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Abstract

A 9-kN magneto-rheological (MR) damper for lateral suspension control of a railway vehicle is created in this paper. The
twin-tube style is adopted in order to obtain a long damper stroke and guarantee the symmetry of the output damping
force. A bypass MR valve with a radial flow path is utilised to control the generated damping force. Three-dimensional
finite element analysis studies are performed to determine the magnetic field strength inside the MR valve region. The
MR damper is mathematically modelled for the situation of a unidirectional fluid flow in the chamber and valve. The test
results indicate that the MR damper can produce a considerable range of dynamic force and can operate as a fail-safe
device. Sedimentation is detected in the damper; however, the response time is acceptable for real-world deployment.
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Introduction

Magneto-rheological (MR) fluids are a class of smart
materials created by the suspension in a carrier fluid
of micron-sized particles that can be magnetised.
Their rheological properties can be quickly changed
in a reversible manner using an external magnetic
field.! MR fluids are used in many industrial areas
and are being increasingly considered for various
applications in automotive manufacturing,” biomed-
ical equipment,’ large-scale seismic control devices,*>
and in the polishing industry.® A promising device,
the MR damper, can offer the advantages of a large
range of damping force, highly reliable operation and
good robustness with a reliable fail-safe performance
while consuming very little energy. Therefore, MR
dampers have received significant attention for appli-
cation in semi-active control systems.” ’

High-speed railways have been developed by many
countries since they are an efficient and economic
means of transportation. However, increasing a
train’s speed can degrade the ride quality since signifi-
cant vibrations are generated.'® Recently, MR-based
semi-active double-ended control dampers have
been employed to ensure ride comfort and safety of
trains. Governing equations to model a railway vehi-
cle with multiple degrees of freedom (generally,
17 degrees of freedom) and with integrated MR
dampers have been developed, and the motion of a

carbody simulated.!''* The obtained results indicate
that a semi-active controlled MR damper-based sus-
pension system is effective for use in railway vehicles.
The carbody acceleration is significantly reduced, and
the acceleration of the trucks and wheelsets can be
increased to some extent. Atray and Roschke'>!'® pre-
sented the design, fabrication, testing and modelling of
an MR damper for the vibration control of a 70-ton
railcar. A neuro-fuzzy technique was developed for a
two-degree-of-freedom quarter-car model of the rail-
car. Two parallel MR dampers were simulated, and the
results indicate that semi-actively controlled MR dam-
pers can reduce vibration to acceptable levels if suffi-
cient force is supplied by the dampers.

It has been suggested in the literature that MR
dampers are a good choice to create good ride com-
fort and safety in high-speed railway vehicles. Three
different control strategies have been proposed
(i.e. skyhook, dynamic compensation, and dynamic
compensation with acceleration feedback) to control
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a MR damper and reduce vibrations in high-speed
railway vehicles.'"” ' The dynamic compensation
with acceleration feedback strategy has outperformed
the other approaches in all performed tests and
proved suitable for application on high-speed railway
vehicles. 7! Recently, Gao and Yang®® and Hudha
et al.?! pointed out that an MR damper can be used
for semi-active vibration control of the suspension
systems of railway vehicles. However, full-scale vehi-
cle tests with semi-active MR dampers have not been
performed to date due to the complexity of the experi-
mental tests. Although several MR damper proto-
types have been designed, practical MR dampers for
railway vehicles are still rare.'!!>!

In this paper, a practical MR damper for railway
vehicles is designed, fabricated and tested. The twin-
tube style and a bypass MR valve with radial flow
path are adopted for the damper. These choices
extend the stroke of the damper and make the manu-
facturing process simpler. The unique single-flow dir-
ection improves the anti-sedimentation property of
the MR fluid in the damper. The magnetic field
strength is calculated by three-dimensional finite elem-
ent modelling. A theoretical model is proposed to cal-
culate the damping force. Evaluation of the MR
damper indicates that the proposed damper can
meet the requirements for application in railway
vehicles.

