BHAER 2012 48 5522 % 4512 #1310 ~ 1315

doi:10. 3772/j. issn. 1002-0470.2012. 12. 015

ETHRERNNENRBREENHIRIHTC

X #0 R£LEHO® IZRK
(AHAYNENEE TSR RRASERTIHALELLHE ¥ 210096)

W B ANAAAREREZSREMATRET RN, & T —HEHTFRIK
ey /AL Z B 4 Rk E R (MRF) $47 4. % 7 2T Bingham BBty A K,
AT T MRF M PATREN S KA A EWF 0o KA Maxwell &t HATHHAATT
ARG FATHWER K 32mm, & F N 18mm, F 120g, NI 1.2A B 7= 2ty
A HEH 260.7N - mm, k2| TR MEEFWBE RN D EPTRWINIA . RELT T 4S8
MR ASAREAFER TRRENECE S # RN B EER, YR
HREAO~1.2A 1.2 ~0A B, Z Kk HAKEB WA R KK Z L H A8 2N-mmFr
11.2N-mm, 5B & B WA KT Z 25 A5 ON-mmFu6. 2N -mm, 2B & P A W

E#o

R A RBEE, MR EH(MRE) RATH, ARTAT, s, A FKE

BERAEMBUILRGEH B RRIEE T RS
I EEFIUUR T, BB B VRS WA R b 58 UK
B ERMAES, AT R T R R DLH S,
WA RRNEBREMBUALEARE AT
T = Y g AT B e
g MARETHALTS EE T Fuek ™ &4
. IRBEHEABREDT 50 BEHKE,HBR
TR B, KRR BR ) R 26 B i Fn sk
o

TR R EAE I AN E S/ 1R AR5 22 [H] F
b B HEMBREE RN, RO B EeE B
fEE L2, HRBER B UiRBRAIEE FHWERIE,
P HETA L, ESW R T R B R L
X3, 40 SensAble /2] i PHANTOM % %] Force Di-
mension /A 7] A delta, omega F1 sigma £ 31 &% £ 3=,
NRGRRE , EXRKEFELZERE SRR RE
WO, BAEE TR B E . WlE Rk XK E
A PAMIRA ERIEBRAEE %2, W AW (mag-

netorheological fluids , MRF) F i B A S H AT

BHHE/EELAD, BT MRF PUT84E & Mok @
BREFH N RIGEE, FIER TR E T E
EF iz BRm 8>, il UEEREE D LB BRE
AR E., 8 = 5% B 32 B
TER. PR EEREBLREREN BB,
B ERE =4 T35 BB I Ak B BR 38 A9 )
¥ MRF pi Fl T 3880 & 4% 5158 B U8 — 86 %,
RO R RN S TREEERE LT
J& T MRF 7 1 R AR MBS, FF R T 25
HREEEP, CHR[27,29] K B R
K, BEFREFLEE; CER[26,31 [ FHRER
Bz, BahX b TEsh A BRI, < 87 1 ok
AR R SCER [ 28 | 3R B R BU/DN, S th haE
/NA T B BIFIRIMBUR I YR B i I , 7650
SRR T —XHE 3R MR 758 5 SCRR[ 30 ] H By
BN, T BERIEE T, IR R AR
FAIMBUR B BT B o ABFRBHE T —
FhiE T8 5 /N = [R5 MRF $uAT88,
HEMEFE/NEEER, F—H8/NT S ERIEE
FIBERE MW, MRF JATam 0 hETER
WARRAESR, BB N EZRIEE#RN, BF

@® 863 IRl (2008AA040202) FIILH A H SRR} 4 (BK2010063) ¥EBHTIH ,
® H4,1967 4, 1L, TR B9 M : R EHE AR ;E-mail: wenci@ seu. edu. en

® FERMEE ,E-mail: a. g. song@ seu. edu. cn
(ks B #9:2011-11-29)

— 1310 —



3 W AT RO/ NN R BB

AR S REIFERACY o h B R B A Atk 2R
HEREL R A TR S WA R et
o T8 AT R LA b B S R R b A o Bk
MRS S B R R T B A, SR
HER T 7 BRAR MR RS B

