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Kinematics of Grasping and Manipulation of Curved Surface Object
with Robotic Hand

Chang-Soon Hwang

Key Words: Robotic Hand(2% &), Fingertip Surface Grasping(¥27}2 B 3}X]), Fingertip Sur-
face Manipulation(£71 EH Z3}), Curved Surface Object(FAFr=3B &), Inverse
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Abstract

Kinematics of grasping and manipulation by a multi-fingered robotic hand where multi-fingertip sur-
faces are in contact with an object is solved. The surface of the object was represented by B-spline
surfaces in order to model the objects of various shapes. The fingers were modeled by cylindrical links
and a half ellipsoid fingertip. Geometric equations of contact locations have been solved for all possible
contact combinations between the fingertip surface and the object. The simulation system calculated
joint displacements and contact locations for a given trajectory of the object. Since there are no closed
form solutions for contact or intersection between these surfaces, kinematics of grasping was solved by
recursive numerical calculation. The initial estimate of the contact point was obtained by approximating
the B-spline surface to a polyhedron. As for the simulation of manipulation, exact contact locations
were updated by solving the contact equations according to the given contact states such as pure rolling,
twist-rolling or slide-twist-rolling. Several simulation examples of grasping and manipulation are pre-

sented.
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4 fingers
3 links per finger (total 12 links)
4 DOF per finger (total 16 DOF)

Fig. 3 Shape of multi-fingered robotic hand and fin-

gertip
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Fig. 4 Finger configuration
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(a) Contact by
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Fig. 7 Procedure of grasping

6) BRI B-2Eatal
2 =EoA F4e FEZEAE
A EA &% 52+ Fig. 700
e 2ol olFo}T 4 qlok
end & extend) W3 o]9] o] <71t
930 <7lee Sz Wk
o &7he HARY EAE T

i

E7]2 3}

= 49E

<A

>
ng fo T
H o 4c K
r4rr o2
£

m!o oy
24_:'

3) &rtes
L A
n

4) o]FH

i7t A3o 58e ¥
Fh.

SR e BE7A S 3

o =
"l_j—v

2219 94, 27) R ge] 2o B, 7
A Aol o o) e £k BA%D
4579 948 78 5 Aok
32 TXel of 258t

shAe) o e rE
oA retete] 287t Y
s A0l

S EICERT S
SRS D]

321 fEI B-AZziol 2H

£7h2e) 4% RET BRY B-2Sd
| REHe JHEAE Eok Fig 8ollM A%
3 B-2Zee Tee] Y2z A

I-l1. re=r

finger = 7"ol:.ject

3

Ay

Fig. 8 Contact of cylinder and B-spline surface

I-2. (tyn) =0
I-3. (tyn) =0

ot o7 1., = £71E 9] AEPoz
1,01, 6,9 gl -31()q (4))7 Tobject T = €A A9
HEHLR u, v 1, by, ty= u, v FF
o B-agetel 3dg A Ny =z
or(u,v)

T T e

u, v Fol3, = es FAY AL g F
= zA]Z_,] H}sk Wl gl 2 91_,] ko1 g0l (/11' (3)),
b5 g TS B8, ne 2B Y4 WEE
b1, 629 TTol (4] (30)), 1L HEANM g

@)

oAl W& a9 WM Errekel 71 FH (ry) 7}
A9 A, c= 959 NHo), C; = cosh;,

S; =sin ;o] 2kaL FHot

S1
[81 €2 63] Sl Cl 0

1
0
0

g =
0 0 1
= e;1C1+ex5 3)
Ttinger = TFHIlgten
= ¢((e2Cy —€151)Ca+e3853)
+l(e1C1+e351)+ry 4)

A%7 BAERY =R FoE 27 L2,
138 B-aEorel 3U) HA WEl(r, t)5)
A9 A A8 (n)7h A2 FLehed 2 Wel g
WAl 9 R, AT A A7t 4 (30)
olm g

((tu'ez)cl——(tu'81)51)02+(tu-63)32 =0 (5)

((tv-€e2)C1—(ty-€1)S51)Co+(ty-€3)S2 = 0 (6)



2R

rh

o o & A2

A 22 4 ), OA4 0 278 0
A A2 erd A (7)€ Aok 221 4 (5)o)A
Al (8)E A "ok o714 A (7), (8 )\_ u, v9]
Baolg}

