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ARTICLE INFO ABSTRACT

Keywords: This study presents a comprehensive design methodology for a magnetorheological-based damper device for a
Compressible damper three-dimensional building isolation. The device acts as a suspension system itself by combining the liquid stiffness
MR fluid and controllable magnetorheological damping features in one unit. The bi-linear liquid stiffness feature enhances
MR fiamper s resistance to global rocking/overturning of the structural system by increasing the stiffness in the rebound mode
Liquid compressibility . . . . . . .

Fail-safe compared to the compression mode. In the field, the system is combined with the conventional elastomeric
Seismic isolation bearings widely employed to mitigate the lateral seismic motions. During a seismic event, the system is subjected
Design to dynamic vertical shaking and large lateral forces. The theoretical and simulation modeling to overcome this
Optimization major challenge and achieve other system requirements are presented. In addition, a comprehensive optimization

program is developed to achieve all design requirements. The modeling procedure is verified with experimental
results. Also, the effectiveness of Displacement/Velocity-based control for a single degree-of-freedom system

subjected to sinusoidal loading is evaluated.

1. Introduction

Current building codes require that buildings be designed for life
safety when subjected to a design level earthquake, which is the
strongest level of shaking expected to occur at the building site in a 475
year time frame, which corresponds to a 10% probability of exceedance
in 50 years. A code conforming building may sustain significant struc-
tural damage and be uneconomical to repair after the earthquake. Fur-
thermore, in several recent earthquakes, the majority of economic losses
were reported to be due to the damage to nonstructural parts and con-
tents of the building structures [1-2]. Seismic isolation technology has
been developed to prevent damage to the structure and nonstructural
components, and maintain the building operational after the earthquake
[3,4]. With this technique, horizontally flexible devices (generally elas-
tomeric bearings or sliding bearings) are placed beneath the building
[5-6]. The flexibility of the isolators increases the fundamental period
of the building and lowers the force demands.

Isolated buildings have generally performed well in past earth-
quakes, but they have not been rigorously tested in very large earth-
quakes [e.g. 7-9]. However, it has been shown in some of the recent

shake table tests that the vertical component of shaking can cause dam-
age to nonstructural components and contents even when the hori-
zontal component of shaking is attenuated [10-12]. In [10], the dam-
age to ceiling and piping systems was reported to be closely corre-
lated to the intensity of vertical shaking and subsequent vertical vi-
bration of the floor system. Significant vertical acceleration has not
been reported in an isolated building during an earthquake; however,
most reports do not mention vertical response. Vertical shaking is not
rigorously considered in the design of an isolated building, and non-
structural component damage due to vertical shaking may compromise
the ability of traditional seismic isolation systems to meet their design
objectives [13].

Efforts were made to design efficient 3D building isolation systems
primarily for the safe operation of nuclear power plants and facilities
[14-15]. The designs proposed for this purpose included 3D isolation
systems or vertical isolation systems that could be stacked together with
existing horizontal seismic isolation devices [16-25]. Some other re-
search focused on the vertical isolation of the lightweight hardware in
buildings rather than the building isolation itself [26-28]. Yet, there is
still not a generally acceptable solution for 3D isolation since some of
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Fig. 1. (a) Cut-out view of the BLS-CMRD, (b) close
up view of the MR valve, and (c) right half of the
MR valve showing the magnetic flux lines and flow
gap. (The space between the piston surface and cop-
per windings were filled with a high strength epoxy,
not shown here.).
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these proposed solution are far from practicality and could be costly
when implemented.

The authors propose a new fail-safe, compressible, controllable mag-
netorheological damper (called BLS-CMRD brevity for Bi-Linear Liquid
Spring Controllable MagnetoRheological Damper) that would work as
the vertical component of a 3D seismic isolation system. The device acts
as a suspension system itself by combining the liquid stiffness and con-
trollable MR damping features in a single unit. The bi-linear liquid stiff-
ness feature enhances resistance to global rocking/overturning of the
structural system by increasing the stiffness in the rebound mode com-
pared to the compression mode. While the controllable MR damping
could be beneficial when the device is subjected to excitations outside
the design loading conditions. In the field, the device is combined with
the conventional elastomeric bearings commonly used to mitigate the
lateral seismic motions. During a seismic event, the device is subjected
to both dynamic vertical shaking and large lateral forces. This is the first
time an MR damping system has been proposed for such an application.
MR dampers employ electromagnetic coils wound around a piston to
activate the MR fluid to offer controllable damping. [29-30]. In the ab-
sence of magnetic field, the damper serves as a passive oil damper mak-
ing the device fail-safe. A number of studies have focused on the design
and characterization of compressible MR dampers [31-40], as reviewed
in [41]. However, all these systems had relatively low force capacities,

and they were all designed to resist loads in the axial direction only. The
largest force capacity was reported to be 18 kN.

For this project, a one-quarter scale BLS-CMRD was designed,
fabricated and experimentally characterized [41]. The scale model
design forces were dynamic axial force=245kN, and constant
shear force =28 kN, respectively. A novel displacement/velocity-based
(Disp/Vel-based) control strategy has been proposed for the device that
adjusts the input current according to the instantaneous vector combi-
nation of feedback displacement and velocity of the damper [42]. The
objective of this paper is to present a comprehensive approach for the
design of BLS-CMRD for axial and shear loading requirements, and to
evaluate the effectiveness of Disp/Vel-based control for a single degree-
of-freedom system (BLS-CMRD with mass) subjected to sinusoidal load-
ing.

2. Design of BLS-CMRD

Fig. 1a shows a 3D representation of the BLS-CMRD. The device is
essentially comprised of a cylinder and a shaft like a typical shock ab-
sorber. The cylinder has two chambers sealed from each other. The shaft
resides in the cylinder, and it has an extension to the lower chamber.
The two caps seal the fluids in both chambers with the use of four ex-
ternal threaded rods. The upper chamber employs an MR fluid for both
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Fig. 2. Proposed installations of the BLS-CMRDs in the 3D isolation system.

controllable damping and liquid stiffness. The lower chamber uses pure
silicone oil for the liquid spring only. The MR piston resides in the up-
per chamber. There is a narrow annular clearance between the piston
and the cylinder wall where the fluid passes through between the two
sides of the piston, i.e., Chamber 1 and 2 (Fig. 1b). The flow of the
MR fluid through this narrow channel causes viscous energy dissipation
and thus, a viscous damping. The piston has three separate copper coils.
Once activated, an electromagnetic field is generated around the pis-
ton. The 2D representation of the field is shown in Fig. 1c. The small
iron particles inside the MR fluid are forced to align in the direction of
the magnetic flux lines forming a chain-like structure in the flow gap.
To yield this chain-like structure, a pre-stress has to be applied on the
fluid. This pre-stress (a.k.a yield stress), depends on the intensity of the
applied magnetic field thereby providing a controllable damping. MR
dampers are inherently fail-safe devices. In the case of a likely power
outage to the device during a seismic activity or an electronic failure in
the control system, the device can still operate in the passive-mode with
some preset constant damping characteristics. This passive damping fea-
ture of the device is tailored based on the design loading conditions. The
controllable damping feature is particularly beneficial when the device
is exposed to excitations outside that design range.

