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Abstract. In this research, we focus on development of a new configuration of magneto-
rheological fluid (MRF) based clutch (MRC) featuring a tooth-shaped disc with multiple
teeth acting as multiple magnetic poles of the clutch. The tooth-shaped disc is placed
in a clutch housing composed of the left housing and the right housing. The inner face
the housing also has tooth shaped features mating with the teeth of the disc through the
working MRF. Excitation coils are placed directly on stationary winding cores placed on
both side of the clutch housing. An air gap of 0.3 mm is left between the housing and the
winding cores to ensure the housing can freely rotate against the winding cores. After the
introductory part, configuration of the MRC is introduced and the transmitted torque of
the MRC is derived. An optimization process to minimize the overall volume of the pro-
posed clutch, which can generate a required maximum braking torque, is then conducted.
The optimal results show that the overall volume of the proposed MRC is significantly re-
duced compared to a referenced conventional MRC (0.159 m® vs. 0.295 m?). A prototype
of the proposed MRC is fabricated for experimental works and good agreement between
the experimental results and simulated ones is archived.

Keywords: magnetorheological fluid (MRF), MR clutch, tooth-shaped rotor, optimal de-
sign.

1. INTRODUCTION

Magnetorheological fluid, called MRF for short, is a type of smart fluids, composed
of tiny magnetic particles (micro to nanometer size) dispersed in a base (carrier) fluid.
In case of nonexistence of magnetic field, the particles are dispersed randomly and MRF
rheologically behaves as Newtonian fluid like carrier fluid. In the existence of a magnetic
field, the particles are magnetized, which consequently experienced attractive forces,
forming chain-like structure. At high field intensity, the MRF is almost solidified. This
change is very fast (few milliseconds) and almost reversible. With this especial property,
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the MRF is very potential for various applications such as valves, dampers, clutches,
brakes and engine mount [1,2].

There have been a number of researches
on MRF based clutch (called MR clutch or
MRC for short in this paper). In the early stage,  Cvindrical
most of the researchers proposed the MRC ~ "°*"™
configurations with rotating coils [4-6]. Obvi- Maﬁﬂe“c
ously, this configuration possesses several dis- -
advantages such as difficulties in manufactur-  Areap
ing, unsteady and high friction due to brushes, Disc
“bottle-neck” problems of magnetic circuits. 7
To overcome the above disadvantages, new ?l:gijtng
configurations with stationary winding hous- ~ _~ J~ |
ing have been recently implemented. In this  motor
new configuration, the coils of MRCs are
wounded on a fixed housing, on which the in- 83 Driven shaft
put shaft (usually connected to the disc of the L
MRC) and the output shaft (usually connected /
to the housing of the MRC) are assembled as MR side
shown in Fig. 1[3,7,8]. Thanks to this new con- [ Housing
figuration, the coil is stationary and brushes coil
can be eliminated. Hence, some disadvan-
tages of conventional MRC such as magnetic 4
flux “bottle-neck” problems, unsteady contact =
of the brushes, manufacturing difficulties, etc. Fi ) . .

. ig. 1. Configuration of the previous
can be handled. In previous researches, the MRC [3]
clutch discs have cylindrical shape and the
torque is transmitted from the input shaft to
the output shaft via the MRF in the ducts at the end-faces and outer cylindrical face
of the disc. Therefore, in order to archive large transmitted torque, the disc should have
large size, which results in large size of the MRC and high inertia effect.

The main purpose of this study is to develop a compact size MRC featuring a tooth-
shaped disc. With the toothed shaped disc, the working area between the disc and the
MREF is larger and a high transmitted torque can be archived while size of the MRC is still
kept compact.
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2. THE MR CLUTCH FEATURING TOOTH-SHAPED ROTOR

The configuration of the proposed MRC with tooth-shaped disc is illustrated in
Fig. 2. From the figure, it can be seen that a tooth-shaped disc (made of magnetic ma-
terial) is fixed to the driving shaft (made of nonmagnetic material). The disc is placed in-
side housing of the clutch. The inner face of the clutch housing has teeth as well, mating
with the teeth of the disc via MRF medium. One side of the clutch housing is connected
to the driven shaft (made of nonmagnetic steel). In order to avoid the MRF leaking, a
mechanical lip-seal is used. Two ball bearings are used for relative rotation between the
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housing (output shaft) and the disc input shaft). Two fixed winding cores, on which the
coils are wound, are assembled on both side of the clutch housing. The cores are attached
to the corresponding fixed supports, on which the clutch shafts are also assembled. By
assembly the cores and the clutch shaft on the support, relative position between the
clutch housing and the cores can be assured. To ensure a free rotation of the clutch hous-
ing relatively to the winding cores, a small air gap (0.3 mm) between the housing and
the winding cores is employed. When a current is applied to coils, an induced magnetic
field is created causing the MRF becomes solid-like. By control the applied current, a
controllable transmitted torque from the input shaft to the output shaft can be archived.
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‘mding core
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i gap 2 Coil
o
iii
Seal %:E: Support
Driving
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Driven
shaft
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R T T T
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Fig. 2. Configuration of the proposed tooth-shaped mRC