) (7)

) (8)

Py = (ty-e3)(ty-e2)—(tu-e2)(ty-€3)
Q1 = (tu-es)(tv-e1)—(tu-er)(tv-es)
Py = (tyre1)S1—(ture2)Ch

Q2 = (tu-es)

Al (5), (6)olA 2709 6,7} FE A= A 2R
Tty & £, 9 tyxnd] U X2 F(linear combi-
nation) 02 THY 4 Jleng 4 (5), (6)<
ZE 2 uE 72 1719 6,8 A2 & 9
Hohe 27 12 95% B-2gekd 9
o] FRAE AL AR, 4 (4)E o 3

2 sha

61(u,v) = arctan (

82(u,v) = arctan (

Sy ol=

(u,v ) = l(6101+6251)+rf Topject
+C((6201—-6151)CQ+€352) =0 (9)

ol Hr}t. 4 (9)x(e1C1 + e251)& st 1S
AASY T2 2Ly, v HE AL A
.

Fz(u, 'U) (elcl +6251)x(r.f b]ect)

+c((e151—e2C1)S2+e3C2) = 0 (10)

A (10)° HASA 219 el BB (A
A)olAlwl, 2 FollA 2709 Alo] £ Folr}.
mebA S YA 2 AolA FAHAAA P
o7 u,va T'Q'—r‘ ;,l_—l—’. 91, 92, %ﬂ—,@(’r‘c)i
Qo At} £rlee] 4% Ny} BAje B-AS
el 34 pEve) HEBAE 2L Yoz
2T Atk

3.2.2 ERX| A B-AZe2lol 2o
&7tehe] e B2 248 B-2E
9 2gse) Y2EAE Eot F
A B-AE TUY HEZAL

A A H 22| #B

r-{o
JS‘—
153

€3

finger

contact
point

Fig.9 Contact of ellipsoid and B-spline surface

II—]‘ Te = fznger = robject
II-2. (tyn)=0
II-3. (ty'n) =0

olth. A7IA 7y .= 71 1Y FEHe=
01, 02, 038 BT (A (12)), ne LA
WA HEZ 6y, 6, 639 ol (4] (31)), 65
£ BHAIE Yels WANS, bt BheA
z,q\dg.] A&2A7129 X WH,de= 9% &
£ 4ol q, b BHEAY F&3 DE9 WA
olt}.

C; -5:0{|10 O aCs
h = [e; ez ea] S1 C1 0]]0C2 —S2| | bSs
0 0 1|08 C; 0

= a(e1C1+e251)Cs
+b((e2C1—e151)Ca+e352)S; (1)

= ry+dg+h

= a(e1C1+e251)Cs
+b((e2C1 —e151)C2+e353)S3
+d(e1Ch+e251)+7¢ (12)

nlm

T

SJinger

A9 B-2Eeel Tue] Aok 27 1I-
2, [[-32 B-AZ2}9l Zwe] 2 AA e} g
A7 WA Aet A2 Amse Ao,
AR WA AE7} 4 ()olmz

a(((tu-e2)Cr — (tu-€1)S1)Co+ (tu-e3)S2) 53
+b((ty-e1)Ch + (ty-e2)S1)C3 = 0 (13)
a(((tv-e2)C1— (to-e1)S1)Ca+(to-e3)S2)S3
+b((ty-€1)C1+(ty-e2)81)Cs = 0 (14)



6 o

o] Ech Al (13), (14)91A] 638 A ATt 6,00
dia AFejstd, A (15)8 =k 22 4 (13)
oA 4 (16)8 2A "ok 94714 4] (15), (16)
£ u v, 69 5ot

09(u,v,61) = arctan (g) (15)
3

6(u,v,0,) = arctan (g) (16)
4

Py = (ty-e1)(tye2)—(tue2)(tyer)

Q3 = ((tures)(tv-e1)—(turer)(tv€3))Cy
+((tu-es)(to-e2) — (tu-e2)(to-€3))51

Py = b((ty-e1)Ci+ (ture2)Sh)

Qs = a(((tu-€1)S1 — (tu-€2)C1)Ca— (tu-e3)S2)

