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0O A Sample List of Hand Prototypes:

The salisbury Hand (1982)  The Utah-MIT Hand (1987)
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e KUS Hand (1993) Micro/Nano Hand
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”The hand is indeed an instrument of creation par excellence.
Chaptel Rodin (1840-1917)
Multifingered

Hand "
Modeling and
Control

Introduction
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O Lessons from Biological Systems:

Chapter 5
Multifingered
Hand
Modeling and

Control % of motor cortex for hand \
Introduction COntrO].:

ey®
e’e\'\d 2 gace

Human 30% ~ 40%
Monkey 20% ~ 30%

Lips

x Jaw—_
S 0M9u 3
Dog <10% oung . 527
\\l\ac"‘i\c‘\@' M

Medial Lateral

Goal: A manipulation theory for robotic hand based on physical
laws and rigorous mathematical models!
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5.2 Grasp Statics

O Contact Models:
Frict%onless Point Contact (FPC)

x
Xi,x; =20 j\/
P
9po

Point Contact with friction (PCWF)

ie>
I
coco~oo

Grasp Statics

Xi, Xi € FC,'

[=lelelelg
[=lelel )

e
[
coococo~

_ 3. [2 2
FCi={x; e R : \ [} +x7, < pixi3, %3 > 0}

pi: Coulomb coefficient of friction




Chapter 5 Multifingered Hand Modeling and Control
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Soft finger contact (SFC)

L 0 0 0 friction
151
Fl = 00 0 0 Xi, X € FC,
00 00
0 0 0 1 object
Grasp Statics surfaee
Elliptic Model:

FC; = {x; e R*x;3 > 0, \/—(xll+x12)+ 2 X7y < X3}
t
Linear Model: l

FC; = {x,eR|x,3>0 #l\/x +x12+y—|x,4|<x,3}

uir: Torsional coeflicient of friction
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F; = B; - x;, x; € FC;, B; ¢ R®™i: wrench basis
Property 1:

FC; is a closed subset of R, with nonempty interior.

Vx1,x, € FCi, axy + ﬁxz € FC;, V(X,ﬁ >0
O The Grasp Map:

Grasp Statics Slngle contact:
_AdT p - Ry 0 G = AdT ;
F, = Adg;clipl = [ f’oc,»Roc,» Roci ]Bzxnxz € FC;, G = Adgﬂquz
Gi

Multifingered grasp:
k

X1
Fo= ZGixi - [AdgTocl—lBl’ ’ "’AdgTock—lBk] [ x:2 ] o

i=1

XGFCéFcl X“'FCk CRm,m: Zmi
i=1
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Definition: Grasp
(G, FC) is called a grasp.

Grasp Statics
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o Example: Grasp map of frictionless point contact

0
F = R, 0 1 '_[ g, ] S0
o f)ciRci Rci 8 %= Pei X g Xir Xi 2
Grasp Statics 0
B e c. N 2
= Fo= [ Pq ><1”Cl pckrll(ck ][ X ] - o

F,eR% x> 0.
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o Example: Soft finger grasp of a box

0 1 0
RC: 1)

0

r

=
S
I
O=NO Cor oo O

Grasp Statics

olo
| S}
<
8
8

r

<
—_OoO V— OO
S
) ‘ /
z I}

| S

>
Ny
Il

SOoOoOoOoOH—
SOoOoOoO—O
SOoOOoO—OO
—OOoOOoOoO
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Grasp Statics
x=[ %1 X2 X3 X4 X210 X2 X23 X4 ]ERS

FC = FC, x FC,

Lo s 5 2 -
;(xi)1 + xl.)z) + pieXyy S Xi3, %320 ¢,i=1,2
i

FC; = {x,- e R*
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O Friction Cone Representation:
FPC P,‘(xi) = [x,-]
iXi3 + X X;
POWE Py(x) = [ Pt o2 ]

Grasp Statics F 1 i) = [ xi’3 + x.i’l/‘ui xi,Z/‘ui _jxi,4/.“it ] > i ==
SFC Pi(xi) Xip/ Wi+ jXialpie  Xig = X1/ pi / :

