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ABSTRACT

The paper presents control performance of a magnetorheological(MR) fluid—based haptic knob
which is applicable to in—vehicle comfort functions. As a first step, MR fluid—based haptic knob is
devised to be capable of both rotary and push motions with a single device. Under consideration of
spatial limitation, design parameters are optimally determined to minimize a reciprocal of control
torque using finite element analysis. The proposed haptic knob is then manufactured and its
field—dependent torque is experimentally evaluated. Subsequently, in—vehicle comfort functions are
constructed in virtual environment and make them communicate with the haptic knob. Control
performances such as reflection force are experimentally evaluated via simple feed—forward
control strategy.
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Fig. 4 Photograph of the MR haptic knob
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(a) Rotary motion

Table 1 Design parameters of the MR haptic knob

Design Parameters Values
Height of disk d 0.004 m
Area of coil mv 56 mm”
Width of disk sw 0.007 m

Gap size g 0.001

Radius of disk R 0.03m
Max. yield shear stress %y 14.6 kPa
Max. field H 50 A/mm

Max. electrical input 1.2A
(T, % rot considered) 066 Nm
(F, s ot consdered) 305.7N

A714 HAEIE 1FY Fol g7H~4mm«] 4
S 7MW 5.0776%107°~2.0310%10° Nm9) <

310/t 22T S S 3

r

ZT/A 1848 A 335, 20084

B Predicted Measured Predicted Measured
12 s = 00A ---- o 08A
“r o --- o 03A —— <« 12A
_ | A 0.6A
£
‘2’08- « € 4 4 4« 1 44
g <«
g b----- S S S S N JUE o o
<]
= 04-A....o..,..A....‘....A....‘.....A..,_A.A..A....A
_.‘ 0. Q 0. o] Q Jo)
3
° .. w. o " w_m_.m
0.0 ] N " 2 .
0 40 80 120 160

Angular Velocity (deg/s)

Fig. 6 Torque responses under rotary motion

500 ~ Predicted Measured Predicted Measured
- =2 00A --- o 09A
- o 03A — « 1.2A
400F ¢ ... 2 0BA
’E\ 4 o4 < i
Z300f « T
T S
a0t o © ° °
|l N ORRER S TOREES i
100} &4 4
I — P —— - PR —
0] s b, A, . S S S
2 3 4 5 6 7

Velocity (mm/s)
Fig. 7 Force responses under push motion

7Hel ol AQIEZS wlE] 343
2 22 Wzl A4 EFel= Gk
o) e FA W3} uebd EHEEGe] M4
Ea—E— BEFQ] 1.2694x10° Nm2 nAAA A=A

g Y3

A3 29 7lsteEl 4L MR #E w=x9
Aol & FIFE vjA7] wio 7HFe Fol
g9 Holimy), TYREE AT A2 E(sw)
HA3 AAREE Al olw Ag &ﬁ.&i
AARYA 2718 2ZA7I7 Y8 gxae ixs
# #ol& 77 30 mm, 15 mmZE J_Z*o‘}&h:} A
F Al 3] Fol, ZY9 Y|, A2 Zo o
3 ¥9E 47 1~4 mm, 21~56 mm®, 3~13 mmZ
AAstgon, 27132 242 2mm, 40 mm’, 9 mm
Z 4331t MR 9 =29 AL me} AFE
140 deg/s, 1.2A/mmZ AAsG o, %7] a4
A3 EaE 0.4239 Nm7t A

Fig. 3()9 #A3E +3g Ax=Re 24
o] gro] datg WHE Sy mE Haigew 4
=L g 4 gk oluf, E3E 0.4239 Nme

e e
Hou 27
2 A

mlo
J\"l



MR $A1Z o) §¢ Aol rFsd Akg WY v

#kol A 0.6788 Nme.2 ¢ 38 %7t S7HEeS &
S =

Fig. 3(b)9) 43 A HFEL ojgsto A
H MR #E B Zx)9 AW Fh2 Table 19]
veht gtk A43E 33t AR2RE f239
7+ 20] 0.004m, ZY HH 56 mm® 2 tAT]
Z 0,007m= AA=HAL MR #49) a9& e
BRol faze vxE R 759 A7] g 0.03
m, 0.001 m& AAs3c) oju #e Fx|7} A=t
= B¢ 9 FA7E MR FA4Y 549 FEAG
83 7|RAAo gsle] AFHct odEE
9 B¢ g viat 9 g4EE FASHE, 4%
0.66 Nm¢} 305.7 NeJt}.,

