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Optimal Design of a Magnetorheological Haptic Gripper
Reflecting Grasping Force and Rolling Moment
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ABSTRACT

In this work, the configuration of a haptic gripper featuring magnetorheological( MR) brakes is pro-
posed and an optimal design of the MR brakes for the haptic griper is performed considering the re-
quired braking torque, the uncontrollable torque(zero-field friction torque) and mass of the brakes.
Several configurations of MR brake is proposed such as disc-type, serpentine-type and hybrid-type.
After the configurations of the MR brakes are proposed, braking torque of the brakes is analyzed
based on Bingham rheological model of the MR fluid. The zero-field friction torque of the MR
brakes is also analyzed. An optimization procedure based on finite element analysis integrated with
an optimization toolbox is developed for the MR brakes. The purpose of the optimal design is to
find optimal geometric dimensions of the MR brake structure that can produce the required braking
torque and minimize the mass of the MR brakes. In addition, the uncontrollable torque of the MR
brakes is constrained to be much smaller than the required braking torque. Based on the developed
optimization procedure, optimal solution of the proposed MR brakes are achieved and the best MR

brake is determined. The working performance of the optimized MR brake is then investigated.
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1. Introduction

Recently, force feedback techniques have been
of hu-

The applications range

in use to increcase the effectiveness

man-machine interfaces.
from biomedicine to computer games and virtual
reality devices such as virtual rehabilitation. In
robotics, the well-known concept of “tele-pres-
ence” is based on the force feedback techniques.
The tele-presence is defined as the ideal of sens-
ing sufficient information about the tele-operator
and task environment, and communicating this to
the human operator in a sufficient natural way,
that the operator feels physically present at the

remote site”

. Such a system is often referred to
as a robotic master-slave system. This allows the
operator to perform tasks in hazardous or distant
environments by knowledgeably guiding the robot
slave from a safe distant location. For such oper-
ations to be successful it is necessary to virtually
immerse the human operator in the remote envi-
ronment through haptic feedback, otherwise the
manipulation requires too much effort and be-

(2)

comes slow and imprecise”. The slave in the

tele-operation system is usually a manipulator
consisting of a 3-D positional system, a 3-D ori-
entation system which is usually a mechanical
wrist and an end-effecter. There have been sev-
eral researches on developing haptic interfacing
system for robot manipulators such as haptic arm

exoskeleton™” (7‘9),

, haptic wrist™®, haptic glove
hand"'*"?

Despite of many researches on haptic devices for

master( ! 3).

haptic-fingered haptic
robot manipulator, commercial application of such
haptic systems are still limited. The main reason
is that these haptic systems are somewhat com-

plex which results in the high cost for manu-
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facturing and control of such devices. In many
practical applications such as moving work pieces
in automatic manufacturing, assembling and dis-
sembling workshop, the two most important feed-
back parameters are the grasping force and the
rolling torque. However, researches on develop-
ment of such a haptic device are still very rare.
The main contribution of this research work is
to develop a haptic gripper that can feedback
grasping force and rolling torque from the slave
manipulator to the operator. The haptic griper is
featuring two MR brakes. After introducing con-
figuration of the haptic griper, several config-
urations of MR brakes for the haptic gripper are
considered. The optimal design of the MR brakes
is then performed considering the required braking
torque, the uncontrollable torque and the mass of
the MR brakes. The optimal solutions for the MR
brakes are then obtained and the optimized MR
brake is identified. The working performance of

the optimized MR brake is then investigated.

2. Haptic Gripper Featuring MR Brake

In order to feedback the grasping force and
rolling torque from the slave to the master-oper-
ator, a load-cell and a torque sensor is attached
to the slave gripper, the signal from these sensors
are fed to the MR haptic gripper shown in Fig.
1. As shown in the figure, the haptic gripper con-
sists of two MR brakes: the grasping and rolling
MR brake. The shaft of rolling MR brake is
fixed to the body of the haptic griper while its
housing is attached the master manipulator. The
shaft of the grasping MR brake is connected to
the gear 2 while its housing is fixed to the grip-
per body. The gear 2 externally mates with the
gear 1. On the gear 1 & 2, the two gripping
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handles are respectively attached. By controlling
the applied current of the MR brakes according
to the signals from the slave sensors, the grasping
force and rolling torque from the slave can be re-

flected to the master-operator.
3. MR Brake for the Haptic Gripper

In this section, several configurations of MR
brake are proposed for the haptic gripper. Figure
2(a) shows a disc-type rotary MR brake. In this
configuration, the rotor is thin and the MR fluid
is energized at the end-faces of the rotor. This is
also the simplest type of MR brakes. The second
type of MR brake is the drum one. In this con-
figuration, the rotor is much thicker and the MR
fluid is energized at the outer radius of the rotor.
This type of MR brake is not popular because of
its low braking torque and incompact size. In or-
der to increase braking torque while the size of
the brake is kept compact, a serpentine drum-type
of MR brake was proposed'”. Figure 2(b) shows
a configuration of serpentine drum-type MR brake
used in this study. As shown in Fig.2(b), by us-
ing the nonmagnetic partitions, the magnetic flux
of the brake is forced to go in a serpentine line.
With this type of MR brake, the magnetic flux
density across the active MR fluid can be maxi-
mized and distributed equally along the outer face
of the rotor. Figure 2(c) shows the hybrid config-
uration of a MR brake. This configuration is a