IR

AFHE 28 ANAMED T HTRENGTRN
=B +H R, W EARZ M AT 4 —2 R,
hng e B K E B KR T8 iz 3 F AT T AR
AITE KBRS, HE, W, FEFHRXTEN
B ARET R PR AT LR, B RAT A 1t
Bir2 it MRF $hAT 2% GBS ) JTUBUN 2 = ZE4E
FH BB 8 45 [B] 2€ 77 ( proximal interphalangeal, PIP)
i RS R BE D JEOR B TR MBI, SKBR
B PIP A 7= Az B K 4 2 900N - mm, 548
5EJE220N - mm X4 Ak B SRS R4, INATURL, I A
TEREE TR B R, AT MM IR
BT R R R — R B, e — Bt ], B
PABCSE J SR (BN 2% LA 52 ) SRR 60, A BT 4R
H I PAT A BB THE iR 2 AT 4 Y ) %E250N - mm,,

2 EMEitf g BT R

R T RIE MRF $4T 28 B %0 ) 46 A B 1148
br, R RTEHE, EE FREAETFE L, AR
T =H&X MRF 34788, 0 1 fis, PATHE
B _FRshiH R . — RS E & e S5t gk
EiE B ETERE A MBRF, —R3HER
A L i ol , B B A [ e e e 1 L AR
sl e R SR AR R e AR F SR R R
£} DTS {5k, Tl R S84k =08 R A e il L 3
FH B &S e SR R AEH B M2 B 88 T
BB, TfER B P 38 T MRF, #55 . MRF .1 HE
BRFHERWRT H SR, W E 1 RIS,
EueimfE At . MRF 23 B —Fhrif ik, shfi
JE R PR BE RS i, MBF 7= 5y JH D S5 AR A, (R 55
PERH AR AEEHE 148, AT DA LA B e b5 B0 s 7R
BERT ,MRF & A= Fi A8 808 , 31 B2 2% e 5% B 3%
3| MRF 7=4: 3 Y1 4 Ve, AR &3 2] b
A 4,

Ef}%‘fﬁ i #HEEEAL
’ A —1
et sy T PR
K DD ADDNN DTN !
o R i | W Aot AR
f'. % ARG [ ORI ) Y
.-“-iil':-"ﬁ‘-t:- s W Vs o ¥

— 'muEs CEERR
B1 =E#&#®X MRF I ITRE50TER

wEE T H9 MRF {8 Y] b ) 38 % i Bing-
ham FREHARY . 7 = 7, (B) + qy, Hi r #FR
MRF 8§16 75, 7,(B) & MRF HshZ&)E RN 77,
HAGPERLRRNISREE B AR A4k, n 24 MRF 28
PERGEE, v BTRIAERR,

Fi5E TR AR 2 B, B sl B R A ER
JERHPERYIN R, , 2N R, TAERIBRA R E
A h, MRF 35 53 A E R PR 1 |, B3R 828R
R,, 5b 42N R, . 7£ MRF {E—WEE 4% r AEEL
—/NEE N R A TE AR dS = 27rdr, 2%

BIEEE o Helbit MR BTRIESY v = 7, #

/NEFR A MRF P24 BT Y1 %R dT = 2@rrrdr,
AR TAETRI B b 438 MRF P22 BB 5N

B
T = 4f 2arrdr
R;
_ 8111- 3 3 2’“’ 4 4
= T’T},(B)(Ra _Ri) +an(Ro _Ri)
=T, + T,, (1)
8 2
K T, = T, (B) (R, - R, T, = Tno (R, -

R)).

Al

2 SEHHEER

S(1) 3B BT 58 14 B 25 B T340 4L : —
B4 RAEAN AR AE R , i MRF 3178 A F
7,(B) 7oA (RITT BB 46 T, ; B — 3R R T
WP A R TTES B 146 T, o ABFSE 2 M 1K) MRF

— 1311 —



BHEARER 2012412 A $22% F 128

23 E LORD AR 4 7= MRF-140CG ﬁﬁ,fy(B) i)
Ak 35 B J& 0 ~ 200kPa, n & (0. 280 + 0. 070)
Pa - s, ZE SRR, BAEH T3 30 B R TR
B, BATE S R IR R 18, B o AR/, 3B
4 T, BAR/N, T LSS 3 L TE B, 76 1 R #8t  , MRF
AT S 37 1) MRF f 3 B b 5 o0 A4 B2 ol 4R
AN BRI MRF $AT88 S8 B 1 E X EBUR T
T, ¥ SN v LA MRF $f738 ik th h
5,

