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Abstract: The damper is capable of providing a continuously variable dampering force/torque in response to a

magnetic field. It consists of an upside cap and an underside cap with a rotor located between them, the

magneto-rheological (MR) fluid is filled into the gaps between the rotor and the caps. When the viscosity of the

MR fluid increases under the influence of the magnetic field, the movement of the rotor will be resisted. The

output torque is made up of the torque caused by the magnetic field, the torque caused by the plastic viscosity

of the MR fluid, and the torque caused by the coulomb friction. The viscous torque can be calculated by a

simple method and the frictional torque can be obtained by experiments. The torque dependent on the magnetic

field is obtained by electromagnetic finite element analysis. Experiments are done on the damper prototype and

the validity of the design is verified.
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Force/torque feedback is very important when ro-
bots need to interact with an unknown environment.
This is especially true for robotics systems such as as-
sembly manipulators, haptic devices, and so on'"". Man-
y types of force/torque systems are now available, but
most of them are active systems using servomotors or
other actuators. While these active systems can provide
operators with a variety of force senses, they inherently
involve a potential hazard in that they can uncontrolla-
bly move and hurt operators if something really goes
wrong'?' . Because of their high structural stiffness, they
are not suitable for biomimetic haptic devices, which
require both compliant and precise force control. Fur-
thermore, active systems are often unstable'” .

On the other hand, passive systems using dampers
to present resistance to operator force or movement are
quite safe'”’. Using magneto-rheological (MR) fluid as
a functional material, the authors have developed a no-
vel damper that is capable of providing a continuously
variable dampering force/torque in response to a mag-
netic field. The force/torque display system made of
the damper can simulate compliant organ tissue. In this
paper, the design of the damper based on MR fluids is
presented, the basic experiments on it are performed
and the results are discussed.
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1 MR Fluid Damper

MR fluids are smart materials that can respond to
an applied magnetic field with a drastic change in rheo-
logical behavior. The fluid changes state from liquid to
semi-solid in about 6 ms, just as quickly as it returns to
liquid state by removal of the field. Typically, this
change is manifested by the development of a yield
stress that monotonically increases with the applied
field”'. MR fluids are increasingly being considered in
a variety of devices such as shock absorbers, vibration
insulators, brakes or clutches'®™.

The behavior of controllable fluids is often repre-
sented as a Bingham plastic with variable yield
strengths. In the absence of an applied field, MR fluids
exhibit Newtonian-like behavior. In this model, the
flow is governed by the Bingham’ s equation'®’. When
7 is larger than the field dependent yield stress 7, it
can be expressed as

T=7,B) +ny T=T, (D
where 7 is the plastic viscosity, and y is the shear strain
rate. When this is not the case, the material behaves
viscoelastically:

7 =Gy T<T, (2)
where G is the complex material modulus that is also
field dependent.

The main goal of this study is to design, develop
and understand the performance of a novel MR fluid
damper for passive force/torque feedback. By varying
the input current to the damper, one can achieve a vari-
able torque. Other factors such as geometric constraints
and magnetic properties of materials play major roles in
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the performance of the MR fluid damper.

Fig.1 shows the sectional view of the MR fluid
damper. The MR fluid is located in the gaps formed
by the rotor and the upside and underside caps, and the
rotor is connected to the shaft by a key. The shaft is
supported by two ball bearings. The electromagnet cir-
cuit of this damper consists of an electromagnetic coil,
which is wound around an antimagnetic ring, a magnet-
ic core around the coil. The magnetic core, the upside
cap and the underside cap which act as the return path
for the magnetic field are made of a kind of high mag-
netic permeability material. The O-ring located between
the shaft and the upside cap is to prevent the leakage of
the MR fluid. The MR fluid damper is activated by a
power supply connected to the end of the electromag-
netic coil. The MR fluid will be filled into the gaps
through the ventilative holes in the underside cap.
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Fig.1 Sectional view of the MR fluid damper
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Fig.2 shows a conceptual sketch of a single de-
gree freedom hybrid active/passive force feedback sys-
tem. The active force acting on the handle is produced
by the elastic element actuated by the motor, and the
passive force to resist the movement of the handle is
produced by the MR fluid damper. A large range of

force can be simulated by this system.
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Fig.2 Hybrid active/passive force feedback system

2  Model of MR Fluid Damper

2.1 Mathematical model
In order to derive the output force/torque equation

for this damper, the Bingham model expressed in Eq.
(1) is used as the constitutive equation for the behavior
of the MR fluid. The first term of the right hand side of
Eq. (1) produces a torque which is dependent on the
magnetic field, and the second term generates a viscous
torque. Therefore, the total output torque can be ex-
pressed as

T

o = Tur + Ty + T (3)
Derivation of the MR torque T,,; requires the relation-
ship between the MR fluid shear yield stress 7, and the
applied magnetic flux density B. The relationship can
be obtained by experiments. T; is the torque caused by
the Coulomb friction.

Since T, depends on the machining and assembly
tolerances of the MR fluid damper, it is hard to esti-
mate. After the MR fluid damper is fabricated and the
MR fluid is selected, however, the variation of T; is
negligible. Here, it is treated as a system dependent
constant that can be obtained by experiments. There-
fore, the key issue in the model is to calculate 7, and
T,..

