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Magnetorheological (MR) dampers have attracted the interest of suspension designers

and researchers because of their variable damping feature, mechanical simplicity,
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robustness, low power consumption and fast response. This study deals with the optimal
configuration of an MR damper using the Taguchi experimental design approach. The
optimal solutions of the MR damper are evaluated for the maximum dynamic range and
the maximum damper force separately. The MR dampers are constrained in a cylindrical
container defined by radius and height. The optimal damper configurations obtained
from this study are fabricated and tested for verification. The verification tests show that

the dampers provide the specified damper force and dynamic range.
[DOI: 10.1115/1.4024719]

1 Introduction

Semi-active controllable devices with magnetorheological
(MR) fluid have received significant attention, especially for
transportation vehicles, building suspensions, and biomedical
applications, in the last two decades because of their unique
advantages. MR fluids are suspensions of magnetically polarizable
particles, a few microns in size, dispersed in a carrying liquid,
such as mineral oil or silicon oil. When a magnetic field is applied
to the fluid, particles in the fluid form chains and the suspension
become a semisolid material in a few milliseconds. Exposed to
the magnetic field, an MR fluid behaves as a non-Newtonian fluid
with controllable viscosity. However, if the magnetic field is
removed, the suspension returns to a Newtonian fluid. The transi-
tion between these two phases is highly reversible, which provides
a unique feature, magnetic-field controllability of the flow, in MR
fluids.

Recently, some studies have focused on the geometric optimi-
zation of MR devices. Many factors must be considered when
developing optimal designs of MR dampers, making the problem
challenging when using conventional optimization methods. The
framework of the optimization procedure should be based on
physical design requirements. The fail-safe design feature is
accomplished by selecting the appropriate channel flow geometry
to obtain the minimum required viscous (passive) damping force
for the zero magnetic field condition [1].

Controllability of MR devices is provided by applying different
magnetic fields across a gap through which the MR fluid flows. In
numerous papers, single rectangular [2-4] and annular ducts [5-9]
were employed in the devices. Similarly, Stanway et al. [10] and
Namuduri et al. [11] proposed multiple concentric annular gaps.
To provide a magnetic field, a coil and a magnetic flux guide is
needed, which can have implications for the weight, size and
shape of the device [12]. Zhang et al. [13] proposed the magnetic
design of an MR damper using finite elements. Hitchcock [1] used
an FEM software package for magnetic fields and he found that
the magnetic field direction should be perpendicular to the MR
fluid flow direction. Rosenfeld and Wereley [5] proposed an
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optimization method for a volume-constrained MR valve. Their
method was an analytical optimization design method for MR
valves that relied on the assumption of constant magnetic flux
density through the magnetic circuit. Nguyen et al. [9] improved
an optimization procedure to find the optimal geometric dimen-
sions of the flow ducts and coils to minimize the valve ratio,
which is an objective function, for single-coil, two-coil, three-
coil, and radial/annular types of MR valves. Nguyen et al. [8]
proposed a similar model for MR valves but considered the con-
trol energy as well as the time response. Yang et al. [7] offered an
optimization procedure for MR smart structure design. In their
optimization procedure, target force was the objective and the vol-
ume fraction, target time constant, magnetic field intensity, wire-
winding turns and power loss were chosen as constraints. Nguyen
and Choi [14] presented an optimal design method of an MR
shock absorber based on finite element analysis to obtain optimal
values of the coil width, the flange thickness, the piston radius and
the gap width. Karakoc et al. [15] worked on design considera-
tions for building an automotive MR brake. They used FEM to an-
alyze the resulting magnetic circuit and heat distribution within
the MR brake and a multidisciplinary design optimization (MDO)
procedure to obtain optimal design parameters for maximum brak-
ing torque. Grunwald and Olabi [16] presented parametric analy-
ses, using optimization, with magnetic simulations of an MR
valve and an MR orifice. Based on these analyses, they designed,
fabricated and tested the devices. Tonoli et al. [17] described a
design methodology adopted to develop electromagnetic dampers
for installation in aero-engines. Case et al. [18] examined several
established and novel damper configurations and modified them to
improve performance, while minimizing the power draw of the
electromagnet using COMSOL multiphysics finite element soft-
ware. Gupta and Hirani [19] optimized a multidisk MR brake sys-
tem using torque and weight as the objective functions and
geometric dimensions of a conventional hydraulic brake as con-
straints. In our brief study [20], an MR shock damper was opti-
mized geometrically using the Taguchi experimental design
approach. Four parameters were specified for the geometrical
optimization of the MR damper. The desired maximum dynamic
range was the target value. The analysis was performed using ana-
Iytical equations instead of experimental data, in contrast to the
current study.

