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Exercises Robotics 5




Exercises D-H: SCARA Manipulator

As another example of the general procedure, consider the SCARA manipulator.
This manipulator, consists of an RRP arm and a one degree-of-freedom wrist, whose motion is a roll about the
vertical axis.




Exercises Denavit-Hartenberg

Variable coordinates are in RED

Link | a; | o; | d; | 6;
1 aq 0 0 | 6,
2 asy | 180 | O | 0,
3 0 0 d, | 0
4 0 0 dy | 0,




Inverse Kinematics: Spherical Wirst

Link | a; | a7 | d; | 0;

L [0]—90]0 6

6 A
" 5 10| 9 |06z
D 6 | 0| 0 |ds|6p

s To gripper :
Srip| * yariable

"R Coordinates of the end-effector respect to the
Ts = A A5 A = {iﬁ f‘?lﬁ } b-as?e (in this case is link 3 the base which is not
L visible)
I CqACrCg — S45¢ —C4AC55 — S4Cg (€455 (‘4:&':’5(1?-5 i
B SAC5CE + €4S  —S4C58g + CaCe  S4S5  S4S5dg
Rotation of the end-effector —95C6 5556 €5 c5ds
around the frame x4 y4 z4 L U U U L




Inverse Kinematics: Spherical Wirst

kinematic decoupling (orientation)

From Euler Angle (lecture 3)

-Rzyz=

’Cd, Cg Cll) - S¢S¢
SpCoCy T CySy

—SpCy

—Cd,CQSw o S¢C¢
—S¢pCoSy T CyCy
SeSy

C¢Sg“
S¢59

Co

From Euler Angle spherical wrist (lecture 3)
[(CaCeCe — S4S¢
CsCeSy T C4Sg
—Ce6Ss
0

T63 — A4A5A6 —

Let¢p =60,,0 =06:,and Y = 6,

_S4C6 — C4C556
C,Cc — CsS4Se

|
o
p—

C4Sc
S;Se

9

0

d.C4Ss]
deS,Se
dCs
1




Inverse Kinematics: Spherical Wirst

| I CHoCYCoy — S Sa) —CpCYSeh — Sy Co S99
R(¢) = R.(¢) Ry (V)R (V) = | s, c9cy +cpsy  —8,C080 + CoCy 8,89
L —S9Cq) S99 S Ca9 i

It is useful to solve the inverse problem, that is to determine the set of Euler angles corresponding
to a given rotation matrix (known)

12 713
R= |ra 12 723
| 731 T32 733
By considering the elements [1, 3] and [2, 3] © = Atan2(roz. -1*13)



Inverse Kinematics: Spherical Wirst

Then, squaring and summing the elements [1, 3] and [2, 3] and using the element
[3, 3] yields

V= Atan?( ris + 134, ?W)

The choice of the positive sign for the term r2 5+ r2,;limits the range of feasible
values of Jdto (0, m).

On this assumption, considering the elements [3, 1] and [3, 2] gives

1 = Atan2(rso. —?‘31)



Inverse Kinematics: RPR Arm

P.f--

Note: Px = 03 G C
g, is NOT a _
DH variable! Py = Q3G 5
p,=d; +035;

p2 + p,° +(p, - dy)* = q5°

g3 =+ \p2+p2+(p,-dy)

our choice: take here only the positive value...

if g3 = 0, then g, and g, remain both undefined (stop); else

(if it stops,
d, = ATAN2{(p, - d,)/as, + N(p,2 + P,2)/d2} a singular case:
if p,>+p,* = 0, then g, remains undefined (stop); else ;;UEL?S)

d; = ATAN2{p,/c;, p,/C;} = (2 regular solutions {q;,q,ds})
-

we have eliminated g;>0 from both arguments!



