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The experimental and theoretical development of a multiple fluid mode magnetorheological isolator is addressed

in this study. First of all, a multiple fluid mode magnetorheological isolator that operates using shear, flow, and

squeeze modes, and can isolate multi-degree-of-freedom excitations, is configured and fabricated. The damper

characteristics of the magnetorheological isolator are experimentally evaluated using metrics of equivalent viscous

damping and complex stiffness. To analytically predict the damper characteristics of the magnetorheological

isolator, the Bingham-plastic isolator model is constructed and its important model parameters are identified using

an averaging method derived from sinusoidal force-displacement and force-velocity data. Comparison of the

measured and predicted results using the Bingham-plastic isolatormodel is conducted. To improvemodel prediction

ability, a nonlinear hysteretic model is introduced. Comparison of the two isolator models is conducted using

extensive experimental results.

Introduction

I N RECENT years, vibration attenuation in aerial vehicles has
attracted increasing attention because sensitive instruments and

payloads, exposed to severe and unwanted vibration, have
experienced malfunctioning components, shorter lifetime, and
degradation of overall operational performance [1,2]. A promising
solution to achieve vibration attenuation is to place vibration
isolators using magnetorheological (MR) fluids into the vibration
transmission path to isolate precision payloads from disturbance
sources.

For the development of MR isolators, three working fluid modes
of damper operation are available: shear mode [3–7], flow mode [8–
13], and squeeze mode [14–18]. When one of two magnetic poles
moves linearly or rotationally relative to the other, the shear mode
occurs. In the shear mode, the fluid is directly sheared by relative
motion of these surfaces. The flow mode is developed when
pressurized flow passes through a rectangular or annular duct formed
by two magnetic poles. Use of each fluid mode gives merits and
demerits to the design of MR isolators. Flow-mode isolators can
produce higher damper force at compact size, but have a detrimental
lockup state inwhich the flow in theMRvalve does not occur. Shear-
mode isolators do not undergo the lockup state, but produce smaller
damper force. Squeeze-mode isolators also do not have the lockup
state, but their damper force shows strongly nonlinear behavior at
excitation displacement and are effective at small vibration.
Therefore, in this study, an MR isolator using multiple fluid modes
is developed so as to maximize the damping capability, and
experimental and theoretical analyses are conducted. To realize this
goal, a multiple fluid mode MR isolator that operates using shear,
flow, and squeeze modes, and can isolate multi-degree-of-freedom
excitations, is configured and fabricated. The damper characteristics
of the MR isolator are experimentally evaluated using metrics of
equivalent viscous damping and complex stiffness. To analytically

predict the damper characteristics of the MR isolator, the Bingham-
plastic isolator model is constructed and its important model
parameters are identified using an averaging method derived from
sinusoidal force-displacement and force-velocity data. Comparison
of the measured and predicted results using the Bingham-plastic
isolatormodel is conducted. To improve themodel prediction ability,
the nonlinear hysteretic model is used. Comparison of the two
isolator models over several damper performance plots, such as the
force-displacement, force velocity, equivalent viscous damping, and
complex stiffness, is conducted using the experimental results.

Design and Fabrication

The multiple fluid mode MR isolator designed and fabricated in
this study is presented in Fig. 1. The electromagnetic coil is wrapped
around the bobbin and the outer cylinder works as a magnetic flux
return. The bobbin is attached to the top elastomer through the
connecting screw. As a result, the motion of the elastomer results in
the motion of the bobbin and the bobbin motion produces radial flow
of the fluid in the gap between the bottom of the bobbin and the outer
cylinder. This radial flow causes the MR isolator to have squeeze-
mode damping. At the same time, bobbin motion also induces flow
passing back and forth between chambers at its top and bottom. From
this flow, shear- and flow-mode damping occurs at the MR isolator.
The height and the outer diameter of the MR isolator are 69 and
52 mm, respectively. The bobbin and the outer cylinder were made
from 1018 carbon steel and 24 gauge copper wire was wound around
the bobbin. There were 188 turns of the wire upon completion of
winding. Note that, in single-flow mode MR isolators, when a high-
yield stress or a small amplitude excitation input is applied, the
lockup state may occur. In the lockup state, single-flow mode MR
isolators produce no damping and work as passive stiffeners.
However, in the multiple fluid mode MR damper, the elastomer is
connected to the bobbin, so that the lockup state cannot occur.

