@ Springer Journal of
Mechanical
Science and

Technology
Journal of Mechanical Science and Technology 23 (2009) 1911~1923 _

www.springerlink.com/content/1738-494x
DOI 10.1007/s12206-009-0301-z

New approach to designing an MR brake using
a small steel roller and MR fluid '

Tran Hai NAM' and Kyoung Kwan AHN*"

'Graduate School of Mechanical and Automotive Engineering, University of Ulsan
2School of Mechanical and Automotive Engineering, University of Ulsan, Korea

(Manuscript Received October 13, 2008; Revised January 13, 2009; Accepted February 4, 2009)

Abstract

A generated resistance force in the deformation process is considered to increase the resistance torque of a Magneto-
Rheological (MR) brake when a variable stiffness material is rolled under the cylindrical form of a roller. This paper
proposes a new approach to increase the resistance torque of an MR brake using a large-size magnetic particle which
can be considered as the roller mentioned above (steel roller or rolling pin). Due to the cylindrical form of the roller and
a line contact between the roller and the surface of the motion part, the steel roller can contribute to create a stronger
magnetic field and larger resistance force than the conventional one. In this paper, a new MR brake is successfully
designed to generate a higher braking torque than the conventional one, which only uses typical MR fluid. To verify the
effect of the roller, the proposed MR brake is compared with the conventional one. Both of the MR brakes are designed
with the same magnetic circuit and the same material parameters. The performance of the proposed MR brake is com-
pared with that of the conventional MR brake. The proposed MR brake is verified to have about 200% larger torque

than the conventional one.
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1. Introduction

A typical MR fluid is a type of functional fluid
which has a suspension of magnetic particles in inert
carrier liquids. The particles, typically with a size in
the order of 1 um to 10 wm , are added to the fluid,
such as mineral or silicone oils. MR fluid also con-
tains small amounts of additives, which affect the
polarization of the particles or stabilization of the
structure of the suspension to resist settling. However,
they may be neglected in modeling the fluid’s me-
chanical response. MR fluid differs from the conven-
tional “magnetic fluid,” which contains particles of a
much smaller size, typically in the order of 10 nm.
The effect of the Brownian motion is greater at this

F This paper was presented at the 9" Asian International Conference on Fluid

Machinery (AICFMDY), Jeju, Korea, October 16-19, 2007.recommended for

publication in revised form by Associate Editor Yang Na

"Corresponding author. Tel.: +82 32 872 309682 52 259 2282, Fax.: +82 32
868 171682 52 259 1680

scale, and it prevents the particles from forming fi-
brils in the presence of the magnetic field. [1]

When the MR fluid flows, shear strain occurs in the
fluid and a shear stress distribution develops across
the fluid. This stress distribution can be calculated by
using the viscous flow equations of elementary fluid
mechanics [2]. When a field orients normally to the
direction of the flow, the magnetic particles are ar-
ranged to become many parallel chains (fibrils) and
placed across the flow. These fibrils are broken and
immediately reformed due to the fluid or magnetic
pole motion. The continual breaking and reforming of
these fibrils result in a resistance force, which resists
the motion of the fluid or magnetic pole and gives rise
to the field-dependent component of the shear stress < .
In most cases, this component is much larger than the
viscous shear stress of mYy Newtonian fluids,
where ¥ is the strain rate.

The first development of MR fluids was reported
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by Jacob — Rabinow (1948) at the US National Bu-
reau of Standards. So far, there have been many re-
search focusing on the basic materials to give a better
magnetic flux density and to decrease the size of the
magnetic particle for easy movement such as Wins-
low (1949) and others. MR fluids are now being de-
veloped in and applied to many actuators such as
automobile shock absorbers, dampers, clutches,
brakes, air valves, hydraulic valves, prosthetic limbs
(leg and hand in medicine), exercise devices, surface
polishing of processing machine parts, and others [3-
12].