In order to derive transmitted torque of the MRC, firstly a small ring element in an
inclined duct of MRF shown in Fig. 3 is analyzed. The friction torque acting to this
element can be calculated by

dT = rtdA = 27/%tdl = 27 (Ry + I'sin @)* 7d], (1)

where r is the radius of the small ring element; Ry and R; are the radii of the first end and
the second end of the inclined duct respectively, and L is the length of the inclined duct.
By assuming a linear velocity profile of MRF in the duct, the Bingham model of MRF in
the duct can be mathematically expressed by

rAw 0w (Rq +1sin
T:Ty+yTzTy+V ( 1d QO), (2)

where 7 is the tangent shear stress acting on the MRF element; ¢ is the angle between
the inclined duct and the rotational axis; éw is the relative angular velocity between the
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two walls of the duct, which is also the relative angular speed between the disc and the
housing); d is the duct gap size; T, and u are in sequence the yield stress and the post-
yield viscosity of the MRFE.

Axis| R-
|

Fig. 3. The ring element of MR fluid in the inclined duct

Plug Eq. (2) into Eq. (1), then take integration along the duct, the following equation
can be obtained

L .
T; = 27r/ (Ry + Ising)? <Ty + y5w (R +1sin go)) dl
0

d
1
= 2L <R% + Ry Lsing + gLZ sin? q)) T 3)

LA
+ %7[7/17&) (4R} + 6RILsing + 4R, L*sin® ¢ + L7 sin® ¢) .

Eq. (3) is used for calculation induced torque in an inclined duct of MRF. From Eq. (3),
the induced torque in an annular and radial duct (end-face duct) can be retrieved respec-
tively with ¢ = 0 and ¢ = 90 degrees, which were widely used in many researches [9,10]
as followings

AQR
T, = 2nR2L, (ry + ”) , (4)
1 = TR (1 (R 50 270 (g3 _po (5)
E = 2d E T ( 0 i) ’

where T} is the friction torque of MRF in the annular duct acting on the cylindrical face
of the disc, L, and R, are respectively the length and the radius of the annular duct, T, is
the friction torque of MRF in the end-face duct acting on the end-face of the disc, R; and
R, are respectively the inner and outer radius of the end-face duct.

By applying Egs. (3), (4) and (5) for the MRF ducts of the proposed MRC as shown on
Fig. 3 and neglecting of friction due to the sealing and bearings, the induced transmitted
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torque can be determined by
Tb:2< Y, T+ ), TE]) + T, (6)
i=1,35,7,9 j=0,2,4,6,8,10
where
1
Ty = 2l <R12 + R;lsing + 3lzsin2cp> Ty1i
1 [Aw

+ ST (4R? + 6R?Ising + 4R, *sin*¢ + Psin’p) , 7)
4
”VE]‘R?H R; 2TTyE} (s 3
j+1
AQR
T, = 27R3 (b + 2h) Ty + He . n 9)

In the above, TE; is the friction torque induced by MRF in the duct E;, Ty; is the friction
torque induced by MRF in the duct I;, T is the friction torque due to MRF in the cylindri-
cal duct C, R; is the radius of point i shown in Fig. 4, [ and ¢ are respectively the length
and angle of the inclined duct, & is the tooth height, T¢;, 7;; and 7, respectively are the
yield stress of the MRF in the E;, I; and C ducts, pg;, 1; and p. are the post-yield viscosity
of the MRF in the E;, I; and C ducts respectively.
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Fig. 4. Tllustration of MRF ducts for evaluating transmitted torque
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It is noted that the transmitted torque of the conventional MRC [3] is determined by

mTuR? Ry \* 47T, AQR
T, = o (1_ (dz) )AQ+ 3W (RS, — R3;) +2mR% tq (ryo+y d">,

d Ry, d
(10)
where Rj; and Ry, are the inner and outer radius of the disc, d is the MRF gap size, t; is
the thickness of the disc, 7. is the average yield stress of MRF in the in the end-face ducts
of the MRC, 7,0 is the zero-field yield stress and y is post-yield viscosity of the MRF

3. OPTIMAL DESIGN OF THE MR CLUTCH

In this study, the optimization of the MRC is stated as following: Find optimized
value of geometric dimensions of the clutch structure in order to archive a required trans-
mitted torque considering the objective to minimize overall volume of the MRC.

