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Abstract. In this study a new configuration of magneto-rheological brake (MRB) with
two coils placed on each side of the brake housing is proposed, optimally designed and
evaluated. With this configuration, the MRB is expected to provide higher braking torque,
more compact size than traditional MRB. After describing an introduction of the proposed
configuration, braking torque of the proposed MRB is analyzed based on Bingham-plastic
rheological model of magnetorheological fluid (MRF). The optimization of the proposed
MRB, the MRB with one coil placed on each side of the brake housing and the conventional
MRB is then performed considering maximum braking torque and mass of the brakes
Based on the optimal results, advanced performance characteristics of the proposed MRB
are figured out.
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1. INTRODUCTION

In recent years, there have been many researches on development and improve-
ment of magnetorheological brake (MRB), and its application in industry. In comparison
with conventional mechanical brakes, the MRBs possess several advantages such as more
compact size, fast response, less wearing (there is no dry friction) and capability to ac-
curately control braking torque. Therefore, the MRBs have many potential applications
in automatic systems such as robotics, haptic systems, etc. Essentially, in a MRB, the
gap between the rotor and the stationary housing is filled up with magnetorheological
fluid (MRF), called MRF duct. In the absence of magnetic field, the MRF behaves like
a Newtonian fluid which induces a small friction torque to the rotor. When a magnetic
tield is created with magnetic fluxes going across the MRF duct, the MRF passes from a
Newtonian-like fluid to a viscoplastic-like fluid with high controllable shear yield stress
in few milliseconds [1]. The high controllable shear yield stress results in a controllable
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braking torque of the MRB. In order to improve performance of MRBs, many MRB types
have been proposed and evaluated such as disc-type MRB [2-5], drum-type MRBs [6,7],
hybrid-type MRB (a combination of disc-type and drum type MRB) with T-shaped ro-
tor [8,9]. Recently, Nguyen et al. [10] have proposed a new configuration of MRBs in
which magnetic coils are placed directly on both sides of the housing of the MRB. The
simulation results showed that with this configuration, some disadvantages of the tra-
ditional MRBs such as “bottle-neck” problem of magnetic flux, a nonmagnetic bobbin is
required, and difficulties in manufacturing and maintenance can be eliminated. How-
ever, that study considered only the MRB with one magnetic coil placed on each side of
the housing.

The main technical contribution of this work is to develop and investigate a new
configuration of MRB with two magnetic coils placed on each side of the brake housing.
The main technical contribution is validated by comparing performance between the pro-
posed and previously developed MRBs. After an introduction of the new configuration
of MRBs, the braking torque is derived based on Bingham-plastic behavior of MRF. Sub-
sequently, optimal design of the MRBs is considered. The optimization problem is to find
optimal value of significant geometric dimensions of the MRB that can produce a certain
required braking torque while the MRB mass is minimized. A finite element analysis in-
tegrated with an optimization tool is employed to obtain optimal solutions of the MRBs.
From the results, performance characteristics of the proposed MRB are investigated and
compared with performance characteristics of the conventional disc-type MRB and the
MRB with one magnetic coil placed on each side of the housing.

2. THE MRB WITH TWO COILS PLACED ON EACH SIDE OF THE HOUSING

In this study, a configuration of a disc-type MRB with two coils placed on each side
of the brake housing is introduced and its braking torque is analyzed based on Bingham-
plastic model of MRF. Fig. 1a shows the previously developed MRB with one coil placed
on each side of the housing [10] while Fig. 1b shows the configuration of the proposed
MRB with two coils placed on each side of the housing. As shown in the figures, a disc
(rotor) made of magnetic steel is fastened to the flange of the MRB shaft made of nonmag-
netic steel. The disc is embedded inside a stationary envelop (housing) made of magnetic
steel. In Fig. 1a, one wire-coil is directly placed on each side of the housing (in this study,
this is referred as single side-coil MRB) while two wire-coils are placed on each side of
the housing in Fig. 1b (In this study;, this is referred as double side-coil MRB). It is worthy
to remark that firstly the coils are wound on a suitable cylinder outside, and then they
are covered by adhesive to prevent MRF flow into the coils. The coils are then placed in
the housings. The space between the rotary disc and the housing is filled with MRF. In
order to prevent the leaking of MRF, radial lip seals are employed. As counter electric
currents are applied to the coils as shown in the figures, magnetic fields are generated
and the MRF in the gap between the disc and the housing becomes solid-like instanta-
neously. This results in a controllable friction from the solidified MRF to the rotary disc to
slow down and stop the shaft. By using two coils on each side of the housing, a stronger
and more uniform magnetic flux density across the MRF ducts is expected and a better
performance of the MRB can be obtained.
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(a) MRB with one coil on each side of the housing ~ (b) MRB with two coils on each side of the housing
Fig. 1. Configuration of the side-coil MRBs

