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The paper is concerned with analysis, design considerations, construction and experimen-
tal testing of a magnetorheological rotary brake (MR brake). Operation principle and basic
relationships for the brake are discussed. Magnetic field distribution in the brake is numeri-
cally studied using the finite element method (FEM). Structure and materials used in the main
components of the brake are described. The brake performance is evaluated via measurement
of torque responses.
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1. INTRODUCTION

MR rotary devices are controllable devices operating in the direct-shear mode
of MR fluid. This mode can be used to construct brakes, clutches and the like
for providing variable torques. Such devices are formed by enclosing MR fluid
between the driver and the driven plates (which are in relative rotational mo-
tion) and exciting it magnetically, thereby enabling a torque transmission in the
applied rotary motion. The initial discovery of MR devices is credited to Ja-
cob Rabinow from the US National Bureau of Standards and refers to his two
works concerning the magnetic fluid clutch dated to the late of 1940s (RABINOW
(12, 13]).

The controllable MR brake was patented in 1998 (US Patent 5,842,547, [21]).
Main benefits of the brake are: simple construction, precise and instantaneous
control, easy integration, low voltage and current requirements, high torque at
low speed and quiet operation. For this reason the MR brakes are well suited for
a variety of applications, two of which are briefly presented below.

For the first time the application of MR brakes for providing controllable
forces in exercise machines and in portable devices for rehabilitation of injured
limbs was announced by CARLSON (3, 4]. The MR brakes were employed in
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these devices as semi-active control elements in cycling and stair-climber types
of aerobic exercise machines in conjunction with velocity feedback, wherein the
torque is controlled in real time such that the user is forced to maintain a desired
target profile. An interesting concept of MR brake application for pneumatic
motion control was presented by JOLLY [7]. The Jolly’s concept involved placing
the MR brake functionally in parallel with pneumatic actuator and that allowed
us, through feedback from a position sensor, to achieve accurate and robust
motion control. The above applications were based on the MR brake engineered
by the research group at Lord Corporation and co-operators. Currently, this
company offers the MR brake of MRB-2028 series, being the successor of model
MRB-2107-3 (Lord Corporation [20]).

A typical MR brake construction is of a single-disc type in which the rotary
plate is rotated while the two casings are fixed. Such construction was also as-
sumed for the MR brake described in this study. The brake was developed for
research purposes basing on the patent specification (US Patent 5,842,547, [21]),
the available literature (LAMPE et al. (8], LEE et al. [9], L1 and Du [10], HUANG
et al. [6]) and results of the previous authors research program (SAPINSKI and
BYDON [14], SAPINSKI et al. [15]). The main objective of the study was: to
explain working principle and basic relationships for the MR brake, to present
design considerations and structure of the brake, to characterize materials used
for its fabrication, to discuss magnetic field distribution in the brake and to
evaluate experimentally its performance.

Note that some other works have been carried out using electrorheological
(ER) controllable rotary devices (SEED et al. [16], STEVENS et al. [17], CARLSON
and DucLOs (2], BULLOUGH [1], PAPADOPOULOS [11], WHITTLE et al. [18]). The
results concerning the comparison of field-controlled characteristics between MR
and ER clutches are provided in (CHOI et al. [5]).

2. 2. OPERATION PRINCIPLE AND BASIC RELATIONSHIPS

MR brake operates in the direct-shear mode (simply called shear or clutch
mode). The MR fluid is sheared by housing surface and rotor surface (see Fig. 1).
The MR brake enables continuous control of the torque using external mag-
netic field. The structure of MR brake is provided in Fig. 2. It enables the
gap 6, between housing 7 and rotor 3, to be within the magnetic field 2 pro-
duced by coil 1. Rotor is fixed to the shaft 5 which is placed in bearings
4 and can rotate in relation to housing. Wires 9 allow to supply current to
the coil. When the magnetic field is applied to the MR fluid 8 inside the MR
brake, the characteristics of the fluid increase with practically infinite
precision.
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F1G. 2. Diagram of an MR brake.

The shearing stress in an MR fluid under the action of the magnetic field is
governed by the Bingham model (CHOI [5]):

(2.1) T=77’3/+aHﬂ

where 7 — shearing stress, n — dynamic viscosity n = p - v (p — density,
v — kinematic viscosity), v — shearing rate, H — magnetic field strength,
a, B — coefficients obtained experimentally.

