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Fast Response MR-Fluid Actuator”

Naoyuki TAKESUE™, Junji FURUSHO"** and Yuuki KI'YOTA"™**

Magnetorheological (MR) fluids are materials that change their rheological behavior
upon applying a magnetic field. They have been promising as functional fluids that can im-
prove the properties of mechanical systems. We have developed an actuator using MR fluid.
In the previous paper, a method of designing MR-fluid actuators was proposed on the basis
of magnetic circuit theory. The basic experiments were carried out and static properties that
agreed well with the design were obtained. However, the transient response, which was not
considered in the design phase, was not very fast. In this study, we investigate the dynamics
of the MR-fluid actuator and aim to improve the response. The transient magnetic analysis
is examined in consideration of the eddy current. Two approaches to improving the response
are proposed. Finally, we realize a much faster MR-fluid actuator.
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1. Introduction

Magnetorheological (MR) fluid"~®, which is
known as a functional fluid, changes its rheological char-
acteristics upon the application of a magnetic field. Since
the MR fluid causes the maximum yield stress of about 50
to 100kPa, and it responds within several milliseconds, it
has attracted much attention as a new material for improv-
ing mechanical systems and has been studied by numerous
researchers® ~ (14

We have developed a clutch which can control the
transmitted torque according to a magnetic field, by using
MR fluid">~"® ~ An MR-fluid actuator that consists of
an input component, the clutch and an output component,
was proposed. The MR-fluid actuator realizes both low
inertia and high torque. Since the input speed is mechan-
ically limited and the inertia on the output side is small,
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any system using it is safe for human interaction. There-
fore, equipment with which humans interact directly, such
as force display systems, are suitable targets of application
for MR-fluid actuators.

In the previous paper!®, we proposed a method of
designing MR-fluid actuators on the basis of magnetic cir-
cuit theory and examined basic experiments of an actua-
tor developed based on this design method. The results
showed that the static properties agreed well with the de-
signed properties. However, the transient property, which
was not considered in the design phase, was not very fast.
Then we improved the dynamic response by a torque feed-
back control.

It is said that the response time of MR fluid itself
is a few ms (around 1 to 2ms)*>®-(09  On the other
hand, some researchers have reported that the responses of
equipment using MR fluids are not very fast® . In this
study, we investigate the factors influencing the response
of the MR-fluid actuator and improve its response.

The contents of this paper are as follows. In section 2,
the measurements of coil current, magnetic flux density
and output torque of the MR-fluid actuator are described,
and the dynamic properties are clarified. In section 3,
magnetic field analyses by FEM are presented. Magnetic
flux lines are confirmed in the static analysis. Next, the
transient analysis in consideration of the eddy current is
examined, and the magnetic response and the distribution
of eddy-current density are shown. In sections 4 and 5,
two approaches are proposed for improving the responses:
one reduces the eddy current by changing the material;
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the other reduces the counter-magnetic flux. It is shown
that these approaches improve the response time signif-
icantly by simulation analyses and experiments. Finally
in section 6, basic experiments are carried out on the im-
proved MR-fluid actuator, and the work is summarized in
section 7.

2. Dynamics of MR-Fluid Actuator

2.1 Mechanism of MR-fluid actuator

The cross section of the MR-fluid actuator developed
in the previous study is illustrated in Fig. 1. In the fig-
ure, the motor that drives the input component is omitted
except for the shaft. The housing, the input component,
the output component and MR fluid are distinguished with
different shadings.

The input component is rotated by the motor via the
gear. When magnetic field is applied between the input
and output components, the torque is transmitted from the
input component to the output component. Since the yield
stress of the MR fluid changes according to the strength of
the applied magnetic field, the output torque can be con-
trolled by adjusting the coil current. For details, refer to
our previous paper!®,

2.2 Mechanism of torque generation

In the MR-fluid actuator, it can be considered that the
torque is generated as follows:

(1) A current is supplied to the coil according to the
reference voltage input to the current amplifier.

(2) A magnetomotive force is applied to the mag-
netic circuit by the coil current, and a magnetic field is
generated.

(3) The yield stress of the MR fluid is changed de-
pending on the magnetic field strength, and the torque is
output to the output shaft.

This is illustrated in Fig. 2. Note that the magnetic cir-

Output shaft
|

Coil

\
Motor shaft Input part
D Analyzed region --<-- Magnetic flux path
Fig. 1 Cross section of developed actuator
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cuit is associated with all parts around the yoke involving
the MR fluid, though the magnetic circuit and MR fluid
are drawn separately in the diagram.