In conventional applications of MR fluids into ro-
tary devices, there remains an unsolved problem:
weak force or torque. These devices are developed in
the shear mode of MR fluids, which is the main rea-
son for the weak force. Many research have been tried
to solve this problem by using the multilayer of a
rotary disk. These research had successful results in
solving this problem, but the structures of these de-
vices have became more complex and heavy.

In this paper, an MR brake using a small-size steel
roller is proposed to achieve the better performance of
a semi-active brake based on the theory of hydrody-
namic lubrication, plasticity, and electromagnetic. It
is desirable to make a higher magnetic permeability to
increase magnetic flux and to change the direction of
magnetic flux into the MR zones. The MR zone is the
space created by the boundary of magnetic pole (wall)
and filled with typical MR fluid. These zones have a
special form, which is known as the hydrodynamic
model and is hardened in the magnetic field. It creates
the effect of a resistance force from deformation and a
resistance force from hydrodynamic lubrication proc-
esses. When a strong magnetic field is applied, these
zones quickly become strong obstacles which resist
the motion of the device. Finally, the resistance force
of the MR brake clearly increases. Furthermore, this
paper proposes the mathematical model for the MR
brake based on some of the theories mentioned above.

2. Fundamentals of the proposed approach

In this section, the Bingham plastic model is used
to explain the characteristics of MR fluid and the
fundamentals of the proposed approach based on the
theory of deformation and improved magnetic field.
The conventional theory on the MR brake is not ap-
plied to the proposed MR brake because the MR envi-
ronment in a conventional case is changed by the

special MR zone boundary, which is the main result
of the geometrical parameters of a roller.

2.1 The bingham plastic model and the operation of
a typical MR fluid

The effect of the fibrils is the production of shear
stress, which is largely independent of the strain rate.
This is commonly referred to as the yield stress and is
denoted as T, . The Bingham plastic model has the
stress-strain rate relation of

T, =7,(B)+n=— (1)

where B is the magnetic field, m is the dynamic vis-
cosity, and du/dy is the strain rate.

The initial motion of flow requires overcoming a
static yield stress 1, =1,(B), which is often larger
than the dynamic yield stresst, , =m(du/dy). This
model is able to show the characteristics of MR fluid
especially in MR devices such as MR brake, MR
damper, and so on.

A common application of the controllable yield
stress of MR fluid is the clutch or brake. The major
abilities of the fluid are to withstand shear deforma-
tion without suffering damage, fast response time,
and the smooth control of the coupler of the MR
clutch or brake. The application of MR fluid is an
undesired result of Rheostatic bearing application,
which is called frictional force or torque. This torque
will be explained in Section 3. In these applications,
MR fluid operates in shear mode.

The disadvantage of MR fluid in these applications
is a weak connection between the magnetic particles
when their chains are strained by external force. The
generated resistance force is limited because of the
yield stress’s ability. Therefore, a new structure of the
MR device is proposed.

2.2 Proposed approach

In shear mode, the direction of the resistance force
’(the result which is known as the braking forcej
working on the MR solid block (this block will be
distributed to many MR zones) follows the length
direction of the magnetic particle chains. In this direc-
tion, the magnetic fibril is easily interrupted when the
disk moves, as shown in Fig. 1. Moreover, the separa-
tion between the magnetic particles by the carried
liquid has a large effect on reducing the magnetic
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Fig. 1. Operation of MR fluid in shear mode.

environment. The environment of the carried liquid
can be considered as a nontransferable magnetic envi-
ronment. This environment increases when the size of
the magnetic particles decreases as a result of a weak
resistance force. However, the resistance force of MR
devices can be increased by reducing the gap size
between the ‘coupl& of sliding plates (magnetic poles).
This gap size should be greater than the limit value.
With the smaller size of this limited gap, the slightly
stronger resistance force is generated from this gap,
but it requires fabrication and assembly with a more
difficult condition. This is a critical disadvantage of
the shear mode. Thus, the changes in the MR block
and the magnetic field direction are considered for
study.