Assuming that the fluid is incompressible, the flow
between the rotor and the upside and underside caps is

laminar as shown in Fig. 3.
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Fig.3 Operational mode of the MR fluid damper

The output torque caused by the MR fluid can be
expressed as
I'=Tyw+T, =

2[[7,(B) + myl (2m) dr (4)

where r; and r, are the inner and the outer radii of the
MR fluid section in the gaps, respectively. For small
thickness of the MR fluid section, one can derive the
tangential fluid velocity by assuming no slip condition
and linear velocity distribution as follows:

u(r.y) =% (5)

where w is the angular velocity of the rotor, 4 is the

depth of the gap between the rotor and the upside and

underside caps, and y is the coordinate axis normal to

rotor surfaces. Differentiation of Eq. (5) with respect to
y gives the shear rate:

ou 1w

YT h (6)

Integrating Eq. (4), the output torque of the MR

fluid damper can be obtained.
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T = %fn-(rz - r?)j'nTy(B) dr + %M(ri - r?) (7

2.2 Electromagnetic finite element analysis
As mentioned in section 1, the MR fluid damper is
actuated by a current supply. The relationship between

i

the current / and the magnetic flux density B can be

obtained by solving the Maxwell’ s equations'’ as

§H~dL=I+L%—?‘dS
fﬁE-dL:—J;%-dS

jéD-dS =Llpdv
iB-dS=0

But due to the high nonlinearity, the solution of
the equations can hardly be calculated. Furthermore, the
error is too great to tolerate for the leakage of the mag-
netic flux and for other reasons.

Electromagnetic finite element analysis can pre-
cisely obtain the relationships among the parameters in
the electromagnetic field, such as the relationship be-
tween the current and the magnetic flux density!"”.
Fig. 4 shows the contour plot of the flux line density of
the designed MR fluid damper for an input current of
NI =1 500 A, where N is the turns of the coil, and I is
the current supplied to the coil. For this case, magnetic
flux density as a function of the radius of the rotor in
the MR fluid section can be seen in Fig. 5. As de-
scribed in section 2. 1, the result shown in Fig.5 can be
used in theoretical torque output calculations for a giv-
en input current by Eq. (7).
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Fig.4 Contour plot of flux line density

With variations in the input current, the magnetic
flux density in the MR fluid section will change as a
function of the current. The relationship between the
current and the magnetic flux density obtained by elec-
tromagnetic finite element analysis is shown in Fig. 6.
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Fig.5 Relationship between the radius and the magnetic
flux density in the MR fluid section

Given that relationship, the output torque of the damp-
er can be calculated directly by the current supplied
from Eq. (7) as follows:

T=CI%+Cw (8)
where C, and C, are the constants obtained numerically
using electromagnetic finite element analysis; C, is the

constant dependent on the dimensions of the damper.
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Electromagnetic finite element analysis can also
be used to optimize the design of the MR fluid damp-
er. This is done to determine the material and the di-
mensions of each individual element of the damper.
One of the design goals is to increase the magnetic
field of the MR fluid as much as possible.

2.3 Performance analysis

In Eq. (3) Ty is the controllable part of the out-
put torque of the damper. Only when T is sufficiently
large can the MR fluid damper be useful. To evaluate
the effect of T,;, we compare the output torque of the
MR fluid damper with and without an applied magnetic
field. The relative controllable range of the output
damping torque of the MR fluid damper is

71MR + 7145 +-7} YEWR
S S A ®)
Ignoring the effect of Coulomb frictional torque

T:, Eq. (9) can be expressed as

Y}WR
K=1+2 (10)

vis

From Egs. (10), (8) and (7), we obtain



Novel magneto-rheological fluid damper for passive force/torque feedback 73

h(ry =)
T RN

3nw(r, —r)))x

C, 1%
+ Cow (11
Eq. (11) implies that an increase in the yield stress of
the MR fluid is the key factor in improving the per-
formance of the damper. A decrease in the plastic vis-
cosity 7 is an effective method to increase the relative
controllable range of the damper''".

K =1 7,(B)dr =

1

3 Experimental Study

To verify the mathematical model of the MR fluid
damper, a prototype whose dimensions are shown in
Tab. 1 is set up and its performance was tested. The
MR fluid was bought from the Chongqing Instrument
Material Research Institute, China. The density of this
fluid is 2. 65 g/cm’. The plastic viscosity is less than 1
Pa-s. The yield stress is more than 50 kPa. The opera-
tion temperature is 25 to 35 C. During the test, a cur-
rent from 0 to 2 A was applied to the magnetic coil to
activate the damper.

Tab.1 Dimension of the MR fluid damper

r,/mm r;/mm N/turns h/mm

18 8.5 500 1

According to the theory of the MR fluid, the yield
stress is the function of the magnetic flux density,

T, =aB" (12)
where the parameters « and n are obtained through ex-
periments by the manufacturer, the value of n is be-
tween 1 and 2. Submitting Eq. (12) and the numerical
parameters to Eq. (7), the results are calculated and the
theoretical torque varying with current is given by the
solid line in Fig. 7. The curve of the experimental re-
sults and its fitting are shown in Fig. 7. The experimen-

tal results confirm the theoretical analysis.
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4 Conclusion

In this paper, a novel MR fluid damper for passive
force/torque feedback is presented. The MR fluids,

called smart fluid materials, are the key elements to
developing the novel damper. The structure of the
damper is introduced. The kinetics model is set up and
the output force/torque is derived from the model. Fi-
nally an experiment is done on the damper, and the re-
sults confirm the validation of the design approach.
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