Aot 272 1112 8§94 9 B-2&34d F
ol FRAL Ze AL g, 4] (12)E W5k
e 3 2L u, v, 6,9 HE YAHAE
2+t

F3(u,v,01) = a(6101+6251)03
+b((e2C1 —€151)C2+€352)S3
+d(e1C1+e251)+T5 T, =0 (17)
)2 o)X =7} 370 Q1 Wl E] A Aojng =
Q1 3 A FAHA A PYHOR u, v, 6,
T4, 0, 05, AER(ro)® dojAth
o] ElgA FE2F EAY B—’\nﬂ'c\’_‘ =

1 (17
=
q.
].
1 88T JERAE 2L PUOZ F S g

e

t7}%}91 4E FEHX A HEF2 HL W
] 99 72 4gstn 450 7o F&009
1 & 5 dok £71=e] BEA 22 2 A
£ gL ger & 4 9o

[*]

>

Fig. 10 Parts of B—spline surface

A
w

33 HEZH Sl sy

B-2Zz9 IWL Fig. 109 1(Winge
TH)F Zo] ¥|EE FE A (non-multiple knot
values) -,——.—.»}— Fig. 109] 2(27l2¢ _‘?_/\-]E])
£} o] X A H(multiple knot values)
o2 Ug & Atk 4} F5& 1
3te] dojz A3 A wWE(knot vector)”Zt
{0,0,0,1,2,2,3,4,4,4}3 A%, &7 1, 37 2
o] &5 o] YetA G vS5E AR B2
A B-2FeQ THe v d5H5A 0] RAH
1, 830,249 Zo] FEH Ury:= %%
AR RN B-aZH FHEY n R A%
Aol 2AHA gt (4 dvidos B-~F
2l UL HFE FF FEA FAH 9
7hd&A o7 Wy df2o R3] Qv B4
o] H1, ZE FY REA HA A7 EA
LA 02 A7) WEol 23] Y= FAol &

¢

o B-sgohdl S0 FIEAE ATHE 7
-,—, Fig. 103} Zro] n|5& AF BByl =8 3

A REoE Ul 42 ot Uk
B-2~Z2}gl =9 o) ] ] AR BHOo 7} o}
Aase) BFoz (2E-2)AA 6 o
A0 A" 4 (10), (17)9 ¥4 dY
‘3]'73‘ A8 dulA o 2 Newton—raphson 43}
S FH A YpHog T 4 Al o
“ﬁ o] £ A A2 g} Aol 7t E 2 7] A9
e AlEEHE AR A5 Aol Ik of
2287 98 S 2e e 2

1.,<:o
o
),

2y ozl
)
mlo

-
rot o
o

(T Rt N
;

Stepl. B-2Zg¢ ZHE 29 9 Ho
2 89 ttdA A polyhedron approxi-
mation)Z w}E ) (Fig. 11).

Step2. THAA 2AH= A4S YYolnz A
£ Qe A& 00g FojM u, v 27]A
E A3k 453 tpaAY FFole v
7L 2T S o, 271929 45| 3

Fig. 11 Polyhedron approximation of B-spline sur-
face



true value

Fig. 12 True value for contact of cylinder and
straight line

L. . " true contact
initial point point

Fig. 13 True contact point of cylinder and B-spline

surface
e u, v, 01 y
%
initial point true contact

point

Fig. 14 True contact point of ellipsoid and B-spline
surface

Aotd Ao g ThEAl 2A] BAE A
3 T o] FEA o] "ok whekA &7
Ao AFH ol FE AR} MY FL
20 AEA, AEAE7MH L, ERAA o,
vo] 271X 8 AR (Fig. 12).

Step3. 2A A u, v8] 27X & AAY
7 o) vlRs7] wi&ofl, Al (10)A X
AMAAYL YR u, v HE 7T & AU
o} (Fig. 13).