(a) Without applied magnetic field; (b) With ap-
plied magnetic field and without external force; and
(c) The strain direction of magnetic particles chain
with applied magnetic field and external force

The small-size steel roller not only creates some
special effects such as the dynamic effect from its
cylindrical form but also separates the MR block into
many local MR zones, with a boundary of magnetic
poles and roller surface and filled with MR fluid. It
can change the direction of the magnetic fibril, but it
can neither obstruct the motion nor reduce the mag-
netic flux of the system.

The proposed model is shown in Fig. 2. As shown
in Fig. 2, it is understood from this model that the size
of the original gap decreases down to the real gap in
the hardened zones because the real gap size is
smaller than the dimension of the steel roller. These
hardened zones should be deconstructed to make
roller motion possible. As a result, the resistance force
is generated. However, the magnetic field easily
hardens the MR fluid into a solid state on the surfaces
of the motion parts (magnetic poles) even after it is
broken by the roller motion. The generated resistance
from this physical phenomenon is known as the brak-
ing torque.

Static part

MR fluid

Original %
Real o
Gap

7\\
-

Motion part

MR fluid

MR fluid

Static part

Fig. 2. The proposed model using a roller.

With the cylindrical form of the roller, most of the
braking torque results from the deformational process
of MR fluid under the roller motion. This resistance
force can be constructed by the theory of plasticity,
which explains the relationship between the yield
stress of the deformed material and the required ex-
ternal force for the deformational process [13]. When
the roller tries to move over the local magnetic zone,
it has to break the joint of the magnetic particles. Un-
der the applied magnetic field, the yield stress of MR
fluid is controlled by adjusting its stiffness. Therefore,
the deformation process of breaking the MR solid
phase requires a variable external force in the motion
part where the braking torque is proportional to the
applied magnetic field. With the cylindrical form of
the roller, the contact between the roller surface and
the sliding surface of the motion part does not change
its geometrical relationship during the motion. The
magnetic poles are also changed because of this char-
acteristic. The direction of the magnetic particle
chains is then changed, as shown in Fig. 3 [14]. The
change of the magnetic fibrils’ direction helps the
roller compress these magnetic fibrils when the roller
tries to move over the MR zone. Therefore, this pro-
posed operation mode is different from the shear
mode of a conventional MR brake or clutch.

When the magnetic field is applied, the motion
does not occur until the rolling force achieves the
critical value, which is the minimum critical force that
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Fig. 3. Picture of a magnetic field over the cylindrical form.
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Fig. 4. Deformation model for deforming MR fluid block in
solid state.

breaks the hardened MR zone. At this time, the de-
formation stress achieves the yield stress, which is the
shear stress of MR fluid. The deformation model is
shown in Fig. 4(a), and the generated resistance force
per unit width along the sliding direction of motion
parts F,, (N/mm) is expressed in Eq. (2b). This equa-
tion is built on the slab method principle [13] and [15],
which is shown in Fig. 4(b) and Eq. (2a).

ph+d(ph)=ph
+2q(Rdo)sin¢ (2a)
+2k(Rd¢)coso

S T

Rk Rk
q q
=—=—(1-cos +—=(cos{_—cosa
= 0,)+ <= (coso, )
+g(cosoc—1)+c(oc—2¢n)
+Ecln(c—cosoc) (2b)
2 c—1

2

+2;2tan‘1 fc—ﬂtanﬂ
(c=1)(c+1) c-1 2

e tan™' el tan <
(c=1)(c+1) c-1 2

which is synthesized from Eq. (3a) and Eq. (3b)

q _(m_
L-(Z-,)

+nln(2R(c —cos(])n)J
2 h,

2¢ o] [Je+1 o
————1tan — tan—
(c=1)(c+1) [c—l 2]

where q"and q~ (N/ mrnz) denote the pressure on
the exit and the entry sides; I;(N/mmz) is the yield

stress in pure shear k =1(B), which depends on the

characteristic of MR fluid and the magnetic field B
(Tesla); Neutralize angle ¢, (rad)is the angle with a

zero value of the yield stress ¢, =0; The constant

isc=(£+lj ; and o (rad) is the
2R

anf,mla% of the

useful hardened MR zone.