MR damper
MR damper design

MR dampers can be divided into three common cate-
gories: mono-tube; double-ended; and twin-tube.??
Mono-tube dampers have only one reservoir and an
accumulator to accommodate the volume change
resulting from movement of the piston rod; it is com-
monly applied in the automotive industry.”*** The
mono-tube damper is easy to design, but drilling
long holes in the piston rod for insertion of wires is
difficult. In addition, the output damping force is
offset as a result of pressurised gas in the accumulator.
The double-ended damper is commonly used in civil
engineering;>’ it has a piston rod with equal lengths
protruding from the ends of the damper housing. It
has a simple configuration but needs a large mounting
space. The twin-tube MR damper has two fluid reser-
voirs: one inside the other. The outer reservoir can
accommodate the volume change caused by the move-
ment of the piston rod. The twin-tube damper is easier
to manufacture than the other configurations. Most
commercial passive hydraulic dampers use the twin-
tube design. However, due to blockage of MR fluid in
the valve, the twin-tube damper is not commonly uti-
lised as an MR damper. In the past decade, several
attempts have been made to develop a twin-tube
MR damper based on MR fluids.”*>2°

In order to realise a practical MR damper for the
lateral suspension of a railway vehicle, some design
requirements must be taken into account. First, the
damper should have a large enough dynamic damping
force range to guarantee a fail-safe performance, and
the compression and stretch damping forces should be
symmetric. Second, the amount of space available to
mount the damper is limited; however, despite this
point the damper must have a long stroke. Finally,
drilling long holes in the position rod should be
avoided during the manufacturing process, and the
damper must be easy to repair. Thus, the twin-tube
style was adopted to design an MR damper for rail-
way vehicles. A bypass MR valve with an electromag-
netic circuit outside the hydraulic cylinder was
integrated into the damper. The bypass MR valve is
easily installed and repaired and exhibits good heat
dissipation. A radial flow path of the MR valve was
employed since it can generate a higher MR resistance
for a given valve length as compared with that for two
concentric cylinders in an annular configuration.?’

A twin-tube MR damper was designed in this pro-
ject; a schematic diagram of the design is shown in
Figure 1. There are two reservoirs in the MR damper:
an inner reservoir and an outer reservoir. A bypass
MR valve with a radial flow path is connected to the
hydraulic cylinder. The inner reservoir is divided into
two parts by the piston; a rebound chamber above the
piston and a compression chamber below the piston.
The piston contains an on-off valve. The inlet passage
of the MR valve is connected to the rebound chamber
of the inner reservoir, and the outlet passage of the
MR valve is connected to the outer reservoir using a
connecting tube. A coil is installed in the MR valve to
produce a magnetic field. The connecting tube is used
to ensure that MR fluid flows continuously between
the inner and outer reservoirs no matter where the
damper is placed. The outer reservoir is connected
to the compression chamber of the inner reservoir
through a foot valve. The inner reservoir and MR
valve are fully filled with MR fluid, whereas the
outer reservoir contains a certain volume of air in
addition to MR fluid.

Different on-off valves were designed to make the
MR fluid flow in a single direction.

1. When the piston rod is stretched, the piston valve
is off, and MR fluid in the rebound chamber is
pushed into the MR valve and then into the
outer reservoir through the connecting tube. At
the same time, there is a vacuum in the compres-
sion chamber, and the pressure in outer reservoir
is greater than that in the compression chamber.
The foot valve that connects the compression
chamber and outer reservoir is opened, and MR
fluid then flows from the outer reservoir into the
compression chamber of the inner reservoir.

2. When the piston rod is compressed, the foot valve
is closed, and MR fluid cannot flow between the
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Figure 1. Schematic diagram of the twin-tube and bypass MR
damper: (1) piston rod; (2) inner reservoir; (3) outer reservoir;
(4) piston valve; (5) piston; (6) foot valve; (7) connecting
tube;(8) MR valve; (9) coil.

outer and inner reservoirs. When the piston valve
is opened, MR fluid in the inner reservoir flows
from the compression chamber to the rebound
chamber, then to the MR valve and finally into
the outer reservoir. During this process, the
outer reservoir accommodates changes in volume
caused by the movement of the piston rod.

The single-direction flow (as shown by arrows in
Figure 1) can make the compression and stretching
force symmetric. In particular, it can make MR fluid
flow completely and remix easily in the damper, which
improves the anti-sedimentation property of MR fluid
in the damper.

Table 1 summarises the parameters of the
MR damper based on the installation space available
on the suspension of a train. A 114-mm stroke is
obtained based on a 170-mm cylinder; this is long

Table 1. Parameters of the MR damper.