Figure 2 presents the finite element analysis (FEA) of themagnetic
density in the gap of the MR isolator. As seen in this figure, the gaps
at the bottom and the top of the bobbin, excluding the coil area, are
magnetically active. This allows all of the operating modes (shear,
squeeze, and flow) to exploit the MR effect when a current input is
applied.

Experimental Analysis

The damper characteristics of the multiple fluid modeMR isolator
is experimentally evaluated using an MTS Systems Corporation
machine as shown in Fig. 3. In this case, the excitation frequency is
varied from 5–20 Hz in increments of 1 Hz, with additional cases of
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1 Hz and 2.5 Hz excitation. The displacement amplitudes consist of
0.1, 0.25, 0.5, and 0.75 mm. The applied current ranges from 0–2 A
in increments of 0.5 A. Hybrid MR fluid that has 80% loading by
weight of solid particles and 90% microsized particles and 10%
nanosized particles is used.

To analyze the damper characteristics of the multiple fluid mode
MR isolator, a standard linearization technique, equivalent damping,
is used in this study. The equivalent viscous damping is computed by
equating the energy dissipated by theMR isolator over a single cycle
E at a given frequency ! to that of the viscous damping. The energy
dissipated by the MR isolator is calculated [19,20] using

E�
I
F dx�

Z
2�=!

0

F _x dt (1)

and the equivalent viscous damping Ceq is given by

Ceq �
E

�!X2
0

(2)

Here, X0 is the amplitude of the displacement x.
Figure 4 shows the measured equivalent viscous damping for the

multiple fluid mode MR isolator. The current input induces a large

Fig. 1 Multiple fluid mode MR isolator using the shear, flow, and

squeeze mode.

Fig. 2 Finite element analysis of the magnetic density in the gap of the

MR isolator.

Fig. 3 Experimental testing of the MR isolator.

Fig. 4 Measured equivalent viscous damping for the multiple fluid

mode MR isolator.
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increase in the equivalent viscous damping. However, as the
displacement amplitude increases (see Fig. 4a), the equivalent
viscous damping decreases. At zero current input, the equivalent
viscous damping varies only slightly with the displacement
amplitude. On the other hand, as the frequency increases (see
Fig. 4b), the equivalent viscous damping for the MR isolator
decreases. In addition, at zero current input, the equivalent viscous
damping does not vary much with the frequency.

Alternatively, a linearization technique in the frequency domain,
complex stiffness that represents force per unit displacement at a
specified frequency, is used to measure the damping capacity of the
multiple fluid mode MR isolator. In this approach, the complex
stiffness K� is characterized as an in-phase or storage stiffness K0,
which is a measure of the energy stored over a cycle and a loss
stiffness K00, which is a measure of the energy dissipated over a
period. This model can be represented as the Kelvin chain (a spring
and viscous damper in parallel). The complex stiffness is expressed
as [19–21]

K� � K0 � jK00 � K0�1� �� (3)

where � is the loss factor. When the multiple fluid modeMR isolator
is subjected to a sinusoidal excitation, its displacement and velocity
can be reconstructed as a Fourier series by

x�t� � Xc cos�!t� � Xs sin�!t� (4)

_x�t� � �!Xc sin�!t� � !Xs cos�!t� (5)

with

Xc �
!

�

Z
2�=!

0

x�t� cos�!t� dt and Xs �
!

�

Z
2�=!