P(x) = Diag(Py(x;), . . . Px(xx)) € R™™ (7 = 2k)

x= (2 oxm)’ = (1o x]) € R
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5.2 Grasp Statics

Property 2:
p,=PI,p=P"
x; € FC; (or x € FC) < P;(x;) > 0 (or P(x) > 0)
x; € FC; < Pi(x;) = S?+Zj":1$]ix,',j20,81i :S]i,jzl,...,m,-
——
=0
x€ FC < P(x) = So + X7, Six; ZO,SiT:Si,i:I,...,m
s
Let Q(x) = So + 7, x:S;, ST = S;, then
——

=0
Aqg = {x e R™|Q(x) > 0} and By = {x e R"|Q(x) > 0} are
both convex.

18
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Proof of Property 2:

For PCWE
— 2 2
O'(P,') = UiXi3 £ xi,l + xi,z
Thus,
x; € FCj = x;3 > 0, /X7, + xi2 < pixi3
Grasp Statics
=3 O'(Pi) >0
< P; >0

Furthermore,
Pi(xi):[ (1) 91 ]xi,l+[ (1) (1) ]xi,2+[ b ‘81. ]xi,3 U

Exercise: Verify this for SFC.
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O Force Closure:
Definition:

A grasp (G, FC) is force closure if VF, € R? (p =3 or 6), 3x € FC,
s.t. Gx=F,

Grasp Statics
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5.2 Grasp Statics
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Definition: internal force
xn € FC is an internal force if Gxy = 0 or xy € (ker Gn FC).

Grasp Statics

Property 3: (G, FC) is force closure iff G(FC) = R? and
Jxn € ker G s.t. xy € int(FC).
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5.2 Grasp Statics
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Proof of Property 3:
Sufficiency:

For F, € R?, let x' be s.t. F, = Gx'. Since limy_, oo "ﬁ% =xN €
int(FC), there 3o/, sufficiently large, s.t.

Grasp Statics

! l4
x:{ﬁ € int(FC) c FC
= x =x+ a’xy € int(FC)
= Gx=Gx'=F,
Necessity:

Choose x; € int(FC) s.t. F, = Gx; # 0, and choose x, € FC s.t.
Gx, = —F,. Define xy = x1 + x5, Gxy = 0 = xy € int(FC) O
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O Solutions of the force-closure and the
force-feasibility problems (P1&P2):

¢ Review:
Proposition: Linear matrix inequality (LMI) property

Grasp/Statics Given Q(x) = S + Y12, %51, where §; = S,T, [=0,...,m,thesets
Aqg = {x € R™Q(x) >0} and Bg = {x e R™|Q(x) > 0} are convex.

¢ Review:
LMI Feasibility Problem:

Determine if the set A or B is empty or not.
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5.2 Grasp Statics

¢ Review:
Convex constraints on x € R™ (e.g., linear, (convex) quadratic, or

matrix norm) can be transformed into LMI’s.
X1
] xz[ ; ]20<:>diag(x)20
Xm

m ForAce R beR" deR,

T (CTx+d)I Ax+b
|Ax+b| < C x+d<:>[ (Ax+B)T  Clx+d >

Grasp Statics

¢ Review: Condition on force-closure

Rank(G) =6
xy € R™, P(xy) > 0and Gxy =0
Let V = [vy, -+, k] whose columns are the basis of ker G

XN = Vw,weRk
P(W) = P(VW) = 25;1 W[S[, Sl = SlT,l: 1,.. .,k

24
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& Review:
Proposition: Given Q(x) = Sy + X1, x;S;, where S; = SIT,
[=0,...,m. Letx = Az + b where A € R™" b e R™, then
Q(z) = Q(Az +b) = 8 + X1, 2181, where §; = 8],1=0,...,n

Theorem 1:

Grasp Statics

k
(G, FC) is force-closure iff By = {w ¢ R > wiS >0} is
I=1

non-empty.

e Force feasibility Problem

Gx=F,=> x,=G'F, (may not lie in FC)

——
generalized inverse
x = G'F, + Vw,span(V) = ker G,
P(w) = P(G'F, + Vw)
k
=S8y + Y, Swi, where §; = sf,i=o0,...,k