By assuming that the MRF rheologically behaves as Bingham plastic fluids and by
the assumption of a linear velocity profile in the MRF ducts of the brake, the induced
braking torque of the single side-coil MRB and the proposed double side-coil MRB can
be respectively determined as follows [10-12]
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and the off-state torque (the torque of the MRB when no current is applied to the coil) of
both the MRBs can be determined by
mtpuoRS Rs 41Ty QR,
In the above, R; is the outer radius of the disc, R; is the inner radlus of the active
MREF volume in the end-face duct which is almost equal to the outer radius of the shaft
flange, R; is the shaft diameter at the sealing, d is the gap size of the end-face MRF ducts
between the disc and the housing, d, is the gap size of the annular MRF duct at the outer
cylindrical face of the disc, t; is the thickness of the disc, () is the angular velocity of the
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rotor, Ty is the friction torque between the shaft of the brake and the sealing, R.; and
R, are the inner and outer radius of the coil in case of the single side-coil MRB, R.;; and
R.10 are the inner and outer radius of the inner coil while R.,; and Ry, are the inner and
outer radius of the outer coil in case of the double side-coil MRB. pg1, us2 and pg3 are
respectively the average post yield viscosity of MRF denoted by MRF1, MRF2 and MRF3
in case of the single side-coil MRB while 7y1, Ts» and 73 are the corresponding yield stress.
Ua1, Hao, Ha3 and pgq are respectively the average post yield viscosity of MRF denoted by
MRF1, MRF2, MRF3 and MRF4 in case of the double side-coil MRB while T4, T, Ta3
and T4 are the corresponding yield stress. 7,0 and pq are the zero-field yield stress and
viscosity of the MRF. It is noted that the induced yield stress and post yield viscosity of
the MRF are dependent on the exerted magnetic flux density across the ducts of MRF as
reported in several researches [13,14].
The lip seal friction torque T can be approximately calculated by [15]

Tof = 0.65(2R;)*Q'5. (4)

In the above, Ty is the friction torque of a lip seal in ounce-inches, () is the rotation
speed of the brake shaft measured in rounds per minute, and R; is the shaft diameter at
the sealing measured in inches.

3. OPTIMAL DESIGN OF MRBS

In this study, optimization of the abovementioned MRBs is considered. In design
of MRBs, besides the braking torque, another issue that should be taken into account
is their mass. It is obvious that the mass of the MRBs should be as small as possible to
reduce the MRB size and cost. In addition, smaller mass of the MRBs can reduce the effect
of inertia in some application such as robotics, haptic systems. Therefore, the objective of
the optimization in this study is to find optimal value of significant geometric dimensions
of the MRB that can produce a certain required braking torque while the MRB mass is
minimized. Generally, the MRB mass can be approximately calculated by

my = Vaoa + Vion + Vsps + VMrOMR + Vepe, )

where V;;, Vj,, Vi, Viyr and V; are respectively the geometric volume of the disc, the hous-
ing, the shaft, the MRF and the coil of the brake. There parameters are functions of geo-
metric dimensions of the MRB structures, which vary during the optimization process.
0d, Pn, Ps, Thopr, and p. are density of the discs, the housing, the shaft, the MRF and the
coil material, respectively. From the above, the optimization design problem of the MRBs
in this study can be summarized as follows: Find optimal value of significant dimensions of
the MRBs so that the brake mass determined by Eq. (5) is minimized, while its maximum braking
torque determined by Eqs. (1) and (2) is constrained to be greater than a required braking torque.
In order to determine the braking torque of the MRB using Egs. (1) and (2), firstly,
the magnetic density across the MRF ducts of the MRB must be determined. In order to
obtain magnetic solution of the MRF based device, both approximate analytical method
and finite element method (FEM) can be used [16,17]. In this research, for more accu-
rate solution, FEM is used. In this study, finite element models using 2D-axisymmetric
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couple element (PLANE 13) of commercial ANSYS software are employed to solve mag-
netic circuits of the MRB. On obtaining the magnetic density across the MRF ducts, the
rheological parameters of MRF in the ducts such as the yield stress and the post yield
viscosity can be calculated. The braking torque of the brake can be then determined from
Egs. (1) and (2). The mass of the MRBs is also determined from their CAD model in the
ANSYS software. The FE models used in this study are shown in Fig. 2.

