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Abstract

This paper aims to propose a brake unit driven by magnetorheological fluid together
with shape memory alloy, based on the shape memory effect of shape memory alloy under
thermal effect and the rheological behavior of magnetorheological fluid. The Bingham
model is used to describe the constitutive characteristics of magnetorheological fluid
subject to an applied magnetic field to derive the braking torque equation of brake
induced by magnetorheological fluid. Based on the shape memory effect, the relationships
of the shape memory alloy spring’s output force with the temperature, the geometric
parameters, the material parameters and the operating load is established to derive the
braking torque equation of brake induced by shape memory alloy. The expression of the
braking time is obtained from the torque-equilibrium equation of the braked shaft. The
results indicate that the output force of the shape memory alloy spring can change rapidly
with the temperature. The braking torque developed by shape memory alloy is increased
with the increase of temperature. With the increase of the applied magnetic field strength,
the braking torque developed by magnetorheological fluids goes up rapidly, and the
braking time is shortened.
Keywords: Shape memory alloy, Magnetorheological fluid, Brake unit, Braking torque,
Braking time

1. Introduction
Magnetorheological (MR) fluids and shape memory alloys (SMAs) are known as
kinds of new intelligent materials because their properties can change rapidly with
different external conditions [1, 2]. MR fluids are the suspension of micron -sized,
magnetizable particles in a carrier fluid such as synthetic oil and silicone oil [3, 4].
In the absence of an applied magnetic field, MR fluids flow freely. When exposed to
a magnetic field, the rheological characteristics of MR fluids reversibly and
instantaneously change from a free-flowing liquid to a semi-solid with controllable
yield strength. These fluids exhibit a viscoplastic behavior with the yield stress
dependent upon strength of applied magnetic field. Altering the strength of the
applied magnetic field precisely and proportionally controls the consistency or yield
strength of the fluids [5, 6]. Based on the mechanical characteristics, the fluids can
be used in the controllable, energy-dissipating applications such as brakes [7-9],
valves [10], dampers [11] and clutches [12]. SMAs may undergo mechanical shape
changes at relatively low temperatures and retain them until heated, then coming
back to the initial shape [13]. This makes SMAs unique compared to other smart
materials that can be used for actuator applications [14, 15].
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MR transmission devices are transmits torque by the shear stress of the MR fluids
[16]. They have the properties that transmitting torque changes quickly in response
to an external magnetic field. However, the transmission properties of MR fluid are
affected by temperature greatly. In the operation of breaking, the thermal will
disperse so much that heating the MR fluid filled in MR brake. The transmission
performance of MR brake degraded or even failure in applied of high temperature.
In order to overcome this shortcoming of MR brake, a brake unit driven by MR fluid
together with SMA was present in this paper. The amount of the braking torque is
provided by the MR fluid and SMA. The braking torque is mainly produced by MR
fluid at low temperature. The friction torque induced by SMA is applied to
compensate the loss torque of MR fluid at high temperature.

2. Operating Principle
The schematic of the brake unit driven by MR fluid together with SMA is shown
as Figure 1. The transmission shaft and rotor-cylinder are initiative members, the
shell is fixed. The MR fluid is filled with the full gap between two cylinders in the
brake. In the absence of an applied magnetic field, MR fluids exhibit Newtonian like fluid behavior. The torque transmitted by the viscous stress of the MR fluid in
the brake is so small that the suspended particles of the MR fluid cannot restrict the
rotor-cylinder motion of the brake. However, in the course of operation, a magnetic
flux path is formed when electric current is put through the coil-assembly. As a
result, the MR particles are gathered to form chain-like structures, in the direction of
the magnetic flux path. These chain-like structures increase the shear stress of the
MR fluid. With the increase of the applied magnetic field, the shear stress and
torque developed by the MR fluids go up rapidly. The SMA spring and conventional
steel spring are assembled as a biasing actuator. At relative low temperature, the
conventional steel spring can deflect the SMA helical spring to its compressed
length completely. The resilience of SMA helical spring is generated when the SMA
spring is heated. The SMA springs provide normal force between two friction discs.
The normal force increases rapidly with the increasing of temperature.
The amount of the braking torque for the brake unit driven by MR fluid together
with SMA is provided by the MR fluid and SMA. The braking torque of MR brake
can be controlled by an external magnetic field, however, the temperature range is
narrow for MR fluid application, MR fluid prone to failure at high temperatures.
The friction torque induced by SMA is applied to compensate the loss torque of MR
fluid at high temperature. When the temperature is lower than 70 ℃, the braking
torque is mainly provided by the MR fluid in the working gap. The braking torque
can be continuously controlled by the applied magnetic field strength. When the
temperature is between 70℃ and 150℃, the friction disks are engaged under the
action of SMA spring, the braking torque is provided by the MR fluid together with
SMA. When the temperature is higher than 150 ℃, MR fluid is failure at high
temperature, and the SMA spring is gradually extended under the thermal effect, the
braking torque is mainly provided by the SMA, the braking torque increases as the
temperature rises.
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Figure 1. The Brake Unit Driven by MR Fluid Together with SMA