1=1
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Theorem 2:
The force-feasibility problem for a given F, € R is solvable iff

Ap(w) = {w e R¥|Sy + £, S;w; > 0} is non-empty.
¢ Review: LMI Feasibility Problem as Optimization
Problem
Grasp Statics Q 2 0 <~ Elt S 0 S.t. Q ar tI Z 0
<t _Amin(Q)

= Amin(Q) 2 0

Problem 2’: mint

subject toQ(x) + I > 0
If t* < 0, then the LMI is feasible.
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0O Constructive force-closure for PCWF:

~ e, ... Mg, B kio
T G=| po'xn 1 py g | FCO= (xeRx>0)
Hand G(FC) = R® < Positive linear combination of column of G = R®

Modeling and

St Definition:

Introduction

B V...,V v; € RP is positively dependent if Ja; > 0 such that
2 avi=0
B V),...,Vk Vi € R” positively span R” if Vx € R”, Ja; > 0, such
. that ) ajv; = x

Grasp Statics

Kinematics of
Contact

Grasp

Planning Deﬁnition:
m AsetKisconvexif Vx,ye K,Ax+ (1- 1)y € K, A € [0,1]
Lo m Given S=vy,..., vk, v; € R?, the convex hull of S:

co(S)={v=Yav,YXa;=1a;20}
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5.2 Grasp Statics

Property 4:
Let G = {Gy, ..., G}, the following are equivalent:

(G, FC) is force-closure.

The columns of G positively span R?, p = 3,6

The convex hull of G; contains a neighborhood of the origin.

There does not exist a vector v € RP, v # 0 s.t.
Vi=1,...,k,v-G; >0

separating
P g
hyperplane

28
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O Surface Model:

c:UcR?> >R c(U)cS

Kinematics of
Contact

. cfe, cle
First Fundamental form: I, = | "% * v
P C,Cu C,C

ytu v+
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Orthogonal Coordinates Chart: c,f ¢y = 0 (assumption)

2
c 0
- [ 1o B

0 Jel?
Metric tensor: ” “
_ Cy 0
Kinematics of Mp - [ 0 HCV” ]
Contact Gauss map:
N:S—s":N(u,v) = ﬁ =
u v
2nd Fundamental fornle . 5 5
1, =| ™ C”V], - -2
P [ cZLnu C?fl’lv out T ov
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Curvature tensor:

cTny c My
_af-T -1 _ llcu? lew|[llevl
Ky = My M = | Tl el
e £ Telle]  Tol?
» e auss 1rrame:
E:]et:litus of B Cu ¢ n B xT Ny ny,
nzl=[ a1 a1 7 1= | Jr |[7aT 7a7 ]

Torsion form:
T[ X X
L=y [ Tl Ter ]
(M, Ky, Ty ):Geometric parameter of the surface.
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o Example: Geometric parameters of a sphere in R?

z

Chapter 5

l‘,J\w,‘:\‘\‘wl.muuu‘ p COSUCOSV

Modeling and c(u, V) = || (pebiiny

Control pSlnu

Introduction U:{(u)v)l_% <u< %,—7‘[<V<7‘[}

—psinucos v

e ¢y =| —psinusinv
atics o
Contact PCOSV.

\ —pcosusiny
Hanc _
Kinematics CV_ pCOSMCOS‘V

0
Planning .
srasp Force CuCV :(1)
)ptimization 1 0
0 tan v

. - | - M= | T=[0 =]
p—— [0 %:I’ 0 pcosu | P
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0O Gauss Frame:

Kinematics of
Contact

Zoc(t) € SE(3)
b _o

oc * -

sy ]

T T
x x el 0 .
dc 5 _ T Y _[ Ma
=—=a= [« c o= 0 c =
]aa [yT][u 2 [0 \Iovl\][o]
T
T
0

T
T
] xL 0 xTy xTz
d)oc = R};CRDC = }/T [ x y z ] = ych 0 y z
Z7 2%
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Kinematics of
Contact
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0O Contact Kinematics:

pi €So = pr(t) €Sf

Local coordinate:

Co - UO c RZ g SO
Kinematics of

Contact Cf : Uf C RZ - Sf

ao(t) = co' (po(t)) K

ar (1) = ;' (pr (1))

Angle of contact: ¢
Contact coordinates: = (ocf, a0, ¢)
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Rotation about the z-axis of C, by —¢ aligns the x axis of C; with
that of C,

cos¢ —sing O s
= Rey; =| —sing —cos¢p 0 ,pcocf:()eR
Kinematics of 0 0 _1
Contact

X, Jf
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5.3 Kinematics of Contact
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Define Ly(7):
At T =t, Lo(7) coincide with the Gauss frame at po(t)
Lg(7) : coincide with Cs(t) at 7 = ¢ =,
Violy = (Vs vy, v2),
wlolf = (wx, w};, wz),

Kinematics of [ w; :I: ROHlng VeIOCItleS

Contact
v . o
[ vy ]: Sliding velocities
v, : Linear velocity in the normal direction

Lly = Adg, V of + Velocity of the finger relative to the object
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Define:K; = RyKoRy :Curvature of O relative to Cr
K + Kj : Relative Curvature.

Theorem 3: Montana Equations of contact

g =M (Kp + Ko) ([ 0y |- K] 35 )
Kinemaicso o = MR+ Ko) ([ 0y ]+ K

lj/ =W, + TfoOCf + TOMOdO

v, =0
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5.3 Kinematics of Contact
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Proof of Theorem 3:

Vﬂf =0
Vi = Adg,;if Vi + Vi = Vigg,

Voco = Adglglco ol, T Vloco = Vloco

Kinematics of l
Contact I 0
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5.3 Kinematics of Contact

(1). At time t, Plf =0 lecf =1 = Vlucf = Vlulf + Vlfcf
Ri, O
(2) Pc off =0= Vlocf 0 RT uCu + Vcocf
Cng
RE. 0
= Vlglf + Vfcf = 0 ! RT Voc, + Vcocf
CDCf
0
{inematics of R 0
Eontactt : Pcocf = 0 = VCDCf = 0 RCDCf = [ OW _1 ] = ngCf = [ 1(l)/ ]
_ 5}(
Vi Mo
Vlglf wfc ’Vfcf :[ {)f ]
Wy
Wz
[ 0 —Tfodf
. KiMro
wfcf TfoOCf : 0 fAVIfOf ]
—(Kfo(Xf) 0
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. 0 —ToMa, :
Voc, = [ Mooao ] > d)oco = ToMyito OT KoMoa,
_(KoModo) 0
‘ | Myay v ][ RyMod

Linear component: [ A ] + [ 7= [ 0 ]
S KeMyas w, 1 [0 Ry KoM,
Comaer [ TyMjdi ] [ Wk T f,), | Mg,

= Theorem result [

Corollary: Rolling contact motion.
iy = MKy + K)o | o = MR,
(Kf+K) [ :IW Tfo(Xf+TMOCO
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o Example: A sphere rolling on a plane

pCOSMfCOSVf
cf(u,v):[ p COs Uiy sin vg ] i
psinus
wn =[]
co(u,v) = o
Kinematics of 0 O
Contact 1 0
0 0 P
K=[9 0 ]’Kf—[ 5L ]
P
1 0 0
Mo=[o ¥ ]M=[ 6, s
To,=[0 0],T;=[0 -, tanuy |



Chapter 5 Multifingered Hand Modeling and Control

5.3 Kinematics of Contact

0 -1

i’f sec Uy 0
iy [=| —PsinV lw,+| —pcosy faw,
{{0 —pcosy psiny
v —tan us 0
Kinematics of
n=an) wx +(n) @y (*)
——
wi(t) uy ()

Q:Given 79, 7, how to find a path w:o[0, T]— R?
so that solution of (*) links 7 to 7;?
A question of nonholonomic motion planning!