This paper is titled ‘optimal damper configurations’ instead of
‘optimal damper geometries’ because two parameters, current and
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Fig.1 Schematic for the prototyped MR damper

coil wire diameter, are not part of the geometry; they are related
to damper performance. Thus, it is referred to as an optimal con-
figuration that is used to determine the effect of important parame-
ters on damper performance. The optimal configuration of the MR
damper is determined using the Taguchi experimental design
method, commonly known as the Taguchi method. The Taguchi
method creates special arrays to reduce the number of required
experiments. Each of the arrays is used for a number of experi-
mental situations and helps experimenters ensure a design that is
robust regarding the influence of uncontrollable factors. Four
parameters, each of which can be taken at three different levels,
were specified for optimal configuration in this study. Eighty-one
experiments would have been required for full factorial experi-
ments; nine experiments are adequate using the Taguchi method.
Based on the Taguchi method design, nine dampers were fabri-
cated and tested. Optimal damper configurations are specified
after reviewing the test results. The target values in the analysis
are the maximum dynamic range and the damper force. The gap
width, the flange (active pole) length, the coil wire diameter and
the current excitation are chosen as the design variables (factors
or parameters). The piston gap length, the piston diameter and the
piston head housing thickness are constant values. The coil width
and height are calculated according to the values of other parame-
ters. The electromagnetic finite element analysis of the magnetic
field is used to obtain the magnetic flux density to calculate the
yield stress.

2 Design Considerations for the MR Damper

Figure 1 shows a schematic for the prototype MR fluid damper
under consideration. Two chambers in the cylinder are separated
by a sliding piston. The section where the piston head is filled
with MR fluid and the accumulator that compensates for the vol-
ume changes induced by the movement of the piston rod is filled
with pressurized nitrogen gas. During the motion of the MR
damper’s piston rod, fluid flows to the other side of the piston
head through the annular gap. The coil is located inside the piston
head. The coil wire used for winding is heat-resistant and electri-
cally insulated. When electrical current is applied to the coil, a
magnetic field occurs around the piston head.

The magnetically induced iron particles inside the MR fluid
align in the direction of the magnetic flux lines to resist the flow,
thus producing a damping force. In this case, the MR fluid
behaves like a non-Newtonian fluid, and the fluid begins to flow
after the stress increases higher than the yield stress.

Some of the important dimensions of the magnetic circuit of
the MR damper with one coil and annular gap are shown in Fig. 2.
The damper geometry is characterized by the gap length, L, the
piston head housing thickness, g,, the annular gap width, g, the
flange (active pole) length, #, the piston head radius, R, the radius
of the piston core, R, and the coil width, W. At the two ends of
the flanges, the flux lines are perpendicular to the flow direction,
causing a field-dependent resistance to the flow.

The total force generated by an MR damper consists of three
components: the viscous force (uncontrollable force) from the
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viscous effects, F,, the frictional force, Fy and the field-dependent
force (controllable force), F;, from the magnetic field [12]

F=F,+F +Ff (1)
where
61LA

F,= L 2
=0 @)

and t
F,.=2c —Aprysgn(up) 3)

8

where u, is the piston velocity, A, is the cross-sectional area of
the piston head, Q is the flow rate, p is the plastic viscosity,
Ry =R — (gn +0.5g) is the average radius of the annular gap, T
is the yield stress and c is the coefficient that depends on the flow
velocity profile with a value ranging from 2.07 to 3.07. Spencer
et al. [3] proposed the following approximate relation for the coef-
ficient ¢

60u

=207+ —""7-""—7——
¢ * 60u + 0.47R, g%,

(C)]

and the dynamic range, D, is defined as the ratio of the total
damper force to the uncontrollable force as follows:

Piston head
Damper housing
MR Flow core thickness

Magnetic circuit

Fig.2 Magnetic circuit of the MR damper
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The dynamic range is introduced to evaluate the overall per-
formance of an MR damper, i.e., it is desired to keep D as large as
possible to maximize the effectiveness of an MR damper.