Stroke 14 mm
Cylinder bore 101 mm
Cylinder length 170 mm
Outer housing diameter 92 mm
Inner housing diameter 50 mm
Piston rod diameter 354 mm
MR valve 145 x 130 x 85mm
Gap diameter 100 mm
Gap thickness 0.8mm
Coll 450 turns
Coil resistance 10 Q

enough for the lateral suspension of a railway vehicle.
A bypass MR valve with a cuboid shape is installed
between the inner and outer reservoirs and occupies a
space of 145 x 130 x 85mm. A coil with 450 turns is
embedded in the MR valve. The diameter and height
of the MR effect gap are 100 and 0.8 mm, respectively.
For this MR damper, a maximum 9-kN force was
desired; an appropriate viscous damping force
should be generated to make the damper fail-safe if
the coil is broken.

Magnetic analysis of the MR valve

The key part of the MR damper is the MR valve,
where the MR effect occurs (part (8) in Figure 1).
The output force of the MR damper can be controlled
by changing the viscosity of the MR fluid in the MR
valve using a coil. Two disks with a radial flow path
were designed and placed in the coil. In the lower disk,
the MR fluid flows through a central hole and then
diffuses between the two parallel plates; in the upper
disk, the fluid flows between the two parallel plates
and converges into the export orifice. During this pro-
cess, the flow direction of the MR fluid is always per-
pendicular to the magnetic field.

For the MR valve, the magnetic circuit is very
important, and the as-generated magnetic flux density
must be large enough to energise the MR fluid. The
finite element software ANSYS 13.0 was used to
create a three-dimensional model of the MR valve
and analyse the effect of a magnetic field.”® A sec-
tioned view of the MR valve model is shown in
Figure 2; the blue section is MR fluid, the deep sky-
blue section is the coil, and the other areas are elec-
trically pure iron (#DT3). The B—H curves are given
in Figure 3. In post-processing, the two paths AB and
CD were created in the MR effect zones, and vertical
magnetic field induction was obtained, as shown
in Figure 4.

The magnetic flux density in the two paths
increases with the applied current, and the maximum
value of the magnetic field reaches a value of 0.8 T at
a current of 1.75 A. Under the considered current,
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the magnetic flux density is uniform except at the
points where MR fluids flow in and out of the valve.
The magnetic flux densities in the two disks are almost
the same at this current. These results indicate that the
geometric design is effective and that the electromag-
netic circuit can meet the design requirements.

Theoretical analysis

A fluid mechanics-based model is presented that can
be used to predict the damping force. The MR fluid
was assumed to be an incompressible fluid with steady
and laminar flow, and temperature effects were
ignored. The main pressure drop of the damper
comes from the bypass MR valve. This valve has
two main mechanisms to create the drop in viscous
pressure:

e fluid flow between the parallel disks;
e fluid flow through the cylindrical passage in the
valve.

B coit I MR fuid

Figure 2. Sectioned view of the MR valve model (arrows
show flow of MR fluids and magnetic circuit).

The viscous pressure drop for the MR fluid flowing
through parallel disks can be written as®’**

VPyis dis = %hl <r_2> (1)

h? r

where p is the zero-field viscosity of the MR fluid, 7 is
the height of the parallel disks, 7 is the outer radius of
the disk, ry is the radius of the convergence hole and
Q is the volume flow rate through the MR valve. This
can be obtained by Q = (Apis — Aroq) Vat the rebound
stroke and Q = 4,,q V' at the compression stroke,
where Apisan2/4 and A,.q=nd’/4 are the areas of
the piston and piston rod, respectively, D and d are
the diameters of the piston and piston rod, respect-
ively and V is the velocity of the piston.

The viscous pressure drop of the MR fluid flowing
through the passage in the valve is

12810 |

VPvis as — — _~4
P nD}

(@)

where L is the length of the passage and D, is the
diameter of the passage.

The pressure drop from the MR effect in a single-
stage disk is given as

VP, = 2.85%@2 —r) )

where 7, is the yield stress of the MR fluid.

Minor pressure losses due to the elbows, expan-
sions, entrance and exit of the damper should be
taken into account, especially for high-velocity
flows. The overall minor pressure drop can be
expressed by

KipV?
2 O

VPmin =
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Figure 3. B-H curve of (a) MR fluid and (b) electrically pure iron.
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where Kj is the minor pressure drop coeflicient, p is
the density of the MR fluid and F? is the average
velocity of the MR fluid.