43
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8po = &, (01811, 811,81,
Vpo = Adgf: foi + Adgl:O Vlfi lo,

Ad,

1

oo Voo = Adgt Vi + Vi,

Hand T _
Kinematics Bl Adgloio VpO - Adgfiloivpfi

.
Ji(0:)0;
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5.4 Hand Kinematics

BlTAdgloio Adgﬁllol ]1(91)
. Vpo _

B{Adgl% . Adgﬁcllok J k( Ok ) [ 9 k

G" (1) Vpo = Jn(6,x0,1)6

k
0=(6,...,0p) eR",n= Z 1, Jy € R™": Hand Jacobian
=1
Definition: Q) = (G, FC, J;) is called a multifingered grasp.
Hand

Kinematics finger contact object

Jh, el
velocity = . — b
) T v
domain P
force
i
domain - — - =
Jr G
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5.4 Hand Kinematics

Definition:
A multifingered grasp Q = (G, FC, J;;) is manipulable at a
configuration (0, x,) if for any object motion, V), € RS, 30 ¢ R"
s.t. GV = J10.

Proposition:
I is manipulable at (8, x°) iff Im(GT) c Im(J,(6,x0))

NC 2

force closure not force-closure not force-closure
not manipulable manipulable not manipulable

Hand

Kinematics

46
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5.4 Hand Kinematics

Table 5.4: Grasp properties.

Property

Definition

Description

Force-closure
Manipulable

Internal forces

Internal motions

Structural forces

Can resist any applied
wrench

Can accommodate any
object motion

Contact forces fy which
cause no net object
wrench

Finger motions On
which cause no object
motion

Object wrench F; which
causes no net joint
torques

G(FC) =R?
R(GT) € R(Jy)

fv € N(G) Nint(FC)

éN (S N(Jh)

GtFr e N(]E;)

47
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o Example: Two SCARA fingers grasping a box

e Soft finger

Multifingered

Modeling and 0 1 00 1 0 0 0

Control 0O 0 1 0 0 0 -1 0

- el 1 0000 1 0 0

ntroduction = —r 0 0 0 0 +r 0 0

Grasp Statics 0 0 01 0 0 0 -1

Cnematice o 0O +«r 0 0 -r 0 O O

Hand 1000 S

Kinematics 8 (1) (1) 8 L P \ . )

Planing Bi=10 00 0 Sy gl
S 0000 e
S 000 1 / = ,
Coordinated 0 S1 r 5
Control Rpo = I’ppo = [ 2 ] b | b |
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5.4 Hand Kinematics
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[ Ju O ]
L 0 J»
0 0 0 1
Jiy = -b+r -b+r+hcg -b+r+lc+hep 0
Modeling and ! 0 llSl ZISI * 12512 0
( UIHVU] . - 0 0 0 0
Tl [ b—r b-r+Dhcs b-r+he+lczs 0
T, = 0 0 0 1
Grasp Statics 2 = 0 —1353 —1353 - 14534 0
Kinematics of | 0 0 0 0
fland The grasp is not manipulable, as
(I’I\I;;‘H\::Hw 0 0 0
- 0 0 0 0
Grasp Force 8 (1) (1) 8
G" ol=l o |€ Im(J4), O, = " E On, = 0
1 0 0 0
0 0 0 1
-1 0 0
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5.5 Grasp Planning
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O Bounds on number of required contacts:
Consider PCWE, let

00

™M
I

A® ={[ p.%n,, J|eiez}

be the set of all wrenches, where n,, is

inward normal.

Definition: Exceptional surface

. The convex hull of A(Z) does not contain a neighborhood of 0 in
jann R?.

Planning

E.g. a Sphere or a circle.
Theorem 4: Caratheodory

Ifaset X = (v1,..., ) positively spans R?, then k > p +1
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5.5 Grasp Planning
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= Lower bound on the number of fingers.

V1 V1 vy
VU2 VU2 V2

(a) (b) ()

Figure 5.11: Sets of vectors which positively span R?.

Theorem 5: Steinitz

Grasp
Planning

If S ¢ R? and q € int(co(S)), then there exists
X =(w,...,v) c Ssuch that g € int(co(X)) and k < 2p.