2.3 Comparison of measured response

The responses of coil current and output torque were
measured in the previous work. It was shown that the
time constant of the output torque response was very slow,
about 45 ms, though the coil current responded within
1 ms.

In order to investigate the reason for the slow re-
sponse, the response of the magnetic field, which may be
strongly associated with torque generation, is measured
experimentally. A Hall sensor is sandwiched between the
input and output disks, and the magnetic response is mea-
sured. Then, the input and output components are stopped.
Although this sensor measures the magnetic flux through
the sensor itself, it cannot measure the flux through the
MR fluid. However, the form of response of the magnetic
circuit can be elucidated.

The measured magnetic flux density is shown in
Fig. 3 together with the coil current and output torque. As

Magnetic
Voltage | Cyrrent | Current |Magnetic| Field | Torque
Em—— Amplifier Circuit MR Fluid
Fig. 2 Block diagram of MR-fluid actuator
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Fig. 3 Step responses of nominal MR-fluid actuator
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seen from the figures, the time constant of the magnetic
flux density is about 36 ms, which is not as fast as the cur-
rent response. It can be said that the magnetic response
should be improved first to improve the torque response.

3. Magnetic Analysis

3.1 Static analysis

First, a static analysis is performed by the finite ele-
ment method (FEM). The analyzed region is shown with a
thick line in Fig. 1. Materials used for the parts in the MR-
fluid actuator are shown in Fig.4. SS400, the rolled steel
used for general structures, is used for the yoke which be-
comes the main path of magnetic flux. For the parts which
should not be part of the magnetic path, aluminum alloy is
used.

In simulation analysis, the width of an element of
FEM was made less than 2 mm. The number of nodes was
940, and the number of elements 1 752. The mesh model
is shown in Fig. 5.

Material properties (magnetic reluctivity) are as-

Centerline  Outputdisk  Yoke
2 I ssa00
“ 4 "
N MR fluid
pd

Aluminum alloy
& Electromagnetic coil

] air

~—— Boundary line of zero potential

\
\
N
%

Output axis ~ Connecting part Bobbin

Fig.4 Materials used in nominal MR-fluid actuator

Fig. 5 Mesh model of MR-fluid actuator
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signed to each element and the calculation is carried out.
Since the MR fluid and SS400, witch are nonlinear materi-
als, become the main path of flux, the B— H curves!? 0
shown in Fig. 6 are used. The permeabilities of aluminum
and the air gap are set to 1 as linear materials.

The result of the static magnetic analysis is shown
in Fig.7. Because the material properties used in previ-
ous work were changed, there are small differences in the
figure. However, it can be confirmed that the flux passes
through the MR fluid and SS400.

3.2 Dynamic analysis in consideration of eddy cur-

rent

When the magnetic flux density passing through the
electric conductor changes, electromotive force is induced
and the eddy current passes through the conductor. Due
to the eddy current, a counter-magnetic field that opposes
the change in flux is produced and the response becomes
slower. The time response of the magnetic field can be
simulated by considering the eddy current. Therefore, the
transient analysis is examined next.

3.2.1 Equation in axisymmetric three-dimension-
al field involving eddy current?”  When the mag-
netic flux changes in the electric conductor (electric con-
ductivity o), electromotive force is induced. The electro-
motive force generates the eddy current. The density of
eddy current J, is given as

Je:—a'%—agradq), D

_
1

&

Fig. 7 Magnetic flux lines in nominal MR-fluid actuator
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Fig. 6 B-H curves of MR fluid!® and SS400?
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where A is the magnetic vector potential, and ¢ is the elec-
tric potential.

The density of current in the eddy current field J is
expressed as J = Jo+J . with the density of forced current
Jo and the density of eddy current J .. Since grad¢ can be
set to zero in an axisymmetric three-dimensional field®??,
the equation in the axisymmetric three-dimensional field
involving eddy current is written as®"

a (v, d 0 ( 0As\ 9A,
) L o R A

The second term on the right side is related with
the eddy current, but the equation of axisymmetric three-
dimensional static magnetic field does not have this term.
The FEM analysis program is formulated based on the
above equation, and the magnetic analysis is examined.