The MR brake resistance torque 7" has three components:

(2:2) T=T;+T;+Tur

where T; — torque associated with moment of inertia of mobile components, T
— torque of friction in bearings and seals, Tyyr — resistance torque of MR fluid.
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Torques T; and Ty are independent of magnetic field, whilst T/ g, dependent
on the magnetic field, has three components: T;, - torque associated with dynamic
viscosity; Ty — torque associated with the shearing stress in MR fluid under the
action of magnetic field with the strength H, as given by formula:

(2‘3) Tvr = T’I +Ty.

The force F' generated between two parallel planes in relative motion with
respect to one another (g = const) with the MR fluid in between is expressed as:
”7 . S . U

(2.4) B ——

where S — interface area between the MR fluid and one plane, g — istance between
the two planes, v — relative linear velocity of the planes’ motion.

Components T, and Ty of the resistance torque of a single-disc brake are
expressed by (2.5) and (2.6), basing on (2.1)—(2.4) and taking into account the
brake components’ geometry:

(2.5) P Z;”r (R+7)? (R =r?%),
8
(2.6) Iy = % (R+r)(R*-1%),

where R, r — external and internal radii of the gap (see Fig. 2), N — number of
gaps in the brake (in our case N = 2), w — rotational speed of the shaft.

The analysis of experimental results revealed, that the rotational speed of
MR brake shaft has not significant influence on resistance torque. This is in
agreement with report announced in (CHoI [5]).

3. DESIGN CONSIDERATIONS

It is assumed that the designed MR brake should have two active surfaces
and a ring-shaped (annular) coil fixed outside, on the rotor circumference. Be-
sides, the range of resistance control should be (0, 4) Nm. The construction
materials were selected accordingly and the geometry of brake components was
determined.

The magnetic circuit comprises a rotor, housing and MR fluid in the gap
(see Fig. 2). The materials specification is provided in Table 1. The magnetisation
characteristics for steel 45 and MR fluid 336 AG (Lord Corporation [20]) are
shown in Fig. 3. The relationship between the shearing stress and magnetic flux
density for the MR fluid is given in Fig. 4.
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Table 1. Materials for the brake components.

Components Material

Housing Steel 45

Coil carcass Plastic

Coil windings Copper

MR, fluid 336 AG

Shaft Steel 0H18N9

Bearing 6203-ZZ Steel LH6

Housing seal Rubber

Rotor Steel 45

Rotor nuts Steel 45

Shaft seal Rubber

Mounting bolts Steel 45
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F1G. 3. Magnetic characteristics of the steel and MR fluid used to construct the brake.
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F1G. 4. Shear stress vs. flux density for the MR fluid 336AG.



238 B. SAPINSKI, S. BYDON

It is apparent (see Fig. 3 and Fig. 4) that for MR fluid shearing stress control
in the range from zero to about 60x10% Pa, the parameters of the magnetic
circuit must be chosen such that the magnetic flux density in the gap should fall
in the interval (0, 3) A/m.

Characteristics of brake components’ magnetisation (Fig. 3) given in formulas
(2.5) and (2.6) would yield the basic rotor and housing dimensions (Fig. 5). The
internal radius of the gap is set to be r = 24 X 1073 m and the external radius
R = 32 x 10~3 m. The gap height g is established on the basis of magnetic field

distribution.
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F1G. 5. Geometry of magnetic circuit of the brake.

The brake structure is shown in Fig. 6. The brake comprises a two-part
housing 1, a rotor 10 is inside, mounted on the shaft 4 by means of a securing
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Fic. 6. Brake structure: 1 — housing, 2 — carcass, 3 — coil, 4 - gap, 5 - shaft, 6 — bearing,
7,9 — openings admitting MR fluid, 8, 12 - sealing, 10 — rotor, 11 — nut, 13 — opening for
a temperature sensor, 14 — assembly hole.
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nut 11. The shaft is fixed in bearings 6 and the bearing seals and other sealing
12 prevent the leaking of MR fluid and protect the brake inside from impurities.
The coil 3 is wound onto the carcass 2 and fixed inside the housing, around the
external sections of the rotor. The field generated by the coil activates the MR
fluid in the gap 4. There is a seal 8 between the two parts of the housing. The
gap is filled with MR fluid through the openings 7 and 9. Additional holes 13
are made for temperature sensors.