Rolling MR brake

Body \'I

Gripping handle 1

Fig. 1 Configuration of the proposed haptic gripper

combination of disc-type and drum-type MR
brake. As shown in the figure, when two counter
currents are applied to the coils, a mutual mag-
netic circuit is generated as shown in the figure.
This mutual magnetic circuit results in an induced
stress of MR fluid in both the annular gap and
radial gap(end-face gap) between the rotor and
the stator. The induced stress generates a control-
lable braking torque of the MR brake.

4. Optimal Design of MR Brakes
for the Haptic Gripper

In this section, the optimal design of MR
brakes for the haptic gripper is performed. In or-
der to have a true reflection of the rolling torque
and grasping force to the slave to the mas-
ter-operator, the maximum torque generated by
the MR brake should be large enough compared
to the available efforts generated by the master
operators. In this study, the maximum grasping
force reflected to the master-operator is set by 40
N. The distance from the center of the gears to
the efforts from the operator is set by 0.1 m. By
neglecting of frictional force, required torque of
the grasping MR brake is 4 Nm. For convenience
in design and manufacturing, the required torque
of the rolling brake is also set by 4 Nm. In addi-
tion, in order to have a true reflection of the
forces from the slave, the uncontrollable torque of
the MR brakes should be much smaller than the
required torque. In this study, the uncontrollable
torque is constrained to be smaller than 0.02 Nm.
By neglecting the mechanical friction, the friction
of MR fluid at the outer cylindrical face of the
disc and applying the Bingham rheological model
for MR fluid, the braking and uncontrollable tor-
que of the disc-type brake can be respectively de-
termined by'®

T R4 rr,, 3
T, =—“2N1-(—%)'1Q+——(R, — R, 1
d dd [ (R ) ] 3 ( do dl) ( )

do
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”ﬂo do R,
T,,=——%[1-(—% ) 1Q+
a0 = d, R,

o

«VO (R3o _Rji)
2

QR
+2”Rd20td (Ty() + M = )
dd

where R, and R4, are the inner and outer radius
of the disc, ds is the gap size of the MR duct

Magnetic Flux

aRLTT T

Rotary Disk—

Shaft —=+ —
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Housing

MR Fluid —H#4
/

Magnetic Coil ——H

(a) Disc-type MR brake
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(b) Serpentine drum-type MR brake
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(c) Hybrid-type MR brake
Fig. 2 MR brakes for haptic gripper
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between the disc and the housing, #; is the thick-
ness of the disc. Q 1is the angular velocity of
the rotor. w4 is the post yield viscosity and #q is
the yield stress of the MR fluid in the duct
end-face ducts of the brake. #,4 and u, are fluid-
properties, their values depend on the exerted
magnetic flux density across the ducts of MR
fluid. %y and uy are the zero-field yield stress and
post yield viscosity of the MR fluid.

For the serpentine type of MR brake shown in

Fig. 2(b), the braking torque and the zero-field

torque can be respectively determined by“”m
r=TRap Royao Mo g )
l dO Rso
QR @
+27R2 L, (7, + 4, 7 )
T;o ﬂ;udo 50 [1 ( Sl) ]Q+ }0 (R3 R;)
0 s() (4)

2R’ L, (7,0 + #y Q;““’)

where R, and R, are the inner and outer radius
of the rotor, d; and dy are respectively the gap
size of the annular MR duct and the end-face
duct between the disc and the housing, and L, is
the effective length of the annular duct. u, and .
are respectively the post yield viscosity and the
yield stress of the MR fluid in the annular duct
of the brake which depends on exerted magnetic
flux density across the duct.

In case of the hybrid type MR brake shown in
Fig. 2(c), both the MR fluid in the annular duct
and the end-face duct are exerted by the magnetic
field,

zero-field torque can be respectively determined

therefore the braking force and the

as follows®

mu R} R, 4rr,
e T TR T (R, R

dhe Rhn

(5)
+27R. L W (T T 14, QR, o)

ha
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7, R R, drz,
T, =T - () 04— (R), R

he ho

(6)

QR
+27R;, L, (TyO + 4 d hu)

ho
ha

In the above, R, and R;, are the inner and
outer radius of the rotor of the hybrid MR brake,
dpe and dj, are respectively the gap size of the
annular MR duct and the end-face duct of the
brake and L, is the effective length of the an-
nular duct. u. and u, are respectively the post
yield viscosity of the active MR fluid in the
end-face and the annular duct. #. and #, are the
of the active MR fluid in the
end-face and annular duct, respectively. e, ta, e

yield stress
and ¢, are functions of the exerted magnetic flux
density across the ducts.