As shown in Egs. (2) and (3), the viscous force increases two
orders of magnitude faster than the controllable force with a small
gap size if one assumes that the magnetic field is saturated; conse-
quently, the dynamic range tends to zero. As the gap size
increases, both the controllable force and the viscous force
decrease. To obtain a sufficient amount of controllable force, the
gap has to be quite narrow. Note that the friction force is a con-
stant; therefore, the dynamic range tends to zero. Between the
extremes, an optimal dynamic range exists. The viscous force is
independent of the influence of the magnetic field. The controlla-
ble force, however, depends on the yield stress (equation 3). The
variation of the active pole length (7) influences the MR fluid via
the magnetic field. The pole length has an influence directly on
the controllable force but also indirectly on the uncontrollable
force via the piston length, L [12].

Parameters such as the piston radius, the yield stress, the pole
length and the gap width play important roles in searching for the
optimal design.

An important stage in the design considerations of an MR
damper is the calculation of the changes in the yield stress of
the MR fluid from the magnetic field. In this study, the
hydrocarbon-based MR fluid product (MRF-132DG) from the
Lord Corporation, Cary, NC, USA is used. Applying the least-
squares curve fitting method to the fluid property specifications
[21], the yield stress equation is as follows:

1, = 52.962B* — 176.51B% + 158.79B% + 13.708B + 0.1442
6)

In equation (6), the unit of the yield stress, t,, is kPa and the
unit of magnetic flux density, B, are Tesla (T).

The various critical areas though which the magnetic field
passes can be of the same size. The assumption of constant mag-
netic flux density throughout the magnetic circuit of the damper is

as follows [5]:
W=—(g+R;)+/R>*—R?

|
e ™
=3

gh=R—-W+g+R.)

3 Determination of MR Dampers for
Experimental Design

Design of experiments (DOE) is a statistical technique used to
study the effects of multiple variables simultaneously. For plan-
ning experiments using the Taguchi experimental design
approach, special orthogonal arrays are developed to make the
DOE technique more applicable by reducing the number of
experiments [22]. In addition, using the signal-to-noise ratio in the
analysis of repeated results helps experimenters easily assure a
design that is robust to the influence of uncontrollable factors
[22]. Taguchi strongly recommends use of signal-to-noise ratio
(S/N) to capture the variability of data within the group, thus
measuring a quality characteristic prior to determining optimum
conditions. Taguchi proposed three S/N equations; depending on
the desirability of the results, the quality characteristic can be of
type bigger is better, smaller is better, or nominal is best (see
Table 1).

Assume that y; is the ith test value and yy is the target test value.
When the S/N is increased, variation around the target

Journal of Mechanical Design

Table 1 Signal-to-noise (S/N) ratio equations

S/N ratio
1 2
—101log ;Zy,-
—101og lZ(y- )2
n i-Y0
1 1
—10log( - > —
Og(nzy,-2>

Quality characteristic

Smaller is better

Nominal is best

Bigger is better

Table2 Parameters and levels
Parameters Level 1 Level 2 Level 3
Gap width (g) 0.6 mm 0.8 mm 1 mm
Flange length (7) 5 mm 6 mm 7 mm
Coil wire diameter (d,.) 0.45 mm 0.4mm 0.35mm
Current (/) 1A 1.25A 1.5A

value decreases; thus, a higher S/N is desirable. Regardless of the
original results, the desirability of S/N is always retained as bigger
is better.

A noticeable dynamic range as described by equation (4) is a
key objective for MR damper performance because of a large ratio
of controllable force to uncontrollable force. The main objective
of an MR damper is to increase the controllable force in propor-
tion to the uncontrollable force. The other objective is to increase
the damper force, with as much controllability as possible. These
reasons drive the dynamic range and damper force to be maxi-
mized as two primary objectives of the study.

The gap width, the flange length, the coil wire diameter and the
current excitation are design parameters, with three different
values, and are used to obtain optimum damper performance (see
Table 2). The gap length, the piston rod diameter, the piston core
diameter, the inner diameter of the cylinder, the sliding piston
width and the inner length of the cylinder are constants, for
manufacturing simplicity. The coil width is calculated using
equation (7). The number of turns of the coil is calculated using
the coil width. The magnetic flux density is obtained through
FEM analysis using the parameters specified and calculated.

The parameters and their levels were determined by the Tagu-
chi method realized with some analytical calculations, yield stress
from equation (6), the total damper force from equation (1), the
dynamic range from equation (5) and the coil width and flange
length from equation (7). It is important to specify the parameters
to minimize the fabrication difficulty of the dampers. A large
number of parameters, which must be specified to achieve the
optimal geometry in the manufacture of a large number of damp-
ers, would lead to a much higher cost.