The device also features two distinct liquid spring rates in rebound
and compression modes. The shaft in the upper chamber has two differ-
ent cross-sections on either side of the piston, i.e., higher cross-section
below the piston. When pulled up, the additional shaft volume in the up-
per chamber compresses the MR fluid in this chamber causing a counter
force by the fluid. This creates a spring effect, called liquid stiffness (or
liquid spring). The shaft has an extension into the lower chamber. When
pushed down, the shaft compresses the silicone oil in this chamber to
provide a liquid spring. The different shaft geometries and chamber vol-
umes as well as the different fluids in the chambers renders different
spring rates in rebound and compression modes.

2.1. Design requirements

Fig. 2 shows the proposed installation of the BLS-CMRDs for practi-
cal application. These BLS-CMRDs are combined in series with the con-
ventional horizontal isolators, such as elastomeric bearings, to support
the building structure as depicted in Fig. 2. The building structure as
a whole is excited by simultaneous horizontal and vertical earthquake
acceleration (ag, and ag,, respectively) at the base; the earthquake accel-
eration in the out-of-plane horizontal direction is omitted from Fig. 2 for
simplicity. According to the system dynamics, both sets of isolators will
develop lateral and vertical forces to resist the earthquake accelerations.
The lateral force demand is controlled by the design of the elastomeric
bearings, but this lateral force will be transmitted to the BLS-CMRDs that
must withstand it without yielding or fracture. Even when the shaft per-
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Table 1

System requirements of the BLS-CMRD.
Static weight, W 92.8 kN
Frequency, f 4 Hz
Stroke, X 0.0254 m
Compression stiffness, k. 6,000 N/mm
Rebound stiffness, k, 24,000 N/mm
Viscous damping ratio, ¢ 0.15 ~ 0.20
Shear force, Fg 27.84kN
Allowable shear displacement, x < 0.508 mm

Minimum structural factor of safety (FOS) > 2
Dynamic range, D > 2.5

forms in the elastic region, the applied lateral force to the shaft may
cause unbalanced stresses on the seals and may cause possible leak-
age. For this, whenever possible, the lateral displacement on the shaft
has to be minimized.

The design strategy was developed based on a study discussing the
structural dynamics of 3D earthquake isolation systems [43]. The axial
and shear force demands to the device were determined from mapped
spectral accelerations for a hypothetical Los Angeles, CA site, as dis-
cussed in [42]. As mentioned earlier, the device designed and tested for
this project was a one-quarter length scale model, with force and dis-
placement demands scaled accordingly relative to a theoretical full-scale
prototype.

The device design requirements are summarized in Table 1. The tar-
get compression spring rate, k., calculated to be 6,000 kN/m, based on
scale model design frequency f=4 Hz (f = 2 Hz for a full scale prototype),
and weight of 92.8 kN carried by the single device. The device was de-
signed for two different liquid spring rates in rebound and compression
modes. To aid resistance to overturning of the structural system, the
rebound spring rate k. =24,000kN/m, was selected to be 4 times the
compression spring rate. The device was designed for a viscous damp-
ing ratio, ¢, in the range of 0.15 ~ 0.20, to ensure that it can provide
sufficient damping in the absence of magnetic field. The control-based
application of magnetic field to increase the effective damping of the
system was considered to be added protection against a larger than ex-
pected earthquake (see Section 5).

To ensure structural safety, the minimum structural factor of safety
(FOS) was selected to be 2 against yielding for any component of the
BLS-CMRD. The most critical component is the shaft since it is exposed
to high shear stresses. In addition to yielding considerations, the shear
displacement on the shaft was minimized for structural rigidity, as well
as, to reduce the uneven stresses on the seals. The permissible lateral
displacement of the BLS-CMRD was determined to be no more than
0.508 mm. The dynamic range, D, is given by [44]:

D= Fdamper _ FMR + Fviscous + Ffriclion =1+ FMR (1)
Funcontrollable Fviscous + Ffriction Fviscous + Ffriction

where Fy is the controllable force, F;s.ous iS the passive viscous damp-
ing force, and Fi.o, is the seal friction force. D, which represents the
ratio of the total damper force to the uncontrollable damping forces, is
a measure of the performance of an MR damper. The dynamic range,
D, for BLS-CMRD was targeted to be greater than 2.5 at the design fre-
quency and stroke.

The device was designed by analytical modeling and simulation ac-
cording to the methodology illustrated in Fig. 3. Analytical equations
for design forces were used to select basic dimensions of the device.
The sizes of the top and lower chambers, and the shaft were determined
using equations for the bi-directional liquid spring force, Fg,,, accord-
ing to the rebound and compression stiffnesses given in Table 1. Then,
the seal friction force, Fpiion Was estimated. Next, parameters were se-
lected to achieve the fail-safe viscous damping force, F;s.ous according
to the damping ratio listed in Table 1. Lastly, parameters were selected
to achieve the controllable MR damping force, Fyz in accordance with
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Fig. 3. Design methodology for the BLS-CMRD.

the dynamic range, D given in Table 1. The viscous and MR damping
forces determined the dimensions of the MR valve (Fig. 1b).

The design process was enhanced by simulation to address the fol-
lowing additional considerations. The MR damping force, which in-
volves the calculation of the magnetic flux density developed in the flow
gap, is best predicted via computer simulations, as available analytical
equations may not provide enough accuracy. In addition, the shear dis-
placement and forces pertaining to structural FOS in Table 1 are evalu-
ated through a structural analysis aided by software packages. The tem-
perature of the MR fluid in the upper chamber increases due to viscous
energy dissipation in the fluid and Ohmic losses in the coil circuit. This
affects the performance of the device. A computer aided thermal anal-
ysis is used to evaluate the temperature field inside the device as well
as the cooling time required for the consistency of the results during
testing.