AZE MR #8 w=BE Fig 4o YAt MR
el vy A2(flux guide)= 7Hsteel S45C, 7
AFEEF)OR WEAD YA R} F2 A4F
nH(AL 6061, ottlo]ld FHe)oz AZFEU L
o, A7 0.0006me $4& tjxze 1003 #Z%
AZE MR g wBoA sl 7 B
AgHog Hrratgleon oF A 43 FAE
Fig. 59} o] #&3I9ith oju g xHo 7354
& gAs £x¢] 94HE 98] 2F ZE(AC motor)
= }%o}ait}.

Fig. 62 ¥ xH9] 3 &5 Al EX §4 4
o]}, 4 (5)§TE1 &% Al 48 A7t o)
< 2 9x3tn ok Z&Er} 140 deg/sol i AF
1.2AS H3AZHE we =Ee AT Eds
0.691740]t}. ol A3 A 2% o7t Y=
Aoz AA9 B34E BT gtk 282 MR
ERE A AoEA7t HAYEIRTL 43s] F7]
Zo] AEF7 AAEI AujHQd dFE F
eS¢ & Avk aEla AggEzigt] g

] __ﬁ

E39) #E32AYE T8 0.6A9 AGUHHL
F& AAstk=

e A7 AGFE 9ms, UFA
A} § I F ANt o,
MR ¥ x| TFUY HAEEE 100 deg/s=

Fig. 7& /g}'a} FRALE A AEEHE &A% 45

T2 2mnv/solA 7 mny/s7HA] F7HA
7t ilhro oA Al 2 RUZRE 9 o=zt
3 Aggke] & dAE Qlow AJEAT} HAE
Ao A=A FEFE Fu Y& ¢+ Atk

M
B>
ojo
al
ol
OH
Lo
ol
i

4, B8 HO AAH 32F U 45HII
»HE AFHA 7FEH PIEER
@%0}04 83 e AA PE Ao} A2EE T
Fapgich. 1 a‘u"ﬂi B upe} o] HA A=
3] 9kere F@stE ¥E &M in-vehicle function
P37, a7 EFY o] AXlHE 3 v 32
(force reflection circuit)2 o]Fo1A Jck WA A}
£2e] g&9e] MR e x=HE B3 /M ¥H
7o) AgEd s SA0A dAE e oHEE
3 ukgE M7lo] Bujo] o[HE tgHE &7 E
/3] Aitgct ol Y xHE F e
3e AFAIA Agstd 2 5 don AHEAE
Fae 3 3 %S 2UEY & F ok

o] AFoME HA AsAY ZF ¥ A9

Ael 2z #d34L 188l in-vehicle function®
A

W BAeg FEEo ol Fig 99 Zo] H|
oAd BEs dolg &3 RO vhreln

Hire 22 Fee) 722 745} 9len Fig. 10
7 2ok AR del A E wzel oleA FHA

53 3 £5E WEol A8 dirE AT
F Aud addesl op=d 33 A3 e
Al

Execution
State

Position
8.x)

ki
AID .
Case Force Reflection Algorithm I ﬁ 3
Power
Torque/Force T.F Controlier Supply
SISO L R
! H'—l T Sl & DIA