An L9 orthogonal array is suitable for four parameters and three
levels, and nine damper models are fabricated and analyzed in
accordance with Taguchi’s L9 array (see Table 3).

The coil width and the number of turns that is implemented to
form a maximum wrap in the coil housing that has 0.5 mm and
I mm insulation material on the inner and outer faces, respec-
tively, is shown in Table 4.

3.1 Magnetic Flux Density and Yield Stress of the MR
Dampers. As shown in Fig. 2, the MR damper is shaped to guide
the magnetic flux axially through the bobbin, across the bobbin
flange (active pole) length and gap at one end, through the flux
return, and across the gap and bobbin flange again at the opposite
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Table 3 Factors assigned to L9 orthogonal array

Damp. No. g (mm) t (mm) d. (mm) I1(A)
1 0.6 5 0.45 1

2 0.6 6 0.4 1.25
3 0.6 7 0.35 1.5
4 0.8 5 0.4 1.5
5 0.8 6 0.35 1

6 0.8 7 0.45 1.25
7 1 5 0.35 1.25
8 1 6 0.45 1.5
9 1 7 0.4 1

Table 4 Coil width and number of turns

Damp. No W (mm) N,
1 4.9 220
2 49 233
3 4.9 241
4 4.7 266
5 4.7 292
6 4.7 138
7 4.5 325
8 4.5 164
9 4.5 166

end. The fluid volume though which the magnetic field passes is
defined as the active volume. MR effects only occur within this
active volume. An effective damper must have a high magnetic
flux density passing through a large active volume. However,
large numbers of magnetic coils are required to produce large
magnetic fields. An optimized circuit would maintain a balance
between the field produced and power required by the magnetic
coils [5].

The magnetic flux density in the dampers was calculated by
FEM analysis, implementing the magnetostatic tool in ANSYs
v12.1. For computational time reduction and assuming the mag-
netic flux to be axisymmetric, the 3D model is a 45 deg slice of
the entire computational domain. To model the geometry, some of
the dimensions were defined as parameters in ANsys to easily
manipulate all of the required damper geometries in the experi-
mental design. To accommodate the various damper dimensions,
a computational domain of approximately 90.000 nodes and
64.000 tetrahedral volume elements is implemented to solve the
magnetic analysis problem (see Fig. 3).

After obtaining magnetic flux density (B) at the same point in
the gap for all the dampers by ANnsys analysis, the yield stresses
(ty) are calculated from equation (6) (see Table 5).

Dampers with high magnetic flux density in the gap (see
Table 5) are already high in their core region, as shown in Fig. 4.
Some analyses performed with aAnsys show the changes in mag-
netic flux density with the parameters specified in the experimen-
tal design (see Fig. 5).

4 Fabrication of the MR Dampers

The candidate MR dampers are fabricated using the dimensions
in Table 3, as specified by the Taguchi method. The other dimen-
sions, shown in Table 6, are fixed for all dampers.

The MR damper consists of seven-parts, a cylinder, a piston
rod, coil housing, a piston head, an upper and bottom cover for
the cylinder and a sliding piston. Approximately 50 mm® of
MR fluid is filled without any air space in the cylinder
volume, and approximately 20 bar of nitrogen is injected into
the accumulator. The dampers, after assemblage, are shown in
Fig. 6.

081008-4 / Vol. 135, AUGUST 2013

Fig. 3 Mesh of the piston head

Table 5 Values of magnetic flux density and yield stress in the
annular gap

Damp. No B (T) 7, (Pa)
1 0.563 32.02
2 0.505 28.34
3 0.454 24.83
4 0.561 31.93
5 0.454 24.89
6 0.411 21.89
7 0.503 28.16
8 0.463 25.45
9 0.365 18.70

5 Test Set-Up

The prototype dampers are tested on a mechanical scotch yoke-
type shock machine Roehrig MK-2150. The shock machine has
built-in software (SHOCK 6.3) to collect data from the data card.
The output data curves are force versus time, force versus velocity
and force versus displacement. The machine has also an IR tem-
perature sensor to read the temperature data during the tests. The
primary components of the experimental set-up are shown in
Fig. 7. A programmable GWinstek PPE 3223 power supply is
used to provide current to the coil of the MR damper.

