so that they also serve as the two electrodes.
In the damper used for this study, the electrode gap was chosen to
be 0:1 in. The damper has a nominal stroke of 2 in. peak-to-peak.
The other dimensions shown in Fig. 1 were then determined us-
ing the quasisteady Bingham plastic model equations for a moving
electrode damper.11 The ER � uid used was the VersaFlo ER-100
manufacturedby Lord Corporation. O-ring seals were used to con-
tain the � uid inside the damper, and linear bearings were used to
align the inner electrodewith the outer shell. A steel frame was built

Fig. 1 Sketch of the mixed mode moving electrode ER � uid damper.

Fig. 2 Experimental setup for dynamic testing of ER � uid dampers.
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a) F vs X plots for 0.5-mm amplitude c) F vs X plots for 1.0-mm amplitude e) F vs X plots for 3.0-mm amplitude

b) F vs V plots for 0.5-mm amplitude d) F vs V plots for 1.0-mm amplitude f) F vs V plots for 3.0-mm amplitude

Fig. 3 Sample set of experimental hysteresis data for different displacement amplitudes and � eld strengths.

to support the outer shell, and the shaftwith the piston was free to be
connectedto the shaker.The experimentalsetup for the dynamic test
measurements is shown in Fig. 2. A Brüel Kjær 4801T shaker was
used to excite the shaft,which is connectedto the piston.The shaker
had a maximum force output of 85 lb with a displacement range of
0:5 in. peak-to-peak. A Sensotec load cell with 100-lb range was
mounted between the shaft and the shaker to measure the force input
to the damper. A Schaevitz linear variable differential transformer
(LVDT) measured the shaft displacement. The time history signals
from the load cell and the LVDT were recorded using a Hewlett
Packard 35665A spectrum analyzer. A sinusoidal signal with a fre-
quency of 10 Hz was used to drive the shaker. The force levels and,
hence, the displacement levels were changed by varying the gain
on the shaker ampli� er. The measurements were made for various
displacement amplitudes, and each of these measurements was re-
peated for varying electric � eld strengths. The readings from the
load cell were plotted against the LVDT measurements to generate
the force vs displacement hysteresis cycles. The periodic displace-
ment data measured by the LVDT were � rst � ltered to remove the
high-frequencynoise componentsusing a simple Fourier decompo-
sition.The velocitytime historiesof thedamperwere thencalculated
from the respective displacement data using a fourth-order central
difference scheme.

III. Experimental Results
A representative set of experimental hysteresis data is plotted in

Fig. 3. The plot shows the force vs displacement (F vs X ) and the
force vs velocity (F vs V ) hysteresis cycles for the two extreme
values of electric � eld, 0 and 3 kV/mm, and for three displacement
amplitudes, 0:5, 1:0, and 3:0 mm.

A. Effect of Electric Field
It can be seen from Figs. 3a, 3c, and 3e that, as the applied electric

� eld is increased, the amount of damping that is representedby the
area enclosed by the force vs displacement hysteresis cycle also
increases. The Bingham plastic-like behavior of ER materials can
be seen in the force vs velocity hysteresis cycles (Figs. 3b, 3d, and
3f). If a line is drawn approximately through the center of the F vs
V cycles, a curve is obtained that is at best reminiscent of the force
vs velocity(or shear stressvs strain rate) curves for Bingham plastic
materials (Fig. 4). It can also be seen that the idealized yield force
increases from approximately 20 N for no applied � eld (Fig. 4a) to
about 50 N for an electric � eld of 3 kV/mm (Fig. 4b).

a) E = 0 kV/mm

b) E = 3 kV/mm

Fig. 4 Comparison of force vs velocity hysteresis cycles with the ide-
alized Bingham plastic model for a displacement amplitude of 1:0 mm
for applied electric � elds.

