Movie Segment

Catching Flying Balls and
Preparing Coffee: Humanoid
Rollin'Justin Performs Dynamic
and Sensitive Tasks.

Berthold Bdauml, Florian Schmidt, Thomas Wimbéck, Oliver
Birbach, Alexander Dietrich, Matthias Fuchs, Werner Fried|,
Udo Frese, Christoph Borst, Markus Grebenstein, Oliver
Eiberger, and Gerd Hirzinger.

ICRA Video Proceedings, 2009.

Catching Flying Balls and Preparing Coffee
Humanoid Rollin'Justin Performs Dynamic and Sensitive Tasks

B. Baumi, F. Schmidt, T. Wimbdck, O. Birbach', A. Dietrich, M. Fuchs,
W. Friedl, U. Frese', Ch. Borst, M. Grebenstein, O Eiberger, and G. Hirzinger

Institule of Robotics and Mechatronics
German Aerospace Cenler (DLR)
berthold baeumi@dir de

# ‘DN Sate ard Securs Cogrites Syvierms

Inverse Kinematics

Direct Kinematics

f (forward kinematic;

Joint Space Task Space
(dimensions n) (dimensions m)
X]
. .
q=| " X=
Jox=f@

Joint Coordinates
Revolute Joints 6,
Prismatic Joints d;

q; = .0, + &,d,
0 revolute joint
‘ :{1 prismatic joint
g =1-g

Direct Kinematics
Given 9=(q, d, ... q,)

T=T(q) or x=f(4) (Geometric Model)

Inverse Kinematics

X
x=|y|="f(q)
a

cos(d, +6,)=c,,

Givenq —— aunique X




Inverse Kinematics

xT:gT(91!02!93'94’65’95)
X = Xe =f(®
or - X - ( )

R
Inverse Problem

Given (0T or X) find ©

Existence of Solutions

\/% *3
(Xo0:Yo); oo
Xo
Cps —Spz 0 I, +1cp, ca, -sa, 0 X,
o = Sz Cis 0 LS +1ps,, _ sa, ca, 0 y,
¢ 0 0 1 0 0 0 1 0
0 0 0 1 0 0 0 1

solution if

Inverse Kinematics
Finding
®=f 1(X)

or

Solving

2T(«91,92 ,«93,94,«95,96):V3T
12 equations )
6 unknowns

(Il_lz)z < Xé +y§ < (I1 +|2)2

(B

Joint Limits 0<6, <180°
0<6, <180°

Workspace

* Reachable Workspace

» Dextrous Workspace




Dextrous Workspace

Multiplicity of Solutions

Selection of a solution
Criterion:  Joint distance

C = H®<Bl) _®(A>H
C, = H®<BZ> ‘®<A>H

Weighted Joint distance
moving smaller joints

Number of Solutions
It depends on
* Number of Joints

e Link Parameters
e.g. 6-revolute-joint manipulator
ifall a =0 Number solutions < 16
ifa;=az;=as=0 Number solutions <4

* Range of Motion

General Mechanism with 6 d.o.f.
Number of solutions < 16

Main Results

General 6R open-chain 16 solutions
General 5RP open-chain 16 solutions
General 4R2P open-chain 8 solutions
General 3R3P open-chain 2 solutions

Special conditions in the structure [such
as intersecting or parallel axes] cause

the general number of solutions to reduce.
There exist open-chain manipulators with
16, 14, 12, 10, 8, 6, 4, 2 solutions.

For a given set of 6 lengths of the legs
General in-parallel structure has

40 configurations
By specializing structure the number of
configurations can be reduced

PUMA 560




Stanford Scheinman Arm

Stanford Scheinman Arm

Stanford Scheinman Arm

Solvability

A manipulator is solvable if ALL the
sets of solutions can be determined.