= upper bound on the number of minimal fingers.
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5.5 Grasp Planning
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Table 5.3: Lower bounds on the number of fingers required to grasp an

object.
Space Object type Lower | Upper | FPC | PCWF | SF
Planar Exceptional 4 6 n/a 3 3
(p = 3) | Non-exceptional 4 3 3
Spatial Exceptional 7 12 n/a 4 4
(p = 6) | Non-exceptional 12 4 4
Polyhedral 7 4 4

0O Constructing force-closure grasps:

Grasp
Planning

Theorem 1: Planar antipodal grasp
A planar grasp with two point contacts with friction is

force-closure iff the line connecting the contact point lies inside
both friction cones.
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5.5 Grasp Planning
53

Theorem 2: Spatial antipodal grasps

A spatial grasp with two soft-finger contacts is force-closure iff
the line connecting the contact points lies inside both friction
cones.

O Idea: construct a quality function:

&1
v/'a_[ock

Grasp
Planning

]ERZI"»R

with computable gradient such that the
optimal solution of y is also force clo-
sure.
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5.5 Grasp Planning
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O Grasp quality functions:

Two-finger grasps (Hong et al 90 & Chen and Burdick 93)

1 2
E= 2 [ X(aa) - X(a)|” \g _—

Grasp
Planning
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Three-fingered grasps of spherical objects

£ = (1 (00) = Xao) 1 X @) - X(ato)|
~((X(am) = X)) - (X(a) = X(@)))?)

Grasp _

Planning

Problem: not general w.r.t. no. of fingers and object geometry
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Max-transfer problem (Ferrari and Canny 92)

Qo = (a1, )"

(d0) = min max —
g0(d&,) = min max —
[Foll=16x=For [ x]
P(x)>0
Finger force x Object wrench F,

56

Grasp _

Planning

Problem: Computational difficulties.
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Min-analytic-center problem:

Analytic center x*: min log det P(x) ™!
(Boyd et. al. 1996) *
st. Gx=F
P(x) >0

Interpretation: the grasping force x which is farthest from the
boundary of the friction cone.

Grasp
Planning

A: Task requirement
Interpretation: optimize worst case analytic center.
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O Simplification for real-time optimization:
Center of FC: L = {&t|€ = (0,0,1,--,0,0,1)T, ¢ > 0}(PCWF)
L={&[E=(0,0,1,0,--,0,0,1,0)",t > 0} (SFCE)

Solution set: Aff = {x|Gx =f,}
x* ~ the intersection point between Aff and &———

x* ~ #,
VETGTAGE
k
. §'GTAGE
Grasp I//(‘XO) ~ log %
Planning i [l

Note: Optimization of y; leads to antipodal and symmetric grasps,
respectively.
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O Simulation results:
o Example: A 3-fingered hand manipulating an ellip-
soid

m Minimize y(d,)

@ COS Uy; COS Vo;
C(ay,) =| bcos usin vy,
€ sin Uy;
c=3a=3b=3

Grasp
Planning
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m Initial contacts (not force closure)

ao = (0,0)T
a2 = (0, n/4)T
ap3 = ()8, -m/4)T

Grasp
Planning

Advantages of the quality function approach:
m Objects with arbitrary geometry
m Arbitrary number of fingers

m Ability for real-time contact points servoing
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O Grasping Force Optimization:

Other Applications
Optimal force distribution for multilegged robots;

Force control for cable-driven parallel robots

Grasp Force
Optimization

Legged robot parallel robot

61
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O Wrench balance constraint:

Gx=Fy=(fors. s foe)) = Tr(BiP(2)) = foiri=1,...,6 (%)

Qp is convex (intersection of a convex cone with a convex hyper-
plane)

Sketch of Proof for ()

[ & &
R s p(x)=| Tt ]xl + [ Lo ]xz
0 0

+ X3+ + X, m = 3k
0 0 S,

Si:_(l) _01]’812:[(1) (1)]’3%:[%1 {/(1)1]

Gn - Gm X Jor
Gx=Fy = : : [ : ] = :
Ge1 -+ Geom Xm fos

Grasp Force
Optimization
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Tr(BiP(x)) = f
5 ’Bl = “., € RkaZk
T _ 0 B{‘
r(BsP(x)) = fos
Tr(BlS)) = Gy by - 1222 =Gy
2by =G
e = Ga B[ g {2 ]y T
Te(BiS)) = Gis bu + by = #_113
1 G G
o= O G E ]
Eh 5(72 - Gn)