0

x�t� sin�!t� dt

(6)

Similarly, the force of the MR isolator is also reconstructed using a

Fig. 5 Measured complex stiffness for the multiple fluid mode MR isolator.

Fig. 6 Measured loss factor for the multiple fluid mode MR isolator.
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Fourier series and is expressed in terms of the storage and loss
stiffness as follows:

f�t� � Fc cos�!t� � Fs sin�!t� � K0x�t� �
K00

!
_x�t� (7)

whereFc andFs are the cosine and sine Fourier coefficients of f�t� at
frequency !.

Then, the storage and loss stiffnesses can be obtained from
Eqs. (4–7) by

K0 � FcXc � FsXs
X2
c � X2

s

and K00 � FcXs � FsXc
X2
c � X2

s

(8)

Figure 5 presents the measured complex stiffness for the multiple
fluid mode MR isolator. As seen in Fig. 5, the storage and loss

stiffness of the MR isolator is greatly increased by the current input.
From Fig. 5a, it is observed that the storage and loss stiffness
decreases with increasing the displacement amplitude. However, as
the frequency increases, the storage stiffness decreases and the loss
stiffness increases as shown in Fig. 5b.

Figure 6 presents the measured loss factor, ���K00=K0� for the
multiple fluid modeMR isolator. At the maximum current input, it is
desired for theMR isolator to have a high loss factor overwide ranges
of displacement amplitude as well as frequency. However, at zero
current input, it is desired to have a low loss factor. It can be seen in
Fig. 6 that, upon application of current, the loss factor is greatly
increased over the entire range of amplitude as well as frequency.

Bingham-Plastic Isolator Model

The multiple fluid modeMR damper has two regions of fluid flow
resulting from axial motion of the bobbin as shown in Fig. 7. In the
gap between the bottom of the bobbin and the bottom of the outer
cylinder, motion of the bobbin compresses the fluid and flow in the
radial direction results. This region behaves as a squeeze-mode
damper. In the annulus between the side of the bobbin and the walls
of the outer cylinder, fluid flow is induced by a combination of 1) a
pressure differential developed through the annulus due to motion of
the bobbin and 2) a direct shearing of the fluid as the bobbin moves
relative to the outer cylinder. This region behaves as a combination
shear- and flow-mode damper. Therefore, the total force of the MR
isolator can be theoretically obtained by a superposition of the force
developed by each operating mode of the fluid as well as the force
provided by the elastomer.

The elastomer is modeled as a spring-damper; its force is given by

Fel � Kelx� Cel _x (9)

Fig. 7 Geometric parameters in the multiple fluid mode MR isolator.

Fig. 8 Typical force-displacement and force-velocity plots of an MR

isolator using Eq. (16).

Fig. 9 Comparison of the measured and predicted responses of the

multiple fluid mode MR isolator using the Bingham-plastic isolator

model (5 Hz and �0:25 mm).
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Here, Kel and Cel are the stiffness and damping of the elastomer,
respectively.

The force of the MR isolator due to the shear flow is given as [3,4]

Fshear �
�bL

d
_x� bLa�y;sh sgn� _x� (10)

Here, d is the gap between the side of the bobbin and the walls of the
outer cylinder, b is the width (that is a perimeter of the bobbin and
equal to 2�rp), rp is the radius of the bobbin, L is the bobbin length,
and La is the active length to activate the MR fluid in shear and flow
modes. The fluid viscosity is�, and �y;sh is the yield stress of theMR
fluid in shear mode.

The force of the MR isolator due to the flow mode is given by
[12,13]

Fflow �
12A2

P�L

bd3
_x�

2APLa�y;fl
d

sgn� _x� (11)

Here, Ap is the effective piston area and �y;fl is the yield stress of the
MR fluid in flow mode.