The remainder of the resistance force is the friction
force, which is the result of MR fluid prevention
when the roller moves inside it. This force can be
calculated from theory of hydrodynamic lubrication
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Fig. 5. Hydrodynamic model to calculate the effect of hydrody-
namic resistance force.

[16]. The mathematical model to calculate the hydro-
dynamic friction force is proposed in Fig. 5, with the
fixed coordinate systems Oxy and Oxy .

The generalized Reynolds equation is shown in Eq.

(42)

VEKPT]}/}J Vp} = 12@ +6VL(pyU) (4a)

t

\The slider is considered in the slider bearing model,
which moves to the right at a constant speed U and
fixed geometrical parameters, allowing H and x to be
independent of time. For incompressible lubricants
(p = const ) with a constant speed and fixed geometry
conditions, Eq. (4a) can be reduced to Eq. (4b).

(j =—6UZ= (4b)

Based on the shear equation of lubrication (1-5a),
the velocity profile in a fluid film is affected by the
viscosity 1, film shape H, velocity of MR fluid film,
and the pressure gradients, as shown in Eq. (5) [16].

1 dp y—H
=—Py(y-H U 5
Y 21 0x (y )+ H ©)

From Eq. (1) and Eq. (5), the shear stress in MR fluid
is expressed in Eq. (6) as

s=s @) 2y Lv-u)| ©

The initial motion of flow requires overcoming
static yield stress 1, =1,(B), which is often larger
than the dynamic yield stresst,, =m(du/dy). This

model indicates the characteristics of MR fluid in an
MR brake and MR damper applications.

The hydrodynamic resistance force generated from
the static yield stress T, =1, (B) is expressed in Eq.
(7a) as

) =T (B) L (7a)

The hydrodynamic resistance force generated from
the dynamic yield stress 1, , =7 (du/dy)is expressed
in Eq. (7b) as

1 I
F, =16nRU tan'[ s ﬂ
! L/A1 JA,

1 L
(%)

—12nRUA{2 b,

A (A,)
(7b)
where
s +71 tan™' 1"¢
R N G TP i W

{ ST tan{lm H
8(A) (A 4(A)(A,) 8(A) VA

A,=2Rh_,A,=2Rh_ +1 7’ c= (ﬁ + 1]
2R

hmin = > hmax max Rsino

) ‘N:"

b
2

The general resistance force per unit width of one
roller is the sum of the resistance forces in Egs. (2b)
and Eq. (7a-7b) and is expressed in Eq. (8) when the
effect of the mechanical frictions such as seal friction,
bearing friction, and so on is neglected.

F=F

roll + F1(B) + FT| (8)

In the conventional case, the resistance force of an
MR brake or clutch is only the result of the hydrody-
namic process of the parallel sliding plates with a
shear stress, as shown in Eq. (9).

r:ro(B)+n@

(€)

where r is the radius of the braking disk, g is the MR
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gap, and o is the rotational speed of the braking disk.

As shown in Eq. (8) and Eq. (9), the calculated
force per unit width is evidently larger than the con-
ventional resistance force in the conventional MR
brake. This calculated force depends on the width and
number of the roller, and these are the major design
parameters for the design of the proposed MR brake
or clutch.

In addition, the roller changes the magnetic poles;
hence, it changes the direction of the magnetic fibrils.
The distribution of magnetic field throughout the MR
zone is different from the conventional case, as it only
focuses on the useful zone. In this useful zone, the
magnetic field is made stronger by the added mag-
netization M=f (H, ) of the magnetic material, which
is used to make the roller and is expressed in Eq. (10)
as

B=y, x(H+f(H,)) (10)

