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Dextrous Manipulation Planning of Soft-Fingered Hands
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Abstract

A hierarchical planning strategy for dextrous manipulation of multifingered hands with soft
finger contact model is proposed. Dextrous manipulation planning can be divided into a high-level
stage which specifies the position/orientation trajectories of the fingertips on the object and a
low-level stage which determines the contact forces and joint trajectories for the fingers. In the

low-level stage, various nonlinear optimization problems are formulated according to the contact

modes and integrated into a manipulation planning algorithm to find contact forces and joint

velocities at each time step. Montana’s contact equations are used for the high-level planning.
Quasi-static simulation results are presented and illustrated by employing a three-fingered hand
manipulating a sphere to demonstrate the validity of the proposed low-level planning strategy.
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Fig. 1 Soft finger contact

£ Montanae) #HZuAA®L
L Akd we fEA4S A
7] -?’l't:)']-o:i ?—-—a—- §,]2-]/<]7].‘:_ 4]7}]3] &-7}31-2.

PN
b rfe
e
e
i
o
H‘
15
_1
L
}L
}N
b
L
b
_{

el oA =
A7y A, 33
Al 82 s &
Aot 4ZoA e v E
of & sie Aowde A=A #il?“
2+ 2o4dgs Azst 5d %
Aol HFANA =2,

>br

< ~
m]o

40

r—?‘-"

}' ,u.‘g
2

o

ofo

X

=)
-
K3
=3
=]
3

2. 28 AMe

o

o
ok m

w2 ok ma mlo BN

Aoz A FHeld Al £}
g AFHL TEH vy o 2AEF 9]
Fotod ol FotA Ak, wekd A +E
Age £rtz Fo AA/AA AH L Ié
FAE L EAo A3t TEE FUEAII7] A
Y82 dhe 4 £/ A& AAA L
ke 3kF A" F AR v RA =,
£ =tdAe £AE 2717 Asto dg st

o ﬁ
fe e

|.

i

(=

(2) €% 25 4D FAE A0,

(3) 4¥EFE FAL 4 b 4ZEIA A%
=g s,

W) AELFL FAAoln weid €rlee 5
dete FA @,

AsAE  A2Aolq A £Eo2 oplfE

2017

shAd BANY £74F B HA/A4 AL R

AEADE Hstode A2 £ A5
<+ €3 A%AEE(Fig. 2) (4 Zdd
AEH AAE JlEdr] Yol 4, £
uost €712 £ FIdolAe] FEAY =
7] st o BT BEE 4, ¥ F Ao
LHl g 7Ede HE ¢y A7
< Z 22 Montana9) Z,jiﬁl-j
& Montana®] #ZulgAe %
+5E A AEs glE F A9 HF
A9 4 7 Folxwl A2g AEAe 4

Uy
o |

do,

NF“
= i3]
°“.1...__5‘.=_.r3‘:3:.r-10

Emloﬁm4£nﬂ)r$lgom

N

lo
Or
=
JP‘

o

A = & 7 Aok (Fig. 3) o] o
AEHANAY ANEALE v, 0, Y AHIAEE
W, Wy, e FFA YA FE AT BHSE
7bete] A zv| ot (Jacobian) ¥ 2 Bk &)zt
B 39 Jlshety Yo 42 AAsA A,
SHEAE C ASAY 2R g &1 £
AEAA / AAA A dske 58 2

iy

}aﬁlzl 474101]*1 Flg 4o ‘/}E}"P

AL 4/2a5 49348 9/ 4x aoaou 2

o ARGAZA, £22AA G2 A=A, 9
3 455 4% 9 4vEe 2758 carM
At BA4 9 Y99 $2370¢ ARAAE AT

Y
co'n.ta,Ct
point
z (o3 .
Y4& fingertip
Fig. 2 The contact coordinates of the object and
fingertip
U ,
v Contact f’fv
oy Equations g
Wy ‘ e 1&

