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Design Scheme for a 6-DOF Parallel Haptic Device and Comparative
Study on the Singularity-Free Algorithms

e s oM YT ML B

(Hyung Wook Kim, Jac Hoon Lee, Byung-Ju Yi and 1l Hong Suh)

Abstract : It is known that parallel-type mechanisms have many singularities than seriaktype mechanisms. In haptic application, these singularities
deteriorate the system performance when the haptic system displays the reflecting force. Moreover, different from general manipulators, haptic
systems can’t avoid the singular point, because they are operated by user’s random motion command. Although many singularity-free algorithms for
serial mechanisms have been proposed and studied, singularity-free algorithms for parallel haptic application have not been deeply discussed. In this
papet, various singularity-free algorithms, which are appropriate to parallel haptic system, will be discussed and evaluated.

Keywords : haptic device, parallel mechanism, singularity, redundant actuation
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Fig. 2. Schematic diagram of bevel gear transmission.
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Fig. 3. Photograph of bevel gear set.
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Fig. 4. Kinematic leg structure of 6 DOF parallel haptic device.

HiR)Eo] glon 7z} pE7) AL ul
89 T8I, B (R )fﬂ% ol olE B9 T
TM)Z TAE AT Hp = A9 8719 319 T
717k 2 3% ek A g oot

HIO - XtS3t- AIARBE =2X 8 2 Al 12 S 2002.12

2t Tl T 4oldsh o] 4 A s9) Aew
FagEel glth 49 Ae F@e] B BECC,

m=1~3)7 49 TE/IMDE AABT)

a9 AE 9 B2 BACD, m=1~3)& 34
F57IMel AAs, FREoRE 49 TEIE] 2
Wk 52 WS B9 PEVIS] x y B 252
A BTk w3 A vhele) JEagoe Hue 3
$ol 4wt

M

F?.i
Mo dlo

she] 71E Al uigh At FEAY] AAHEE o
e I =
=% 312,00, 6,,6.), 0]

A7 k] A (x,,y, .z )2 71 FEA UiFh ke
ANF ek, 519 AT (6,.6,.0.) & el WoiZe
ofmjgict. et A WAL %, 3, z, 5 HE A
£39l FHE vehlle 2492 ZEE XdHER V|FE
Azve gl 52 AuARe) Hauge

[iR]=[Rot(%,8,) ] Rot (7,

s o] dojRit
2."7|7e / A7+
Anix oz BHEY Fxe o N9 A7 sivh E4
s A glok £ =EelM Ak 6 AR WEE @
A 47178 s ekl HsiMe 8 A e Eo
of gty webd, 7 ted2 F5@H(6s)l 3 JHe A=Y
F7kstol ¢ AriyeelE itk
7+ A 7Tkl A BAaARE o,
m=1~3)9] YAE2RE 7& 5 ed, & =22
Ao AxMEE due] f)A]et HLGJ——ET B 72 2
ok e e R, A Fr)yetsls

B

21

6,)|[Rot(z.6,)] @

ﬂllﬂl

A"D, m=1~3)2 HXF2RE 7& F Ark
3. 1 & 7|7t 22

:F_‘%"%].';gg] éi\_r(e )9’]' }\]—’l]r"] E‘—l‘—l—‘—(u)’] “']'7:“'-~ \’]'
ERRE 1 2 7]78HE d8F Al19(1% order Kinematic Influence
Coefficient)= TR} 7ro] dojzich ¢ HEH] A9 H

c=('c’, ¢ ), ®

2 R W, e e w9 AEde] AR ok
3 gol 2 4 an
mcz(mx(" "Ves mzc)r’ )

@ o] 9] (u, )9 G FARE 29 W2
74K 2) SR (v, )& AHE3H] Tt o] el sled

"C=u,+ "r., )



Joumal of Control, Automation and Systems Engineering, Vol. 8, No. 12, December, 2002 1043

o714, "r. =[,R] mrieeriee. o|t},
(58 Azl st vlEshd 49 AE5He] &% dEE
o537 o] EdEHk
C:il,+(x)><"'rc, 6)
AZIM, w B Gl . e T (@, 0, 0) . "t