3. Braking Torque Induced by MR fluid
Figure 2 shows the circular flow of an MR fluid within the operational gap
between two concentric cylinders. The inner cylinder radius is R 1, the outer cylinder
radius is R 2, ((R 2 -R 1) << R 1). When the inner cylinder is rotated at the velocity of ω 1,
the MR fluid is sheared and flowed at the velocity of ω(r) in θ-direction. The
braking torque is provided by the shear stress of the MR fluids.

dr
R2
R1

r

θ

ω1 0
ω(z)

Figure 2. Flow Model of the MR fluid
In order to derive the equations of the fluid flow in the gaps between the rotorcylinder and the fixed-cylinder in the brake, in cylindrical coordinates (r, θ, z), the
following assumptions are given: the fluid is incompressible. There is no flow in rdirection and z-direction (vr=0,vz =0), but only tangential flow v =r  (r). The
pressure of the MR fluid in the tangential direction is constant.
In radial the gap h, momentum equation can expressed approximately as

d r 2
  r  0
dr
r

(1)

Where  r is the shear stress of the MR fluid in the tangential direction.
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MR fluid exhibits Newtonian behavior in the absence of an applied magnetic field.
The shear stress of the MR fluid is governed by Newtonian’s equation

 r    r

d (r )
dr

(2)

Where  is the viscosity of MR fluid with no applied magnetic field.
Upon application of a magnetic flied, MR fluids exhibit a Bingham behavior. In
this model, the flow of the MR fluid is governed by Bingham’s equation

 r   y ( H )   r

d (r )
dr

(3)

Where  y ( H ) is the yield stress developed in response to an applied magnetic
field.
Assume that the MR fluid exhibit yield shear flow in whole working gap between
two cylinders. Submit Eq.(2) into Eq.(1), integrating Eq.(1) and applying the
boundary conditions of ω(r)=ω1 at r=R 1 and ω(r)=0 at r=R2 , the flow velocity ω(r)
can be mathematically manipulated to yield the flow as follow

 (r ) 

1R22 R12 1
R22  R12 r 2



1R12

(4)

R22  R12

For the shear flow of MR fluid in working gap between two cylinders, shown in
Figure 2, the transmission torque of MR fluid at radius r can be expressed as
(5)
M  A r r
Where A is the shear area.
MR transmission devices are usually designed such that the MR fluid can be
magnetically saturated. The braking torque induced by MR fluid M can be divided
into the yield stress component M H developed by the applied magnetic field and
the viscous component M  developed by the viscosity of MR fluids. When takes

r

R2  R1
, the braking torque developed by the MR fluid can be obtain from
2

Eq.s(3), (4) and (5) as follow

M  MH  M 

 Le ( R2  R1 )2
2

 y (H )  

4πL1R12 R22
R22  R12

(6)

Where M is the braking torque, Le is the effective length of the MR fluid
exposed to the magnetic field, L e=le1+l e2 . L is actual length of working gap in brake,
L=le1+l+l e2 .

4. Braking Torque Induced by SMA
The most commonly used SMA elements for actuators are helical springs, for this
form produces a large displacement. The shear strain γ for SMA spring can be
expressed as:



8 FD
πd 3G (T )

(7)

Here, the axial load is F, D is the average diameter of the spring, d represents the
wire diameter, C is the spring index, C=D/d,  is known as the Wahl correction
factor applied,  = (4C-1)/ (4C-4)+0.615/C and G(T) is the shear modulus of SMA
spring at temperature T.
The force that a spring of any material produces at a given deflection depends
linearly on the shear modulus of the material. SMAs exhibit a large temperature
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dependence on the material shear modulus. The relationship between shear modulus
and temperature for SMAs is given by:

When T  M f and T  As
GM

G  GM

G (T )  GM  A
[1  sin  (T  Tm )] When M f  T  Af
(8)
2

When T  Af and T  M s
GA
where, G(T ) is the shear modulus of SMA, T is temperature, Ms, M f, A s and A f
are the start and finish transformation temperatures of martensite and austenite
respectively, GM and GA are the shear modulus of martensite and austenite
respectively. In the process of heating, T m= (A s+A f)/2,  =π/(A f-A s ), In the process of
cooling, T m=(Ms+M f)/2,  =π/(Ms -M f).
The compressed length δ of SMA spring under the action of axial load F is given
by:



8 FD3n
d 4G (T )

(9)

When M f≤T≤A f, the axial load of SMA spring at temperature can be obtained from
Eq.(9) as

F (T ) 

 (T )G(T )
FL
 LGL

(10)

Where, F L is the axial load of SMA spring at low temperature.

d 4GL
FL 
L
8D3 n

(11)