Fig. 3 The relative velocity and Montana’s contact
equations



2018

finger 1

7
finger k

1

palm

Fig. 4 A k-fingered robotic hand manipulating an
object

2A43% FelAa AREAEE BEa ok B,

oA 2gol ogd 4
59 A5E5el A AL PESE 5
a9 ohAS 4ol oj$ ¥ 2
WA £ZERA FELFol AT hRA} Ao
45 3ol Y PHHEL UT FAAA 2
& Al 2447 Solaka ek wetd AEE
sof webd SRl BAZ $YAAL TIAe
2t BAESE A 2EAU AY Yooz

FEA71A "ot

rir

A4 29 ASOGA% Bol AP
52 olfdld BE FEREF s g
432 Jehle Aol oi$ olglz shsdHes
228 2AT £AE FE e A &
Aol 4agulol A wigAsA ok welA,
AEEsol webd 2ol AFeE £ARVL o F
A sz AAste Aol wo BRdel QA Aok,

3.1 &/2HE HExAM
Fig. 59] =& ¥ S EAATA A
d5 Holch, Fist M A AEAA 712
+ F3to EAlol AdEe P waEdgo| o
79 ne EAAZAY FAANAN A FAFIHA
Ao fAuee} HEAd 45 oujdtct, HHA

CRETREEE 3

AdE

t7b @l A A (transpose) & el [T]=
[Fé MPeR™ 7} A /moiedeE ov|dd
2 8 o 2EE-FAAY F/20E FYYAHAL
o3t 2ol 29 4 Un,

ﬁe (1&)

i=1

—»

M.

#

M= M=

F:
pix i+ M;

(18)

=1

AQe e 7

1 g94ez A 249 4

A=
[T]1=[G][F] 2)
old [FIER™ = TAHEANY 2 d49 Y/
zoeden {G ]ER““"“ *&%74132— 4+
AAH e en ol UL 4 Yok,
(2] 1 [5] [0s] (5] [0s]
[G1= ([pl 1 ] [P [6) [P [Ia]) ®
old [L]9 [Os]€ 3%x39 w8l W ogeln

[PlE Aol =5 07l 3x39 E£FAH A
3 ¥ (skew symmetric matrix) o] g3 2L 3

NHE Bi=(Dix, bisw pix) 'S A A2 AA T},

0 _Diz Dw
(P]= Diz 0 —pix 4)

—Diy Dix 0

32 dERX=d

&rtet B3 EA49 Fulo] ME "HolAAY A
A %z HFo] d&Aolr| AqME 2EF F
S Auteke] Sx4 o] Folof &}, T.& &7
2 F3 A 39 FEHA Addxen 3§
o 7,2 AEE FAFY] AMA G4 00] sojof

Fig. 5 Modeling of a manipulation of an object with
soft finger contact



£zegA 2REL £ 2E4AY

Ta=0 (5)

A MY AR s &riete] asiad 3
& &riak 2 A8 sepetA g4

88 4 o, 2EE-EAAS 5
Eigs éia@dl*u Agsrg FAEe F
* FnE7d%d ok g,

Aye =3 ggdqiMe 2led 4 o
244 B3t A= e 49 sgx%utsoe
2 RYHE B3 Fot op%el )4 AR

RR=HA gAd F2 vded £ Yed
w Fe apder F&E 487 A84 3
Bae) ugkelojek sz ohE A o] e
4 itk

F.<0 (6)

2 1 {o 4

e

33 2Ze@H HE 29

A9 g 8o B AP ATER
HaEAALe APzxez wFstildn L£TEIAA
i Afolr FAHH WEY 2yeds A
WAE A% $IAE AT A A
Howe ‘5’(13)*}' KBO(H‘A o Fol A A @%J_}’

4 24e 3 £2=RA 45 299 B .
54 BANE U A4S vdYe 27 B
A?ﬁ}‘é‘}?ﬁ\ﬁ} M ) H?/({Hl—’a’}:_,‘ HI = ?"E.D;‘l "aé‘ L+

stdetn @ o F4H S vlEdRgetel A
e 28 B854 etd 4 ok (Fig

-—I”J——lif"nbz +~@——Lﬁn - <1 N

1E-8)

o]l #9’)' Momaxs 27 ﬂ}ﬁgﬂ]ﬁ;g}. Ho) W E

2
& Svjstn AEANA vlnyst 29 &

~—

/v-—lndq)mdem Foand M,
M&m
\\\\\ A

Torsionsl }—Eflipticat rodet
moaent No-sh;