B. Effect of Displacement Amplitude
The three amplitudes for which the hysteresis plots are shown

in Fig. 3 were chosen to nominally represent the three rheologi-
cal domains: the preyield, yield, and postyield regions of the ER
� uid behavior. The displacement and velocity time histories for the
three displacementsand an electric � eld of 3:0 kV/mm are shown in
Fig. 5. The coulomb friction-like behavior is more pronounced for
low amplitudes, and as the amplitude is increased, the displacement
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a) 0.5-mm amplitude

b) 1.0-mm amplitude

c) 3.0-mm amplitude

Fig. 5 Displacement and velocity time histories for E = 3:0 kV/mm and
different displacement amplitudes.

time histories show a more sinusoidalbehavior. The nature of these
time histories is similar to those obtained by Stanway et al.19 The
differences in behavior through these three domains are manifested
in a more obvious way in the F vs V hysteresis cycles and in a
subtle way in the F vs X hysteresis cycles, shown in Fig. 3. For
an amplitude of 0:5 mm (Fig. 3b), which is the preyield phase, the
F vs V hysteresis cycles form a single loop traversing in an anti-
clockwise direction (the directions discussed are not obvious from
the hysteresisplots and were determined from the raw experimental
data), which is indicative of a viscoelastic nature. As the amplitude
is increased to 1:0 mm (Fig. 3d), two additional loops appear at the
extremities in which the direction is clockwise.This is indicativeof
a viscousnaturewith � uid inertia effects. Thus, this curve shows the
transition at yield from a viscoelastic behavior to a viscous behav-
ior. As the amplitude is increased further (Fig. 3f), the inner loop
shrinks for E D 3 kV/mm and totally disappears for E D 0 kV/mm.
This shows that the � uid as fully yielded, and its viscous nature
dominates the damper behavior. The elliptical nature of the F vs X
hysteresis cycles (Fig. 3e) also suggests this viscous behavior, and
the slightnegativeinclinationof the ellipsesdemonstratestheeffects
of � uid inertia.

C. Energy Dissipation and Equivalent Damping
The energy dissipated by a damper over one vibration cycle is a

measure of its damping capacity. This is given by the area enclosed
within the F vs X hysteresis cycle, which is given by the integral

U D F dx D
2¼=Ä

0

Fv dt (1)

Fig. 6 Variation of dissipated energy with electric � eld for different
displacement amplitudes.

Fig. 7 Variation of equivalent damping coef� cient Ceqv with electric
� eld for different displacement amplitudes with the Newtonian model
as the baseline value.

where Ä is the excitation frequency and v is the damper shaft ve-
locity. Using the experimental data and integratingnumerically, the
dissipated energies were calculated for different � eld strengths and
displacement amplitudes. To measure the ef� ciency of a control-
lable � uid damper, it is important to know the amount of damping
achieved for a unit volume of active � uid. In an ER � uid damper
con� guration such as the one used in this study, the active � uid
volume is the volume of � uid contained in the annular region be-
tween the two electrodes.Thus, for comparisonpurposes, it is more
meaningful to calculate the dissipated energy per unit active � uid
volume. These values were calculatedand are plotted in Fig. 6. The
dissipated energy appears to increase as a quadratic function of the
electric � eld.

To compare the damping performance of a controllable � uid
damper with that of a conventional viscous dashpot damper, an
equivalentdamping coef� cient can be determined for the former by
equating the energies dissipated in the two cases. Thus,

Ceqv D
U

¼ÄX2
0

(2)

where U is the dissipated energy as given by Eq. (1) and X0 is the
displacement amplitude. The equivalent damping coef� cients for
different sets of data are plotted in Fig. 7. It can be seen that for
low amplitudes, where the � uid is in the preyield phase, the value
of Ceqv rises more rapidly with increase in electric � eld than for
high amplitudes, where the � uid is in the postyield phase. Thus, to
exploit the adaptivity of the controllable � uid damper, the dampers
have to be operated close to the yield point. For high amplitudes,
the Ceqv curve tends to � atten to a horizontal line (zero adaptivity)
with the Ceqv value equal to that of the zero � eld case, which is
the Newtonian behavior. The dotted line represents the Ceqv value
calculated for the zero-� eld case using a simple Newtonian model,
as explained in Ref. 11.