Step4. B-2&2}] IR0 £/ 94§ #
T A&t /M3 AAPA R, F&
ol &7t A 496 e B¢, 9
APy, v, 0 Z7|AZ A (1)L X
Moz EH u, v, 6,9 E FT F Y
t} (Fig. 14).

n

3% Ay RIA AP
WA T W A%

=2
%40 B A e

w T

it e C Il
EAT 9 (0) (Mo HE 2T & Ak
BaZoel 2Us 5% AW YEIS A%

2A9 BA 2 23] BY 259 7

[cylinder & straight linel

Step 1,2

cylinder & cylinder & cylinder
B-spline surface| [ B—spline curve & point

Step 3

contact location
Step 4

[ contact with ellipsoid |

END
Fig. 15 Algorithm for grasping

=
N
tf
k)
re
k
:

PR EE PR
g 2ET 32 24 30
o=

2, 3% 27 $2

Wel g4 Beje} B2

FEERERED
2d4d 35 ARA%
SERECECRLE

¥

AR U™

Sy A ol
(5
o i‘n
o H
if
=

0,

>,_I
iy~

H g

de P
Lo

ot Ml 2
o >
i 2w
MR '
ro

=

)

1

ﬂd
v
2
lo
|.m -

27

.I]E rol
<
2
2

o
oo

LM

to e 41 e o Uld ]
ok

%

;1

(3]
oo~ g
N, Mk

&
£
_[Bli I‘E -Ea

tlo [

helA 2AR Hp)
g

—
57—7 U, v, 01"‘ 5—7]

4

o B ol

= N R

9 27139} B-2E2Q FQe
Hlastel, 9EH B-2Fe 3
A5} B-2Z e} FA9 4

&

il
mlm _Ihlt o
e oy o

S
N
ozi—\.i
@y
_v.

o

A= B—/‘\ni} F99 HEL u, v
Z?lxlﬂ 3% 43 GE YA 3Rl
u, v 7| ANA A% B-2~&% ] =
o] AEFE EoiA u, v, 0 B FEH(re
2 3}
5) 9% B-2Z2d FAY HEL u, v
Z71A Foll g gl $8 A ¢ vx
3} Zrola Bk Zro] FE A A thE gkl 4
Soltk. WS- ul s A RS he F
% A7 2ol DAL B2 B TUg
~gehel o2 Y2ty Aoy o
% FAWAE © 6,0 27 A AEH
B-2Zehol 349 FEE FoA T B

r

vr
&r



8 3

d4, 0 L ASA(ro)e HE FE

6) 95T B HHL u, 09 27N 55
AT O MRS g Aol u, 08 F
= 7ol Y B-2Ze F9 99 A
2 75n, A A AHE FoIM 6,9 3
g Tk,

7) 2 AN £ AZAEEH AEA
A2 Al FHA £718Y A% £ED
231 9e7h £7ie B 22T Y
£33 YE7HE o) BorEh

8) €712l BLUA $ 2T PSS B9, B
AR A& L FolA AAY HE T
ALY 2710t 95T FRNA 2L @
2 A8

n
Zo] £A)
pIERE
A2 5 4 £S5t AR BRE I, &
Ae 2225 e KA B2 St
F9 AFEI BADT00 B RN T
EAY 9 4 e uay oA r&vkE
o 247 R &Y oo, 8 FIE 2
zZte] q 5 &% FAE RV 2 gt
EA19 2o A3 9 ¥FETE 7] ABA
A9 A L 3o ATAY A3H(v L™
M)A dry, §0,7F B3R, 23 A FHA o A
o B A @ B (ru;, Bw,)d 22 F8
FolMe B9 9K D FH(ru,, Buw,)S A

,..
K
30,

Fig. 16 Velocities of contact points on finger and
object

%

2
uy

3 X ZH(linear interpolation)dte] AjAd g}, (15)
SR 2Ao s BAE 2% B9, &7
o] #HEzte] ¥istd &7 F3 A9 JFFA
ol o]FtaL, EA S N E o] WIHH £
A A9 HEPo] o] 5 &t Fig. 169} 2ol £
Ak 2T At €74 B2 N2B(rp) )
)EEHEE 7y, BA HEH(ry) °ITEEE
Tw, e A EEE wy, rpd] A 5
£ w,, 742 A% W2 ., BA A 3
SHE rey, T, B )TEEE 1oy, 7o,
AT JIFEEE o, ol2hT BT, €712 E
d e HEH S5 (ve,)9 BA 2E A9
W23 SE(ve, )k
Ve; = TftweX(re, —Tf)+Te,
= Jag+re, (18)
Vey = TaptWap X (Tey —Tw)+Te,  (19)
olty. o7IA  &FE BEZY AL
2(q), €718 #a 7139 FHAEE(wy),
Jacobian(J,)&

q = (‘il;(iz;"“;q}n)T (20)
wyg = 81G1+82G2+ - +8mam = Jsq  (21)
Ja = (81X (re—71), - smX(re—7yg)) (22)
Js = (817827“';3771) (23)

O]_T’_’ Ja E §R3Xm, JS e m:ixmo‘ r’]- :LF’]—T’— m\—?.'