YEBUR FRAE ST 7, (B) 8 MRF, 34 KB JB 226
BR,, B/NIERER,, BRTHRE Ty

3 ARITAATAR A Rt

A HATER BT RERHEHR P HERE
FER R, S - HMASHEESE, T
TEMEBRAREE A SMoHYBERE ZRBIMACE, TEM
BREYESBE h A/NMERYF , —M7E 0.25 ~2mm 2 817,
BT H TAERIBRES BE b 4 0. Smm, Hoflt S5 AH
FRICATIG R 2. BN SR DT4 1 MRF
MIRE R R R AR Y, A R AR E ', BT
HEERSH R4 3] B HER RIS R

%f MRF $iAT88 36178 FRIT - #r i B IR A
(1) B s BB A IE A 1, VRS D e NP R R TE
IR IR R RSB R A B B (2) R
AT, & HEM R B PATIRS S, R+
MRF #1 DT4 41N 58 BE R A BN, 7200 K5
MRF #1 DT4 F34EH

ABEFEFR FH Maxwell #4485 MRF $047 88 47
T RSN, BT IIT SRS R AR
P RZ PR AAR , ZESEAT A R4, R
T PRI —2, BSNTRERE R 2mm, R, =
10.5mm, £ =0.5mm, 28 B LM H N 260 Z M, F IR
TUAH TGS R INE 3 PR,

. ]
| z ]
-
—
(a) WA {b) B R B A

B3 FRTaiER

MEL3(a) TLABH B Hh , BT R ) 2
— 1312 —

RAETER R & BER P, BT ARE B33 IE R, AR
% B-H 12k, MRF A4 {3 15 )2 B 5% BE 40 R 0. 6T,
MRF F450 B-H £k BH =50, DT4 fn
BERRRIRBEZ N 16T, 40 3(b) Biin , MRF &)
R R BE 29 0. 6T, BB 2 RSN o f % AR R
NEREBE(E$ET 1. 6T, B B A4 4538 43 IR) B 15 B 4w
A, X ULEA LB e R S e e B R A B

HRIE B AW R BRIC BT B 45 5, AR B SE BF
il ) MRF $uAT25 0 & 4 Przs , K EAZ AN 32mm, /R
4 18mm, & 120g,

\ e =
1

W‘.‘" i 3
- l]'

B4 RMATHHGE
4 e

MRF AT A% B B phy 1P 7 A 0 2 A - Sk
DT4 FTAERBR A MRF, R4E7E MRF ) B-H i
S EWMEABIMEHE, B D4 HIFfEmH, ESR
M PRAT AR B AR AR o BT MREF 393388505
ANERHEY) R i R 2, AP R AL e ok e
TEPRAT %% B4 0 JE R R SR RI PR R BT , s sr 1 56 -
HPER, RRGEMES fin, EREEUE=
B &K MRF $UfTas T Res st AR SN-20 A1
EM 1713 L3t B IR o 5 0 I B AT A8 d o
RN, ZEBA B R EIIE 10 AE0EE, BULFEY
{EARSCAH R BRI, BRI B K R 2 h 3R
1o HHEFALXEN 0 ~1.2 ~0 BH(FERFLL 0. 1A
B K AOAM MBIL. 24, L. 2AB/NBJ0A ) ,

‘ Y 3 =
J t P N
e . G55

i

5 XBRE



3 W AT RO/ NN R BB

XFRE B AR 6 s o DA 6 ATLLE Hi, 2
Fh 1.2A B, J15E 4260. TN -mm , J 56 5 H X F)
TR

300

n. 0 O~llaREHE ;;/“'

— TEFES e
cen BHEE -
+ Lz0AZiR S

§

—_
F)

JER(N - mm)

i} 0.2 4 6 08 1 1.2 14
FRFECA)

6 IEHIF/.CXREWMAMNSREMERE

ME 6 AJLVE H, R A —— X RE, 7
TR, W E - R eI R 5 8 sropt
Hmg R Bl AR, AFRBR N E-mRiiE L
BEEATVATE, T B T B S AT 3R AR AR
AR 7 1] , B py AR R 1, Sl XS,
HEHET . SIS B T iE-
HERIINE 7 B, B 7 o, SRR s
i IR AR AL REE AR , R R 3R v e/ B D AR Y
AR, R RS X B RE, T, R
AERRAOE.L RS BEXWTEE, K, RR%e
WA RSREE, K R ESMEE. .0 .K .
K X4 MSEA D EEER, AR Gx 4 S
BHERE:T, =157 mon, I, =0. 14, K =
228. 7N ommA LK, =53.9N-mm /A, N E 6 F Bk
By 7.