("o "y ") 0T
6 B Fei2 vt o] & < ok

ne=["G . )
o71M, W ("G 1< S HE ae ®), (9% 2ol FoH
=3

100 0 " (")

["G]=[0 1 0 H{"r)
001 "rey —("'r&) 0
l'x:()'c,, V., Z,, @, @,, a)z)r- ©)
M) o A9 AEHY) SRuE ¢ o) 428

¢=[6¢]a- (10)

= HAY, 7| F HE WEzke] S e 9g
[G:1¥= (1) 7do] thepdl 5= glck

o= T [T [T |- (1

7k tele) AdARdel gk dab)TEke (12)9F ol 4

"¢ =[G5] "6, (12)

A714 "9, = m WA HEle) FAANS TR BAS
%

o] £ ¥Eeltt. 2zt theje] Aelrt BlBe] @
(12)27E o2} 2 Ut #4148 94 4 ok

"8, =[G ]"C. (13)
m ©] 1,2,39 Aol 13y 23 o] & = ik
6,=[Gr]c. (14
1714

o.-(%.] [w.] [aT) 15)

o)L

['e] o 0
[G}‘f’]: 0 [zG;e] o |- (16)
0 o [¢*]
ot

4, 7|78

B w=wolA Ak f53A9) 24 gl A9l &
FAAQ1e] 8k HEF(mp el s TEH A AL A
ot a9l AERA AL sHAIle] FUFE HA]9
28 7P HBs 4zt 13 HEr]7etes FE og
o] A7} FoRnk.

"D=["G5]"6, =["G5] ", an

A7, Ga1 S aBlE A A9AI shgiAIle] 1 A
71781 dgAlsole.

alglAIgle] Helrh WKe] YA A9l (1N Fwa
A2 olgste] ThA] Aelahy, AgiAIle) BuEls) 59
A2le] BANE Alo)o] 13} 7|78 BAF (18)7F o]
o,

"8, =["65]'["65] "0, =["G4] "6, . m=1~3.  (I18)

(18)3’;1?3 zt Ao FEWE(me, 1 "6, ,m6,, m=1~3)

AAALE AR #-(6,)E 7HY] EEdAE o 2
o] 7+& 4= glrh
0,=[G5]6, (19
A7 A,
100 (] 0
[ G”’] 0 0
) 0 100 0 , 20)
I R
0 0 100
316
0 0 [G"f’]n:_(m
0,=['6,'0,'9,%6,%0, %6, 6, %, 39] . 20
(9x1)

oI} (14)9h (19)=25E e FARFAe SEwA

- 6,=[ct]¢. 22)
2 g8 o714,

[6¢)=[as][e2) @

(0% 2 ddsh FERA FHu Aole] &
#= Thgat o) gejech

GA(éxl) :[G.AA:I“ @4

471A, [G#1=[GA1GE] ol

mhA], Al=Elo] H|Ho] ARl Ao 4= IAEE
53l o2} o] THELL

a=[G;]é,- (25)



1044

ol TAel Slatel Aeiadeiol o) 29 3t el
E5 B et Zo 714w

T
Tty Z[GMAJ({"(" L (26)

AT, Ty T T 1= 242 AR A ] 22 3] W]
s 75 Baold Rag w3 Ao,

m. Sold #x| YmalE
UG TxE AGGGelq Sol Aol
H4 e, Solde w3 sy s
S e 47 BAE 24NL $ 3
48y s Edoles ALALe] oa}

iz duelFe AHEE
| thAstel gtoh. shAR, WEd PR

P

e
T
2
o

1

r

0 :>£J:‘,
ro
k)
bl
[}

12 Ho
o
H’“L

o &

<
o

1o U O S S AR v
Ko = '
5 Az ok ¢
BT (j; !

oN T — o

o )
£ ;% i 2 g

S

T I
. An
o o

©ond 2
oft o
% <
) AJT
oX f(l
P 1
© k
ot
I
[*3

Jim
o

3§ sy Al2Hol
S(cy= R )4

(a) (b) ©

a7 5. BoldHe] £
Fig. 5. Singular configurations.
2. 50| R2olAMel slm duelE

£ =2olMe WA task-priority ¥312]5# damped least-
square ol tiste] Yol o]E WHEY JEFPX|9] Ho
A FAE sAsked d48] 2axb ). Task-priority 23l