IV. Augmented Six-Parameter Damper Model
The experimental results discussed in the preceding section of-

fer a good understanding of the phenomenology of an ER damper.
There are two distinct rheologicaldomains over which the dampers
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Fig. 8 Schematic of the augmented six-parameter model network for
ER � uid dampers.

a) Viscoelastic mechanism Lve in the preyield branch of the model

b) Viscous mechanismLvi and the inertial mechanismLi in the postyield
branch of the model

Fig. 9 Mechanisms used in the model.

operate: the preyield and the postyield regions.10 The preyield re-
gion is characterizedby a strongviscoelasticnatureand also exhibits
some stiction properties. The coulomb-like stiction effects are con-
tributed in different measures by the ER � uid and the damper com-
ponents such as the dynamic rod seals. As the amplitude increases,
the stictioneffects appear to be less signi� cant.The postyield region
shows a dominant viscous behavior, where the � uid inertia effects
come into play. The stiction and inertia effects are more apparent
in the force vs velocity hysteresis data. The yield point separating
the two rheologicaldomains varies as a function of the electric � eld
and the displacement amplitude. The overall behavior of the ER
damper, thus, can be simulated by choosing the appropriate linear
shear mechanisms for the two regions and then combining them to
capture the transition between the two regions. A schematic of the
network that accomplishes this is shown in Fig. 8. The network is
similar to a control system block diagram and establishes a rela-
tion between the damper shaft displacement X and its derivatives,
which is assumed to be the inputand the damperforceoutput F . One
branch of the network comprises the preyieldcomponents,whereas
the other branchcontains the postyieldcomponents.The augmented
six-parameter model describes not only the force vs displacement
data but also the force vs velocity data.

A. Preyield Mechanisms
The three-parameter � uid model shown in Fig. 9a is used as the

mechanical analog for the viscoelastic behavior in the preyield re-
gion. This is represented by the linear operator Lve in the model
network. The force–displacement differential equation of the vis-
coelastic analog in Fig. 9a is given in the time domain by

Fve C p1
PFve D q1

PX C q2
RX (3)

where Fve is the viscoelasticcomponent of the damper force and

p1 D
C1 C C2

K1
; q1 D C2; q2 D

C1C2

K1

If a sinusoidal excitation is assumed, then the differential equation,
Eq. (3), can be written in the frequency domain as

Fve D G¤ X (4)

where G¤ is the complex shear coef� cient,

G¤ D G 0 C jG 00; j D
p

¡1

and

G 0 D
K1C 2

2 Ä2

K 2
1 C .C1 C C2/

2Ä2
(5)

G 00 D .C1 C C2/ C1C2Ä3 C K 2
1 C2Ä

K 2
1 C .C1 C C2/

2Ä2
(6)

where Ä is the excitation frequency.The stiction effects seen in the
damperbehaviorat low velocitiesare describedusing the parameter
Fc and the shape function Sc , which has been chosen as

Sc D 1
2
ftanh. PX=4²c/g (7)

where PX is the dampervelocity and ²c is the smootheningfactor that
ensures smooth transition from the negative to positive velocities
and vice versa. The parameter ²c was chosen a priori based on the
extent of stiction effects observed in the force vs velocityhysteresis
data. The factor of four is included in the shape function so that for
0 < ²c < 1, the transitionbetween the extremitiesof the hyperbolic
tangent function occurs to the full extent and at a reasonable rate,
represented by the slope of the function at the origin. Thus, the
preyield force component is given by

Fby D Fve C Sc Fc (8)

where Fve is given by Eq. (4).
The nonlinear shape function Sby is the preyield switching func-

tion, which along with Say effects the smooth transition from the
preyield phase to the postyield phase. The functions Sby and Say

are dependent on a yield parameter ®y that is chosen during the es-
timation process. The parameter ®y represents the yield transition
point in a dynamic cycle and varies with the electric � eld and the
displacement amplitude. The preyield shape function is given by

Sby D 1
2
f1 ¡ tanh[.® ¡ ®y /=4²y]g (9)

where ® is the damper shaft velocity nondimensionalizedwith re-
spect to the amplitude and ²y is a smoothening parameter and is
chosen to have a constant value of 0:1. Because the shape functions
perform the task of switching on and off the different mechanisms,
the parameter Fc appears only at low velocities and is almost inef-
fective at high velocities, thus producing a stick–slip-type motion
rather than a motion with a constant coef� cient of friction.

B. Postyield Mechanisms
The postyieldbranchof thenetworkconsistsof the viscousmech-

anism Lvi and the inertial component L i . These components can be
combined and represented as shown in Fig. 9b. Thus, the postyield
force component is given by

Fay D Cv
PX C R RX (10)

Say is similar to the shape function Sby , where Say acts as a switch-
ing function to turn on the postyield mechanism when the damper
crosses the yield point. It has been chosen as

Say D 1
2
f1 C tanh[.® ¡ ®y /=4²y]g (11)

C. Augmented Model
For a sinusoidal displacement input, the damper force output as

given by the augmented six-parameter damper model is written as

F D Sby Fby C Say Fay (12)

where Fby , Sby , Fay , and Say are given by Eqs. (8), (9), (10), and
(11), respectively. Thus, rather than using nonlinear elements, the
augmented model takes the novel approach of using linear mech-
anisms in conjunction with nonlinear shape functions. Moreover,
the mechanisms chosen, the type of shape functions, and the struc-
ture of the model network are based heavily on the experimentally
observed phenomenologyof the damper behavior.