The force due to the squeeze flow is given as [17,18]

Fsqueeze �
3��r4p

2�x0 � x�3
_x�

4��y;sqr
3
a

3�x0 � x�
sgn� _x� (12)

Here, ra is the active radius to activate theMR fluid in squeezemode,
x0 is the initial gap between the bottom of the bobbin and the bottom
of the outer cylinder, and �y;sq is the yield stress of the MR fluid in
squeeze mode.

Then, the total force of the multiple fluid mode MR isolator is
obtained as follows:

Fd � Fel � Fshear � Fflow � Fsqueeze

� Kelx� �Cel � C� _x� Fy sgn� _x�
(13)

where the total fluid damping due to each fluid mode C is given by

C� �bL
d
� 12A2

P�L

bd3
�

3��r4p
2�x0 � x�3

(14)

and the total yield force due to each fluid mode Fy is given by

Fy � bLa�y;sh �
2APLa�y;fl

d
�

4��y;sqr
3
a

3�x0 � x�
(15)

Note that, as mentioned before, shear- and flow-mode damping
occurs along the side of the bobbin, whereas squeeze-mode damping
occurs in the area below the bobbin. As these damping modes occur
in separate areas of the MR device, the strength of the magnetic field
could vary between these areas, causing the yield stress of the fluid
for the shear and flow modes ��y;sh; �y;fl� to be different than that
of the squeeze mode �y;sq. For simplicity, it was assumed that
the magnetic field was equal in the two areas and that the yield stress
of the fluid in the squeeze-mode effect would be the same as the
yield stress of the fluid in the shear- and flow-mode effect,
�y;sh � �y;fl � �y;sq � �y.

To implement the Bingham-plastic (BP) isolator model,
knowledge of the fluid properties � and �y, as well as the damping
and stiffness properties of the elastomer Cel and Kel, is needed.
Because the equivalent viscous damping at zero field input is almost
constant overwide ranges of displacements and frequencies, thefluid
viscosity and the damping of the elastomer are chosen to be constants
by �� 0:09 Pa � s and Cel � 0:3 N=mm. However, Kel and �y are
strongly dependent on the frequency, the displacement amplitude,
and the current input. In this study, the averaging method [22] using
the force-displacement plot and the force-velocity plot is used to
identify the model parameters of Kel and �y.

To explain the averaging identification method, consider the
simple model of an MR isolator under a sinusoidal excitation

F� Fs � Fv � F� (16)

where F is the total damper force, Fs � Ksx is the stiffness force,
Fv � Cv _x is the viscous force, F� � F�0 sgn� _x� is the yield force,Ks
is the stiffness, Cv is the viscous damping, and F�0 is the yield force
magnitude. Figure 8 shows typical force-displacement and force-
velocity plots of an MR isolator using Eq. (16). In the force-
displacement plot as shown in Fig. 8a, the stiffness forceFs increases
linearly with the displacement, but the viscous and yield forces
Fv � F� are symmetric about the zero force axis and show elliptical
shape. If averaging the force F for a given value of displacement in
the force-displacement plot (refer to Fig. 8a), the viscous and yield
forces Fv � F� will be cancelled, leaving only the stiffness force in
the force-displacement plot. The slope of the stiffness force around
the zero x axis in the force-displacement plot yields the stiffness of
the elastomerKel. On the other hand, in a similar way, the average of
the force F, for a given value of velocity in the force-velocity plot
(refer to Fig. 8b), extracts the viscous and yield force out of the total
force because the stiffness force Fs is cancelled out. From the
extracted viscous and yield forceFv � F� , the yield force magnitude
is obtained by

F�0 � jFv � F� � Cv _xj (17)

Setting the average yield force magnitude F�0 at the maximum and
minimum velocities equal to the theoretical yield force in Eq. (15)
gives the identified yield stress as follows:

�y �
F�0

bLa � �2APLa=d� � �4�r3a=3x0�
(18)

Figure 9 presents the comparison of the measured and predicted
responses of the multiple fluid mode MR damper using the BP
isolator model. The BP isolator model does not describe the

Fig. 10 Comparison of the measured and predicted equivalent viscous

damping of the multiple fluid mode MR isolator using the Bingham-

plastic isolator model (5 Hz and �0:25 mm).