Grasp Force
Optimization

The rest of Bj,i = 2,..., kand thus B,j = 2,...,6 can be figured
out in a similar manner.
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O Wrench balance constraint (continued):

Qp = {x e R"|P(x) >0, Tr(B;P) = fo,i=1,...,6}

Qp is convex (intersection of a convex cone with a convex hyper-
plane)

Grasp Force
Optimization
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Configuration space S, = {P e R™"|PT = P, P > 0}: Riemannian

manifold of dimension M;D
T,ST, = {&e R™"ET = £} = §": n x n symmetric

matrices.

Euclidean metric (,): T,SY, x T,S}, = R", (& 1) = Tr(&n)
o Example: $*, = {P e R**[P=P",P >0}

_[ Pn P 2
{P_ [ Pl p2 ]|P> 0} < Py > 0,PyPy — P4 >0

Py 5
= {PlP > 0} = P, |eR
Grasp Force 22
Optimization ln R3

TpS?, = {B € R¥?|B = BT }: vector space of dimension 3.
< B,C>= TI'(BC) = buCu T b12C12 iz b12C12 T b22C22

2_ 2
Dimension of §": "5 + n = ">

Py > 0, PPy — P%Z > 0} open set
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5.6 Grasp Force Optimization

o Example:S" =T & T+

Assumption: {B;},i=1,...,6 are linearly independent. By
Gram-Schmidt process, orthonormalize the B;’s if necessary.

Thus Tr(B;B;) = | Li=j
0,i # ]
Let T = {5 € §"|Tr(Bin) =0,i=1,...,6} be the subspace of
constrained velocities, with dim(T) = n(n +1) - 6 (dim T,;Q)
T* =span{By,...,Bs} (T,Q)
Property 6:
m O(P) is a convex function

m (), is a convex set

66
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LetQe S", bes.t. P= Q% P(t) = QeQ Q7 satisfies:

P(0) =P,P(0)=¢&

= D)) - 5| o) ~mcH-Tey

where the second term follows from:

—| 1 Pt =——| 1 P(t
& ogdetP™(t) s ogdet P(t)

y (logdet Q + log det Q8 )

t

Grasp Force
Optimization

Tr(Q'éQ™h)

loge
t=0

Tr(Q'éQ ™) = ~Tr(Q Q™) = ~Tr(P'¢)
=0

t=0
d
dt
d
dt
d
dt

t
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= VO (P) € §" is defined by
TH(VO(P)E) = DO(P)(£), VE € 8"

= vVO(P)=C-P!
I1:5" > T:VO(P) » Vi®(P)
6

Vr®(P)=C-P"' - yB;,
i=1
yi = Tr(B;(C-P™)),i=1,...,6

Grasp Force
Optimization
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Constraint subspace: T = {5 € S"|Tr(Bin) =0,j=1,...,6}
6
Euclidean gradient: Vy®(P)=C-P '~ Z yiBi
i=1
yi =Te(B;(C-P™))

0 Computation of D*¢(P):

Consider the curve P(t) = QeQ 72", P(0) = Q* = T, P(0) = 7.
Then,

D*¢(T)(& ) = D¢(P(1))(§) = Te(I 40 'y), Ve, e 8"

Grasp Force dt |i’_0
Optimization -

and D*¢(P)(&, &) = Tr(T™ér ™€) > 0,VE+ 0
= ¢(-) is a convex function. Define <« &, 5 >>,= Tr(I'éI' ')
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Using line-search method for the optimal o

Grasp Force
Optimization
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O LMI Model:

P=Py+Pix;+-+Pyux, 20

Grasp Force

Optimization Elimination of linear constraints G- x = F,

x=G'Fy+ Vy,y e R™"6,GV =0
P:P(y):PO+P1yl+"'+P1n—6ym—620

71
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Choose F; s.t. diag(P;, F;)’s are linearly independent for
i=1,....,m-6(eg Fp=1F;=0,i>1)
m Solved efficiently using Interior Point Algorithm