The dampers are fixed to the machine using grippers, as shown
in Fig. 7. The dynamic tests of the dampers are performed under
current excitation, while maintaining the velocity and stroke at
constant levels of 0.05m/s and 15 mm, respectively. Force versus
time, force versus displacement and force versus velocity curves
are obtained and the temperature, the gas force and the friction
force are measured for each test. The tests are repeated three
times.

6 Optimal Damper Configurations

The dynamic range and damper force are specified as response
values in the Taguchi method. It is desired that the values be as
large as possible for best damper performance. Therefore, “Bigger
is Best” is specified as the S/N equation. Rebound and compres-
sion damper forces are measured at the piston position in the
middle of the stroke, i.e., piston maximum velocity. The dynamic
range is calculated using the damper force with zero applied
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Fig. 4 Magnetic flux densities for (a) damper 1, (b) damper 2, (¢) damper 3, (d) damper 4, (e) damper 5, (f) damper 6, (g) damper

7, (h) damper 8, and (i) damper 9

magnetic field. Two Taguchi analyses are applied to two targets,
maximum dynamic ratio and maximum damper force. Tests are
repeated for three different sets of values to assure a design that is
insensitive to the influence of uncontrollable factors.

6.1 Optimum Configuration for Maximum Damper
Force. The damper forces for each test, reported as the average
of the absolute values of compression and rebound, and the sig-
nal/noise (S/N) for each damper are shown in Table 7. S/N for
each level of the parameters is listed in Table 8.

As explained above, higher S/N is desirable, specified the best
levels of the parameters are shown in Table 9.

Interaction among factors is quite common. A good understand-
ing of the interaction between two factors is highly effective in
interpreting experimental results. Therefore, it is important to
design experiments to include interactions and to analyze results
to determine if interactions are present, whether they are signifi-
cant, and which factor levels are most desirable [22]. Interactions
among factors for this study are shown in Table 10.

The goal of the experimental design is to find ways to con-
trol and to reduce the variance of the product. To this end, the
parameters that affect performance are determined. The effect

Journal of Mechanical Design

of each individual parameter on the results is determined by
using a variance of analysis (ANOVA). The ANOVA is a sta-
tistical tool and a mathematical technique that separates the
components of the total variation. The primary objective of an
ANOVA is to extract from the results the degree of variation
caused by each factor relative to the total variation in evidence
[22]. Results of the ANOVA analysis are shown in Table 11,
highlighting the effect of each factor on the performance of the
MR damper.

The degree of freedom (DOF) is an indication of the amount of
information contained in a data set. The sum of square (S) is the
total variation calculated by adding deviations of the individual
data points from the mean value. The variance (V) is the sum of
the squares per DOF [22].

According to the results of the ANOVA analysis, to reach
maximum damper force, the most significant parameter is the gap
width, contributing 81.39% followed by the flange, at 8.053%.
The coil wire diameter is the least significant parameter, contribut-
ing 2.926%. The individual factor influences are properly referred
to as the relative percentage influences.

The confidence interval (C.1.) represents the boundaries on the
expected results. In this case, C.I. specifies the boundaries of the
expected performance at the optimum condition.
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Fig. 5 (a) Curve, magnetic flux density versus gap width, (b)
curve, magnetic flux density versus flange length, and (c)
curve, magnetic flux density versus current
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Table 6 MR damper constant dimensions

Gap length 22 mm
Piston rod diameter 8 mm
Piston core diameter 14 mm
Inner diameter of cylinder 32mm
Sliding piston width 8§ mm
Inner length of cylinder 80 mm

C.I. formula is as follows:

= *1.42 for confidence level 90%

®)

ClL = + F(lan)XVe 03
do==x 7]\]6

where F(1,n,) is the F value from the F table, V, is the variance
of the error term (from ANOVA) and N, is the effective number
of replications. A 90% confidence level indicates that 9 out of 10
times, the averages of the sets are expected to fall within these
limits.