* AHE N )

I HRIRELAD
7 SBREMREIRER

W 3 RE AN LR R B B A D AR
FRE BRI BRAL, MRIB AL AR AL X [BI N 0 ~ 1. 2A H
JEAE, R RSB TE , GRE T =41.9I

+173.61+3.0,T S FH%E (Nomm) ,I HELF(A) ,
mE 6 FELFTR, WE 6 ATUEH, HEFM
1.2A%/NE] 0 B, R STAERIR2E B E K,
ZA R, MR R0 ~1.2 ~0 B, “YR BT
ARG EE SN2
11. 2N-mm 5 B 28 ¥E 8000 f) 5 A dR e 5 40 B H
5.9N-mm¥F6. 2N - mm, 7 BB B E S,

S5rEk[ 30 A [ 5 2 MRF AT, =
H&A MRF T80 88 EER. S8
157, T A = F& MRF 78 0E B ERIT
e B E T

#1 =—ESHEMEHH MRF HhiTeE0HEEE
B EFE =®HE hE

(mm) (mm) (g) (N-mm) v

ZREAR 32 18 120 260.7 i
Ff= 31 38 200 255 WE

B

ABFEIT KK MRF $AT 23 07 DUBCEFE A BT
HECNE 4 FiR) 853 SEEFFHLA AT DOk 3 1%
BB RIRIGEISET L, A 8 fras, FER I
Fb, FHE A LA LGS A iz 30 s 2 B T RGeS
Ja , PATRR = AR A, B E R IR RIC T AT LA
R BIBRAE I R 7= A AT

e =i EAR

1
=
L
B3 &EodWEasEEE

5 # i

HRRANFREENEZEE, h s
AW E FBCRT R BB N
RARE AT L ERAOERA ) REE
RISEBRIL N B, AP S BTl B = (B 25 X MRF 4
frasds i B AN B RBR, P A JEHIAE)
THHER. 4 E BT TAES, RITEHE— 5
BT R, R E R, B/NF R R,
IR BEHB I/ X B TS S AR

— 1313 —



AR

20124127 5652% F128

MRF $i 788 7 48-H0 5C R AP BYRE W PE AR AR

P, BTN R T B, AMTRBEY TAEE
R AR B IR ST R RE F T AL AR 1L
HASHHRER 0 BRREER, “ RS TR
i B8 KB BE B s 0 BR AR M AR B S 08 SO NG
BEBH, AR A R KA R, FEEE
RO TR A% , 0/ MERI AR , R R AL
s N B2, S B REME R M 1 AR - R R Y
BERRERMNSEMRTENER AR,

B 30k

[ 1]

[ 2]

[ 3]

Farkhatdinov I, Ryu J H. A study on the role of force
feedback for teleoperation of industrial overhead crane.
In: Proceedings of the EuroHaptics 2008, LNCS 5024.
Berlin Heidelberg : Springer-Verlag, 2008. 796-805
Villaverde A F, Alvarez C R, Blas A B. Digital passive
teleoperation of a gantry crane. In: Proceedings of the
IEEE International Symposiumon Industrial Electronics,
ISIE. 2007. 56-61

Sato R, Noda Y, Kakihara K, et al. Operational support
control by haptic joystick considering load sway suppres-
sion and obstacle avoidance for intelligent crane. In: Pro-
ceedings of the 35th Annual Conference of IEEE on In-
dustrial Electronics, 2009. 23012307

[ 4] Jung K, Chu B, Bae K, et al. Development of automation

[ 5]

[ 6]

[ 7]

[ 8]

[ 9]

system for steel construction based on robotic crane. In;
Proceedings of the International Conference on Smart
Manufacturing Application, Gyeonggi-do, Korea, 2008.
486-489

Vo D M, Vance ] M, Marasinghe M G. Assessment of
haptics-based interaction for assembly tasks in virtual re-
ality. In: Proceedings of the 3rd Joint Eurohaptics Con-
ference and Symposium on Haptic Interfaces for Virtual
Environment and Teleoperator Systems, Salt Lake City,
USA, 2009. 494499