Fig. 8 Architecture of the haptic system

EA/A 184 A138, 2008+/311



A3z 89w 4340952
e e————— g it— e e
Data
Measurement o8
Menu i T o6t
’ Z
g
: g 04}
Selected | 2
Menu 0.2} ~ ~ - Measered Torque(20deg/s)
L. . ---- Measered Torque(52deg/s)
—— Desired Torque
L. 0'0 A A L A i 1 T
Position L. 0 2 4 6 8 10 12
| ot " . Time (sec)
Fig.9 Virtual environment of in-vehicle comfort (a) Rotary motion
ion
functio 70
60} B -
/
Heater/Airco |-—| Temperature | sol o
-| Ventilation Rate ] < 40} ,”
@ .
N e 30}k .
3 p
_On/Off Mode 20l ’ g
Ry - - - Measered Force
. 10F ——— Desired Force
Entertainmen l—-{ Volume | o . : . I
Radio 0 2 4 6 8
Time (sec)
(b) Push motion

CH _Select

Fig. 10 Tree Menu of the virtual in-vehicle function

0.5

e =
04} § é s 086
— = 3 -
Soa$ £ 2] 3% 0.4
< 8 2l5)o
o2 § | &
g TG 0.2
Q01 Volume
X 040
005 30 60 90 120 0 30 60 90
Angle (deg) Angle (deg)

(a) Root directory map (b) Volume map

Fig. 11 Example of the torque/force map

4 x I
Torque/Force BT F | Inverse Model B, ; -
Map 9" g Compensator I L | Haptic Knob b1,
(8) 9) (5X6)

Fig. 12 Block diagram of feed-forward controller

g5 AAsIEok gk o]F Y3 o] AFdME E
/38 W(torque/force map)} # o] 7](controller)Z
748 3 g dudEs FEIGT A M

312/8t=2280EE

&3 =28/4 18 A A 3 &, 20084

Fig. 13 Experiment verification of the inverse model

TdA

6:.cw

e:ccw

Fig. 14 Torque/force map of menu shifting event
g dejFoxoA HEYsE= vy wet ET/3
o] Meixlo] 14 wEE 27 EF/o] AW
o 249 E/PS A71E T Bad AFL
AdE L, AFEFZAE AH MR 88 =B A
@ity AL B3RS =2 RS
Fig. 11{@% #4Y dlwds TAsl= Ea
HdFo, Fig. 11bE Y dAw F
(volume) A8 Al BAEE EF H& noFEth

T

ki
u

W
B
=

Mo o o



o3 e

T T ——

Position (deg)

0 "
1.2F

os}
04l
0.0

0.8 { _ine;ired Torqu'e. T ]
0.4} } — Measured Torque '
0.0 Nemee—co ommeoo
-0.4
-0.8

Current (A)

Torque (Nm)

x N "
o 1 2 3
Time (sec)

Fig. 16 Experimental verification of the menu shifting
event

g we Ea Ae8 BaMe 9ed 2e 4
$a 94 F23 ok 2o ALY 27 Aol

Ei/?}%‘(Td, F, Yol Aberh

fd'_‘Td
F, =

3 .
—(@4mnR°d /)6 -T,

1277h A4 )i Fg—ke ®)

Aeg 75 Wl AdtEl 8F Ao BEF/FE
337 A8 o dAFME  dEH(inverse
model)oll &g MFE RAVE AN} mHabA
Aol gL 4 (5), OZFE AAYgEe e 2
o} e 4 9tk

’(4 ]

]
2d(A A o

)

—

o83 7o} 75

S AHg U e

olw, Ir 9 Ir e 7zt @7 EF9 3ol o
7t A7 A2 AFE YEITh Fig. 125 929
& o] 43 Hgl Aojrle BF MEE BYFTh
Ao £3/3 Yoo ARd T, F, 5 942 2
F Ao d=H(1)E& Al Aatd 4578 99 =
Hol| ol7tste] AA E=/3& g Fig 132
AAE A7l 3 Aol H4E AHE HAF.
o] AxtzRE EAY Fol i3t aFAHE F
At eS¢ F Utk