According to the values in Table 8, the predicted S/N for the
overall optimum condition is as follows:

S/Npredicted = S/Ng,l + S/Nt,l + S/Ndc,3 + S/Nc,3 —3T
494.68
9

S/N q = 57.558 +55.549 +55.455 + 55.629 — 3

predicte:

=59.30 ©)
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Fig. 7 The test machine with the damper under test

Table 7 Average damper forces and S/N ratios

Damp. No Test 1 Test 2 Test 3 S/N

1 873.06 809.65 816.02 58.397
2 732.61 662.37 625.91 56.514
3 854.12 760.07 721.56 57.762
4 660.86 612.73 583.16 55.798
5 698.93 636.10 601.77 56.150
6 463.78 451.89 459.95 53.226
7 427.05 421.96 409.63 52.452
8 482.80 459.76 450.77 53.328
9 378.70 352.08 342.76 51.051

Table 8 S/N ratios of the each level of the parameters

Level g t d. 1

1 57.55 55.54 54.98 55.19
55.05 55.33 54.45 54.06

3 52.27 54.01 55.45 55.62

Table 9 Specified optimum levels of the parameters

Parameter Optimum level Optimal value
g 1 0.6 mm

t 1 5mm

d, 3 0.35mm

1 3 15A
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Table 10 Interactions among parameters

Table 12 Dynamic ranges and S/N ratios

Interacting factor pairs Severity index (%)  Damp. No. Test 1 Test 2 Test 3 S/N
C. wire diameter X current 72.37 1 6.26 6.25 5.39 15.45
Flange length x current 42.94 2 4.37 4.16 3.96 12.36
Flange length x C. wire diameter 39.37 3 5.91 5.72 5.88 15.31
Gap width x C. wire diameter 30.32 4 6.91 6.21 6.00 16.04
Gap width x flange length 15.21 5 8.87 7.09 6.31 17.15
Gap width x current 7.08 6 5.63 5.48 4.97 14.54
7 4.77 4.73 4.23 13.16
8 6.25 5.21 4.93 14.61
. 9 6.32 4.99 4.72 14.35
Table 11 ANOVA computation
DOF S v P %
Table 13 S/N ratios of the each level of the parameters
g 2 41.87 20.93 81.39
t 2 4.14 2.07 8.053 Level g t d. I
d, 2 1.50 0.75 2.926
1 2 3.92 1.96 7.631 1 14.38 14.88 14.87 15.65
15.91 14.71 14.25 13.36
3 14.04 14.74 15.21 15.32
1200 -
Lo Table 14 Specified optimum levels of the parameters
_ 600 \ Parameter Optimum level Optimal value
Z
g 300 1 | g 2 0.8 mm
e N t 1 5mm
§o.d 5 o.rlJos —o.olozs 0402325 o.t;os 0/ );375 de 3 0.35mm
a 1 1 1A
-300 +
-600 ‘/
o Table 15 Interactions among parameters
ni;ﬁaoc%r;em (mm) Interacting factor pairs Severity index (%)
Fig. 8 Force—displacement curve of the optimal damper Gap width x C. wire diameter 47.87
Gap width x flange length 43.83
Flange length x C. wire diameter 29.63
Therefore, for a 90% confidence level, the CI is (59.30 — 1.42)  Flange length x current 26.11
< S/N < (59.30 + 1.42) C. wire diameter X current 11.25
The expected interval for the optimal condition for the damper  Gap width x current 4.92
force is 783.51N < F < 1086.55N.
A verification test is conducted to verify that the optimal condi-
tion actually produces the desired responses.
Table 16 ANOVA computation
6.1.1 Verification Test for Maximum Damper Force Analysis.
The damper for the optimal configuration obtained from the DOF S 14 P%
Taguchi method performed for the maximum damper force is fab-
ricated and tested. The force—displacement curve for the optimal G 2 5.95 297 35.73
damper is shown in Fig. 8. fj ; ?g? 8(7)(2) gz;
The interval of damper force for the optimal configuration is 5 924 462 55.46

predicted to be 783.51 N < F < 1086.55 N. As shown in Fig. 8,
the damper force, as the average of the absolute values of com-
pression force and rebound force, at the middle of the stroke, i.e.,
at piston maximum velocity, is approximately F = 947 N. This
shows that the Taguchi analysis is verified. The dynamic range of
the damper is calculated as D = 6.79.

6.2 Optimum Configuration for Maximum Dynamic
Range. S/N, calculated according to the values of dynamic range
is shown in Table 12. S/N for each level of the parameters is
calculated and listed in Table 13.

Optimal levels of the parameters, interaction among the factors
and results of the ANOVA analysis are shown in Tables 14-16,
respectively.

The ANOVA analysis results show that to reach the maximum
dynamic range the most significant parameter is the current exci-
tation, contributing 55.469%, followed by the gap width, at
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35.734%. The flange length is the least significant parameter, con-
tributing 0.315%.