To achieve all these design requirements, a comprehensive opti-
mization program was developed in Ansys platform. The key geometric
design parameters used in analytical and finite element modeling are
shown in Fig. 4. Gy, gep is the radial distance between the surface of the
bottom shaft and inner wall of the lower chamber, L is the length of the
lower chamber, Ry, is the radius of the bottom shaft, R, is the radius of
the top shaft, R, is the radius of the piston, h is the annular clearance in
the MR valve, L, is the length of the Chamber 2, L, is the length of the
Chamber 1, Lo is the length of the piston, L, is the length of active
pole (metal parts of the piston in the flow channel), L, is the length of
passive pole (length of the coil). The details of each step of the analysis
are described in the following sections.

2.2. Analytical modeling

The total force of the BLS-CMRD can be expressed as the superpo-
sition of the bi-linear liquid spring force, Fy, g, friction force, Fgictions
fail-safe viscous damping force, Fy;s.,us, and controllable MR damping
force, Fyr. The spring force for liquids is described as the multiplica-
tion of a spring rate and displacement of the spring shaft into the spring
chamber. The spring rate is a function of material and geometric param-
eters and is given as [45]:

2
As,i

v

i

k;=p 2

where § is the bulk modulus of the fluid, A; ; and V; are the shaft cross-
section and the fluid volume in chambers, respectively. If there is a
pre-pressurization in chambers, then the total spring force becomes the
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summation of the spring force and hydrostatic pressure force on the
shaft,

Fspring = kixs,i + PiAs,i (3)

where P; is the initial pressure in specific chamber, and x, ; is the dis-
placement of the shaft.

The friction force in the BLS-CMRD results from the mechanical fric-
tion between the seals and shaft. In this design, the top and lower cham-
bers were sealed from each other with two seals on either end of the
bottom bearing, whereas the upper chamber was sealed from the outer
environment via one seal on the bottom side of the top bearing. The seal
lips must be in contact with the shaft surface at all times during oper-
ation. The seals were designed so that when the pressure of the liquid
in a specific chamber increases, the seal lip presses on the shaft more
firmly. This results in an additional friction force. This behavior of the
seals can be characterized by separating the total friction force into two
components: quasi-static and dynamic frictions, as follows:

Firiciion = Fr + Fr g 4)

The constant quasi-static friction force, Fy, can be determined exper-
imentally by testing the device under quasi-static loading conditions,
i.e., at very low speeds avoiding any inertial effects. The dynamic seal
friction force, Fy 4, is given, as follows:

Frq= %AslAP ©)
where Ay is the area of the seal in contact with the shaft surface, AP
is the pressure difference across the seal. In the absence of magnetic
field, the system works in the fail-safe mode as a passive damper. When
the shaft pushes down, the fluid flows from Chamber 2 to Chamber 1
through MR valve thereby generating a viscous dissipation (Fig. 1a, b).
When h/D, is small enough, the flow through two hollow cylinders can
be accurately approximated as a flow through two large parallel plates.
This assumption is validated by Table 2. The force generated due to the
viscous flow through two large parallel plates is given by [44]:

whV, \ 12uQL ... A
Fviscum = (1 + 2Qp> Zl;ton P
wh-

where Q is the flow rate through the MR valve, h is MR valve thick-
ness, Lpigon i the piston length, w is the mean circumference of the
MR valve, V, is the velocity, u is the dynamic viscosity, and A, is the
effective area. Because it is proportional to velocity, the viscous force
is rate and frequency dependent. Eq. (6) assumes steady flow and con-
stant flow properties. Under magnetic field, the MR fluids behave as
non-Newtonian fluids, and this behavior of the MR fluids can be effec-
tively represented by the Bingham plastic model as follows [46]:

6

T> 7y @)

T =7, + Uy
where 7 is the shear stress, 7, is the yield stress, u is the plastic viscosity,
and y is the shear strain rate. 7, is a function of the magnetic field and
can be controlled with the intensity of the applied magnetic field. The

controllable MR force is given by [44]:

1204 7,(B)LA,
120u + O.4wh2‘ry(B) h

Fyg = (2.07 + sgn(V,) ®)
where is the active pole length and z,(B) is the field-dependent shear
stress.

The total device force can be calculated by superimposing the spring,
friction, passive damping, and controllable damping forces:

Fdevice = Fspring + Ffriclion + Fviscous + FMR ()

and is plotted in Fig. 5 for a sinusoidal excitation of 0.0254m at 4 Hz,
and 1 A applied current. The different Ap’s in Egs. (6) and (8) yield
different force levels for the rebound and compression modes resulting
in an asymmetric force around x-coordinate.
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Fig. 4. Significant geometric design parame-
ters: (a) 2D- cross-section of the BLS-CRMD and
(b) close-up view of the upper chamber.
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2.3. Finite element modeling

This section discusses the structural, electromagnetic, and thermal
analyses. The model geometries here are drawn based on optimized ge-
ometric parameters listed later in Section 3. The model was updated iter-
atively during the design process to reach the design targets. In general,
an FEA involves uncertainties arising from the modeling assumptions,
discretization schemes, and computation (or truncations) errors. These
uncertainties can be categorized under two broader groups: aleatory and
epistemic [47]. The aleatory uncertainties are related to the randomness
of the variables governing the computational solution such as material
properties, whereas the epistemic ones are more related to obscurities
in the definition of the computational model. In this study, every ef-
fort was made to minimize both types of uncertainties. Specifically, at
least two (up to four) software were used for each single type of physics
simulations to minimize the epistemic uncertainties. Further, the related
built-in material properties in the material libraries of the software were
updated based on the information obtained from the original material

.

manufacturers. Also, particular care was exercised to ensure that the so-
lutions were mesh independent. All these practices ensured that the FEA
results were dependable before moving forward with the fabrication of
the device.

2.3.1. Structural analysis

Three-dimensional structural Finite Element Analysis (FEA) of the
BLS-CMRD - subjected to loads and boundary conditions imposed by the
experimental setup (Fig. 18 Figure 20) — was performed by using Ansys
software. Because the assembly was symmetric, only half of the assem-
bly was physically modeled with appropriate boundary conditions. The
model was further reduced according to the regions of stress concentra-
tions to save on computer resources and computational time (Fig. 6).
After generating the model, a corresponding material was assigned to
each component. AISI 1018 steel was chosen for the shaft and cylinder
material due to its good magnetic properties. The top cap, top pedestal,
and shaft stopper were made from A36 (mild steel). The bearings were
made from oil-impregnated sintered bronze alloys. The bottom bearing
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Table 2

Optimized Input and Output Parameters at T=25 °C.