(a) Single side-coil MRB (b) Double side-coil MRB

Fig. 2. Finite element model to analyze magnetic circuit of the MRBs

In the FE models, quadrilateral mapped meshing is employed. The meshing size is
determined by the number of elements per line (NoEPL). In this study, with an accuracy
of 1%, the NoEPL is set by 12. The accuracy of magnetic density as a function of the
NoEPL is shown in Figs. 3 and 4. In the figures, By, By, B3 and B, represent the magnetic
flux density across the MRF ducts MRF;, MRF;, MRF3;, MRF; as shown in Fig. 1. From
the figures, it can be observed that the accuracy of magnetic density across the MRF ducts
is up to 1% or smaller when the NoEPL is increased to 12 or greater. With the NoEPL of

12, the number of elements in case of single coil MRB is 3888 elements while that in case
of the double coil is 5904.
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Fig. 3. Accuracy of FE solution as a function of NoEP in case of single side-coil MRB
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Fig. 4. Accuracy of FE solution as a function of NoEPL in case of double side-coil MRB

4. RESULTS AND DISCUSSIONS

In this section, optimal solutions of the above MRBs are obtained and presented
with discussion. It is assumed that the commercial silicon steel is used for magnetic com-
ponents of the MRB such as the housing and the disc. The coil wires are sized as 21-gage
(diameter = 0511 mm) whose maximum working current is around 3A and during the
optimization process, a current of 2.5A is applied to the coil. It is noteworthy that the
cross section area of the coil is assumed to be fully wounded. In addition, the commer-
cial MRF, MRF132-DG, made by Lord Corporation is used in this research. The Magnetic
properties of the brake components are given in Tab. 1 and Fig. 5. The rheological pa-
rameters of the MRF132-DG determined from experimental results using curve fitting
method are as the followings: po = 0.1pa - s; peo = 3.8pa - s; a5y = 45T 1; 10 = 15pa;
Tyeo = 40000pa; agr, = 2971,

Table 1. Magnetic properties of the MRBs’ components

Material Relative Permeability | Magnetic saturation | Density (kg/m?)
Silicon Steel B-H curve (Fig. 5a) 1.55 Tesla 7800

Copper 1 8000
MRF132-DG B-H curve (Fig. 5b) 1.65 Tesla 2300

In order to find optimal solution, the first order optimization method using the gra-
dient decent algorithm is employed. A detailed description of this algorithm integrated
with ANSYS software is mentioned in several researches [16-19]. In the optimization, the
following significant geometric dimensions of the MRBs are selected as design variables:
The coil height (hc, I, heo), the coil width (we, we, we), the inner radius of the coils (R,
R.i1, Reiz), the outer radius of the shaft flange R;, the outer radius of the disc Ry, the disc
thickness ¢4, the outer radius of the MRB R and the housing thickness t;,. It is noted that
the smaller gap size of the MRF ducts is, the greater braking torque can be produced.
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Fig. 5. Magnetic properties of silicon steel and MR fluids

However, the small gap size may result in a large value of the off-state braking torque
that degrades performances of the MRBs such as high dissipated energy and overheat.
Moreover, the difficulty in manufacturing due to small gap size of the MRF ducts is also
an important issue should be taken into consideration. Therefore, in the optimization,
the MRF gap size is not considered as a design variable.

Fig. 6 and Fig. 7 show the optimal solution of the single side-coil MRB and the pro-
posed double side-coil MRB, respectively. In this case, the braking torque is constrained
to be greater than 10 Nm with 2% of accuracy, the convergence rate is set by 0.1% and the
gap size of MRF ducts is set by 0.8 mm. In addition, the shaft radius is set by R; = 6 mm
considering the strength of the shaft. The optimal solution of the MRBs is shown in Tab. 2.
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Fig. 6. Optimization solution of the single side-coil MRB