C.I. is =0.26 for confidence level 90%. As shown in Table 12,
the predicted S/N for the overall optimum condition is as follows:

133.02

S/N g = 15915+ 14.887 + 15.214 + 15.655 - 3

predicte

=17.33

The result is converted to dynamic range as D = 7.2. At a 90%
confidence level, C.I. is 17.07 < S/N < 17.59.

The expected interval for the optimal condition of the dynamic
range is 7.13 < D < 7.57.
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Fig. 9 Force-displacement curve of the optimal damper

6.2.1 Verification Test for Maximum Dynamic Ratio
Analysis. The optimally configured damper is fabricated and
tested. The force—displacement curve resulting from the test is
shown in Fig. 9.

The interval of the dynamic ratio for the optimal configuration
was predicted to be 7.13 < D < 7.57. The actual dynamic range
was calculated at approximately D = 7.37; thus, the Taguchi anal-
ysis is verified. As shown in Fig. 9, the maximum damper force of
the optimal damper is approximately F = 699 N.

7 Conclusions

In this study, an experimental design is performed using the
Taguchi method with specified parameters, i.e., the gap width, the
flange (active) length, the coil wire diameter and the current
excitation.

The parameters and their levels were specified according to the
Taguchi method analysis. Analytical calculations are performed
for the yield stress, the total damper forces, the dynamic range,
the coil width and the flange length. The magnetic flux density is
calculated from a magnetic saturation FEM analysis. Minimizing
the difficulty of the damper fabrication is the most important point
in the selection of the parameters.

In the experimental design, nine damper configurations are fab-
ricated and tested. The Taguchi method is implemented to obtain
the optimal damper configurations for maximum damper force
and dynamic ratio, separately.

The optimal damper configuration obtained in the analysis of
the maximum damper force is not one of the actual nine dampers
fabricated and tested; it is one of the potential eighty-one combi-
nations. The optimal levels that were specified are: the gap width
is 0.6 mm, the flange length is 5Smm, the coil wire diameter is
0.35 mm and the current excitation is 1.5 A. In the ANOVA analy-
sis, for the maximum damper force case, the gap width is the most
significant parameter, contributing 81.39% and the coil wire diam-
eter is the least significant parameter, contributing 2.926%. At a
confidence level of 90%, the damper force is expected to be in the
interval 783.51 N to 1086.55 N. The optimal damper configuration
was verified with a damper force of 947 N. The dynamic ratio of
the optimal damper is calculated at 6.79 to provide the desired
controllability.

The Taguchi method was also used to target the maximum
dynamic range. The optimal damper configuration obtained in this
analysis is one of the nine dampers already fabricated. The
ANOVA analysis of the dynamic range-case shows that the cur-
rent excitation is the most significant parameter, contributing
55.469% and the flange length is the least significant parameter,
contributing 0.315%. The optimal damper configuration was veri-
fied with a dynamic range of 7.37, providing the desired controll-
ability also. However, the damper force of the optimal damper
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was measured as 699 N, which is far from the targeted value. The
optimal damper was not verified in terms of target damper force
despite the good dynamic range.

In this study, a larger number of parameters could not be ana-
lyzed by the Taguchi method, both because of the difficulty and
because of the cost of fabricating the dampers. For example, if the
piston core diameter and the piston head housing thickness were
specified as parameters, the impact of the magnetic circuit on per-
formance could be further investigated. In addition, if the diame-
ter and the length of the piston head could be fabricated using
different values, the impact of varying the magnetic field, as a
function of the piston head dimensions on performance, could be
analyzed. The Taguchi method could be applied to varying veloc-
ity and strokes using the same parameters; thus, the impact of
velocity and stroke on performance could be examined, sepa-
rately. In addition, dampers with fixed winding numbers, changing
the other geometrical sizes, would provide an experimental design
that is insensitive to the magnetic field, taking into account only
geometrical quantities.

In this experimental study, it was observed that if the tempera-
ture of the damper increases during the test, it has a negative
impact on damper performance. It was thought that the heating
effect is the uncontrollable factor in the Taguchi analysis
and should be minimized in specified optimal configurations.
Especially for dampers that use a thinner coil wire, when current
excitation increases, temperature increases rapidly. The high tem-
perature causes a variance of viscosity in the MR fluid, affecting
damper performance negatively.
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