6 d.o.f. open-chain mechanisms are
“now” solvable.
(the general solution is a numerical one)

Closed Form Solutions

Analytical Solutions - Exist for a large
class of mechanisms.
Sufficient Condition

3 intersecting neighboring axes
(most industrial robots)

Closed Form Solutions o

{6}§6T .
5T

{0} Po/ "

T(0,,0,,....0,)=2T

Solutions: e Algebraic
» Geometric




Geometric Soggevns
C o
Yo| T AT AT 0

b \— |2§ (X0 Yo) First 6,:
| {0, 17 +12 +2l,1,cos0, = xZ +V¢
BB E g Gy —(7+12)
2
A X 21,1,

= 6,and -0,
0, 12 =12+ (X2 +y2)—2l4/x2 +yZ cosy

2 2 2 2
Xg +ys +15 =1 y
~XotYoth —h and tanpg=-%

20,4/x2 +y? Xo

0s: leﬂiy O;=a,-(0,+0,)

cosy

Algebraic Solutions

0 B
0, al=wT
Cos —Sug 0 1c +1,Cy, ca, -sa, 0O
{0} Sps Cps 0 s+, _|5% Cao 0
0 0 1 0 0 0 1
0 0 0 1 0 0 0

cos(f, + 6, +0,) =cosa,
sin(@, + 0, +0,) =sina,
For 6, and 0,: licy +1,¢5, =X
Iis; + 158, = Yo
Solution if (X,, Yo) is in the workspace
2 2y _ |2 |2
_1< cosd, _ o +yo) =l +1,) <1
211,

=> 0, = Atan2(+,/1- cos® §,,c0s4,)

}:6’1+92+93:a0

Xo
Yo
0
1

Algebraic Solutions e, +1,c,, = X,

Ilsl + |2512 =Y
For 6;:
(|1 + |2C2)Cl - (IZSZ)Sl =X
(I, +1,¢,)8, +(1;8,)¢, = Y,
k1C1 - k251 = Xo}
- k151 + k2cl =Y

r=.k?+k; K —r.cos
, = r.CoSy
k, =r.siny
tany =k, / k;

X =Tr.Cos(6; +y)
Yo =r.sin(@, +y)
=> 0, = Atan2(y,, X,)— Atan2(k,,k,)

}

Pieper’s Solution
{3}

. °P=1T(6,) P
'P=,T(0,) .*P

91 €0 =50,
S0, +C
po|% g =g s, 1) P9 T
05 Js
1 1

Pieper’s Solution

f,(0;)
spo| S d ) ot op spo| B0
cas.d, f,(6)

1 1

Pieper’s Solution
{3}

°P= P,

€0, =50, Xy
5101 €9, [ =] Yo
93 Zy

'91 = Atanz(yo ’ Xo) - Atanz(gz ’ gl)

$19; +C,0;, =Y,
if g, and g, are known

For0,: €0, —$50, = Xo} P
1




Pieper’s Solution

G0 =50, Xq
5101 G0y [= | Yo
O3 Zy

O +0; +0I =Xo Yo 2 =1
93 =12,
(k,C, +K,8,)2a, +k; =17
9 =0i(C8, fi B f3) (s, —k,0,)s0, +k, =2,
ki =k (f., f,, f;) > @, if k;are known

For 6,: {

Pieper’s Solution

(kic, +Kk,8,)2a, +k, =17
(kys, —k,C,)sa, +k, =12,

For 65:
(5 —ko)* s, +(Z, — k)" 4.af = 4.al.s’a, (k! +k;)

ki = ki (f,(c5,85))

Transcendental Equations
Reduction to Polynomial
2
cosd = Lou
u=tan—= tu

For 65: k, = ki(U,Uz)
Au*+Bul+Cu*+D.Uu+E=0

with u = tanﬁ
2

For 6,, 65, and 6,
0 —
6 R(®) = R0
s R(©)=1R(9,).,R(6,).5R(05).;R(0,)-5R(05).sR(Y5)

|
v

fR(QA):fR|{)4:O R (6,)

[sRl, -0 (0,,0,.0:)1[R, (6.)-sR(Y5.05)] = R,
is known R
R(6,.05.05) = R
\
Euler Angle Solution