The total pressure drop produced by the MR valve
can be given as

VPMR,val - 2VPmr + VPvis,pas + 2vPvis,dis + VPmin
(5)

At the rebound stroke (Figure 5), the stretching
damping force Fy,. can be given as

Fyye = Preb(Apis - Arod) - PcomApis + Firic (6)
where P, and P.om, are the pressures of the rebound
chamber and compression chamber, respectively,
and Fy;. 1s the friction force acting on the piston
and piston rod. From the pressure balance,
VPMR,val = Preb - PO and VPfoot = PO - Pcom are
obtained, where P is the pressure of the outer reser-
voir (1 atm) and V Py, is the pressure difference of the
MR fluid flowing from the outer reservoir to the com-
pression chamber. Here, the volume flow rate can be
expressed by Oroot = Apis V' = CAr/2VProot/p; thus,
V Pioot = (Apis V)z,o/Z(CAf)z, where A is the area of
the foot valve and C is the coefficient of discharge.
Therefore, equation (6) becomes

Fstre - (VPMR,val + PO)(Apis - Arod)

- (PO - VPfoot)Apis + Ffric (7)

Similarly, the damping force of the MR damper at
the compression stroke can be obtained by

Feom = PcomApis - Preb(Apis - Arod) + Fiic (8)

From the pressure balance, VPuyR yval = Preb — Po
and  VPpison = Peom — Prebare  obtained,  where

VPpision 1s the pressure difference between the com-
pression and rebound chambers. As the volume

flow rate is a QOpiston = ApisV = CAp\/2V Ppision/ ps

V Ppiston = (Apis V)Z,o/2(CAp)2, where A, is the area

of the piston valve. Accordingly, equation (8)
becomes
Feom = VPpistonApis + (VPMR,V‘AI + PO)Arod + Fiic

)

Because of the symmetry of the damping force at

the rebound and compression strokes, Fye = Feom;
thus

(VPMR,Val + PO)(Apis - Arod) - (PO - VPfoot)Apis
+ Ffric = VPpislonApis + (VPMR,Val + PO)Arod + Ffric
(10)

As VP, VPpison and Py are far less

thanV PR val, €quation (10) becomes

(VPMR,val + PO)(Apis - Arod) = (VPMR,val + PO)Arod

)

‘ Reboud chamber ‘

~

P

F stre

P reb

PCOI’H

Compression chamber

Figure 5. Free-body diagram of piston.
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Figure 4. Distribution of magnetic flux density at (a) the CD path and (b) the AB path for different applied currents.

Downloaded from pif.sagepub.com at Univ of Science & Tech of China on January 25, 2015


http://pif.sagepub.com/

Guo et al.

53

Thus, Apis = 2Arod; that iS, D = ﬁd
Finally, the damping force can be simplified to

Fstre = Fcom = vPMR,ValArod + Ffric + Fval (12)

where F,, is the damping force generated by the foot
valve or piston valve.

Experiment results
MR fluid

MR fluid with a 30% volume fraction was prepared
by mixing carbonyl iron powder particles (CN, BASF,
Germany; average particle size of about 6 um) in sili-
cone oil (H201, Sinopharm Chemical Reagent Co.
Ltd., China; viscosity of about 20 mPa-s). Then, ste-
aric acid (2wt %) was added to improve its anti-sedi-
mentation property. After 1 day, clear separation
between the iron particles and the oil was observed,
but the iron particles and the oil were easily remixed
by shaking the mixture.

The rheological behaviour of the MR fluid was
measured by a parallel-plate magnetorhecometer
(Physica MCR 301, Anton Paar, Austria). Figure 6
shows the shear stress of the MR fluid against shear
rate at various magnetic fields. The shear stress
increases with the applied magnetic field. Shear thin-
ning occurs when the level of shear was increased in a
given field. The yield stress was obtained by the extra-
polating shear stress data back to the zero shear level
based on Bingham’s model. Polynomial fitting
was used to capture the relation between the yield
stress and magnetic field: 7, (kPa)= 111.08B* —
241.38B° +140.69B°+ 17.1338+0.0316.  Figure 7
The zero field viscosity of the MR fluid
is about 0.7Pa-s, and the saturated yield stress is
about 28 kPa.