&7t ARz (@29 $), six Al BE 3
Az W3 A, rie Al E71 F329 7&E
A,i=1,2,---,mo|ct} (Fig. 16).

Fig. 173} Zo] A& & et 2 EAY 4
&5 o2 o] destA ERE 4 o

T}, (0)

1) Pure rolling -&%

twisting twisting

2-DOF

3-DOF
(a) Pure rolling (b) Twist-rolling (c) Slide-twist—rolling

5-DOF

Fig. 17 Three types of contact motion



2% &0l 42 A439 BAY HA L 22 B L5 9

2) Twist-rolling &%
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Fig. 18 Normal vectors
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590 25 et AL st B2 S AEs,
P43 AEENEFoEZN HE LS
Y%A 2R3 4 YEE 3} Pure rolling
L5 A, 2, 3, 4 #E &, Twist-rolling &%

2. A2, 3, 4 ¥E g, Slide-twist-rolling &5

A4 BHE ALV 22T £71e] QA
o2 WE A% 2L 5ol AAA HA AP
1% 97 ol EAE A

+E5e ¥ 7
A (regrasping) o2 XN &7t AAE HHE
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v @
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Object orientation {deg): R,(15.0,36.0,126.0)

Object position [mm]: T»(—8.0,0.0,16.0)

Joint displacements [deg]:

a1 = (—40.0,29.9,0.0,87.8) gz = (~10.0,75.1,0.0,36.3)
s = (~35.0,75.7,0.0,8.7) ga = (5.0,70.9,0.0,52.8)

Fig. 19 Grasping of vase
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E o7} 55 [mm], F77} 20 [mm| AFHA |
o AL, 2, 3, 4 &7 747 SHlee] 2
Z 9, AF 9, 4Z of], LEZ ot YA
a8y e 74 A3l F

1.
=
al,

3 7heteltt.
A A2 o) o9 2T kol mekA
gee BATZE AZL £ Uk 34 9
20] o] 93] BFL Py, Py, RE 27 E
P9 3 AZL o, P9 YAES 45 R
H%e z30]th09

)
2

6. AlSelo|Mel of

6.1 SXe| mx|of 25t AlEal oM

A9 AlEH|HL FEAHD 2AE H
Aste] z+ &71e 3o AEL € AEH
AR E 7ol Aolvh AL JAUET F
o] FHE-E Str}. o] FWE T,(ts, ty, t.) > FHE
9] %]_;goﬂkl To, Yo, Zo% yako g Fd d tz, by,
t, BF o) 53 Aol I, B AUF Ro(ry, 7y, 72)
S FEZ FAAA 2o, Yo, 2.5 WF2E 7
Zt 1y, 1y, T, B 3 A AoTh AN z,,

Object orientation [deg]: R.(—171.0,0.0,6.0)

Object position [mm]: T,(7.0,6.0,9.0)

Joint displacements [deg]:

a1 = (53.0,16.1,44.8,0.0) g2 = (—57.0,32.5,31.9,0.0)
gs = (~28.0,75.9,0.0,50.5) qa = (32.0,75.3,0.0,48.9)

Fig. 20 Grasping of curved pipe
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Fig. 192 3} 2 ¢ EXAE 3R oot}
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FH9 FEE AL AL &7 AL, 3
g3, 23 A2 3, 4 €71 A2, 3 Y=
£ Ag5ted SR} ey #AFRE
PyP,—P,—P, 22 Q7] £7125} fALSE 7
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Fig. 202 7HeH7t ESS g2 3 2P &
AE AT oot 9% B-2F8 Y,
AEHB-2EQ] T, etdA 9} B-2Z ekl
T FES AT AL 2 742 AL,
393, a3 A3, 4 €71 A2, 3 ¥=2
£ A&t SHA ). Zh ey P PR
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229 AlEd o] AZA] $1A 4 e
He] 2239 95 € A BEAE 22
S wjg] Z &7 Pao] FEZ G HE2H
H3E Fake Aotk EAlY 94 ¢ 9k