3.2.2 Material properties In the static analysis,
the reluctivity v (the inverse of permeability w) is neces-
sary. On the other hand, the electric conductivity o is
additionally required for dynamic analysis. The electric
conductivities of the materials used in this study are listed
in Table 1. The electric conductivity is the inverse of re-
sistivity [Q2m)].

In the table, 100 IACS% (international annealed cop-
per standard) is a value equivalent to the electric conduc-
tivity of the annealed copper standard (resistivity 17.241x
107 [Qm)]). Since the electric conductivity of the materi-
als around the coil and magnetic path influences the mag-
netic response, it must be used carefully.

3.2.3 Comparison between analysis and exper-
iment The analytical and experimental results are
shown in Fig. 8. Here, the vertical axis is normalized by

Table 1 Conductivities used in analysis

Material Conductivity [x107 1/Qm)]
$5400 0.648(20)
MR fluid 0
Aluminum alloy 1.972 (34 IACS%)
Air 0

Magnetic flux density responses
: Analysis
------------- : Experiment

1 1 1

0 0.1 0.2
Time [s]

Fig. 8 Analytical and experimental magnetic flux density of
nominal MR-fluid actuator
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the steady-state value in order to compare the response
forms.

Although the analyzed model contains modeling er-
rors in the material properties and parts shapes, the ana-
lytical response is in good agreement with the experimen-
tal one. It can be said that the magnetic response can be
estimated by the transient magnetic analysis taking into
consideration the eddy current.

3.2.4 Eddy current density The eddy current
caused in each part can also be determined by the above
analysis. The distribution of the eddy current at 10 ms is
shown in Fig. 9.

In order to concentrate the magnetic flux to the MR
fluid, SS400, which is a magnetic material, was used for
the yoke and a nonmagnetic aluminum alloy was used for
the connecting part and the bobbin. The yoke made of
SS400 was the magnetic flux path and the flux was con-
centrated to the MR fluid, as shown in Fig.7. From the
distribution of eddy current, however, it can be seen that
a large current arises in the connecting part and the bob-
bin made of aluminum. This may delay the magnetic re-
sponse.

4. Improvement of Response Time by Changing Ma-
terial

4.1 Reduction of eddy current
Reducing the eddy current in the parts made of alu-
minum may be a solution for improving the response, on
the basis of the distribution in Fig.9. In order to reduce
the eddy current in the aluminum part, a material that has
low conductivity is required. The conductivity of the alu-
minum alloy used is 1.972 % 107 [1/Qm], about one-third
of 100IACS %, hence it may be a high conductivity mate-
rial. In this case, the connecting part and bobbin need not
be aluminum as long as they are nonmagnetic materials.
Therefore, they were changed to nonmagnetic materials
and insulators in order not to cause the eddy current. The
actuator with the change of materials is called advanced
actuator (1) in this paper.
4.2 Analysis of magnetic response
The dynamic magnetic analysis is performed with

Output disk (SS400) Yoke (SS400)

Centerline

| 10°-10

Output axis (Al) Bobbin (Al)
Connecting part (Al)

Fig. 9 Distribution of eddy-current density of nominal MR-
fluid actuator
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the materials of the connecting part and the bobbin be-
ing nonmagnetic materials and insulators (i.e., magnetic
permeability = 1, electric conductivity = 0). The distri-
bution of the eddy current density at 10 ms is shown in
Fig. 10. As an inevitable result of the materials change
to insulators, it can be seen that the eddy current is not
generated in the connecting part or the bobbin. The mag-
netic responses before and after the change are shown in
Fig. 11. From the analytical results, the magnetic response
is expected to improve sharply in advanced actuator (1).
4.3 Experiment of magnetic response

Next, the magnetic flux density is measured experi-
mentally after the connecting part and the coil bobbin are
changed to cast nylon and Bakelite, respectively. The ex-
perimental results before and after the change are shown
in Fig. 12. As expected from the predicted result shown in
Fig. 11, the magnetic response is significantly improved.
The time constant is about 7 ms.