Inverse Kinematics: SCARA Manupulator




Inverse Kinematics: SCARA Manupulator

<0

C12C4 + S1254
5192C4 — €C19254
0
0

___________

—C1254 1 512€4
—S51254 — (C12C4
0
0

0
0
—1
0

aq1c1 + asc1o
(11581 + 9519
—dg — dy
1

D,
23, Z4
Link a; (8% ([,‘ 9?1
1 a1 0 0 | 6,
2 lay | 180 | 0 | 6,
3 0 0O |d, | 0
4 0 0 dy | 0,




Inverse Kinematics: SCARA Manipulator

The transformation from the base 0 to the end effector 4 is a rotation matrix given by:

Cey Sy {.]
R = Soe —Co 0 01 +6—604, = a= Atan(rii.ri2)
0 0 -1
We see from this that 2 = Atan (fi‘i- +v1 - fi‘?)
r.:;r% + (}g — (I% — ng
where g = S
2a1a9
61 = Atan(os,oy) — Atan(ar + azc2,ass9).

We may then determine 04 from

Oy = B1+0—a = 01+60— Atan(ri1.712).

Finally d3 1s given as d3 = o0, +ds.



Inverse Kinematics: SCARA Manipulator

To find ©5: 1f we square and sum F, and F,, we can get an expression in 6.:

P24 F:f = ai + a3 + 2a,a,C(C1C5 + 5,5:) + 2a,a,5,(5,C5 — S:C1)

2 ] ¥ 2 i S d v
F; + P = aj + a3 + 2a0,0,C7C3 + 20,0, 5705

2 9 2 9 ;
Fy + P, = aj + a3 + 2a,a,C5

4

P?+ P? —al — a3 .
: 1 2 ' | ;
E-'_'fj — 2 ..f.-' . 52 — 'lh,-'l ]. lM-;:I
2a,a, - X,

Solution to 6; of Adept, as seen from above (along Z axis)




Inverse Kinematics: SCARA Manipulator

Two equations in two

unknowns (Ch, S1)

To solve for B,, we solve for the following
(65 known from above)

T
az(C_a = P,

()
fi'[.“.'.;[ | l’fg:'-:lu|_-; = -P:-,r

I.‘i'[.".'.!"|_ | I’fg:'-:lurr.”g fi‘g.".:l‘gf.“ = Ph'

ﬂg(.“]{-rj 4 f?-_;.".':"] "'.:'1_:1 = F:
Py

a1 4
rfgf'-:lugjlfr[ | [fi‘] | I’fgfrg}."-'.!l‘[ =

azC )Cy + (a252)51 = Fr , |

(11 4

35 P, + (1, + axCh) P,

(2252)% + (a1 + a20%)?

(a1 + as (s ) Py ﬂj.";gfj_,f
ﬂg(.qg :Ij

Ch=—= :
: (a252)% + (a; 4
6, = atana(a:5:F; + (ay + axCs) P, (a; + axC5) P, — a,5:F,)




Inverse Kinematics: SCARA Manipulator

To solve for g;:
Po=dy—qa—dy: a=dy —dy— P,

To solve for ©4: The final roll angle cannot be determined from the position vector [F,. F,, F.].
[f we are given the onentation matrix, then we can use the ratios of N, V,, to find B,

. -y
.".}1[_-:_1 _ﬁ".-, Y I t.
= .|l .‘J- i =
Tan;_2_4 = — = — L,» 8 = —60
{.- 1-2—-4 .‘I'I-J. ]{_T .“_.-
1-.:
61 — B2 — O, = atana(N,, N;) e, . B
B,=-—o0" I ;
By = —atana( Ny, N;) 4+ 01 — O3 ., ' q\m
B =00
X,

Example solution ignoring &, with 2 arm positions



Inverse Kinematics: SCARA Manipulator

Example Solution (no ©,) 1fa, = V3. a; =1, d; = 5. d; = 2 and P=/3,-1,1], solve for joint

variables:

A, = +t(Cos? (ipfj } Plf aj f?%})

2, a4

V3
01 = atang(a25:FP; + (a1 + a2Cs) Py, (a1 + axC3) Py — axS:2P,)

if 8, = +90° 0, = atan,(0.4) =

if O = —00°, O, = atana(—v3.1) = —60°

I.]';1,=vl’.lr[ vl’.Ir| F: = 3 2 1 =2

Two Solutions:

8 8

e
0° a0® 2
bl® 90° 2



Thank you for your Attention!!!