The magnetic flux from the magnetization M is ex-
plained by the theory of permanent dipole moment
called domain [14]. When the magnetic core is put in
the magnetic field, the domain walls will be changed.
The relationship between B and Hj of the magnetic
material is explained and shown in Fig. 6. There, the
domain configurations during several stages of mag-
netization are represented. Saturation flux density B_,
magnetization M, and initial permeability p, are
also indicated. In this figure, without exciting the
external magnetic field H=0, the internal magnetic
field has the disorder of direction which is separated
by the magnetic walls. These walls make the sum of
the internal magnetic field zero. When the external
magnetic field is applied, the internal magnetic field
tries to change its direction, following the direction of
the external magnetic field which tries to merge these
magnetic walls together. At one value of the external
magnetic field H, the sum of the internal magnetic
field achieves the limit and saturates it. The magnetic
field in the magnetic circuit is the sum of the external
exciter and the owner of one material. In this mag-
netic material, the magnetic walls try to separate this
material to many local magnetic zones called mag-
netic domains. The boundary of these walls can be
considered as the nontransferable magnetic environ-
ment. As a result of this theory in MR fluid, the non-
transferable magnetic environment increases when
the size of the magnetic particle decreases because it
makes the magnetic walls increase. These walls easily

B, (M)

Magnetic
Saturation

1|44

Fig. 6. The magnetic flux density B or magnetization M plot
with respect to Magnetic field strength H.

separate the reconnection of the magnetic domains
together to reduce the magnetic flux. However, the
mathematical relationship of the external magnetic
field and the MR zone is not the main concern of this
study.

Finally, this paper proposes a new approach to in-
crease the resistance force of a conventional MR
brake or clutch. To evaluate the above concepts, the
newly proposed and conventional MR brake is de-
signed and fabricated with the same conditions. These
designs will be explained in the next section.

3. MR brake design

In this section, the relationship between braking
torque and the gap size of a conventional MR brake is
investigated to find out the optimal MR gap size
when the housing and magnetic coil are similar to
those of the proposed MR brake. The material and
dimension of the proposed MR brake are exactly the
same as those of a conventional one.

3.1 Design of a conventional MR brake

From Eq. (1), the element force developed by a di-
rect-shear device is expressed in Eq. (11a) and shown
in Fig. 7(a).

dF=dF, +dF, (11a)

dF=t, (H, )dA+n§dA (11b)

where, dA is the area of the magnetic pole dA=drdL ;
dr and dL are defined as the geometric dimensions of
the magnetic poles, dL=rdf ; U is the speed of a
point at radius r U=wr ; R is the radius of the MR
poles; the range of ris re [Rd,RD} ; and g is the MR
gap size.
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Fig. 7. Mechanical shear mechanism of a conventional MR
brake.

A braking element torque generated by the element
force is expressed in Eq. (12a) as

dT=rdF (12a)

dT=t, (HB)(rdr)(rdO)Jrn%(rdr)(rde) (12b)

The calculated torque of the ‘coupld of motion parts
is the double integral of the element torque above.

Rp 21 Ry 21
T=]{[ !(ry(HB)rz)drd6+l£ }[(nzr’zjdrdﬁ (12¢)
Tz%%(HB)(Ri'Ri)%%(Ré-R;‘) (12d)

This calculated torque is also found similarly in Eq.
(13-23) of [16] from the theory of Rheostatic bearing.

Inside the MR brake, the shear operation occurs at
two side surfaces of the \coupld of motion parts, as
shown in Fig. 7(b). Thus, the general torque is two
times of the torque in Eq. (12d), as shown in Eq.
(12e) as

T,="t, (H, ) (R} R} )+ (RS R?) (12¢)
g

The torque T, in Eq. (12e) is a function of the gap
size g, rotational speed ®, and geometric parame-
ters R ,,R, of the magnetic poles. The MRF-122 MR

Table 1. Design parameters of a conventional MR brake.

Parameters Note Value Unit
1| Coil's inner diameter i &0 1
Conl's onler dhanmeter 2, 100 i
Coil's length 1 12 i
Coil's o anmber N 266 s
Wire chameter - 0.2 iy
Coil sreastan ce G 6.4 ]
2| DCcwvent amphifier Controller voltage Otos v
(Wonder box of Lord Corp) | Cmiput cnrent 2 A
3 | Pole dimensions R, 22 i
: i
R, I
4 | Rotational speed n 200 it
5 | Magnetic matenals Steel 1010
Tor
sinulati on
6 | MEfwd parameters n 0.042 Pi.s
T B 0130 KPa

Table 2. Comparison of the braking torque with respect to sev-
eral gap sizes.