4.4 Experiment of torque response

An experiment for assessing the torque response from
the coil current is also carried out. The results before and
after the change are shown in Fig. 13. The response of

Eddy Current Density [A/m’]

Fig. 10 Distribution of eddy-current density of advanced
actuator (1)

)
8 ;
@ 0.5r Magnetic flux density responses
@ ; (Analysis)
i : Nominal actuator
o ¥ e : Advanced actuator(1) |
1 1 1
0 0.1 0.2
Time [s]

Fig. 11 Analytical magnetic flux density of advanced actuator

()]

Magnetic flux density responses
(Experiment)

: Nominal actuator
------------- : Advanced actuator(1) _|

0 if
1 1 1
2 21 22
Time [s]

Fig. 12 Experimental magnetic flux density of advanced
actuator (1)
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the torque is also improved and the time constant is 12 ms,
approximately one-fourth of the nominal value.

In former studies on equipment using MR fluid, alu-
minum or brass, as nonmagnetic material, was used for
parts not included in flux path. In term of the static prop-
erties, it can be said that aluminum or brass plays the origi-
nal role as nonmagnetic material. As seen from the present
results, it is possible to realize a high-speed response us-
ing nonmagnetic material and an insulator, depending on
the structure of the equipment.

5. Improvement of Response Time by Changing the
Shape

5.1 Reduction of counter-magnetic flux

As described in the previous section, the eddy cur-
rent was reduced by changing the material. As a result,
counter-magnetic potential and flux were reduced, and an
improvement of response time was realized. From a dif-
ferent point of view, it can be considered that this improve-
ment is realized also by reducing the counter-magnetic
flux itself. In this section, the shape of advanced actu-
ator (1), in which aluminum was changed to plastic, is
also changed so that the magnetic reluctance is increased
in order to reduce the counterflux. The actuator with the
changed shape is called advanced actuator (2).

5.2 Change of shape

In the magnetic circuit method, the magnetic reluc-

tance is expressed as
l

R= s 3)
where / [m] is the length of the magnetic-flux path, S [m?]
is the cross-sectional area and u [H/m] is the magnetic per-
meability.

It can be said that the magnetic reluctance is in-
creased and the counterflux is reduced by decreasing the
area through which it passes. Therefore, an improvement
of response is expected. Then, the shape of the yoke of
the input component is changed, as shown in Fig. 14. The
widths of the inside regions in contact with the MR fluid
are decreased by 4 mm, and the width of the upper and
lower regions in contact with the air gap, by 4.5 mm.

Since these portions touch the MR fluid and air, re-
spectively, they are the parts whose magnetic reluctance

iy
T

Torque responses (Experiment)

: : Nominal actuator
| omeeerseneeen : Advanced actuator(1) |

1 H L L
2 2.1 2.2
Time [s]

Torque / Torquegeagy
o
[$)]

Fig. 13 Experimental torque of advanced actuator (1)
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Fig. 14 Change of size of input part

tends to increase upon size changes. The total magnetic
reluctance increases approximately twofold in this case.
Although the magnetic flux induced by the coil current is
also decreased, the magnetic flux density in the fluid sel-
dom changes since the area of the magnetic field applied
to the MR fluid also decreases. Note that the output torque
may decrease because of the reduction in shearing area.
Due to the change of shape, the electric resistance
may also increase because the sectional area of por-
tions through which the eddy current passes, are reduced.
Therefore, it can be considered that this shape change
causes not only reduction of the counterflux via the in-
crease of magnetic reluctance, but also the reduction of
the eddy current via the increase of electric resistance.
5.3 Static magnetic analysis
The static magnetic analysis is performed after the
FEM model is updated to accommodate above changes.
The flux lines are shown in Fig. 15. From the figure, it is
seen that the sufficient magnetic flux is applied between
the input and output disks.
5.4 Transient magnetic analysis
The dynamic magnetic analysis is performed with the
model including the shape change. The result is shown in
Fig. 16, together with the previous results. It can be con-
firmed that the response is further improved in advanced
actuator (2).
5.5 Experiment of magnetic response
The input disks of the actual actuator were changed.
The magnetic flux density measured experimentally is
shown in Fig. 17, together with the previous results. The
experimental results are in good agreement with the ana-
Iytical results. This confirms that the change in shape im-
proves the response. As a result, the time constant became
about 2 ms in this experiment.
5.6 Experiment of torque response
Finally, the experiment on step response from the coil
current to the torque is carried out. The result and the
previous results are shown in Fig. 18. As seen in the figure,
improvement of the torque response was also realized, and
the time constant of the torque response finally became
about 5 ms, one-ninth that of the origin.