Fig. 14& ®l% ol% Al dAse 3 wg dag
F9 BE3/3 folrk o] dFdAE AAMELE
RHE AFAZ w9} vAAZeR wHE AF
A o A7ty B3/3 f1e tE2A A8
Fig. 16% olde B3/3 274 2¢1ued & 1
UEbdt) ojn) AA =B Fz A S 5
27& 133t EZ/FY d¥e] glod 8F
/8L 0§ ALIES FEF 3Gtk

Fig. 162 &% Ao Al2¥e 4Y 2RSS &4
g Rolr}), o], 0°llA 100°7FA] AlAake] 13
o] Foiza T} 0°7HA] WRAJAGEES] Q] o] Fof
A}, o)) wlire o]F& 50°°A o|FAXItt. AFH
oA Bi= uish o] e wHy} AAME HA
Awgo g 3d Al 27 g BYY a7 EAV}
Sasiy g wkek aFAAE F FHL dSS
& 4 9k ol AHAZHE At MR FE =

AA7F SulE g 9 Aojd TS WA + o
S B & 5 Ut

o

0

§° l*ﬂ

Hoolr mo -

A

nlo [n: i

o) AFNAE AT LAAE AT BY 273
FA24 AZE MR 88 =28 87 2 A%ss
o 7H384% @5 MR 99 w=n 329 ¥
2 E30) 9 FHA0 452 B, 7t
g
i

A7 ol in-vehicle functiond F3FAE 2y

3ok o|2HE AgdE MR #E x| 5%
A TS 4Ttk &FF At AA He
Az 3733 AFsld Agdd MR ¥ A9 3§

9 Alolg 12 B dgol,

F 7

==2&/A 187 A 3%, 20081/313



%

o

9 o

e

==
= .

e

4gd.- Az

of d7e A= AAY ZFATAAAIA(THA
WM& R17-2007-028-0100-0) el 2Jate] o]F
oo ofd ZA EFu

(1) BMW, iDrive Controller, http://www.brmwworld.com
/models/e65.htm.

(2) Vitrani, M. A, 2006, “Torque Control of
Electrorheological Fluidic Resistive Actuators for
Haptic Vehicular Instrument Controls”, American
Society of Mechanical Engineers, Vol. 128, pp.
216~226.

(3) Li, W.H., 2004, “Magnetorheological Fluids
Based Haptic Device”, Emerald Sensor Review, Vol.
24, pp. 68~73.

(4) Kang, P.S., Han, Y.M. and Choi, S.B., 2006,
“Force Feedback Control of an Electrorheological

Haptic Device in MIS Virtual Environment”,
Transactions of the Korean Society for Noise and
Vibration Engineering, Vol.16. No.12, pp.
1286~1293.

(5) Choi, S. B, Hong, S. R, Cheong, C. C. and
Park, Y. K., 1999, “Comparison of Field-controlled

w
=)
=
~
rok
M
2
ojo
rA
ol
ok
Jo
tob
rr

Characteristics Between ER and MR Clutches’,
Journal of Intelligent Material Systems and
Structures, Vol. 10, No. 8, pp. 615~619.

(6) Neelakantan, V. A. and Washington, G. N.,
2005, “Modeling and Reduction of Centrifuging in
Magnetorheological (MR) Transmission Clutches for
Automotive Applications”, of Intelligent
Material Systems and Structures, Vol. 16, No. 9, pp.
703~712.

(7) Jolly, M. R, Bender, J. W. and Carlson, I. D,,
and Applications of
Flids”, The
Society for Optical Engineering, Vol. 3327, pp.
262~275.

(8) Ginder, J. M. and Ceccio, S. L., 1995, “Effect
of Electrical Transients on the Shear Stresses in

Journal

“Properties Commercial

Magnetorheological International

Electrorheological Fluids”, Journal of Rheology, Vol.
39, No. 1, pp. 211~234.

(9) Lord Corporation, Engineering Note : Magnetic
Circuit Design, www.lord.com/Portals/0/MR/Magnetic_
Circuit_Design.pdf.

(10) Lord Corporation, Lord technical data,
http://www.lordfulfillment.com/upload/DS7015.pdf.

28/4118 48 A 3%, 2008