Grasp Force
Optimization

Polynomial-type algorithms w.r.t. the problem dimension (i.e.
m-—6,n)
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O Initial Point Computation:

[HTLO0O]

mine!z = Zm-6+1(e =[0--0 I]T)
subjectto P(z) =120

F(Z) = P() + 13121 + ---Pm_6zm_6 +1zy 61120
Solved using the Interior Point Algorithm with initial point z =
s T [0, ~Amin(Po) + B]T, B > 0.
Grasp Force > > min 0 >

Optimization
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0 Algorithm analysis & evaluation:

Property 8: Quadratic convergence property

d(Pg.1, P*) < d*(Py, PY)

. platform | 1o fiteration | SUN Ultra 60, UNIX
algorithms
Algorithm 1 (BFM 98) 5 2s/1000 times
Algorithm 2 (HHM 02) 6 3s/1000 times
Algorithm 3 (HTL 00) 2 2s/1000 times

Grasp Force
Optimization
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O Coordinated Motion Generation:

Kinematics

gpo = gpfl gftlft .glilu,v .gluiO

-1 -1
Vpo = AdgﬁOfoi + Adgzo,-o Vlfiloi

fot = Adglo,vo VPO - Vlfiloi (*) \

Coordinated

Control Vpﬁ = Adgf, Ioi fol
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m Grasp optimization

Vop, = Adg, 0Vpo — B, [ w;; ]
constraints

m-[§ 88408

m Contact equation

wi ~ .
[ o ] = Ry, (Ko, + Kz )Mo, b,

m Grasp quality measure

Coordinated

St m Optimize F(+)
bo = —AVg(a,) = ~AVEGTAGE, L € (0,1)
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O Control System Architecture:

Desired object velocity Vl‘fo

Desired object force £
Suitable grasp quality o

Coordinated

Control
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Coordinated

Control CoSAM2 - A unified Control System
Architecture for Multifingered Manipulation
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O Coordinated Motion Generation:

Input Desired object velocity Vji, € RS
Sensors Tactile sensors
Output Fingertip velocity V. € RS

Constraints
-Rolling/finger gaiting (non-slippage)
—Force closure

Coordinated
Control
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O Grasping force generation:

Input Desired object force £ € R®
Sensors Tactile and contact force sensors
Output Fingertip force x € R"™

Constraints -Gx = F¢
-x € FC

friction

cone

Coordinated
Control
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0 Compliance Motion Control Module:

m Input Fingertip velocity V;;,i eR®
from the CMG module and desired
fingertip force F¥ from the GFG module

m Sensors Contact force sensors

= Output total finger velocity V. € R

foi = V;;.FKQ(F?_F;”)

K., € R®"®: Finger compliance matrix; F/": Measured force.

Ve = Adg (1) Vo + Adg, (1) V1,1, (i i7) + Ka(F{ = F")

Coordinated

Control —_—— N—— ————

Object motion Grasp quality Object force
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O Inverse Kinematics Module:

m Input Desired Fingertip velocity V;ji e RS
m Sensors Finger joint encoders
= Output Finger joint velocity 6 € R"

m Constraints

Vs = J;:(0:)0:,m; < 6

—Collision constraints

ém]}{r} (]ﬁéi — Vs Q(]fiéi - Vpﬁ))

Coordinated

Control SubJeCt to <9i, MG,) < 0(2
1/1(9,) + DI//(O,)G, <0
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O Implementation:

Coordinated
Control

The three-fingered HKUST hand
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Microprocessor control system for HKUST hand
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@ A Capactive Tuctile

l Sensor with 16516
M Tactels and Tty Signal

Conditinimg Board

Coordinated
Control

Tactile sensor and signal conditioning unit for HKUST hand
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HKUST HAND HARDWARE ARCHITECTURE

Coordinated

Control HKUST hand hardware architecture
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HKUST-Hand system Sensors

Coordinated
Control

Manipulation: single Experiment 2
finger and two fingers ~ 3-Figured Manipulation
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