F-2 Macigjewski et. al.[12]9} Nakamura et. al.[13]°)] ]3] A<t
HA, 717EHR0 AF 75 v Edole ] Alojd B85
ek Task-prioity 2a2)&e $HEY7 B A9l WA
Feata, 71 7E ARAFEE ol 8sle AT W
2 RS Fdshs WyoR, FolEsly, Yhagx e
W zbAle], AAlAle] Foll HEHo] stk B =M=
task-priority LIEIEE forceprionity LilE]EO0E A S}
HHY A Hold EAE sdsk=d 143t
- Nakamura 2| 202|F(13]

WA, [13]o14] Nakamura 7} A3 task-priority €8] E5-S
AEL 4 F97F =2 AFL A FBA T, erm

l

Mo - XtS3t- AIABES =2X M 8 & W 12 & 2002.12

2 JlEEa, A £d Re adde wad 99
T.. e R™ = 7]%%11_’} (26)-9~i‘tllE']. ;I_L%:_ :ﬂ';‘% T,eR" 9’]’
£ Y29 WAE et o] HEY

A7IM4, s iz A EY A9 BAES ofv|shs &z
H|ete] @AgFelt), 2 =FoMe £3 P& A A
£z, 8 EHEE TR $HEHE #e
egovt, Bl whet Aam|er FE S HMPY T AUk

AAA 4540 el sigshe 279 duksls oAy
FHE o]&ato] gt o] vepd 4 9tk

T, =T, +{I-JJ }z, (28)

A71M, g FEL g o At Eoely = TR e
Aol 21 e WSk 9delo] HElolth m, AYE THRE o]

b 2GS v o] V]sH
T, =J,T,cR™, 29)

A71M, s erm & 0)2F Ale 91 Ap=u|Qt gHo|t). o]
b 219 least square N 1, -1, & H28HE 2= o

&3 2ol Feixic 1],

z=[{1-5 ] {1, -0 T, (30)

whebA, 1, o] dRtalE ot o] EEHh

T.4 :JI'TMI +j: {Tuz _Jz‘]l“rul}+{[_J;J1}{1_j£jz}z : (31)
AZNM, Jo = il -siay o1tk
- Chiaverini 2] 212|&(14]

Aoz oAz)pste) g T W 7)1TEE Sol
A dneFel @ Bojdn e A 79 5ol
o] EAGTH14). 71781 SolPe the} e B9l A
719, 53] $2e] 5 o)At 2jle| Bolyelg} it

rank(J,) <m, T rank(J,)<m,.

AnelFel 98 Solde thad B Aol WUk

R ARJ;) =@ when my <n—m ET

NU)NNW) 2D when m, >n-m, (32)

717 el Bold e y)ete] e 73 o whea] W
A, daelsrel o3 Solide gmelse] SAd wet
A slelAL vl 4= Qlek SRRk, Selie) SR BAIRl]
Awksl 31)& Hold Aol E AHEE 4= glrk

Nakamura 9] el EAsh= L Fel o SoldE
Slell7] $18ked Chiaverini = (31)2 the-3t Zo] W sgich



Joumnal of Control, Automation and Systems Engineering, Vol. 8, No. 12, December, 2002 1045

(PR RSV RN AN ESTEN AN AT ENAVAT S €5)

Nakamura 9] ¢HiLE]FH31)& Gare]Fol 28 Kojdo] &
AR ARrAQl 9ol Adxt 2w} o)2}F =2 ofle)v) ¢l
1= BPAel, Chiaverini & Za2]E(33) xSl 23 5o
e QAR yur-0Y AEE Asa i o)At 2] ol
27} EAgi
- Choi 8| 2312|EF[15]

[15]o1M5= karef&oll 28k Soldo] §li= Chiaverini ]
Aa1e]FH33)S st (349 2 olxk Ay A2 E HA
slehe GaElHe Al

T, =T, +{l = LIS Ty {1 =S {1 - T30 )2 (34)

A7, g ow ) eItk PRl dEs ot ¢
& ko] A X| 8 EH(positive definite matrix)Z A B} 51
W=JlJ,+JIJ,+el >0. (35