D. System Identi� cation
Having established the model structure and the model compo-

nents, the parameters in the model need to be identi� ed. Because the
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parameters ²c , ²y , and ®y are chosen a priori, the only unknown pa-
rameters are the viscoelasticparametersC1, C2, and K1; the viscous
parameter Cv ; the inertial parameter R; and the stiction parameter
Fc . The model uses the displacement as an input, calculates the ve-
locities and accelerationsneeded for the model, and then gives the
total force, givenby Eq. (12), as the output. Thus, the six parameters
are estimatedon the basis of minimizing the error between this force
output F and the actual force Fm obtained from experimental mea-
surements. The error in the model is represented by the objective
function J given by

J D
N

i D 1

Fi ¡ Fm i

2
(13)

where N is the number of data points for each hysteresis cycle, F
is the force predicted by the model, and Fm is the experimentally

a) F vs X plots for 0.5-mm amplitude c) F vs X plots for 1.0-mm amplitude e) F vs X plots for 3.0-mm amplitude

b) F vs V plots for 0.5-mm amplitude d) F vs V plots for 1.0-mm amplitude f) F vs V plots for 3.0-mm amplitude

Fig. 10 Comparison of hysteresis cycles from estimated parameters with experimental hysteresis data for E = 0 kV/mm.

a) F vs X plots for 0.5-mm amplitude c) F vs X plots for 1.0-mm amplitude e) F vs X plots for 3.0-mm amplitude

b) F vs V plots for 0.5-mm amplitude d) F vs V plots for 1.0-mm amplitude f) F vs V plots for 3.0-mm amplitude

Fig. 11 Comparison of hysteresis cycles from estimated parameters with experimental hysteresis data for E = 3 kV/mm.

measured force. To obtain physically meaningful results, the pa-
rameters are constrained to have positive values. The optimization
was done with Design Optimization Tools (DOT),26 which uses the
Broyden–Fletcher–Goldfarb–Shannoalgorithmto minimize the ob-
jective function in Eq. (13). The parameter ®y was manually chosen
such that the objective function reached a minimum.

E. Results
Using the parameters estimated from the system identi� cation

process, the force vs displacementand the force vs velocityhystere-
sis cycles were reconstructed and compared with the experimental
data. For the sample data set shown in Fig. 3, the reconstructedhys-
teresis cycles are shown in Figs. 10 and 11. Figures 10 and 11 show
the reconstructed hysteresis cycles for different displacement am-
plitudes for E D 0 and 3 kV/mm, respectively.The plots show that
the model accuratelycaptures the nuancesof the experimentaldata.
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Table 1 Parameters and objective function values for two nominal data sets using the four-parameter
viscoelastic–plastic model and the augmented six-parameter model

Case 1, Case 2,
E D 0 kV/mm, X0 D 0:5 mm E D 3 kV/mm, X0 D 1:0 mm

Four-parameter Augmented Four-parameter Augmented
Parameters model model model model

C1 , N ¢ s/m 3:102e3 0:785e3 1:093e4 0:978e4
C2 , N ¢ s/m 2:025e4 0:863e4 1:111e4 1:253e4
K1 , N/m 1:240e5 1:014e5 1:333e5 1:453e5
Cv , N ¢ s/m 0:900e3 2:426e3 1:928e3 1:914e3
R, N ¢ s2 /m —— 0:000 —— 5:292
Fc , N —— 20:83 —— 4:810
®y 0:95 0:95 0:40 0:40
²y 0:10 0:10 0:10 0:10
²c —— 0:10 —— 0:30
J 5:378e4 5:814e4 1:814e5 1:029e5

a) Four-parameter viscoelastic–plastic model

b) Augmented six-parameter model

Fig. 12 Comparison of experimental hysteresis data for E = 0 kV/mm,
X0 = 0:5 mm, with the model hysteresis plots.