When the axial displacement of the SMA spring is limited, the amount of axial
compressed length of spring is
(12)
 (T )   L
When the displacement is restricted, the SMA spring output force can be obtained
from Eqs.(10), (11) and (12) as

F (T ) 

G(T )d 4
L
8D3n

(13)

For SMA spring actuator in Figure 1, the output displacement of SMA actu ator is
restricted. The SMA actuator export axial force when the SMA spring is heated. The
normal pressure per unit area between driving and driven friction discs can be
expressed as:

p

NG(T )d 4  L  h 

  R 2f 2  R 2f 1  8D3n

(14)

Where, p is the normal pressure, N is the number of the SMA actuator, R f1 andR f2
are inner and outer radius of the friction disc, h is the initial gap between driving
and driven friction discs.
The friction torque induced by SMA under the action of normal pressure p can be
expressed as

Mf 

Rf 2

Rf 1

2 fpr dr 
2

Nf  R3f 2  R3f 1  G(T )d 4  L  h 
12  R 2f 2  R 2f 1  D3n

(15)

Where f is the friction coefficient.
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5. Results and Discussion
For the purpose of illustration, a typical MR fluid is used, its viscosity is

 =0.0925 Pa·s. The relationship between the yield stress and the applied magnetic

field strength for typical MR fluid is shown in Figure 3. The yield stress of MR fluid
is increased with the increase of applied magnetic field strength. The effect of
temperature in output force of SMA spring is shown in Figure 4. In this study, the
experimental system for testing the output force is shown in Figure 5. Ti -Ni SMA
wire is used, its start and finish temperatures of the martensitic and austenitic phase
transformation are Ms=120℃, M f=70℃, As=85℃ and A f=145℃, respectively. The
shear modulus of martensite and austenite are GM=7.5GPa and GA=25GPa,
respectively. The wire diameter of SMA spring is d=1.5mm, the average diameter of
the spring is D=9mm, the number of turns is n=7. As show in Figure 4, the output
force of SMA spring actuator increase with the increasing of temperature. The
theoretical results are consistent with and experimental values, basically. The main
errors are caused by: the manufacturing errors, the theoretical model error, and the
measurement errors.
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Figure 3. The Shear Stress versus Magnetic Field Strength
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Figure 4. Output Force versus Temperature under the Constraint of
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Figure 5. The Experimental System for Output Force of SMA Spring versus
Temperature under the Constraint of Displacement
Figure 6 shows the relationship between the braking torque and the magnetic field
strength for typical MR fluids. In this study, the following parameters are given:
R1=45mm, R 2=46mm, L=55mm, Le=30mm. The rotational velocity ω 1=100rad/s.
The braking torques developed by the typical MR fluid are 0.21N ּm, 6.13N ּm,
11.59N ּm, 17.76 N ּm, when the applied magnetic field strength are 0kAmp/m, 50
kAmp/m, 100 kAmp/m, 200 kAmp/m, respectively.
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Figure 6. Braking Torque versus Magnetic Field Strength
The effect of temperature in friction torque of the brake is shown in Figure 7.
Geometric parameters of the friction discs are: inner radius R f1=35mm, outer radius
Rf2=50mm, the initial gap h=1mm. the coefficient of friction between two discs is
f=0.5. The initial force of bias steel spring is 15N. As shown in Figure 7, the friction
torque of the brake is increased rapidly with the increase of temperature.

Figure 7. The Friction Torque versus Temperature
When the transmission torque of the braked shaft is M b, the summation of transfer
efficiency in transmission system is  , the braking time of the brake can be
expressed as
J eq1
(16)
t 
b
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 1 M b
  

  K1 y ( H )  K 2   M f   

Copyright © 2016 SERSC

International Journal of Control and Automation
Vol. 9, No. 9 (2016)

Where t b is the braking time,  is the time coefficient of engagement, 0.5< <1,
J eq is the equivalent moment of inertia for the braked shaft. K1 

K2 

 Le ( R2  R1 )2
2

,

4πL1 R12 R22
.
R22  R12

Figure 8 shows the effect of magnetic field strength on braking time at room
temperature. In this study, =0.9, =0.97, Mb=15N·m, Jeq=0.3kg·m2 . The braking
time are 65s, 4.7s, 2.5s and 1.8s, when the applied magnetic field strength are
0kAmp/m, 50 kAmp/m, 100 kAmp/m, 200 kAmp/m, respectively. The braking time
is shortened with increase of an applied magnetic field.

Figure 8. Braking Time versus Magnetic Field Strength

6. Summary
(1) A brake unit driven by MR fluid together with SMA is proposed full uses the
properties of MR fluid and SMA to achieve a simple and reliable control of the
braking torque and braking time.
(2) In the phase transition temperature range, the output force of the SMA spring
is increased rapidly with the increase of temperature.
(3)The brake unit based on MR fluid and SMA can control the braking torque by
applied magnetic field strength, meanwhile overcome the degradation of braking
torque induced by MR fluid at high temperatures
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