BRIGLEY, CHOI, AND WERELEY 453



hysteresis loop in the force-velocity plot well, but can favorably
capture average behavior of the MR isolator.

Figure 10 presents the comparison of the measured and predicted
equivalent viscous damping responses of the multiple fluid mode
MR damper using the BP isolator model. In this case, the dashed line
stands for the measured data and the solid line represents the
predicted data. The BP isolator model can capture the experimental
equivalent viscous damping behaviors well over the entire range of
amplitudes as well as frequencies.

Figure 11 presents the comparison of the experimental and
predicted complex stiffness of the multiple fluid mode MR isolator
using the BP isolator model. In this case, the dashed line stands for
the measured data and the solid line represents the predicted data.
The predicted loss stiffness K00 is in good agreement with the
experimental results. However, the predicted storage stiffness K0 is
lower than the experimental results. The difference between the
experimental and predicted storage stiffness results from the fact the
BP isolator model does not consider the hysteresis loop in the force-
velocity data. The hysteresis in the force-velocity data causes the
storage stiffness to be underpredicted relative to the measured
storage stiffness.

Figure 12 presents the comparison of the experimental and
predicted loss factor of themultiple fluidmodeMR isolator using the
BP isolator model. In this case, the dashed line stands for the
measured data and the solid line represents the predicted data. At
higher current input and lower displacement amplitude, the
discrepancy between themeasured and predicted loss factor becomes
larger. Because of the underprediction of the predicted storage
stiffness, the predicted loss factor becomes much larger than the
measured one.

Figure 13 presents the comparison of the reconstructed forces
between the experimental and predicted complex stiffness using the
BP isolator model. In this case, the reconstructed forces were
obtained from Eq. (7) using the identified complex stiffness. The
slope of the reconstructed force in the force-displacement plot
implies the storage stiffness K0 of the MR isolator. Because the
experimental storage stiffnessK0 is greater than the predicted storage
stiffnessK0model in Fig. 13b, the slope of the reconstructed force using

Fig. 12 Comparison of the measured and predicted loss factor of the

multiple fluid mode MR isolator using the Bingham-plastic isolator

model (5 Hz and �0:25 mm).

Fig. 11 Comparison of the measured and predicted complex stiffness of the multiple fluid modeMR isolator using the Bingham-plastic isolator model.

454 BRIGLEY, CHOI, AND WERELEY



Fig. 13 Comparison of the reconstructed forces using the experimental and predicted complex stiffness using the Bingham-plastic isolator model (5 Hz

and �0:1 mm).

Fig. 14 Identified parameters �1 and �2 of the nonlinear hysteretic Bingham-plastic isolator model.
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the experimental complex stiffness is steeper than that using the
predicted stiffness. In addition, a larger storage stiffness causes the
enclosed area of the reconstructed force in the force-velocity plot to
increase so as to capture the hysteresis loop in the force-velocity plot.
However, because the predicted storage stiffness was obtained based
on the BP isolator model that does not consider the hysteresis loop in
the force-velocity plot, it becomes smaller than the experimental
complex stiffness. On the other hand, the slope of the reconstructed
force in the force-velocity plot represents the loss stiffness K00 of the
MR isolator. As seen in Fig. 13, the slope in the force-velocity plot
using the experimental complex stiffness is similar to that using the
predicted complex stiffness because the predicted andmeasured loss
stiffnesses are nearly equal (see Fig. 11). As a result, the loss factor
�� �K00=K0� of the BP isolator model will be overpredicted
compared to that of the measured loss factor because the predicted
storage stiffness is smaller than the measured storage stiffness.