The overall volume of the MRC is determined by

Vmre = TR?L, (11)

where R is the overall radius of the MRC and L is the overall length of the MRC. The de-
sign variables are: the disc thickness t,;, the tooth-height /, the tooth angle ¢, tooth-peak
length I}, tooth bottom length I, the inner disc radius Ry (= Ro), radius of first tooth
R;, the outer disc radius R;,(= R11), outer housing thickness of the clutch f,, the winding
core thickness t;, the coil width t., the coil height h.. The MRF gap size is empirically
chosen by 0.8 mm. The thickness of the housing wall is set by 1.25 mm in consideration
of manufacturing issues. In order to solve the optimization problem of the MRC, the
ANSYS commercial software is employed, in which the axisymmetric element (PLANE
13) and the steepest descent algorithm (first order method) are used. In this study, the
silicon steel is used for magnetic components of the MRC such as the side housing, the
envelope and the disc. As abovementioned, in the optimization, the maximum achiev-
able transmitted torque of the MRC is constrained to be greater than a required torque.
Obviously, the higher applied current is, the stronger magnetic field is generated which
in turn results in a higher transmitted torque. Therefore, in order to archive the maxi-
mum transmitted torque, the maximum working current (depend on the coil gauge size)
is applied to the coils. In this research, the 24-gauge copper wire (the coil wires diame-
ter is 0.511 mm, maximum working current is 2.5A) is used. Hence, the applied current
used in the optimization process is 2.5A. The commercial MR fluid, MRF132-DG, is used.
For comparison purpose, optimization of the conventional MRC with plain cylindrical
disc [3] is also conducted.

Fig. 5 shows the optimal solution of the plain disc MRC while Fig. 6 shows that
of the proposed tooth-shaped disc MRC. In the optimization, the required transmitted
torque is 10 Nm with an accuracy of 2%, the convergence condition is set by 0.1%. In
addition, radius of the clutch shaft is chosen by R = 6 mm accounting for the strength
of the shaft. From the results, it is found that, at the optimum, transmitted torque of the
MRCs is almost 10 Nm as constrained and the overall volume of the conventional MRC
is 0.295E-3 m> while that of the proposed tooth-shaped disc MRC is 0.159E-3 m®. Thus,
the overall volume of the proposed MRC is much improved (almost half). The reasons
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Fig. 5. Optimization solution of the conventional MRC

for this significant volume reduction come from the larger contact area between the rotor
and the working MRF and the higher magnetic density across the MRF ducts of the pro-
posed MRC compared to those of the conventional one as shown are shown in Figs. 5(c)
and 6(c). The optimal solution is summarized in Table 1. From the table it is also noted
that the mass of the proposed MRC is also much smaller than that of the conventional
MRC, however, the power consumption of the proposed MRC is almost twice as high as
that of the conventional one. This is obvious because in the proposed MRC, two magnetic
coils are employed (one on each side) and the power consumption is not considered in the
optimization of the MRC. Thus, there is a trade-off between the size and the power con-
sumption of the MRCs. Therefore, in the application where high power is available ant
not significant, the proposed MRC can be employed. In order to compromise between the
size and the power consumption of the proposed MRC, the power consumption should
be taken into account as a constraint function in the optimization. Fig. 7 show the opti-
mal solution of the proposed MRC with the required transmitted torque is 10 Nm and
the power consumption is constrained to be smaller than that of the conventional one
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Fig. 6. Optimization solution of the proposed MRC
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Fig. 7. Optimization solution of the proposed MRC with two constraints:
transmitted torque > 10 Nm, power consumption < 44 W
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(44W). It is noted that in this case the applied current is also considered as a design vari-
able. From the figure it is observed that, with the above transmitted torque and power
consumption, the overall volume of the proposed MRC is 0.166E-3 m>, which is still sig-
nificantly smaller than that of the conventional one (0.295E-3 m?). It is noteworthy that
at the optimum the applied current is 1.77A. From the above, it is remarked that in order
to compromise between the size and power consumption of the MRC, the power con-
sumption should be conserved as a constraint function and the applied current should
be treated as a design variable.