50
| —=—0T —e—0.24T
—&— 0.48T—v— 0.72T
404 —e—0.96T _.,,._f:*_v_,a

Shear stress (kPa)

Shear rate (1/s)

Figure 6. Shear stress of MR fluid versus shear rate for
various values of the magnetic field.

MR damper

A practical twin-tube- and bypass-containing MR
fluid damper was fabricated and tested with the
MTS system (Figure 8). A DC power supply (CA-
YD, Sinocera Piezotronics Inc., China) was utilised
to energise the coil. The displacement control mode
was used to create the sinusoidal excitation, and the
damping force and displacement with time were
obtained using a force sensor and LVDT. The testing
was conducted at a constant temperature of 25°C, and
the velocity was acquired from the displacement dif-
ferential with time.

As shown in Figure 9, typical force—displacement
and force—velocity plots were obtained under various
currents. A 15-mm amplitude and 1-Hz frequency
sinusoidal excitation were used in the harmonic exci-
tation test. The damping forces clearly increase with
the current. When the current is not applied, the
damping forces for the rebound and compression
stroke are almost 1 kN; this represents the minimum
damping force. When 1.6 A is applied, the damping
force reaches 9 kIN. Therefore, the dynamic coefficient
of control force has a value of nine. The zero-field
force can ensure that the MR damper is a fail-safe
device, and the geometry of the valve can be designed
to obtain the expected damping force. Similar results
were also obtained when the amplitude and frequency
of the sinusoidal excitation were 25mm and 1Hz,
respectively (Figure 10). When the current is 0 A,
the damping force is larger for the 25-mm amplitude
case than for the 15-mm amplitude case. The shear
rate is larger for the 25-mm amplitude case than for
the 15-mm amplitude case; for a Newtonian fluid the
damping force is larger at a large velocity than at a
small velocity. However, after the current was
applied, the damping force is smaller for the 25-mm
amplitude case than for the 15-mm amplitude case,
which may be a result of shear thinning of the MR
fluid. When the extent of shear increases, the shear

30
m  Experimental P
—— Polynomial fitting|

[1:]
% 20
@
fd
@
3 104
=
w

0= T T T T

0.0 0.2 0.4 06 0.8 1.0
Magnetic induction (T)

Figure 7. Polynomial fitting for shear yield stress with mag-
netic induction.

Downloaded from pif.sagepub.com at Univ of Science & Tech of China on January 25, 2015


http://pif.sagepub.com/

54

Proc IMechE Part F: | Rail and Rapid Transit 229(1)

Figure 8. MR damper and test setup.

stress of the MR fluid decreases; thus, the damping
force of MR damper decreases.

The symmetry of the damping force is an import-
ant aspect for assessing the MR damper, and the level
of asymmetry of the force &= |(Fsre— Feom)
/(Fstre + Feom)| X 100% can be used to evaluate the
damper. The extent of asymmetry in the damping
force as a function of the applied current was
obtained at amplitudes of the sinusoidal excitation
of 15 and 25mm (Figure 11). Asymmetric damping
forces are found to occur as a result of the pressure
difference between the rebound and compression
strokes. The volume flow rate differences for the
rebound and compression strokes lead to the differ-
ence in viscous pressure. The extent of asymmetry
decreases with an increase in the applied current,
and the maximum value occurs at 0 A. The level of
asymmetry is about 4% and 3% at the 15- and 25-mm
amplitudes, respectively. After the current is applied,
the level of asymmetry changes to about 1%.
Increasing the applied current increases the damping
force generated by the MR effect. The damping force
generated by the MR effect is the same at the rebound
and compression strokes. Therefore, the extent of
asymmetry in the force becomes smaller as the current
increases. The foot and piston valves can also be
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Figure 9. (a) Force—displacement and (b) force—velocity relationships of MR damper.
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Figure 10. (a) Force—displacement and (b) and force—velocity relationships of MR damper.
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Figure 11. Level of asymmetry in the damping force created
by the MR damper.

improved to compensate for the viscous pressure dif-
ference in the MR valve and obtain a more symmetric
force.

An equivalent linear model,*® which considers the
effective elastic stiffness and effective viscous damp-
ing, was used to predict the force developed in the
MR damper

Fumrp = kerx + cefrX (13)

where Fyrp 1s the resultant force provided by the
MR damper, k. is the effective stiffness, ce is the
effective viscous damping constant and x and x are
the base displacement and velocity, respectively. The
two parameters kqg and c. were determined by study-
ing the experimental force—displacement hysteresis
loops. ke is the slope of the peak-to-peak values of
the hysteresis loop and c.i can be calculated using the
following equation

Eloop
TwA?