Series C, Vol. 47, No. 3, 2004

Fig. 15 Magnetic flux lines in advanced actuator (2)

Magnetic flux density responses
(Analysis) 1
: Nominal actuator

------------- : Advanced actuator(1)

————— : Advanced actuator(2) |

0 0.1 0.2
Time [s]

Fig. 16 Analytical magnetic flux density of advanced actuator

2

Magnetic flux density responses
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: Nominal actuator
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2
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Fig. 17 Experimental magnetic flux density of advanced
actuator (2)
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: = : Advanced actuator(2) |
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Torque / Torquegeagy
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Fig. 18 Experimental torque of advanced actuator (2)

The time constants of the magnetic flux density and
the output torque obtained in this study are summarized in
Table 2. It is necessary to investigate the details of the rela-
tionships between the magnetic field and torque responses.

6. Basic Characteristics of Advanced MR-Fluid Ac-
tuator (2)

Finally, the basic characteristics of advanced actuator
(2) are experimentally investigated. Current step response,
torque—current response, torque—input speed response and

JSME International Journal



Table 2 Time constants of experimental responses

Nominal Advanced(1) Advanced(2)
Current <1 [ms] < 1 [ms] < 1 [ms]
Magnetic
flux density 36 [ms] 7 [ms] 2 [ms]
Torque 45 [ms] 12 [ms] 5 [ms]
T T T
3_ 4
1.5101.7 [A]
= 2:—.C_»«w 1.5t01.3[A] A
£
> 1010 1.2]A
>
g
A 1 1.010 0.8 [A]
0.5 t0 0.7 [A]
< 0.5100.3[A]
o_ -
1 1 i
2 21 2.2

Time [s]

Fig. 19 Step responses of advanced actuator (2)

frequency response are examined.
6.1 Coil current step responses
The output torque is measured when a step current is
input to the coil. The currents of 0.5, 1.0, and 1.5 A are
changed by plus or minus 0.2 A at 2.0's. The experimental
results are shown in Fig. 19. It can be confirmed that fast
responses with the same waveform were obtained.
6.2 Torque—coil current response
The torque is measured with the current changed from
0 through to 2 to 0 A twice. It takes 6.0 s to complete one
cycle. The result is plotted in Fig. 20. This diagram shows
a small hysteresis loop. A torque of 3 N-m is output with
a current of 2 A.
6.3 Torque-input speed responses
The influences of the input speed on the output are
investigated. The speed of the input part is changed from
0 through to 50 to O rpm twice. The torque responses are
shown in Fig. 21. The coil currents were set to 0, 0.5, 1.0,
1.5, and 2.0 A. From these results, the influences on the
torque were seldom observed for speeds over 10 rpm.
6.4 Frequency response from coil current to
torque
Finally, the experiment on the frequency response
from the coil current to the torque is performed. The
input current is given as a sinusoidal wave: 0.75+
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3k 6.0 [s/loop] i
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Current [A]

Fig. 20 Torque—current diagram of advanced actuator (2)
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Fig. 21 Torque—speed diagram of advanced actuator (2)
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Fig. 22 Frequency response of advanced actuator (2)
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0.25sin(wr) [A]. The Bode diagram obtained by FFT anal-
ysis is shown in Fig. 22. It can be seen that the bandwidth
extends to a high frequency of over 200 rad/s.

7. Conclusions

(1) The torque generation mechanism of the MR-
fluid actuator was considered. The responses from the coil
current, the magnetic flux density and the output torque
were measured, and the response speeds were compared.

(2) The magnetic analyses were performed by FEM.
By static analysis, it was verified that the portions made of
MR fluid and SS400 formed a flux path. In the transient
analysis with the eddy current taken into consideration,
the magnetic responses were in good agreement with the
experimental results. From the distribution of the eddy-
current density, it was found that much of the eddy current
passed through the parts made of aluminum alloy.

(3) Inorder to reduce the counter-magnetic potential
due to the eddy current, aluminum in the connecting part
and bobbin was changed to engineering plastic, a nonmag-
netic material and an insulator. It was confirmed that the
analytical and experimental magnetic responses were Sig-
nificantly improved, and that the torque response was also
effectively accelerated by the change.

(4) Inordertoreduce the counterflux itself, the shape
of the yoke was changed so that the magnetic reluctance
was increased. It was verified that the magnetic responses
were further improved, and high-speed torque responses
were realized.

(5) Finally, current step response, torque-current re-
sponse, torque-input speed response and frequency re-
sponse were examined, and the properties of advanced ac-
tuator (2) were shown.
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