4. MAGNETIC FIELD

On account of the axial symmetry of the MR brake, the magnetic field ought
to be considered in the plane x — z where the z-axis is parallel to the shaft axis
while the z-axis is normal to it (Fig. 5).

The number of coil windings, coil size, wire diameter and the parameters
of the magnetic circuit are obtained from the numerical analysis of the mag-
netic field inside the brake. The magnetic field distribution is obtained using
the field model (SAPINSKI et al. [15]). The FEM approach using the Flux 2D
(CEDRAT [19]) is applied. For simplicity, an assumption is made that the width
of a gap with MR fluid is constant (associated with 7 and R). The gap height g
is established at which the magnetic field strength is adequate.

4.1. Field model of the brake’s magnetic circuit

In order to determine the magnetic field distribution in a MR brake in the
general case, it is required that Maxwell’s equations should be solved and bound-
ary conditions should be fulfilled (initial and boundary problems). For simplicity,
a notion of magnetic vector potential is introduced. Its value at the boundary
of the domain is assumed to be zero. Furthermore, it is assumed that materials
for brake’s components are isotropic and that the relationship between the field
strength and magnetic flux density is given for each material in the form of the
magnetisation characteristics B = f(H) = u(H) - H (Fig. 3).

Because of field variations and brake dimensions, the magnetic field consid-
ered in this study can be regarded as quasi-stationary. In this case the wave
~ phenomena associated with electromagnetic fields can be neglected.

Maxwell’s equations for an electromagnetic field are written as:

0B
E (4.1 VX B =2t
(+1) . ot’

(4.2) VxH=}
(4.3) M B =0
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and
(4.4) B = uH,

where j — density of the forward current, E — electric field strength, B — magnetic
field flux density, H — magnetic field strength.

Since V-B = 0, the magnetic potential A (a vector quantity) is introduced;
it is related to magnetic flux density B = Vx A. Hence we get:

(4.5) VxE= ,Q(_Véﬁ,
1 .
(4.6) V x (;V X A) = 4.

In most magnetic materials the permeability y depends on magnetic field
strength H. In order to determine the distribution of potential A it is required
that a partial differential equation should be solved for the whole brake volume.
In the general case it is given as:

ioidap
(H)

where OA /Ot — derivative of magnetic potential with respect to time, u(H), v
- magnetic permeability and electrical conductance, j — current density in the
coil.

Where our considerations are restricted to constant current values, the prob-
lem will become that of a magnetostatic field, governed by the partial differential
equations:

— for the coil volume:

_ 0A
2 kil
(4.7) VA = —j +7———6t )

1-—0

4.8 ——V'A = —j,
i p(H) :
— for the remaining elements:

(4.9) VA =0.

On account of the brake’s cylindrical symmetry, the vector potential and
current should have one component only: ¢. That enables 2D computations in
the cylindrical coordinate system z — z:

04,
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and hence:

il s :
(4.11) N_(ﬁ_)v Ap = —Jo,
(4.12) VA, =8

Given the vector potential A, the magnetic flux density distribution is ob-
tained:

(4.13) B = VzA.

Following the field model formulation, the numerical analysis of the mag-
netic field distribution in the brake was performed. Selected results are shown in
Figs. 7-9.

4.2. Field distribution

Figure 7 shows the magnetic flux density distribution halfway up the gap
with the parameters g = (0.3, 0.5, 0.7, 0.9) x 1072 m for the constant level of
applied current. The gap width g = 0.5 x 1073 m. Figure 8 shows the flux density
distribution halfway up the gap height for various levels of the applied current
(gap width ¢ = 0.5 x 1073 m). It is apparent that homogeneous distribution
is obtained for the gap length 6 x 1072 m. Figure 9 shows magnetic field dis-
tribution in the brake, for same gap width (g = 0.5 x 1073 m), for the applied
current 0.3 A.
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Fic. 7. Flux density distribution along the gap for various gap sizes.
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Fic. 9. Distribution of magnetic field within the brake.

5. EXPERIMENTS

These objectives underlie the design of an experimental MR brake, shown
schematically in Fig. 10, the view of the brake’s inside with the housing section,
fixed rotor and sealing are shown in Fig. 11. The brake was designed such that
its assembly and disassembly becomes as easy as possible.