Gapsize T, T, T,=T.+T,

[mm] [N.mm] [N.amm] [N.1mum]
0.25 7155.5 64.3 7219.8
0.5 6830.8 32.1 636[2.9
0.75 6361.2 214 6382.7
1.0 5454.7 16.1 5470.7
15 3886.4 10.7 3897.1

fluid is used in this design. The other parameters are
listed in Table 1.

Some of the typical values of the calculated braking
torque in the change in the gap size are shown in Ta-
ble 2. This result is interpolated from Eq. (12e). In
this table, the gap size g is chosen from 0.25 mm to
1.5 mm for the design of a conventional MR brake.

However, the limitation of the gap plays a signifi-
cant role in the shear rate. In most research, the prac-
tical gaps are typically from 0.25 mm to 2 mm for
easy manufacturing and assembly [12]. In this paper,
the generated torque is almost the same even if the
gap size changes from 0.25 mm to 0.5 mm. Therefore,
the gap size of 0.5 mm is set for easy manufacturing.
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3.2 Design of the proposed MR brake

From Eq. (8), the resistance force per unit width is
given by

F=F

roll + F‘E(B + Fr\

)

The torque per unit width follows Eq. (13a) as

dT, = (Fdr)r (13a)

With the integration of Eq. (13a), the generated
torque of a single roller with the width w is shown in
Eq. (13b) and Eq. (13¢), with the mathematic parame-
ters in Fig. 8a.

Ry+w

Ty = j Frdr (13b)
Ry
_ 1 5 Re+w _ 1 2 )
Ty = Frf —EF((Rd+w) -R}) (13¢)

Therefore, the generated torque of N, roller with
the width w,and N, roller with the width w, is
expressed in Eq. (13d) as

(13d)

(b) Double side effect

Fig. 8. Mechanism of the proposed MR brake.

Finally, the double-sided torque is expressed in Eq.
(13e) as

T, :F((Rdl ) ‘Ri) (13¢)

The parameters of the proposed MR brake are
shown in Table 3.

3.3 Comparison of the braking torque

The relationships between the generated torque and
yield stress of MR fluid are shown in Fig. 9. In this
figure, the proposed MR brake has a superior braking
torque compared with the conventional one. The gen-
erated torques, with respect to the change of the rotary
speed, are shown in Fig. 10.

The structures of both MR brakes are shown in Fig.
11(a) and Fig. 11(b), while the prototypes of the pro-
posed and the conventional MR brakes are shown in
Fig. 11(c) and Fig. 11(d), respectively. To evaluate
the generated torque of the proposed and the conven-
tional MR brakes, respectively, an experiment is con-
ducted in the next section with the same conditions.

Table 3. Design parameters of the proposed MR brake.

Parameters Note Value Unit
1 Coil's inner diameter 3 &0 rom
Coil's outer diameter a, 100 rom
Coil's length 1 12 mm
Coil's urn numbera M 266 tums
Wirediameter [ 05 o
Coil'sresistance Loa 6.4 Q
2 | DCrurrent amplifier Controller woltage Oto5 W
{Wonder box of Lord Corp ) | Cutputcutrent 2 A
3 | Pole dimensions R, 22 eitiic}
R‘ 32 adidd}
4 | Rotational speed n 500 pm
5 | Magnetic materials Steel 1010 for
simulation
6 | Mumber ofroller 1 Ny 32 pes
TMumber of roller 2 M, 43 pes
7 | Roller I'sradius R, 1 L
Roller Ts rmdius R, 1 i
Raoller I's length w, 5.7 i
Raoller 7's length w, 8.0 i
8§ | Angular of useful hardened o a0 degree
MR zone
9 | Contacting gap h, 0.01 Lo
10 | MR fluid u 0.042 Pas
T,1B) 0ta30 KPa
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Fig. 9. Torque vs. yield stress of MR fluid.
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Fig. 11. MR brake device for testing.
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Fig. 10. Torque vs. rotary speed of a rotary disk.
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(d) Prototype of the proposed MR brake
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(b) Photo of the experimental setup

Fig. 12. Experimental setup.