Input parameters

Output parameters
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h 0.0015m Eq. (1) D 2.60
R, 0.125m Eq.(2)  k, 6.318 kN/m
k, 25,671 kN/m
L, 0.010m Eq. (14) ¢ viscous 0.17
L, 0.015m Min. FOS (Shaft) 2.50
Ry 0.045m Max. shear deformation (Shaft) 0.21 nmi
Ry, 0.082m F 5500 N
L 0.075m Eq. (6) Fyiscouss (X=25.4 nun and F=4Hz)) 72,932 N
L, 0.100m Fyiscous,c (X=25.4mm and F=4Hz)) 31,466 N
L 0.320m Eq.(8)  Fyg, (for r=40kPa)) 123,960 N
Cpstep 0.215m Fyw.c (for z=40KkPa)) 81,130 N
w 0.790111 m
Q, 0.027275m3/s
Q. 0.017851 m?3/s
Pure (assumed) 0.748 GPa
Bsiticone (assumed)  1.13 GPa
A, 0.014762 m?
A 0.021124 m?
v, 0.006308 m3
Ve 0.083596 m*
Apr 0.042726 m?
Ape 0.027963 m?
Lyision 3L, +4 L) 0.085m
L (4L,) 0.040 m
400 T T was selected to be Oilite bronze® (SAE 841) because the force demand
to this bearing was relatively small. The top bearing was, however, cho-
300 1 ] sen to be Super Oilite® (SAE 863) as it was subjected to high compres-
sion stresses from the vertical shear loading.
200 | After the material selection, the loadings and boundary conditions
100 were assigned appropriately to represent the physics of the device. For
= the rebound mode, a 122.60kN axial load and a 13.92kN shear load
if ol | were applied on the front and top faces of the top pedestal, respectively.
g Also, a 14 MPa hydrostatic pressure was applied to the inner surface of
Y ool | the upper chamber based on the values listed in Table 2. Fixed support
boundary conditions were applied to the screw holes on the side of the
200 F _ top cap. A displacement boundary condition with (x,y,2) = (free,0,free)
was assigned to the shaft stopper. All connections between the parts
-300 | E were modeled to reflect the real operating conditions of the device. For
instance, because the shaft oscillated through both the top and bottom
-400 : 5 ‘ ' ' ‘ bronze bearings, frictional contacts were assigned to the connections be-
0.05  -0.04 003 002  -0.01 0 0.01 0.02

Displacement (m)

Fig. 5. Total device force vs. displacement curve of BLS-CMRD for a sinusoidal
input of 0.0254m at 4Hz, and 1 A.

-' Fixed Support

000 250,00 500.00 (mm)
—

125.00 375.00

Fig. 6. Ansys FEA model with loading and boundary conditions.

tween the shaft and the top and bottom bronze bearings with a friction
coefficient of 0.13. The connections between the bearings and the cylin-
der were defined as bonded contacts since both bearings were press-
fitted to the cylinder. The connection between the cylinder and the top
cap was defined as a frictional contact with a friction coefficient of 0.2.
Finally, the connection between the shaft and the top pedestal was de-
fined as a bonded contact since the top pedestal was screwed on the
shaft, and the threaded connection strength was evaluated analytically.

Simulation results were investigated for the minimum FOS over the
entire device, and the maximum total displacement on the shaft as per
the design requirements listed in Table 1. Fig. 7 shows the results for
the FOS and the total displacement. The FOS is minimized on the top
bronze bearing where it is compressed against the top cap by the shaft.
The displacement is maximized on the top pedestal, and reduces grad-
ually along the shaft axis. A mesh independency analysis with Ansys
built-in tool was conducted to ensure that the solution converged to a
constant as the number of mesh elements was increased. After the mesh
independency analysis, the minimum FOS was determined to be 2.48
on the top bronze bearing, and the maximum shear displacement on the
shaft was found to be 0.21 mm.

A parametric study was conducted to investigate the variations of
minimum FOS and maximum shear displacement with the geometric
dimensions of the device. The radius of the shaft, Ry was found to be the
controlling parameter for both FOS and maximum shear displacement,
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Fig. 8. Variations of the minimum FOS and maximum shear displacement with the radius R, of the top shaft.

as shown in Fig. 8. As the radius of the shaft was increased, the FOS is
observed to increase, while the maximum shear displacement decreased,
exponentially.

2.3.2. Electromagnetic analysis

The MR valve generates the required viscous damping ratio, ¢ iscous
and determines the dynamic range, D. As mentioned previously, the
valve allows the flow of the MR fluid through the flow channel, which
provides a passive damping when no magnetic field is applied and a
semi-active damping when a magnetic field is applied to the MR fluid.
D (Eq. (1)) requires a value for Fyz, which is a function of the dynamic
yield stress, 7(B) of the MR fluid, where B is the magnetic flux den-
sity developed in the flow channel. For an electromagnet, B is given
by,

B=;4<L£>l
C

where yu is the magnetic field permeability of the material, N is the num-
ber of turns of the coil, L. is the axial length of the coil, and I is the cur-
rent applied to the coil. The MR valve and the representative magnetic
flux lines are shown in Fig. 1b and c, respectively. The Maxwell module
in Ansys was used to calculate B in the flow gap. The BLS-CMRD was
composed of cylindrical components except the top and bottom caps,
and top pedestal. Because these parts were square and were also far from
the magnetic field region, they could be approximated to be cylindrical
without a loss in the accuracy of the analyses. Therefore, the analyses

10

were applied to a 2D axisymmetric model for efficiency. The axisym-
metric model is shown in Fig. 9. Figure 10a, and b with its main com-
ponents and modeling assumptions. Although the magnetic field was
concentrated around the piston, analyses were applied to a model of
the entire device to increase accuracy.

The coils were assumed to be wound in alternating directions to
achieve an overall higher magnetic field in the flow channel. The mag-
netic relationships for the MR fluid (MRF-132DG) are provided as fol-
lows [41]:

B= 0.68[1 - e(_10‘97"0H)] +ugH a1

7, = 63,855.60 tanh(6.33x10° H ) (12)

where B is the magnetic flux density (in T), H is the magnetic field inten-
sity (in A/m), Ty is the yield stress (in Pa), and y, = 47 x 107 T/(A/m).
The magnetic characteristics of the MR fluid used in this study are also
given in Fig. 9.

Fig. 10 shows the result for magnetic flux density, B on the MR valve
for the current input of 2500 Amp-turns. The magnetic field develops
in the regions of the MR fluid where it neighbours to the metal parts of
piston. The lengths of these regions are called active pole lengths (red
regions in the flow gap in Fig. 11), whereas the coil lengths are called
passive pole lengths (blue regions in the flow gap in Fig. 11).