The mass of the MR brakes can be
approximately calculated by

my =V.p, +V,p, + V.o, + Vi Prw @)

where V., Vi, Vi and Vyr are respectively the
volume of the rotor, the housing, the shaft and
the MR fluid of the brake. There parameters are
functions of geometric dimensions of the MR
brake structures. g, o, o and pur are the density
of the rotor, the housing, the shaft and the MR
fluid, respectively.

From the above, the optimization problem of
the MR brakes can be summarized as follows:
Find the optimal value of significant geometric
dimensions of the MR brakes so that the max-
imum braking torque calculated by Egs. (1), (3),
(5) can reach 4 Nm, the uncontrollable torque

Table 1 Rheological properties of MR fluids

MRE- o =0.1pa-s; u,, =38pa-s;a,, =4.57"
132D .

G Ty =15pa; ., =40kpa; g =2.9T"
MRF- Ho=0.29pa-s; u, =44pa-s;a,, = 577!
140C o

G Ty0 =25pa; T, = 52kpa; Ay = 3r

o
SRS =R

calculated by Egs. (2), (4) and (6) are constrained
to be smaller than 0.02 Nm and the mass of the
MR brakes calculated by Eq. (7) is minimized.

In order to obtain solution of the above opti-
mization problem, firstly the magnetic circuit of
the MR brake must be solved. From the magnetic
solution, the magnetic flux density across the ac-
tive MR fluid gap is calculated and the corre-
sponding induced yield stress is determined. Once
the induced yield stress of MR fluid is obtained,
the braking torque of the MR brakes can be
calculated. All the parameters, the zero-field tor-
que, the braking torque and the mass of the MR
brakes are then sent to an optimization toolbox
for optimization process. In this study, finite ele-
ment(FE) analysis integrated with the optimization
toolbox in ANSYS software is employed and the
optimal solutions are obtained by using the first

order method with golden section algorithm”.

5. Results and Discussion

In this section, the optimal solutions of the
above MR brakes are obtained and presented. In
this study, it is assumed that magnetic parts of
the brake rotor and stator are made of commer-
cial silicon steel, the coil wires are sized as

21-gage(diameter = 0.511 mm) whose allowable
working current is 2.5A, the shaft of the brake is
made of aluminum and two commercial MR flu-
ids MRF-140-CG and MRF-132-DG made by
Lord Corporation are used. It is noted that the
rheological properties of the MR fluids depends
on the applied magnetic field and can be esti-

mated by the following equation'>'”

Y=Y, +( =Y, )2e " e ) ®)

where Y stands for a rheological parameters of
MR fluid such as yield stress and the post yield
stress viscosity.

The value of Y tends from the zero applied
field value Y, to the saturation value Yw. asy is

jare §
o

i
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the saturation moment index of the Y parameter.
B is the applied magnetic density. The rheological
parameters of MRF-140-CG and MRF-132-DG are
experimentally determined and presented in Table
1. It is noteworthy that in order to predict the
rheological properties of MR fluid using Eq. (8),
the magnetic density across the MR gaps is de-
termined using FE analysis. In this study, the
magnetic circuit of the MR brakes is solved using
ANSYS software. The FE model of the brake us-
ing axisymmetric element(PLANE 13) is shown in
Fig. 3. Significant dimensions of the brake are al-
so shown in the figure.

Figure4 and 5 respectively show the opti-
mization solution of the MR brakes featuring the

R, D — Enli .| L

Rotary drum
(b) Serpentine MR brake
L
R
‘H R,
Ly
L,
R,
Ry

(c) Two-coil hybrid MR brake

Fig.3 Magnetic finite element model of the MR
brakes
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high viscosity MR fluid(MRF-140-CG) and the
moderate viscosity MR fluid(MRF-1322-DG). The

summary of the optimal solution is presented in

Table 2. In the table, initial value of parameter is

given in brackets. From the results it is found
that, in case of using MRF-140-CG, by optimal
design, the mass of the hybrid MR brake can re-
duced as small as 0.46kg while that of the
disc-type MR brake and the serpentine MR brakes
are 0.53kg and 0.5kg, respectively. In case of
using MRF-132-DG, at the optimum the mass of

Table 2 Optimal parameters of double

Parameters

Optimal value(mm)