To emphasize the importance of the stiction and inertial parame-
ters that havebeen included in this model, the force vs velocityplots
generated using the augmented six-parameter model are compared
with those generated using the four-parameter viscoelastic–plastic
model presented in Refs. 23 and 24. Two nominal cases are pre-
sented in Figs. 12 and 13. Results for case 1, which correspondsto a
preyield condition, are shown in Fig. 12 for an applied � eld, E D 0
kV/mm, and a displacementamplitude, X0 D 0:5 mm. Case 2, which
corresponds to a postyield condition (shown in Fig. 13) represents
results for an applied � eld of 3 kV/mm and a displacement ampli-
tude of 1:0 mm. Cases 1 and 2 have been chosen to highlight the
effects of stiction and � uid inertia, respectively. The correspond-
ing model parameters for each case are in Table 1. In case 1, the
inertial parameter R is estimated to be zero, so that the stiction ef-
fects are easily isolated. Although the objective function value for
the augmented model is slightly higher than for the four-parameter
viscoelastic plastic model from Refs. 23 and 24, Fig. 12b shows a
qualitatively better correlation with the experimental data as com-
pared to Fig. 12a. Case 2 shows that the augmented six-parameter
model captures the inertial effects as manifested by the loops at
the extremities of the hysteresis cycles seen in Fig. 13b. Figure 13a
shows a distinct absence of these loops. Moreover, the objective er-
ror function decreases in the case of the augmented six-parameter

a) Four-parameter viscoelastic–plastic model

b) Augmented six-parameter model

Fig. 13 Comparison of experimental hysteresis data for E = 3 kV/mm,
X0 = 1.0 mm, with the model hysteresis plots.

model as seen in Table 1. The model parameters in case 2 do not
change signi� cantly between the two models, in spite of adding two
parameters.This signi� es that the stiction effects are not signi� cant
enough at higher amplitudes and that the inertial parameter mainly
adds the loops but the outer envelope of the force vs velocity cy-
cle essentially remains the same. However, in case 1, the model
parameters vary considerablybetween the two models.

The additional stiction and inertial parameters do not affect the
correlationof the modelwith theexperimentalforcevsdisplacement
hysteresisdata as signi� cantly as for the force vs velocityhysteresis
cycles. The four-parameter viscoelastic–plastic model is suf� cient
to accurately capture the force vs displacement hysteresis cycles
and, hence, deduce the energy dissipation of the damper. Thus, if
the amount of damping is the important criterion, then the four-
parameter viscoelastic–plastic model should give a good estimate.
But if the force vs velocity hysteresis behavior is important for pre-
dicting system behavior, then the augmented six-parameter model
would provide a better prediction.

V. Conclusions
A detailedexperimentalstudy of a mixed mode moving electrode

ER damper is presented. The hysteresis data clearly describe the
damper behavior for different displacement amplitudesand varying
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electric � eld. The stiction effects are important for low amplitudes
when the � uid is in the preyield phase. For large amplitudes, the
� uid is in the postyield phase and the inertial factors become more
important. However, it is dif� cult to say how much of the observed
behavior can be attributed solely to the � uid and how much to the
various damper components such as bearings and rod seals. An
augmentedsix-parametermodel for the ER damper is proposed that
derives its structure solely from the phenomenology of the force
vs displacement and force vs velocity hysteresis characteristics
as observed from experiments. The model faithfully captures the
damper behavior for different � eld strengths and displacement am-
plitudes.

Thismodel representsan importantaspectformodelingofvarious
dynamic systems such as aircraft landing gears, isolation mounts,
and helicopter lag mode damping systems in which ER and MR
(magnetorheological) dampers may be implemented. In helicopter
rotor systems, stability is very sensitive to the amount of damp-
ing in the lag mode. Thus, to evaluate rotor systems with active or
semiactive damping systems such as those with ER and MR � uids,
an accurate model is needed that is simple enough to be easily in-
corporated into comprehensive rotor codes. The use of mechanical
analogs in the model presented makes it amenable to codes such
as UMARC. The simplicity of the model also offers advantages in
terms of controlling devices incorporating ER and MR materials.
Moreover, because the modeling strategy has been adopted strictly
based on the experimentally observed behavior and with a qualita-
tive knowledge of the material properties, this modeling approach
can also be applied to MR � uid devices and, in general, to other
active and semiactive materials and systems.
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