Ceff = (14)

where Ej,,p, is the energy dissipation per cycle of load-
ing, A is the displacement amplitude and o is the
frequency.

Figure 12 shows the identified field-dependent
equivalent stiffness and damping. They both increase
with an increase in the current. The stiffness of the
MR damper is about 100 times larger at 1.6 A than
at zero field, and the effective damping factor is about
nine times larger. At 0 A, the damper behaves as a
viscous damper with a stiffness of almost zero. When
a current is applied, the MR damper acts like a vis-
cous damper and spring combination system; this is
because the MR fluid in the damper behaves as a
viscoelastic material under a magnetic field.

The response time of the MR fluid was also mea-
sured. A triangular excitation with a 15-mm ampli-
tude and a 0.5-Hz frequency was applied to the MR
damper. The current was changed directly between 0
and 1 A. As shown in Figure 13, the damping force

1004 '/_"_,,_-' L100
E80- ”A__,-—‘ jsog
g 60 A r60 -g
% 401 - L40 %
£ 20 s cfocive damang| 20 £

o
’\
o

00 04 08 12 16
Current (A)

Figure 12. Equivalent stiffness and damping of MR damper.

changes from 300 to 5440 N after the current abruptly
changes from 0 to 1 A (Figure 13(a)) and changes
from 5790 to 1200N after the abruptly changes
from 1 to 0 A (Figure 13(b)). A recent report has
stated that the force cannot return to the initial
value (300N) when the current is removed as a
result of residual magnetism.*' The response time of
the MR damper is defined as the time needed to
achieve a 90% change in force. Under this defin-
ition the increasing response time is 0.342s and
the decreasing response time is 0.29s. The response
time is associated with the applied amplitude, fre-
quency, changing current, etc.,’” but the change is
small. The response time of the MR damper is large
in the present study; this is mainly due to the com-
pressibility of the MR fluid in the rebound or com-
pression stroke.®* As shown in Figures 9 and 10, the
compressibility of the MR fluid causes the force—dis-
placement loops to be slightly oblique. Thus, the time
delay has to be compensated in actual semi-active
control.**

Sedimentation of the MR damper was investi-
gated. First, the damper was tested with a sinusoidal
excitation of 15-mm amplitude and 1-Hz frequency
at different currents. After 6 days, the damper was
again excited under the same condition for a further
100 cycles without current being applied. The results
showed that the damping force was reduced after 6
days. Increasing the current greatly decreased the
force; the decrease in the force levels reached as
high as 1kN. The anti-sedimentation of MR fluid
was clearly poor in the present work. However, the
MR damper quickly recovered after a short excita-
tion even after standing for a long time; this must be
due to the single flow direction of the MR fluid in
the damper. The foot and piston valves were
designed as on—off valves, and the areas of the
valve were sufficiently large. Therefore, aggregation
of MR fluid in the valve is difficult to produce, and
the sedimentation of the twin-tube MR damper was
tiny for a system intended for use on a railway
vehicle.
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Figure 13. Evolution of the damping force as a function of time as the current is changed: (a) increasing from 0 to | A and

(b) decreasing from | to 0 A.

Conclusions

In this study, a practical twin-tube- and bypass-con-
taining damper for railway vehicles was designed, fab-
ricated and tested. This MR damper exhibited a
maximum damping force of 9 kN and a dynamic coef-
ficient of nine. Sufficient damping force at a 0-A cur-
rent was achieved to ensure the damper is a fail-safe
device. The advantages of the designed damper are its
large stroke and ease of manufacture. A radial flow
path was embedded into the bypass valve to save
installation space. The unique unidirectional flow
path prevents sedimentation in the MR damper.

A three-dimensional finite element analysis was
conducted to evaluate the magnetic field strength
inside MR fluid. This analysis indicated that the
area of the piston rod must be half that of the
piston, which makes the damping force symmetric
during the rebound and compression strokes. The
extent of asymmetry in the force created by the
damper was found to be less than 4% at various cur-
rents. The response time of the MR damper was
found to be about 0.3s, which was mainly derived
from the compressibility of MR fluid. Future work
will involve testing the MR damper on railway
vehicles.
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