132DG 140CG
Disc-type MR brakes
Coil height A, 331 (4) 335 4)
Coil width w, 3.83 4 395 4)
Disc thickness #; 34 (4) 3 4)
End-face duct gap dg4 0.5 (0.6) 0.57 (0.6)
Brake length L 14 (25) 15.3(25)
Brake radius R 46 (50) 40.2 (50)
Disc inner radius Ry; 7 (6) 7.7 (6)
Disc outer radius R, 37 (41.5) 31 (41.5)
Brake mass m(kg) 0.71(1.52) 0.53 (1.52)
Zero-field torque(Nm) 0.016(0.03) | 0.02 (0.07)
Braking torque(Nm) 4 (3.4) 4 (4.7)
Serpentine-type MR brakes
Coil height A, 3.15 (3) 2.85 (3)
End-face duct gap d;. 0.5 (0.6) 0.69 (0.6)
annular duct gap dy. 0.5 (0.6) 0.5 (0.6)
Brake length L 32 (30) 29 (30)
Brake radius R 30.8 (26.5) | 28.9 (26.5)
Drum inner radius Ry 14 (6) 14 (6)
Drum outer radius R, 27.8 (21) 26.2 (21)
Coil inner radius R. 20.7 (12) 20.5 (12)
Coil inner length L. 7.1 (6.7) 6.4 (6.7)
Nonmagnetic housing ¢, 2.5 (2.5) 2.5 (2.5)
Brake mass m(kg) 0.65 (0.51) | 0.5 (0.51)
Zero-field torque(Nm) 0.01(0.004) | 0.018 (0.1)
Braking torque(Nm) 4 (1.8) 4 (2.4)
hybrid-type MR brakes
Coil height A, 303) 2.7 3)
Coil width w, 29 4 2.67 (4)
Drum thickness L 16.8 (20) 15 (20)
End-face duct gap d 0.5 (0.7) 0.5 (0.7)
Brake length L 243 (37.5) | 21.6 (37.5)
Brake radius R 37 (27) 344 (27)
Drum inner radius Rp; 9 4) 10 (10)
Drum outer radius Ry, 32.2 (20) 28.2 (20)
Mass removal Radius R 26 (16) 24.7 (16)
Mass removal length L, 11 (8) 10.8 (8)
Brake mass m(kg) 0.62 (0.63) | 0.46 (0.63)
Zero-field torque(Nm) 0.01(0.026) | 0.02(0.006)
Braking torque(Nm) 4 (1.9) 4 (2.6)
SAZNSIEI =z q/A 228 A5 5, 201211/465
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he hybrid MR brake is 0.462 kg while that of the
disc-type MR brake and the serpentine MR brakes
are 0.65kg and 0.71 kg, respectively. In all cases,

n

(a) Magnetic flux density
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(b) Braking torque, power consumption vs.
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Fig. 6 Characteristics of the initial hybrid MR brake
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Fig. 7 Characteristics of the optimized MR brake
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the braking torque can reach up to 4 Nm and the
zero-field torque is smaller 0.02 Nm. In some cas-
es such as the serpentine and hybrid MR brake
featuring MRF-132-DG, the zero-field torque is
much smaller than the constrained value, 0.02 Nm.
The reason is that, in the above optimal design
the lower limit of MR fluid gap size is set by
0.5mm considering manufacturing cost and
ability. Therefore, the gap size of MR brakes
cannot be reduced smaller than 0.5 mm during
optimization process. It is also noteworthy that
because of its complex structure, the serpentine
MR brake is obviously more difficult and costly
to manufacture than the hybrid and the disc-type
MR brake. From the above, it can be concluded
that in order to obtain a braking torque up to 4
Nm while the zero-field torque is constrained to
be very small(0.02 Nm) required for the haptic
gripper, the hybrid MR  brake
MRF-140-CG with the significant
Table2 is the
Characteristics of the initial and the optimized hy-
brid MR brake are in Fig.6 & 7

respectively.

featuring
dimensions
shown in optimized one.

shown

6. Conclusion

In this work, the configuration of a 2-D haptic
gripper was proposed. The haptic gripper featuring
two MR brakes to reflect rolling torque and the
grasping force from a telemanipulator to the mas-
There types of MR brakes: the
disc-type, the serpentine and the hybrid-type were

ter-operator.

proposed for the haptic. An optimal design of the
MR brakes was performed based on FE analysis.
In the optimal design, two popular commercial
MR fluidMMRF-132-DG and MRF-140-CG) are
optimal showed that
among the proposed MR brakes, the hybrid MR
brake featuring MRF-140-CG is the best one. The
optimized MR brake weighted 0.46kg can gen-

considered. The results

erate a braking torque up to 4 Nm while the
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zero-field torque is constrained to be smaller than
0.02 Nm. As the second phase of this study, the
haptic gripper prototype will be manufactured and

its performance will be experimentally evaluated.
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