Kohli L. Redirected touching: warping space to remap
passive haptics. In: Proceedings of the IEEE Symposium
on 3D User Interfaces, Waltham, USA, 2010. 129-130
Konietschke R, Tobergte A, Preusche C, et al. A multi-
modal training platform for minimally invasive robotic sur-
gery. In: Proceedings of the 19th IEEE International
Symposium on Robot and Human Interactive Communica-
tion, Viareggio, Italy, 2010. 422-427

Choi K S, Soo S, Chung F L. A virtual training simulator
for learning cataract surgery with phacoemulsification.
Computers in Biology and Medicine, 2009, 39. 1020-
1031

Lu J H, Chen J, Cakmak H, et al. A knee arthroscopy
simulator for partial meniscectomy training. In: Proceed-

ings of the 7th Asian Control Conference, HongKong,

— 1314 —

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

China. 2009. 763-767

Kerwin T, Shen H W, Stredney D. Enhancing realism of
wet surfaces in temporal bone surgical simulation. IEEE
Transactions On Visualization and Computer Graphics,
2009, 15(5): 747-758

Lister K, Gao Z, Desai J P. Real-time, haptics-enabled
simulator for probing ex vivo live tissue. In: Proceedings
of the 31st Annual International Conference of the IEEE
EMBS, Minneapolis, USA, 2009. 1196-1199

Pohlenz P, Grébe A, Petersik A, et al. Virtual dental
surgery as a new educational tool in dental school. Jour-
nal of Cranio-Maxillo-Facial Surgery, 2010, 38:. 560-
564

Padilla M A, Teodoro S, Lira E, et al. Virtual reality
simulator of transurethral resection of the prostate. In:
Proceedings of the 2009 Pan American Health Care Ex-
changes Conference, Workshops, and Exhibits, Mexico
City, Mexico, 2009. 116-119

Abate A F, Acampora G, Loia V, et al. A pervasive vis-
ual
IEEE Transactions on Information Technology in Biomedi-
cine, 2010, 14(2): 326-334

Zlajpah L. Simulation in robotics. Mathematics and Com-
puters in Simulation, 2008, 79. 879- 897

Sieber A, Valdastri P, Houston K, et al. A novel haptic
platform for real time bilateral biomanipulation with a
MEMS sensor for triaxial force feedback. Sensors and Ae-
tuators A, 2008, 142, 19-27

Kim J, Sharifi F J, Kim J. Haptic feedback based on
physically based modeling for cellular manipulation sys-
tems. In: Proceedings of the EuroHaptics 2008, LNCS
5024. Berlin Heidelberg : Springer-Verlag, 2008. 661-667
Pangels S A, Roberts C, Rodgers P J. Haptic interaction

haptic framework for virtual delivery training.

techniques for exploring chart data. In: Proceedings of
the HAID 2009, LNCS 5763. Berlin Heidelberg: Spring-
er-Verlag, 2009. 3140

Cholewiak S A, Tan H Z, Ebert D S. Haptic identifica-
tion of stiffness and force magnitude. In: Proceedings of
the Symposium on Haptic Interfaces for Virtual Environ-
ments and Teleoperator Systems,Reno,USA, 2008. 8791
Sato M, Liu X N, Murayama J. A Haptic Virtual Envi-
ronment for Molecular Chemistry Education. In; Proceed-
ings of the Transactions on Edutainment I, LNCS 5080.
Berlin Heidelberg: Springer-Verlag, 2008. 28-39
Fisackerly S, Zadeh M H. Haptic-enabled virtual hand-
writing: multimodal handwriting instructions for young
students. /EEE, 2010

Li X, Srimathveeravalli G, Singla G, et al. A novel and
robust algorithm to model handwriting skill for haptic ap-
plications. In: Proceedings of the 2009 IEEE Internation-
al Conference on Systems, Man, and Cybernetics, San