The yield stress is found to be varying with the current input as fol-
lows:

7 = 44,960 tanh(1.1081 + 0.2893) (13)
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z . . Fig. 10. (a) Axisymmetric model for the electromag-
A Insulation boundary condition netic analysis in Ansys Maxwell module and (b) detail
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for one coil of 1135 turns, and I in A. The magnetic field depends on the
magnetic properties of the materials as well as the number of turns of
the coil and the applied current to the coil. The number of turns (1135)
was optimized for a limited power source.

Next, the effects of the geometric dimensions of the MR valve and
the applied current on the viscous damping ratio ¢ ;scous and dynamic
range D are investigated. Assuming a simple harmonic excitation, x(r) =

Xsin(wg1), {yiscous 1S given by:

) (57e)

- (7[de2

where W = fo2 /24 F - ousdx, m is the mass, k is the spring constant, ay,
and X are the driving frequency and amplitude of the harmonic excita-
tion, respectively. D was given Eq. (1) and is restated here for conve-

(14)

(viscous
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15)

Fiscous appears in both Eqgs. (14) and (15), which makes ¢;s.0us and
D related to each other. Fig. 12 shows the variations of ¢ s.ous and D
with respect to the height of the flow gap, h, active pole length, L,
passive pole length, L, radius of the piston, R, and the current input.
Each parameter was varied within the range shown in the graphs, while
the remaining parameters were set to the optimized values presented
later in Table 2.

To achieve higher D’s, F\jg must be maximized while F,;s.., is min-
imized, since Fg.jon iS usually constant within a range as suggested by
Eq. (1). However, as given by Eqgs. (6) and (8), Fy;scous and Fyg are both
functions of b, L, L,, and R,. Noting that Fg;on is constant and keeping
all other parameters constant, ¢;s.ous greatly decreases with increasing
values of h, as Fy;s.qys is inversely proportional to h (Fig. 12b). For small
h, Fyiscous decreases two orders of magnitude faster than Fyp with in-
creasing values of h, and thus, leads to increasing D.

Increasing L,, increases Fyg, and thus, increases D in two ways
(Fig. 12c). First, increasing L, increases the magnetic field generated
in the flow gap, the dynamic yield stress, 7(B), and thus, Fyz since z(B)
is a multiplier in Eq. (8). The increase in 7(B) is limited by the magnetic
saturation of the MR fluid. Second, increasing L, directly increases Fyr
since L, is a multiplier in Eq. (8). {yiscous> ON the other hand, increases
linearly with increasing L, as it increases the axial length of the piston,
Lpiston, which is a multiplier in Fyjgcous (EQ. (6)). The variation of {yigeous
with L, is shown in Fig. 12d.

The dynamic force range, D decreases with increasing passive pole
length, L, as shown in Fig. 12e. This is because as L, increases, the
length of the piston increases and Fy;g.qys increases, resulting in lower
D. On the other hand, {ysous increases linearly with increasing L, since
it increases the axial length of the piston, Lyn, Which is a multiplier
in Fyjscous (EQ. (6)). The variation of {yjscous With Ly, is shown in Fig. 12f.

Increasing R, decreases D because Fyjsqys increases two orders of
magnitude than Fyg with R;, (Fig. 128). {yjscous increases with increasing
R, values as shown in Fig. 12h, since Ry, is a direct multiplier in Eq. (6).

Increasing current input to the coils increases the magnetic field gen-
erated in the flow gap and thus, Fyr leading to increasing D. This in-
crease is limited by the magnetic saturation of the MR fluid. Therefore,
increase in D gradually levels off (Fig. 12i). Finally, ¢yiscous 1S Not af-
fected by the applied current because F ;s results from passive fluid
friction only (Fig. 12j).

In summary, the combination of h, L, Ly, and R, can be optimized to

P
reach the given targets for ¢ ;s.ous and D. Optimal values of the param-
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Fig. 11. Magnetic flux density, B distribution after an
electromagnetic analysis for the current input of 2500
Amp-turns.

eters were determined based on the integrated analysis within Ansys,
presented later in Section 3.

2.3.3. Thermal analysis

Temperature has been a concern in the design of MR fluid devices
as it deteriorates their performances [48-51]. In the current design, the
total energy dissipation is a direct heat source to the MR fluid in the
upper chamber. This manifests itself as an increase in the temperature
of the fluid. The elevated temperatures affect the performance of the
BLS-CMRD in several ways. Most importantly, seals might be damaged
with increased temperature. McKee et al. [51] demonstrated the effects
of temperature on the performance of seals. They showed that the seals
expand with increasing temperature, which causes additional compres-
sion and thus, deformation on the seals. They reported that the seals
failed suddenly and unexpectedly during testing when the temperature
was raised to around 80 °C. Also, before the failure occurred, the expan-
sion on the seals caused an increase in the friction force because the seal
lips pushed stronger against the shaft surface. The MR fluid also expands
with elevated temperatures, which results in pressure buildup inside of
the chamber. The added pressure pushes the seals against the shaft sur-
face more strongly, which also causes an increase in the friction force.
The temperature rise also affects the properties of the MR fluids. Both
the bulk modulus and viscosity of the MR fluid decrease with the in-
creased temperature, reducing the stiffness and damping, respectively.
Temperature increase is also known to degrade the magnetic properties
of the MR fluids. According to Curie’s law, the iron particles inside the
MR fluid partially lose their ability to be magnetized.

Electromagnetic heating, produced by the copper coils, is another
heat source in the system. When activated, current flows through the
copper wires. Although copper has a high electrical conductivity, resis-
tance to electrical current causes Ohmic power losses. This phenomenon
is also known as Joule-Lenz effect. The Ohmic losses are transformed
into heating, which is often called Joule heating. The Joule heating
raises the temperature of the coils, as well as the surroundings. As the
temperature in the coils rise, the resistance of the wires increases fur-
ther. Additional power is required for the coils to maintain the same
magnetic field in the MR fluid. Based on Curie’s law, the valve piston
and the cylinder wall also partially lose their magnetic properties with
increasing temperature. The heat transfer to the piston and the cylinder
wall from both the MR fluid and coils consequently reduces the effi-
ciency of the electromagnet. These heating considerations have to be
taken into account in the design of a BLS-CMRD.