Table 1. Significant parameters of the optimized MRCs

MRC types

Design parameter (mm)

Characteristics (at [ = 2.5A)

Conventional Coil: width t, = 10.6; height h, = 5.75;

No. turns: 238

Housing thickness: side t;, = 3, cylin-
drical t, = 3

Fixed Housing: side ts;, = 5.9, cylin-

Max. Torque: 10 Nm

Overall Volume (m?): 0.295E-3
Off-state Torque: 0.3 Nm
Mass (kg): 2.3

Power Cons.: 44 W

drical tro, = 5.3, overall size R = Coil Resistance(Q): R, = 7.0
63.8,L = 23.0

Disc: inner radius R;; = 16.0, outer ra-

dius Ry, = 48.9; thickness t; = 3

MREF duct gap: 0.8

Coil: width t. = 7.7; height h, = 21.6;
No. of turns: 2*500

Fixed Housing: thickness t;, =
overall size R = 38.4, L = 34.5
Disc: R; = 80, Ry = 364, t; =
20,hy = 2.0,l; = 39,1y, = 45,1}, =
2.5,¢ = 1.07 rad

MRF duct gap: 0.8

Proposed Max. Torque: 10 Nm

Overall Volume (m?): 0.159E-3
Mass: 1.24 kg

Off-state Torque: 0.293 Nm
Power Cons.: 85 W

Coil Resistance(Q): R, = 6.8

4.5,

In order to investigate performance of the proposed MRC at different maximum
transmitted torques, the optimization of the MRCs at different values of the required
transmitted torque are conducted and the results are shown in Fig. 8. As shown in
Fig. 8(a), the overall volume of the MRCs increases with the required transmitted torque.
The overall volume of the proposed MRC is significantly smaller than that of the conven-
tional one with a volume ratio ranging from 60% at the required torque of 5 Nm to 45%
at the required torque of 100 Nm. In contrary, the power consumption of the proposed
MRC is almost as twice as that of the proposed one at different value of the required
torque as shown in Fig. 8(b).
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Fig. 8. Optimal results of the MRCs as different values of the required transmitted torque

4. EXPERIMENTAL VALIDATION

In this part, the above optimized MRC is fabricated and its performance character-
istics are tested by experimental works. Fig. 9 shows experiment apparatus to evaluate
transmitted torque of the MRC. The 500W-DC servo motor with gearbox is controlled by
a computer to constantly rotate at 300 rpm, the output shaft of the motor is connected
to the input shaft of the MRC while the output shaft of the MRC is connected to an sta-
tionary torque sensor. When the experimental process is commenced, a step current with
different magnitude (0.5A, 0.75A, 1.0A, 1.25A, 1.5A, 1.75A, 2.0A, 2.5A) is applied to the
two coils of the MRC and the transmitted torque is measured by the torque sensor.

Servo Motor

—

+ MRC
/’

Torque:Sensor
|

Tranducer

Fig. 9. Experiment apparatus to test the proposed MRC

Fig. 10 show the results obtained from experiments. From Fig. 10(a), it is observed
that the measured transmitted torque at the applied current of 2.5A is around 10.4 Nm,
which is a bit greater than that of the simulation (9.9 Nm). The main reason may come
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from the neglecting of the friction torque of the sealing and bearings in simulated results.
It is also observed from Fig. 10(b) that at different applied currents, different values of
output torque can be archived and very closed to the simulated ones; the error is within
5%. It is also found the torque response time is around 0.25 s, which is very good time
response for application in industry.
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Fig. 10. Experiment results of step response of the MRC

5. CONCLUSIONS

In this study, a novel configuration of magneto-rheological clutch (MRC) featuring
a tooth shaped disc was proposed. The inner face of the clutch housing also has tooth
shaped features mating with the teeth of the disc via MRF layer. Excitation magnetic coils
are assembled on stationary winding cores placed on both side of the clutch housing. An
air gap of 0.3 mm is left between the housing and the winding cores to ensure the housing
can freely rotate against the winding cores. Optimal design of the proposed MRC consid-
ering transmitted torque and overall volume of the MRC was conducted and compared
with traditional MRC featuring plain cylindrical disc. The optimal results showed that
at the same required transmitted torque, the overall volume and mass of the proposed
MRC are significantly smaller than those of the conventional one (almost half). However,
the power consumption of the proposed MRC is around double of the conventional one
because two coils are implemented. In order to compromise between the size and the
power consumption of the proposed MRC, the optimization with two constraints (trans-
mitted torque and power consumption) and was conducted. The results showed that
with the power consumption is constrained to be smaller than the power consumption of
the conventional one, the overall mass of the MRC is still significantly smaller than that
of the conventional one. The optimized MRC was then manufactured for testing. Exper-
imental works showed a good agreement between the measured transmitted torque and
the simulated one.
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