As shown in the figures, at the optimum, braking torque of the MRBs can reach
up to 10 Nm as constrained and the mass of the optimized double side-coil MRB 0.82 kg
which is significantly smaller than that of the optimized single side-coil MRB, 1.17 kg. It
is noteworthy to remark that, with the same constrained braking torque, the mass of the
conventional MRB (the MRB with magnetic coil placed in the middle of the housing) is
1.45 kg [10].
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Table 2. Significant parameters of the MRB prototypes
?;I}I){i Design parameter (mm) Performance
Coil: Width w. = 1.7; Height h, = 7; Max. Torque: 10 Nm
Radius R.; = 37; No. of turns: 2*56 Mass: 1.07 kg
Single | Housing: R; = 6,R = 51,#, = 4.8, L = 18 | Off-state Torque: 0.275 Nm
coil Disc: Radius R; = 12.5,R; = 48; Power Cons.: 15W
Thickness t; = 6.5 Coil Resistance ((}): R, = 1.2
MRF duct gap: 0.8
Coil: Width w,; =2 weop = 1.7; Max. Torque: 10 Nm
Height hey = hey = 6.2; Mass: 0.82 kg
Radius R.; = 23, Rp; = 40; Off-state Torque: 0.243 Nm
unble No. of turns: 4*50 Power Cons.: 24W
coil Housing: R; = 6, R = 53,t;, = 3.7,L = 13 | Coil Resistance(()): R,y = 0.7,
Disc: Radius R; = 10, R; = 50; Rop =12
Thickness t; = 4
MREF duct gap: 0.8

Fig. 8 shows the mass, the off-state torque and power consumption of the opti-
mized MRBs at different values of the constrained braking torque. From Fig. 8a, it is
found that the mass of the proposed double side-coil MRB is always smaller than single
side-coil and the conventional MRBs at different values of the required braking torque.
From Fig. 8b it is observed that the off-state torque of the double side-coil MRB is smaller
than that of the single side coil and conventional ones in case the required braking torque
is smaller than 15 Nm. However, when the required braking torque is greater than 15 Nm,
the off-state torque of the double side-coil MRB becomes greater. The reason is that in
case of double side coil MRB, with two coils on each side, the bottle-neck problem is
significantly reduced and magnetic flux energy is strong enough for a larger MRF duct.
Thus, the disc radius of the optimized double side-coil MRB is greater than that of the
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Fig. 8. Optimal results of the MRBs as a function of maximum braking torque

single side coil and conventional ones. This results in a high off-state torque in case of
the double side-coil MRB at high braking torque. In some applications where the off-
state torque is important such as brakes for automobiles and haptic systems, the off-state
torque should be taken into consideration in the optimization as a state variable or in
term of a multi-objective function. It is noted that due to bottle-neck problem and mag-
netic flux energy, the thickness of the housing and the disc in case of the single side-oil
and conventional MRBs cannot be very small. This is the reason why the mass of these
MRBs at the optimum is greater than that of the double side-coil one. Fig. 8c shows the
power consumption of the optimized MRBs at different value of the constrained braking
torque. From the figure, it can be seen that the power consumption of the double side-
coil MRB is significantly greater than that of the single side-coil and the conventional
MRBs. It is obviously because in case of the double side-coil MRB totally four coils are
used while the number of coils in case of the single side-coil and conventional MRBs are
respectively two coils and one coil. Therefore, in optimal design of MRB, the trade of
between the mass reduction and the power consumption of the MRBs should be con-
sidered. For applications where the power consumption is not a challenge but the mass
reduction is very significant, the double side-coil MRB should be used and via versa.
A multi objective function can also be used in the optimization to take into account the
trade-off of these factors [19,20].
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5. CONCLUSIONS

In this research work, a new configuration of magneto-rheological brake (MRB)
with two coils placed on each side of the housing was proposed. With this configura-
tion, the bottle-neck problem of the brake magnetic circuits can be significantly reduced
and a more compact MRB is expected. After an introduction of the new configuration of
MRBEs, the braking torque was derived based on Bingham-plastic behavior of MRF. Sub-
sequently, optimal design based on finite element analysis of the MRBs was conducted
to find optimal value of significant geometric dimensions of the MRB that can produce
a certain required braking torque while the MRB mass is minimized. From the results,
it was shown that by using the proposed configuration with two coils placed on each
side of the housing, the mass of MRB was significantly reduced compared to the MRB
with one coil placed on each side of the housing and the conventional MRB. However,
the power consumption of the proposed MRB is significantly greater. In addition, the off-
state torque of the proposed MRB is greater than that of the MRB with one coil placed on
each side of the housing and the conventional MRB when the required braking torque is
greater than 15 Nm. As the second phase of this research, the MRBs with more than two
coils placed on each side of the housing will be considered and experiment work will be
performed for validation. In addition, the power and off-state torque will be considered
during the optimization process.
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