Nonlinear Hysteretic Bingham-Plastic Isolator Model

The BP isolator model mentioned in the preceding section
captures overall damper behavior in the force-displacement and
force-velocity plots. In addition, it gives a good agreement with the
experimental loss stiffness plot, but underpredicts the storage
stiffness because the yield force of the BP isolator model has the
discontinuous behavior at zero velocity. To improve the BP isolator
model, a nonlinear hysteretic model will be introduced. The
nonlinear hysteretic Bingham-plastic (NHBP) isolator model
replaces the zero speed force step discontinuity present in the BP
isolator model with more gradual transition through the low-speed
regime. This resulted in a more accurate portrayal of the hysteresis
characteristics of the MR isolator.

The force of the MR isolator in the NHBP model is given by [23]

Fd � Kelx� �Cel � C� _x� Fy tanh��2� _x� �1x�	 (19)

where �1 and �2 are characteristic parameters used to capture the
hysteresis loop in the force-velocity plot. The parameter �1 accounts
for the width of the hysteresis loop and �2 accounts for the slope of
the hysteresis loop. To fully establish the structure of the hysteresis
isolator model, these parameters were found using a curve-fitting
method so as to match the experimental results. Figure 14 shows the
identified parameters �1 and �2 of the NHBP isolator model. The
parameter �1 is found to be strongly dependent upon excitation
frequency, displacement amplitude, and the applied current. The
parameter �2 has a strong dependence upon excitation frequency and
displacement amplitude and a weaker correlation with the applied
current.

Figure 15 presents the comparison of the measured and predicted
responses of themultiple fluidmodeMR isolator based on theNHBP
isolator model. The hysteresis isolator model correlates well with
experimental data. The ability of the hysteresis isolator model to
capture the hysteresis behavior is evident, especially at low speed
when the Bingham isolatormodel failed to accurately predict isolator
force.

Figure 16 presents the comparison of the measured and predicted
equivalent viscous damping of the multiple fluid mode MR isolator
using the NHBP isolator model. In this case, the dashed line stands
for the measured data and the solid line represents the predicted data.
As expected from Fig. 15, the predicted damping of the MR isolator
correlates well with the experimental results.

Figure 17 presents the comparison between the measured and
predicted complex stiffness of the multiple fluid mode MR isolator
under the NHBP isolator model. In this case, the dashed line stands
for the measured data and the solid line represents the predicted data.
The NHBP isolator model captures the behavior of the experimental
storage stiffness very well over most of the displacement amplitudes
and frequency ranges. The inclusion of a hysteresis loop, which

Fig. 15 Comparison of the measured and predicted responses of the
multiple fluidmodeMR isolator using the nonlinear hysteretic Bingham-

plastic isolator model (5 Hz and �0:25 mm). Fig. 16 Comparison of the measured and predicted equivalent viscous

damping of the multiple fluid mode MR isolator using the nonlinear

hysteretic Bingham-plastic isolator model (5 Hz and �0:25 mm).
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resulted from accurately capturing the transition behavior of the MR
yield force, produced a model more capable of predicting the
complex stiffness of the MR isolator.

Figure 18 presents the comparison of the experimental and
predicted loss factor of themultiple fluidmodeMR isolator using the
NHBP isolator model. In this case, the dashed line stands for
the measured data and the solid line represents the predicted data.
As expected, the predicted loss factor is well matched with the mea-
sured one.

Model Comparison

To compare the two isolator models used to predict the MR
isolator behavior quantitatively, the complex correlation coefficient
(CCF) was used [24,25]. The CCF is a numerical method, which
compares the perimeters of two-dimensional objects to assess their
similarity. The CCF is a quantitative measure of the shape and phase
of model fit. A CCF of one indicates a perfect model fit. In this case,
two different CCFs were used for the comparison of the measured
and predicted responses over the force-displacement cycles and the
force-velocity cycles, respectively. In the CCF �d, for the force-
displacement cycles, the boundary functions are given by

hd�t� � x�t� � jFd�t� ĥd�t� � x�t� � jF̂d�t� (20)