(3)°
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(a) Initial

(b) Final

Initial-final object position [mm]:
T,(10.0,10.0,45.0) — Ty(—9.0, —8.0, —10.0)
Initial-final object orientation [deg]:
R,(0.0,0.0,—5.0) — R.(-13.0,0.0,15.0)
Initial-final joint displacements [deg]:

q1 = (75.0,0.0,0.0,24.7)

gz = (85.0,0.0,0.0,25.3)

gs = (85.0,20.0, —20.0, 18.5)

g4 = (70.0,0.0,0.0, 23.7)

4

q1 = (80.6,11.7, —42.5,65.2)

gz = (105.3, —82.6, 83.8, —20.8)

gs = (54.1,1.5,7.9,66.2)

ga = (62.7,21.1, -21.4, 53.9)

Fig. 21 Manipulation of vase

u, v ol A EA A9 HRA(ry)E T4
2.2 W3etal, o] T Ty(ts, ty, t:)S HEFR
0“}‘1 Zw; Yw, zw'-i‘T yEgow Z]'Z}' tz, ty, t; o
=1 o]%s}% Z‘]\O]_’_ﬂ_, ﬁ%ﬂ‘?‘ifﬂ' un(rz;ry,rz)‘\of
HEZAA 2y, Yu, ZwS o g 247} rp, Ty,
r, BE 3 AsE Aotk A7NA zy, Yu, 2uFH
< EA RFE 1A FEFolnh

Fig. 21 319 29 24§ 238 o ot
Xﬂl {":'7}'%}'% %@‘?'}—7}' PxPy_Py"Px, }bh:ﬂ
A &8 % o| Pure rolling 5], A2 €7}
-2 PPy, —P,—Py, Pure rolling &% |1, A3
£ 7182 PPy —Py —Py, Purerolling &%-0] 11,
A4 £71ehE PPy —Py —Py, Pure rolling %
otk BAE ASAFA F2 2 Y

Fig 22& s=W e 278 238 o
olt}. A1 €7} PP, — Py — Py, Slide-twist-
rolling -&%-°|31, A2 &7} PPy —Px—Px,
Slide-twist-rolling -*%°lx, A3 <7182

(a) Initial

(b) Final

Initial-final object position [mm]:
T,(0.0,0.0,20.0) — T3,(0.0,0.0,20.0)
Initial-final object orientation [deg]:
R,(0.0,0.0,0.0) — R.,(0.0,0.0,10.0)
Initial-final joint displacements [deg]:
a1 = (55.0,0.0,50.0, ~10.4)
g2 = (565.0,0.0, 50.0, —10.4)
gs = (45.0,0.0, 35.0,51.8)
qs = (40.0,0.0,35.0,62.6)
4
Regrasping(new joint displacements):
gs = (50.0,—1.2, 30.0,39.0)
qa = (50.0,—1.3,30.0,48.0)
4
q1 = (55.0,0.0,50.0, —0.4)
q2 = (55.0,0.0,50.0, —24.9)
g3 = (50.0, —1.8,43.2,8.9)
qa = (50.0, 1.5, 40.5, 28.5)

Fig. 22 Manipulation of irregular ball
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(a) Initial (b) Final

Initial-final object position [mm]:
T,(10.0, 10.0, 40.0) — T (—20.0, —20.0, —20.0)
Initial-final object orientation [deg]:
R,(10.0,0.0,70.0) — R.,(—10.0,0.0,20.0)
Initial-final joint displacements [deg):
a1 = (75.0,15.0,0.0, 8.9)
q2 (15.0,80.0, 15.0, 10.9)
gs = (0.0,70.0,0.0,15.4)
qas = (0.0,20.0,70.0, 38.5)
4
= (71.1,43.2, —44.2,26.3)
gz = (15.0,70.3,2.7,79.6)
s = (0.0,63.9, —64.3,64.1)
g+ = (0.0,20.0,70.0, —12.5)

Fig. 23 Manipulation of curved pipe
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