To assess the effects of heating on the performance of the BLS-CMRD,
a thermal analysis was conducted using Ansys software. The thermal
analysis is based on theoretical calculations to determine the heat gen-
eration due to viscous dissipation, as well as an electromagnetic analy-
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Fig. 12. Continued

sis to calculate the heat generation from Joule heating. The theoretical
calculations were performed in Excel module, whereas the electromag-
netic analysis was performed in Maxwell module. The computed heat
sources were then input to the Transient Thermal module. Following
the heating analysis, a cooling analysis was conducted to calculate the
time required for the MR fluid to cool down to the room temperature to
achieve consistency between the tests. During the analyses, the system
was considered to operate at its upper limit conditions, i.e., the max-
imum stroke, maximum frequency, and maximum applied current, to
ensure the maximum heat generation in the system. Fig. 13 shows the
schematic of the program developed in Ansys.

Fig. 14 shows the heat loads and boundary conditions used in the
Transient Thermal analysis. Although the top and bottom caps are
square, the system was modeled as axisymmetric because the cylinder,
shaft, and seal glands are all axisymmetric, as was shown in Fig. 1. The
total energy dissipation was obtained by the superposition of energy
dissipations associated with the friction, viscous, and MR damping as:

Wiotat = #Ftriction X + TFigcous X + 4FVrX (16)

in the Excel module and was input to the Transient Thermal module as
a heat source (labeled as A in Fig. 14). Here X is the peak displacement
to consider the limit conditions for the energy dissipation, and Fgction»
Fiscouss and Fyr were previously described in Egs. (4), (6), and (8),

respectively. The calculation of the MR damping force requires the in-
formation of the magnetic flux density in the flow gap. This information
was passed to the Excel module from the Maxwell module. The Joule
heating was, on the other hand, obtained by the Maxwell module and
transferred to the Transient Thermal module. This was verified using
the theoretical equation for Joule heating, O = I*R, where I is the cur-
rent applied to the coils, and R is the resistance of the coils (labeled as
B in Fig. 14). The system was assumed to be cooled by a fan at room
temperature during the tests. The external effects were represented by
a convection boundary condition with T, =22°C and h = 50 W/m?°C
assigned to all outer surfaces of the system (labeled as C in Fig. 14).
The maximum temperature was found to be around 42.5 °C in the
centers of Chamber 1 and 2. Because the cylinder wall of the upper
chamber was very thick (0.23 m), heat was not able to escape, and be-
came mostly trapped in Chamber 1 and 2. The maximum temperature
increased linearly at a rate of about 4 °C/s. Analyses were repeated for
different strokes, frequencies, and currents. The stroke, frequency, and
current input were varied from 0.00635 to 0.02540m, 0.5 to 4 Hz, and
100 to 3,500 Amp-turns, respectively. Fig. 15 shows the variations of
the maximum temperature with these three parameters as a result of
the Transient Thermal analysis after 5 s of continuous cyclic loading. For
each case, the third parameter was fixed at the median of its range. The
maximum temperature was observed to increase linearly with increasing
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Fig. 14. Heat loading and boundary conditions for the Transient Thermal heat-
ing analysis.

stroke and frequency. The temperature was also found to increase with
increasing current and level off as the current reached around 2,000
Amp-turns. This leveling off occurred because the MR damping force
saturated, causing the energy dissipation to reach its limit.

As mentioned previously, another thermal analysis was conducted to
obtain the time required to cool the system down to room temperature.
To do this, the maximum temperature found in the Transient Thermal
analysis was assigned to the MR fluid as an initial temperature, and all
the outer surfaces of the system were subjected to convective boundary

condition with T, = 22°C and & = 50 W/m? °C to reflect the device be-
ing cooled by a fan at room temperature. Fig. 16 shows the temperature
contours after 1 h. The maximum temperature was found to be concen-
trated in Chamber 1, which has a higher volume of MR fluid than Cham-
ber 2. The heat flowed through the cylinder wall of the lower chamber
rather than the silicone oil, because the steel AISI 1018 has a higher
thermal conductivity than that of silicone oil. The variation of the max-
imum temperature with time is also plotted in Fig. 17. The maximum
temperature was found to decrease exponentially, and it was predicted
to take almost one hour for the device to cool down to the room tem-
perature.

The temperature also affects the physical properties of the MR fluid.
The viscosity of the MR fluid is known to decrease exponentially with
increasing temperature according to the following formula [41],

(142.43¢)(40 (°O)-T (°C))]
(T (°C)+48 (°C)

W(T) = o ooy (el amn

where p@4 (o) = 0.112 Paes and ¢ = 0.32 for the MRF-132DG (also given
in Fig. 19). The bulk modulus of the MR fluid, f also decreases linearly
with increasing values of temperature as shown by [41] with the fol-
lowing relation,

A(T) = 0.735x10°(Pa) — 0.267x107<:)—g )(T(°C) - 22(°C)) (18)

To examine the effects of temperature on the design requirements
of the viscous damping ratio, {yis.ous dynamic force range, D, and re-
bound stiffness, k,, Egs. (17) and (18) were implemented into the Excel
module in the Ansys program. Fig. 18 shows the effects of temperature
on these three design requirements. ¢ ;s.ous Was found to decrease expo-
nentially as the temperature increases (Fig. 18a), because the viscosity
of the MR fluid decreases exponentially with temperature according to
Eq. (17). D is observed to increase with increasing values of temperature
(Fig. 18b). However, the rate of increase reduces at higher temperatures,
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Fig. 17. Variation of the maximum temperature in the MR fluid when the sys-
tem was subjected to forced cooling with a fan at room temperature.

because F; ..y decreases exponentially with increasing temperature ac-
cording to Eq. (17). Lastly, the rebound stiffness, k,, decreases linearly
with increasing temperature, because the bulk modulus of the MR fluid,
p, decreases with increasing temperature according to Eq. (18). As the
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temperature rises from 22 °C to 42.5°C, {jscous decreases by 45%, k,
decreases by 8%, and D increases by more than 25%.

Considering these findings and the concerns about the performances
of the seals and the electromagnet at elevated temperatures, efforts were
made to limit the temperature in the MR fluid during the tests. The load
duration (3 cycles per trial) was selected to ensure that the maximum

temperature did not exceed 25 °C. The temperature was monitored in
real-time during the testing using a thermocouple.