Antonio, USA, 2009. 2912-2917



3 W AT RO/ NN R BB

[23] Basori A H, Daman D, Bade A, et al. The feasibility of [30] 3%, REH,FTZR. SHTHRERABEARRLET

human haptic emotion as a feature to enhance interactivity BHPATE BT, (B TR %3 ,2010,31(9),1921 -

and immersiveness on virtual reality game. In: Proceed- 1926

ings of the 7th ACM SIGGRAPH International Conference [31] EER,.ELH. ETRAES BN IR

on Virtual-Reality Continuum and Its Applications in In- HARFEE. WiEdEAR,2007, 26(11) :10-12

dustry, Singapore, 2008 [32] ChenJ Z, Liao W H. Development and testing of a mag-
[24] Reed M R. Development of an improved dissipative pas- netorheological actuator for an assistive knee brace. In:

sive haptic display: [ M. S. degree disertation]. Geor- Proceedings of the Active and Passive Smart Structures

gia: Georgia Institute of Technology, 2003. 89 and Integrated Systems 2008, Proc. of SPIE 6928.
[25] Ryu D, Moon K, Kang S, et al. Development of wearable 69281G. 2008. 1-12

haptic system for tangible studio to experience a virtual [33] BRZE. A EBREEFESEZERENSAZRE[HE

heritage alive. In: Proceedings of the 2006 IEEE/RS] TEAESC]. B R AR R AR 5 TR,

International Conference on Intelligent Robots and Sys- 2006. 23

tems, Beijing, China, 2006. 466471 [34] Muriuki M, Clark W W. Design issues in magnetorheo-
[26] Nam Y J, Park M K, Yamane R. Smart glove: hand logical fluid actuators. In: Proceedings of the Part of the

master using magneto-rheological fluid actuators. In: Pro- SPIE Conference on Passive Damping and Isolation, SPIE

ceedings of the ICMIT 2007 ; Mechatronics, MEMS, and 3672. 1999. 5564

Smart Materials, Proc. of SPIE 6794. 2007. 679434 .1-6 [35] Neelakantan V A, Washington G N, Wolf R K. Force
[27] Senkal D, Gurocak H. Spherical brake with MR fluid as feedback system using magneto- rheologicalfluids for tel-

multi degree of freedom actuator for haptics. Journal of erobotic surgery. In: Proceedings of the Smart Structures

Intelligent Material Systems and Structures, 2009, 20. and Materials 2002 ; Industrial and Commercial Applica-

2149-2160 tions of Smart Structures Technologies, Proceeding of
[28] Blake J, Gurocak H B. Haptic glove with MR brakes for SPIE 4698. 2002.509-518

virtual reality. IEEE/ASME Transactions on Mechatron- [36] Liu B, Li W H, Kosasih P B, et al. Development of an

ics, 2009, 1-10 MR-brake-based haptic device. Smart Materials and
[29] DaiJ Q, Song A G, Wang A M. Novel magneto-rheologi- Structures , 2006, 15 1960-1966

cal fluid damper for passive force/torque feedback. Jour- [37] ZER. BRFHEEITE Sk, b F4e

nal of Southeast University: English Edition, 2007, 23 KA AL, 2002, 198

(1).70-74

Design of a small force feedback device based on
magnetorheological fluids

Wen Ci, Song Aiguo, Wang Aimin
(Remote Measurement and Control Key Lab of Jiangsu Province,
School of Instrument Science & Engineering, Southeast University, Nanjing 210096 )
Abstract
The study aimed at existing force feedback devices’ insufficiencies in safety and dexterity, and designed a
small three-plate magnetorheological fluids (MRF) actuator for finger force feedback. A torque formula based on
the Bingham plastic model was presented, and the influences of the MRF’ properties and the actuator’ s structural
parameters on the torque were analyzed. The finite element analysis for the actuator was performed with the Maxwell
software. The actuator has a diameter of 32mm, a hight of 18mm, a weight of 120g, and can produce a torque of
260. 7N+ mm under a current of 1.2A | which is up to the force for a user to grasp a virtual object. A quadratic-
multinomial model without considering hysteresis and a piecewise linear model suitable for current’ s random chan-
ging and considering hysteresis were built. For the current changing ranges of 0 —1.2A and 1.2 —0A, the residual
standard deviations of the quadratic-multinomial model are 8.2N-mm and 11.2N-mm respectively,and that of the
piecewise linear model are 5. 9N mm and 6. 2N -mm respectively, so the piecewise linear model is more accurate.
Key words: force feedback device, magnetorheological fluids (MRF) actuator, finite element analysis, hys-

teresis, mechanical model
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