(GH= F] 7t £ 9 AV wEt o3 Y st LAIEHA|
gk ekme]e] 9%t ol glojx|Al "k
- Damped Least Square 2YT2|E

SVD(Singular Value Decomposition)2] #Ae]x tha-3 7t
Al g4 ol distel, 36y wEsks dudd ..,

& Vi 7+ EABLAL,

A=UZVT, (36)
s 7h oheat e 2= @™o el u
[s
3=
0

4 BEe A& Y(pseudo inverse)= THETF #o] T 4
ATk

o 1o

}, S=diag(o1.-,0,), r=rank(4), €y

A=vsiu, 5o 0 (38)
0 0

Wampler[10]3= (39)2 1A= damped least-square 2 -S
HEZ Aekeith

4 =VI,U". (39

AN pxm WE 3,2 T Ak

s, :m s, :diag[ o _"_] (40)

2 2
o, +a o, ta

a7t g9 7P Je ke AfxH FE8] e AL
T, iz H2 % Sl(minimum norm solution)”} ©t}. X7} 0
o & uf grq ol AFHE 5,9 #E FVIRIL 5<a
ol 0 o FA3| 2} dle] A7) || « 7t T7HE
o et Bz gagth o e wael £3 ARt B

i

% 3

t P A9 FEEA AR 5 Aok

il

Iv. 2ojal¥

SolMelA WHHEY g A= 6 A= WEAEE
gapA At £ Bk ohvet B3 Fsphr] g
upebA, Aol FEst AP ME 4 EHvt #
< A9 A¥e= F BoRHHE 4 o7 2 A
o] Z-foll B3 Fsprt VA oA Adde] BTt &
A gojof gt} ARS2AR= 29 A wet 4 eHE AT
g A, & =RdAE 3 AREY @8 9A AYeR 3
Afee] RHUES o)af Ao JHsck

g ¥EL 3o 7R HEY FEAAY dEle
o] 7H4] Hold 33 dnEEs AlEHoldg Aol
HE1-& 5olde] opd fix|el|A 9] AlEeold AHEA HAt
FH[QF, Nakamura, damped least square G- 22|52 H-9-oll= 2
W7t Az vlssbd wREE wkel 2F0) ARk Chiaverini 9t
Choi o] &ae]F2 o] AYE A= BiE)] o7t &
gt

E2% Boldo] 1 59 Adeloxe] AlEde]d A
2A, o] 97wt 4394 2 A A1 o] H
FA Aolty. HAAHIRNY Nakamura ©f ¥H2jEE B
235 FAYAIF| A2 Chiaverini, Choi £} damped least square 2
FYFE A3 ARG A= Y s BT 59,
damped least square Y31E]59] 7ol o2} 24 <] o7t &
29 Ag & g 9tk
F32 Az=go] Addge AA AXNHIHE
5(b)) el A 2] AlE#E o] Afolrt E 229 A3}
ulz 7 2 A2 z8] ¢k Nakamura & da8]&EL B3
¥3E WAA|71Z] 7t Chiaverini, Choi 9 damped least
square Y1 FE AxF UG AFE ) 458 B
A3tk 9 Al damped least square L8] F2] Aol o]

A Aol et A2 A2 ¢ 5 Ak

o

2

K

1L 5ol daelEe vl (M50l H).
Table 1. Comparison of Singularity-free Algorithms : (nonsingular
position).
X Y Z Roll Pitch Yaw
Position | (¢m) | (em) | (em) | (Deg) | (Deg) | (Deg)

0.0 0.0 10.0 0.0 0.0 0.0

Desired |- 4 5.0 0.0 05 05 0.0
Force R
Method |- ooomoooio o Actuator Torque(Nm) __ |

Inverse | -3.958 | -5.035 | 3.122 { -6.376 | 0.836 | 6.376

Jacobian | 55 | 5o | 00 | 05 | 05 | o0

Nakamura [« ------f=-=----q---moodoomooo oo oo
0.5 0.5 0.0 0.5 0.5 0.0
0.513 | -0.568 | 0.224 | 0.018 | 0.289 | 0.649
Chiaverinif-------4-------q-------H-------4---- -]
5.0 5.0 0.0 -0.014 | 0.065 0.066
-0.527 | -0.669 | 0.27 0.03 0.257 0.71
[ B e B e e B A

SvD | -3.788 | -4.986 | 3.026 | -6.065 | 0.762 | 9.09

Damping | 5 4.999 0.0 0495 | 0479 | -0.003
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32 50339 ¢argFe HA(H Sa).
Table 2. Comparison of Singularity-free Algorithms :(Fig.5(a)
configuration).