M, n’gio:f N r—— Bxperimentl deta

P e
o N\ Linearized mode
Tangratiad force Fy Fons 1Fr

Fig. 6 Comparison of friction models and experimen-

tal results in {F,, M,;) plane

REREEH

2019

o} webdd A™ 9 FH4 "]1133

v AREE e AHLES

ol & of wAng BASK ALuct Y4 HE
azlel AAHEE AALE "I 3o

9, 7.5 Gng A4 vlmal 9 &

W AAdgat v ER e B bﬂﬁﬂ a9 B8] A

2718 ABAAE FAAE HUAEES Sl

3 2EAMNY 2y HASY A pot A Poe

AN 228 g Pol vehd F Q@

(e 2L ®

34 B/2YESY YUAEY W) BE
A=
MnuAEe Gk Ado BAYE suBSS
o spsbie s WANG ol oz s
wol 292 % 9ok

= “‘!ﬁt" 74 9

AEEol Yolhs A%ols AAHF o1y
s BAS SR P EYLAEY $3} 23
2 23 22 WA 4R 4 Aok,

‘m

Mn c Bash (10)

35 /ST BUS HuAFE HEgxY
g of 12t AA W £=

=

£ 5‘\’% ‘%EM #3} Adgee asg FH
ozl siniglA A7zl A% AFEFA
gastA Db, w9 B 2540 1na Red
AL sE FEEET 237 A3 00 sef
obslm B R5Alol 1o =il A Est “Fcﬂ
pof obd R L rtAk Hedl o[AL G
H5Fezd F42 5 gk

(e L) ao =



2020 A - HEE - ALE

B, B, BASE o AE5A A
23t Y/mdEg Ad 200% BAe $EE
W FEole el e Awws] Agel 4y
& WA ol AgsoiAokt weh FEAol
A8 Y/mrEt =3 5719 il 3lei
= 453} 5 —’5‘-2.1 Qg Faue FEag WA

7% BA7 el o4 ol

@ Hl%&éﬁ%% 3} e 354z vehy

+ et
'_q.ils imax 12)
| §1< g:max (13)
1§l < gimax (14)
|Fi|SFi.max (15)
| M| < M max (16)

0] U‘H {qimax, {imax, §i,max, Fi,mﬂx-q‘]' Mi,max{“ 12é7_}-
BY4E, DASE % A Y zaey

AT A7 ool

E  EER NPT

ol
Jot
filo

4.

1) FEI=o| e 543
PoSt Tor® A% 35 AR EAS}

et 2o FASEn o e ol AF
el mu/TEE Ree AR + ok

u&‘. b

= |74
Re= (‘I i}.-_l-t,a +_]_—|_77t,j )/2 (17)
zi).t i).t.folq' = Cb.n,ogl’ @»n.f%' 7'}'
o] EAot £71e o FEyAlel
Sxetn o oest 2ol BEAGIA

UE Re'® AT 4 Stk

= '&;"
Reo=5. TG, 72 (18)

neolth, 22™ Rerd Repol
ahe HFr=s EANT 5

N o= o=
d4eA G5 B 4
olet.

o ¢4 FErE

Re Rp?t BA goletdl A&zAde &4
FEolsh 2#" 42, 6), (6), D3 ADel A
g4

Rsrol 0013 Rgp7} 00l obd g Zhevksd A

Reol 00] obd #%g Zw
2L vlmg-ragold,
(D), (98 (11) o] AH-&-Hrh,

e} u]gla-/\:.;]Et:

Ra3t Rep7t FAl0l 00] obd & Zechd x
% 272 vlng-zder, a4 *—1(2),(5),
(6), (7), (8), (9), (10) & (11)°] A}&-==},

o)A HFALEAL FERcol Heby e
e 4l daske A48 BAz 44%9 £
et

find 4583 FAL=

Rep7t 00l2td AF
a4 A (2), (5), (6),

satisfying *—l( )4 B4

A5, 69 &A=

A1(11) 9 15‘/-ﬂ‘n B2 Az

A (12) 55 2 (16) 7= &) A A W4
]

£ A
£ A, 10

e A, 9 =&
LS

A7), (8), (9 (10)

A £4E A% H3AY YnFE B
#4 AEEEE 4he A dra

rir

o

2

>

\'"1\‘—4

Y

2

o

A4

oL T

4
H & L&
ol A L A o

Quy-sABsst dAHE Afle BE W
oA o om A 4 (8)¢ HAA o2 443
oA AR, 13 e 4(@8)e wlny
2R EEA AT BEHI] @Rl Aol AR
9 BEE A4 $AT 4 vl ¢ Hoh e
=9 WAL A As] dAe BA4EE
g3l AEREsl A HoE B FEE
=7 WAHA ga eludg-2dzes) ohety
A7 dolAn AEAY DA A, DY H Lol



&5 vlnad-sulncst WaAsR gokoiw A3}
Sy sﬂ% 27 S8 A®)¢ e 44T AA
3 EA7} Zojxm ASTAE ek wld o)
"ARdY J2ecs £33 Az 45 H3
LR

of srkete A8 TA7 B A, o
ARAN AEA} AAEEE 2T Ao o
%3} o] gebsleh, (Fig. 7)

[Step 0] 27] BHLEE olfatd HEEEE

HE H43 FAE -‘M 3 HAEE
F3ch, vlua-a2fRze H$dE
Halste A(8)T FAS el FAH L

2AE o

ul

O

B
fo oy o oS
@ o mo oft

[Step 2] ARl ALLEEE o] g3l HFE=

% o4 Wrbet, FERssh wAsHged step

Predict the contact mode with 4
No
Slide-spin mode?
Yes
Formulate and solve the relaxed Formulate and solve the
problem with deleting Eq.(8) corresponding problems
Re-evaluate the contact mode with d;
Yes

Contact mode changed?

No

Solve the complete problem including Eq.(8)

{

Y

'

Go to the high-level planning stage

Fig. 7 Flowchart of low-level planning algorithm



2022
12 7tn A&2est d3kA 93 sluy-23es
gl 4 (8) & A4Sl Z3AF L muy-LHE
cof g dAY FTAE E3 step3oz o
A&2Est W3 g vluy-2U2ex ofyz}
o 2 A step 3oz zbrh,

[Step 3] Montana¢] H&WAAE ol &3te 4
A8 dAE 5o o ADAZ e

4

5. A|Z2jo|Md A1}

Aoryl wiye) S-FHAL Holr] $i3le Fig. 80

HoAm e AT o] AMY £712HE 2= 2
Lol T8 A€ FAAE A FHoHY oz
AAEgch, o] o] Fig. 8¢ 2252 7 AAE9
33 Yojdc, 2EEH FAY A4 H AR
£.¢ 77+ Table 13 Table 20 weht Ueh, %
7l A EREA L EAEA 2qEHo] A
AHA AL 71FREA x2E FA22 Fig 99
&5 FAL 2+ FALETE e AT
AAstgdch, 1sec.dl ZgE A&7 Hsod 10
msec. b4 22 A|ZeHAE gl

|

*ru

Table 1 Specification of robotic hand model

No. of fingers 3

No. of joints/finger 4

Link length of each finger [m)]

L,:0028 | L;:0.062 | Ly:0.036 | L,:0.014
Geometry of fingertip surface Hemisphere
Materials of fingertip surface Rubber

Radius of fingertip [m] 0.01

Table 2 Specification of the object

449 4%

Geometry of surface Sphere

Radius [m] 0.03

Mass [kg] 0.2

Coefficient of static friction 0.90
Coefficinet of kinetic friction 0.80
Static torsional moment limit [Nm] |  0.007
Kinetic torsional moment limit[Nm] 0.006
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