3. Design optimization

There have been many studies performed about the optimal design
of MR dampers in the literature. Gavin et al. optimized a multi-coil MR
damper for the minimal power consumption and inductive time con-
stant [52]. Nguyen et al. studied the optimal MR valve design under
geometric constraints [53]. In other studies, Nguyen et al. investigated
the optimal design of an MR damper for the target design parameters of
damping force, dynamic range, and the inductive time constant [54,55].
Parlak et al. [70] carried out a finite element analysis- and computa-
tional fluid dynamics-based optimization study to determine the target
damping force of an MR damper and the maximum flux density in its MR
valve. Mangal and Kumar demonstrated an optimization procedure for
the optimal geometry of MR dampers based on the design of experiments
and finite element methods [56]. More recently, Zhang et al. proposed
an optimization procedure for a novel one-way pumping MR damper
by using FEMM, Matlab, and Isight software to optimize the damper’s
magnetic system for the desired damping force and dynamic ratio [57].
However, the optimization scheme presented in this work is different
and more comprehensive than all these previous studies. It is different
due to the physics involved. The optimization procedure includes not
only the electromagnetic and thermal analyses but also the structural
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analysis. It is the most comprehensible because the target design param-
eters include not only damping force and dynamic force range but also
compression stiffness, rebound stiffness, allowable shear displacement,
and minimum structural factor of safety.

The parametric studies in Section 2 reveal that the design values
that meet the requirements of Table 1 are controlled by geometric pa-
rameters, which were depicted in Fig. 4. In the structural analysis, the
minimum FOS and maximum shear displacement were found to depend
strongly on Rg; (Fig. 8). Eq. (2) indicates that the rebound stiffness, k,,
varies with the fourth power of Ry. Hence, k, is also closely related
to Ry;. Also, the electromagnetic analysis shows that D and ¢ seous» are
both functions of h, L, Ly, and R, (Fig. 12). Furthermore, the thermal
analysis showed that ¢ ;s.ous>» D> and k, vary with temperature (Fig. 18).

To achieve the design requirements in Table 1, the parameters Ry,
h, Ly, L,, and R, were optimized while accounting for the temperature
effects in yiseous» D> and k,. A multi-objective optimization program was
developed in Ansys platform. The program consisted of two stages. In the
first stage, the Static Structural and Microsoft Excel modules were run
simultaneously to determine the minimum FOS and maximum allow-
able shear displacement and to calculate k, and k,, respectively. In the
second stage, the Maxwell, Microsoft Excel, and Transient Thermal mod-
ules were run simultaneously to determine the magnetic flux density in
the flow gap, to calculate D and ¢ ;sous, @and to account for the heating
effects, respectively. The analysis presented previously in Fig. 13 repre-
sents the optimization program for the second stage.

The input parameters such as Ry, h, L, X, f, and current input were
transferred from the Microsoft Excel module and were shared with Ge-
ometry and Maxwell modules. The Microsoft Excel module not only
stored the input parameters but also the output parameters. The ana-
lytical expressions, i.e., Eqs. (1)-(4), (6), (8), (9), (12), (14), (16), (17),
and (18) were implemented into the Microsoft Excel module as well. The
optimum design was explored with the Response Surface Optimization
module, where the design of experiments were established, and opti-
mum values were sought. The modules communicated with each other
in sequence. For example, the temperature rise in the MR fluid was com-
puted, as follows: The current from Microsoft Excel module was sent to
the Maxwell module as an input. The output of the Maxwell module,
i.e., magnetic field, H was transferred back to the Microsoft Excel mod-
ule to calculate 7(B) Eq. (12)), the various force contributions (Egs. (4),
(6) and (8), and the total energy dissipation, W,y (Eq. (16)). Next,
Wiotal Was transferred to the Transient Thermal module as a heat source
to the fluid. Similarly, another output of the Maxwell module, the total
Ohmic loss, was transferred to the Transient Thermal module directly as
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Fig. 20. Solid modeling of the experimental test setup.
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the other heat source to the coils. Then, the Transient Thermal module
computed the maximum temperature in the MR fluid as a function of
time. The optimized values of input geometric parameters - originally
identified in Fig. 4 - and resultant design values are given in Table 2.

4. Experimental validation of the model

The BLS-CMRD was tested at the Large Scale Structures Laboratory
of University of Nevada, Reno. A 3D representation of the test set-up is
given in Fig. 20. The device was oriented horizontally whereas it would
be vertical for the real application. The device was fixed to the labo-
ratory floor by using fixture plates via seven Dywidag tie rods, each
capable of providing 355kN in tension and 71 kN in shear. In order to
reflect the real-life loading conditions, the device was excited axially via
a 245kN MTS-244.315 hydraulic actuator sinusoidally, and the shear
loading was applied through a 5 ton hydraulic pulling ram attached to
a vertical I-beam frame (shear frame).

First the seal friction force were tested at the stroke and frequency
of 0.0127 m and 0.01 Hz, respectively. Then, the fail-safe viscous damp-
ing forces were characterized at zero current and at different excitation
amplitudes and frequencies, ranging from 0.0127 to 0.0254m and 0.5
to 4 Hz, respectively. Finally, the complete behavior of the BLS-CMRD
was characterized at different current inputs, ranging from 0.25 to 1
A, with the same stroke and frequency range above. A comprehensive
discussion of the characterization of the device was given in [41].

The theoretical model presented in this study was validated by com-
parison against the experimental data. Fig. 21 shows the comparisons
for different frequency and current levels. The model agreed well with
the experimental data. However, the experimental data shows that the
force is reduced over a region of the hysteresis loop, referred to as a
cut-out region. The cut-out region occurs when the fluid does not flow
properly through the flow gap. This is a direct result of entrapped air in
the MR fluid. In a cut-out region, the entrapped air is being compressed,
and there is no flow through the MR valve. When the air is fully com-
pressed, then the flow starts. The overshoots at the end of the cut-out
regions (at the beginning of the flow) in Fig. 21 supports the discussion
of no-flow regions. When the air-filled region collapses, the liquid get
in sudden contact resulting in a water-hammering behavior, i.e. a local
spike in the pressure yielding a local peak in the force values. To remedy
the problem, the controllable and passive damping forces were set to be
zero in the cut-out regions in Eq. (9). From Fig. 22, it can be seen that
the modified model can describe the dynamic response of the device
effectively.
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Fig. 21. Comparison of the modeled and experimentally observed force vs. de-
formation for X=0.0127 m, f=1 Hz, and for different applied currents.
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Fig. 22. Comparison of the modified model and experimentally observed force
vs. deformation for X=0.0127 m, f=1 Hz, and for different applied currents.
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Fig. 23. The experimental and model yield stress vs. current.

The yield stress values were adjusted from the experimental data.
Fig. 23 shows the comparison of the model and experimental yield stress
values. The deviation in the yield stress values is assumed to be due to
the effect of pressure, which is supported by recent studies that showed
the yield stress increased under pressure [58-63].
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Fig. 24. Device state vector u, with MR activation surface and MR capping
surface.