The brake was tested in an experimental setup enabling the measurements of
the resistance torque under the action of magnetostatic and fluctuating magnetic
fields. That enables us to determine static and dynamic characteristics. The
amplifying factor was established, too.
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Fi1Gc. 10. General view of the brake. Fic. 11. Inside view of the brake.

5.1. Experimental setup

The general view of the experimental setup is shown in Fig. 12, while the
block diagram in Fig. 13. The mechanical components of the setup are the driving
unit comprising a servo-motor 5 and a planetary gearbox 4. On the transmission
shaft is a rigid clutch 3 of a large moment of inertia. The clutch connects the
drive unit with the MR brake 1 shaft and the impacts of abrupt MR brake torque
changes on the driving unit can be thus minimised. Strain gauge 2 was used to
measure the resistant torque. The electric components of the setup are: a PC with
a multi I/O board of RT-DAC4 series, a servo-drive, a MR brake drive, a torque
measurement circuit and a coil current measurement circuit. The PC operates
under Windows 2000 in the MATLAB/Simulink environment with Real Time
Workshop (RTW) and with Real Time Windows Target (RTWT). The servo-
drive enables stabilisation of the driving velocity over the range (0, 100) rad/s.

Fi1c. 12. Experimental setup: 1 — MR brake, 2 — strain gauge, 3 — rigid clutch,
4 — planetary gearbox, 5 — servomotor.
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F1G. 13. Block diagram of the experimental setup.

The signal of the brake resistant torque is measured using a strain gauge and
then is amplified in an instrumental amplifier. The electronic circuit of an ampli-
fier controlling the coil voltage is also used for measuring the current levels in
the coil.

5.2. Torque responses

Torque responses were measured with a strain gauge placed by the brake’s
shaft rotating at 100 rad/s. At the same time measurements were taken of voltage
and current in the coil. Measurement data were then processed to yield the static
and dynamic characteristics of the brake (Figs. 14 and 15). Dynamic chara-
cteristics are given as plots of current vs. torque for the step-like variations of
voltage across the coil clamps u(t) = A - 1(t).
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F1G. 14. Torque vs. current under the action of magnetostatic fields.
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F1G. 15. Current and torque responses to step voltage input for A =5 V.

Actual shape of static characteristics reveals the effects of magnetic hystere-
sis. The curves 1, 2, 3 in Fig. 14 were obtained for the bipolar supply voltage,
while the curve 4 for the unipolar supply voltage.

Tests reveal that the changes of the resistance torque cannot be completely
utilised when the coil supply system is unipolar, due to the presence of residual
magnetism.

For the engineered brake we have determined also the amplifying factor G
(see Table 2). This factor represents the ratio of the maximal resistance torque
Tnax (maximal current level) to the resistance torque T, (no current in the coil):

(5.1) G=

Specification of the brake is listed in Table 2.

Table 2. Specification of the brake.

Specification Value
Diameter 114-107%m
Length 36:10"°m
Weight 2.1 kg
Maximum on-state torque 3.5 Nm
Minimum off-state torque 0.19 Nm
Maximum current 09 A
Coil resistance 6.6 2
Amplifying factor G 18.4
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6. SUMMARY

The subject matter of the study was the analysis, design considerations,
construction and experimental evaluation of an experimental MR rotary brake.
Dimensioning and materials selection for the main components and structure of
the brake are described. Magnetic field in the brake was numerically studied. The
computed distribution of magnetic flux density in the gap confirms the adequacy
of the adopted magnetic core piece design. Torque responses of the brake under
the action of magnetostatic and fluctuating fields are measured.

Preliminary tests over the assumed range of current levels in which torque
responses were investigated, confirmed the brake design adequacy. The applied
sealing between the two parts of housing and between housing and shaft proves
to be effective.

The residual magnetism in materials from which the control circuit is made
gives rise to the errors due to ambiguous characteristics, approaching 30% in
the case of bipolar control and 15% when unipolar control of the coil current is
executed. Such high error values render the torque control a really formidable
task.

While compared to conventional solutions, the engineered brake has a simple
design and a small number of components (there are no mobile control elements).

Research is now under way to improve the brake design, with the main focus
on optimisation of its magnetic circuit.
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