Here,Fd is themeasured force of themultiplefluidmodeMR isolator

and F̂d are the predicted isolator force obtained from each isolator
model. Then, the CCF �d for the force-displacement cycles is
given by

�d �
R
hd�t�ĥ�d�t� dt

f�
R
hd�t�h�d�t� dt	�

R
ĥd�t�ĥ�d�t� dt	g1=2

(21)

Fig. 17 Comparison of the measured and predicted complex stiffness of the multiple fluid mode MR isolator using the nonlinear hysteretic Bingham-
plastic isolator model (5 Hz and �0:25 mm).

Fig. 18 Comparison of the measured and predicted loss factor of the

multiple fluidmodeMR isolator using the nonlinear hysteretic Bingham-

plastic isolator model (5 Hz and �0:25 mm).

BRIGLEY, CHOI, AND WERELEY 457



where h�d�t� and ĥ
�
d�t� are the complex conjugates of hd�t� and ĥd�t�.

In a similar way, the CCF�v for the force-velocity cycles is defined.
However, the boundary functions for �v are as follows:

hv�t� � _x�t� � jFd�t� ĥv�t� � _x�t� � jF̂d�t� (22)

Figure 19 presents the comparison of the CCF �dv���d ��v� of
the multiple fluid mode MR isolator between using the BP and
NHBP isolator models. As seen in Fig. 19a, the lowest CCF �dv of
the BP isolator model for the 5 Hz excitation frequency case is 0.74.
However, for the same case, the lowest CCF �dv of the NHBP
isolator model is 0.96. This implies that the NHBP isolator model
improves the model prediction ability up to 30% over the measured
range of the displacement amplitude and current input. On the other
hand, the lowest CCFs�dv of the BP and NHBP isolator models for

0:25 mm displacement amplitude shown in Fig. 19b are 0.81 and
0.93, respectively. This implies that the NHBP isolator model
predictions are improved by 15% over the range of excitation
frequency and current input.

Conclusions

In this study, the experimental and theoretical analyses of the
multiple fluid mode MR isolator were conducted. For doing so, a
multiple fluid mode MR isolator using the shear, flow, and squeeze
modes was configured and fabricated. The damper characteristics of
the MR isolator were experimentally evaluated using metrics of
equivalent viscous damping and complex stiffness. A BP isolator
model was constructed and its important model parameters such as
the stiffness of the elastomer and the yield stresswere identified using
the average method derived from sinusoidal force-displacement and
force-velocity data. Comparison of the experimental and theoretical
results using the BP isolator model was conducted. Predicted
equivalent viscous damping is in good agreement with the
experimental results. The predicted loss stiffness is also in good
agreement with the experimental results. However, the predicted
storage stiffness is smaller than the experimental results because the
BP isolator model does not consider the hysteresis loop in the force-
velocity plot. As a result, the NHBP isolator model, which replaced
the zero speed force step discontinuity present in the BP isolator
model with more gradual transition through the low-speed regime,

was constructed. To construct the NHBP isolator model, its model
parameters �1 and �2 are identified using a curve-fitting method.
Comparison of the two different isolator models over the damping
capability plots, such as the force displacement, force velocity,
equivalent viscous damping, and the complex stiffness, was
conducted. As a result, it was observed that the NHBPmodel, which
incorporates a displacement-velocity dependent hypertangent
function to capture the hysteresis loop, can predict the storage
stiffness of theMR isolator well. For a quantitative comparison of the
model prediction ability between two isolator models, the complex
correlation coefficient was used. For the BP isolator model, the
lowest CCF, �dv, over all of the tested conditions was 0.74.
However, the lowest CCF �dv for the NHBP model over all of the
tested conditions was 0.93. A CCF of one implies the perfect match
between the experimental and predicted results, so that the NHBP
isolatormodel improved themodel prediction ability by 26%overall.
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