5. Application of Disp/Vel-based control

To make effective use of the controllable damping offered by the
device, a control strategy is needed. A number of studies have evalu-
ated control strategies for MR dampers, such as [58-67]. As part of this
research, the authors developed a displacement-velocity based control
strategy, and applied it to a 3D rigid block equipped with BLS-CMRDs
for vertical isolation, and subjected to earthquake ground shaking. The
comprehensive development and evaluation of this strategy is presented
in [42,68,69]. Here, the control strategy is summarized briefly, and its
application is demonstrated for a single DOF system subjected to sinu-
soidal motion.

The simplified system considered for this application is a single mass
m mounted on the BLS-CMRD described earlier. The equation of motion
of the system, when subjected to a vertical ground or base acceleration
agz(t), is:

mii; + cu (1) + ku (1) = —mag, (1) — (Fyr + Frriction) (19)

where u, is the displacement/stroke history of the BLS-CMRD, c is the
viscous damping coefficient (derived from Eq. (6)), k is the instanta-
neous stiffness of the device (either k. or k, from Table 1), and Fgction
and Fyp are determined from Eqgs. (4) and (8), respectively.

In the Disp/Vel-based control strategy, the input current to the BLS-
CMRD is calculated based on the feedback displacement and velocity
of the device. The state of the damper is modeled as a vector valued
function of displacement and velocity: u, = {u_, u,}. The input current
is varied with the instantaneous magnitude of the vector. The current is
activated when a threshold lower bound vector magnitude is reached,
and maximum current is applied when a threshold upper bound vector
magnitude is reached. These threshold magnitudes are modeled as el-
lipse surfaces with displacement as the semi-major axis and velocity as
the semi-minor axis; d;, and v,,;, are the magnitudes of displacement
and velocity for the inner ellipse or MR activation surface, whereas d,,
and v,,,, are magnitudes of displacement and velocity for the outer el-
lipse, denoted the MR capping surface (Fig. 24). These ellipses are cen-
tered at ug,;. and are represented by the following equations:

2 . 2
W, — Ugpaei
(Z—mm> + ( . > =1 (MR Activation Surface)

dmin Vmin

2 . 2
<M> + < e > = 1 (MR Capping Surface) ©0)
dmax Umax

At each instant, the state vector u, of the device is computed. If the
state vector is inside the MR activation surface, no current is applied
(passive response). If the state vector is outside of the MR capping sur-
face, the maximum current (I=1A) is applied. For states between the
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MR activation and MR capping surface, a partial current is applied. The
current varies linearly from zero at the MR activation surface to the
maximum at the MR capping surface.

The application of Disp/Vel-based control is demonstrated for the
single mass and BLS-CMRD system of Eq. (20). The theoretical param-
eters of the reduced scale device are used, and the mass is equiva-
lent to a weight of 92.8KkN. Assumed parameters for the MR activa-
tion and capping surfaces are: d;; =0.0125m, d,, =0.0225m, and
ratio of displacement to velocity or d/v=0.07s. The system is subjected
to sinusoidal input acceleration at varying amplitudes, with frequency
w=12.56rad/s or T=0.5s. (Recall that the fundamental period of the
system (based on compression stiffness) is 0.25s (Table 1). Thus the sys-
tem is driven at a different frequency to avoid a resonant condition. The
response of the system using Disp/Vel-based control is compared to the
reference uncontrolled cases: Passive-Off, which means the MR damp-
ing force is turned off, and Passive-On, which means a steady current is
applied so the MR damping force is always fully present.

BLS-CMRD displacement (stroke) history (left) and force-
displacement loops (right) are presented for varying intensity input
in Fig. 25. The sequence of increasing acceleration illustrates how the
control algorithm responds relative to Passive On and Passive Off. At
the lowest input acceleration of 0.5g (Fig. 25a), the displacement am-
plitude < d;;, =0.0125m (inside the MR activation surface) and only
passive damping is present in the hysteresis loop. Thus, Disp/Vel-based
control provides identical results to Passive Off, while the Passive
On damper is so overdamped that the system cannot seem to initiate
movement. At input acceleration=1.2g (Fig. 25b), an intermediate
current is generated and hence the MR damping is partially activated.
For this case, it is seen that Disp/Vel-based control suppresses the
displacement significantly relative to Passive On, while the Passive On

system remains overdamped. At an input acceleration=2g (Fig. 25¢),
Disp/Vel-based control leads to results similar to Passive On, mean-
ing that the additional MR damping is fully activated. Relative to
Passive-On, again the displacement response is suppressed. The MR
damping does not become fully activated until large input accelerations
because it was designed as a backup system in the event of extreme
loading. These examples demonstrate that the controllable damping is
effectively utilized to control displacement during increasing intensity
motion.

6. Summary and conclusions

In this study, a comprehensive design methodology for a
magnetorheological-based isolation system was presented. The model-
ing approach involved both theoretical and simulation modeling. The
theoretical model included four contributions to the BLS-CMRD force:
bi-directional liquid spring, friction, passive damping, and semi-active
MR damping. The simulation modeling involved structural, electromag-
netic, and thermal finite element analyses. The geometric dimensions of
the BLS-CMRD were determined via a multi-objective optimization pro-
gram developed in Ansys platform incorporating both theoretical and
simulation modeling.

A prototype of the device was fabricated and subjected to character-
ization tests. The experimental data generally validated the modeling
assumptions. However, the experimental results exhibited cut-out re-
gions in the force vs. displacement that were attributed to the absence of
flow through the flow gap in the upper chamber. A modified model was
able to capture the device behavior in the cut-out regions effectively.
This is rather an assembly issue during the fabrication of the device and
could be eliminated with more effective fluid filling procedures. Also,
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the theoretical shear stress deviated from the experimentally observed
shear stress, and should be modified to account for the effect of pres-
sure. A new Displacement/Velocity-based control strategy was applied
to a single degree-of-freedom BLS-CMRD with mass system subjected
to sinusoidal input acceleration. It was demonstrated that the control-
lable damping was effectively utilized to control displacement during
increasing intensity motion.

In conclusion, the multi-objective design and optimization procedure
was effective to meet a challenging set of system requirements for the
design of a BLS-CMRD. The control simulations showed that the con-
trol strategy was effective to increase the damping as the displacement
amplitude increases, and thus control the displacement during higher
intensity input. It is believed that this is the first smart damper device
that operated under combined lateral and axial loads as large as 28 kN
and 245 kN, respectively, which was one of the major design challenges.
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