X Y z Roll Pitch Yaw
Position | cm) | (cm) | (cm) | (Deg) | (Deg) | (Deg)
0.0 0.0 10.0 0.0 43.94 0.0

Desied | 55 | 50 | 00 | 05 | 05 | 00
Force
Method | owceozoeemano Actuator Torque(Nm) |

Inverse | -98655 | 4.565 | 47822 | -18820 | 47820 | 18820

Jacobian | 5 o 5.0 0.0 05 05 0.0

Nakamura f-------q=n-sosoqrmmmmodnrom oo o]
4.999 | 4.999 0.0 0.5 4.999 0.0
-0.242 | -0.488 | -0.044 | 0.146 | 0.269 | -0.039
Chiaverini f-------9--=----q-=-----q-------q-------d-------
5.0 5.0 0.0 |-0.0885]| 0.0347 | 0.0
-0.242 | -0.629 | 0.015 | 0.206 | 0.209 | 0.021
[0 e e BT B Ll EEEEEEEE SREEREEt

syp | -0.245 | -4.529 | 0.993 | -0.183 | -0.766 | -0.358
Damping | 5003 | 4.999 | 0.003 | 0.497 | 0.035 | -0.002

3 5oy dxElEe vlayIH 5b)).
Table3. Comparison of Singularity-free Algorithms : (Fig.5(b)

configuration).
X Y Z | Roll Pitch Yaw
Position | (cm) (cm) (cm) | (Deg) | (Deg) | (Deg)
856 | 0.0 10.0 0.0 0.0 0.0
Desired |56 1 50 | 00 | 05 | 05 | 00
Force

Method Actuator Torque(Nm)

Inverse | -2781 | 5741 | -13.94 | 737 | 0.895 | 045

Jacobian | 59 5.0 0.0 05 05 0.0

Nakamura f-------4--=----q-------q-m----mfom oo
5.0 5.0 0.0 0.5 0.5 0.0
-0.145 | 1.101 -7.33 3.79 7.56 3913
Chiaverini f-------1-------q-------q-------qommmmo oo
5.0 50 0.0 -0.9 0.023 | 2.843
. -0.155 | 2.083 | -6.71 35 6.89 3.592
[0 Y e EEEEEEEE EEEEELEE REEEEEEE EEEERERE ehihbiil

svD | -1.294 | 1.6082 | -5.15 | 273 | 04 | -0.22

Damping 50 5.0 0.0 022 0.23 0.128

# 4 Solysly] duyFe v 5(c).
Table 4. Comparison of Singularity-free Algorithms : (Fig.5(c)

configuration).
X Y Z Roll Pitch Yaw
Position | (cm) (cm) (cm) | (Deg) | (Deg) | (Deg)
0.0 0.0 10.0 00 | 4394 | 00
Desired | 54 5.0 0.0 0.5 0.5 0.0
Force
Method f-occocoaaoo Actuator Torque(Nm) |

Inverse | 0.379 | -0.572 | -0.159 | 0.448 | -0.430 | 0.465

Jacobian | 5 4 5.0 0.0 0.5 0.5 0.0

Nakamura |-----~={-------4-=-----{---mmmo oo

Chiaverini f-------f-=-----J=======Jenrmssedormammnd ]

Choi  f--vm---d--- R M S PO e DU SR

SVD 0379 | -0.572 | -0.159 | 0.448 | -0.430 | 0.465

Damping | 5o 5.0 0.0 0.5 0.5 0.0

HO - XS3t AIABES =240 Ml 8 & Ml 12 & 2002.12
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Inverse Jacobian
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Fig. 6. Torque 2-norm variation near a singularity.
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