4. Experiment

4.1. Experimental system

The experiment setup is described in Fig. 12. The
PCI-1711 multi-function card is used to control the
current of the MR brake’s coil and send the speed
command to control the speed of the AC servo motor.
The torque signal from the torque sensor through the
signal conditioner is stored by the PCI-1711 card.

4.2 Step responses with respect to the variation of
current

Fig. 13 and Fig. 14 show the step responses of the
torque at rotary speeds of 50 rpm and 500 rpm, re-
spectively. In these experiments, the torque is varied
according to the several step input currents. From
these results with the same external exciting field, the
generated torque of the proposed MR brake is consid-
erably larger than that of a conventional one.

] 20 40 60 B0 100 120 140 160 180
Timve [sec)
Input current at 50 rpm

] 20 40 60 B0 100 120 140 160 180
Timee [sec]

(a) Conventional MR brake

Ouput Torgue [N.m]

80 100 120 140 160 180
Time [sec]
Input current at 50 rpm

.85 amp

Input current [Amp]
s
Y

0 20 40 60 B0 100 120 140 160 180
Time [sec]

(b) Proposed MR brake

Fig. 13. Step response with respect to a current of 50 rpm.

E
?I.
2
L4
% 20 40 B0 B0 100 120 140 160 180
Tima [sec]
Input current at 500 rpm
2 . . . .
Eus
g
’!! 5 0.8 Amp
H
3.“5 #3 Amp
% 20 40 B0 B0 100 120
Time [sec]
(a) Conventional MR brake
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Fig. 14. Step response with respect to a current of 500 rpm.
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4.3 The characteristic of the output torque

4.3.1 Hysteresis characteristic

To investigate the hysteresis characteristic of the
output torque, the input voltage is increased and de-
creased as shown in Fig. 15 and Fig. 16, and the ro-
tary speed is also changed from 50 rpm to 500 rpm,
respectively. The wave forms of the input voltages in
the Wonder box (product of Lord Corporation),
which convert and amplify its output current into the
magnetic coil, are shown in the lower part of Fig. 15
and Fig. 16.

In these experiments, the characteristics of the hys-
teresis curves of the proposed MR brake are different
from those of a conventional one. In Fig. 15(b) and
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Fig. 15. Hysteresis characteristic diagram of the output torque at
50 rpm.

Fig. 16(b), the fitting curve of the torque of the pro-
posed MR brake through the maximum values moves
to the right side, while the fitting curve of the torque
of the conventional MR brake through the maximum
values stays in the middle, as shown in Fig. 15(a) and
Fig. 16(a). This characteristic of hysteresis of the
proposed MR brake is easier to control compared
with the conventional one.

4.3.2 Frequency response

To compare the open-loop frequency responses of
the torque in both MR brakes, a current equation
1=0.92 + 0.62sinwt is applied. Fig. 19 shows the
output torques of both MR brakes with respect to the
input current with different frequencies. In this figure,
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Fig. 16. Hysteresis characteristic diagram of the output torque at
500 rpm.
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Fig. 17. Open-loop frequency responses of the output torques of
both MR brakes at 50 rpm.

these torque amplitudes rapidly decrease when the
frequency increases. The frequency response of the
conventional case is slightly better than that of the
proposed one. However, at the same input current, the
torque of the proposed MR brake is larger than that of
the conventional one at over 200%.

5. Conclusion

A new approach to designing an MR brake using a
small steel roller was proposed, fabricated to verify
the performance of the new and the conventional MR
brakes in comparison with the same input conditions.
From the experimental results, it was verified that the
braking torque of the proposed MR brake was 200%
larger than that of the conventional one.

A new mathematical model of the proposed MR
brake was proposed. As a result of this model, it was
found that the operation mode of MR fluid in the new
MR brake is different from the conventional shear,
valve, or squeeze film mode.

In future studies, the different structure of the MR
zone should be focused on to improve this study.
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