Department of Mechanical Engineering
Cleveland State University

MCE/EEC 647/747: Robot Dynamics and Control
Homework 2 - Spring 2010

OUT: 02-10-10. DUE: 02-23-10
1. (20 pts ea.)
Solve the following problems from SHV:

» 3-4
e 36
s 4-22

2. (40 pts)

Find the Jacobian for the Puma manipulator of Fig. 3.31 (Prob. 3.10) in SHV. Use o, = 0y and
frame 2g,Yq, 2o 8s the end effector frame, as done in the solution of Prob. 3.10 {Fall 2008) posted
on the course website. Include the details about the DH frame assignment in your homework. You
must write a Matlab program that returns the Jacobian nwmerically, given values for the joint
variables.
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% Prob 3-4 (SHV)
2 Matlab code

syms thl a2 a3 d4

Al0 = [cosi{thl) =-sin(thl) 0 0; sin(thl) cos{thl) 0 ¢; 0 0 1 0; O 0 O 1};
B21 = [eye(3) {&2;0;01y 0 0 0 1];

A32 = [0 1 00; -1 00 0; 001 0; 000 1i*[eye{3) [a3;0:;01; 0 0 0 11%[1
0 00; 0010 01 060 00017

A43 = [eye(3) [0:0;d41; 0 0 G 11;

T40 = AIQ*AZ1*A32*A43

The forward kinematic equations using the DH convention are given by:

T40= { sin(thl), 0,  cos(thl), a2*cos(th1) + d4*cos(thl) + a3*sin(th1)]
[-cos(thl), 0,  sin(thl), a2*sin(th1) - a3*cos(th1) + d4*sin(th1)]
[ o, 1, 0, 0]
[ o, 0, 0, 1]
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% Prob 3-6 (SHV)
% Matliab code

syms thl d2 th3 a4 thbh aé

A10 = [cos(thl) =-sin{thl) & 0; sin(thl) cos{thi}) 0 0 0 0 1 O0; O 0 0 13:
A2l = [0 -1 0 CG; 1 00 0; 6001 0; 000 311*(1 00 0; 01 00; 001 d2;
O 0 11*[{1 ¢ 0 0; 0O -1 0y 01 00,000 11;

432 = [cos{th3) ~sin(th3) 0 0; sin{(th3) cos{(th3) 0 0; 0 0 1 0y 0 0 0 1];:
A43 = [eve(3) [ad4;0:01; 0 0 0 11;

AS4 = [ecos{thb) -sin(th®) 0 0; sin(thb) cos(th’) ¢ 0; 0 0 1 G; 0 0 0 17;
AES = [eye(3) [a6;0;0]: 00 € 1]1;

T60 = ALO*AZ1I*A32%A43*%AB4*A65;

The forward kinematic equations using the DH convention are given by:

T60 = [t11t12 t13 t14]
[21 122 123 24]
[t31 132 133 (34]
[t41 42 143 t44]

where,
t11 = sin(th1)*sin(th3)*sin(th3) - cos(th3)*cos(th5y*sin(th1)
t12 = cos(th3y*sin(th1)*sin{th5) + cos(th5)*sin(th [ }*sin(th3)
t13 = cos(thl)
t14 = a6*(sin(th [ Yrsin(th3)*sin(th5) - cos(th3 y*cos(thS)Y*sin{th1)) - a4*cos(th3)*sin(thl}
21 = cos(th1Y*cos{th3Y*cos(th3) - cos(th1Y*sin(th3)*sin(thS)
£22 = -cos{th1)*cos(th3)*sin(th5) - cos(th1)*cos(th5)*sin(th3)
t23 = sin(th1)
124 = ad*cos(th1)*cos(th3) - a6*(cos{th1)*sin(th3)*sin(th5) - cos(thl)*cos(th3Y*cos(th5))
131 = cos{th3)*sin(thS) + cos{thS)*sin(th3)
132 = cos(th3)*cos(th5) - sin(th3 y*sin(ths)
B33 =0
34 = d2 + a6*(cos(th3)*sin(th5) + cos{th5)*sin(th3)) + ad*sin(th3)
@l=0
t42 =0
t43=0
t44 = 1
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% Prob 4-22 (SHV)
% Matlab code

syms sl <l 82 ¢2 ¢4 s4 ¢b5 85 d2 43 dé

20 = [0;0:1);

zl = [-gl; cl; 01;

22 = [el*s2; si*s2; c2);

23 = 22}

zd = [-ci*cZ¥*sd~sl*cd;: ~si*cZ*sd+cl*cd; s2%s4]);

25 = [ol*e2*cd*sb-sl*sd¥sb+cl*g2%¢hy sl¥cZ*cd*sb+ol*sd*gb+sl*s2%0h; -
s82*cd*g5+c2*ch);

o0 = [0;0;0];

ol = 00;

03 = [el*s2*d3~s1*d2; sl*s2*d3+cl*d2; c2*d3];

cd = 03;

oS = 03;

lo13 [el*s2*d3-si*d2+dé6* (cl*c2*cd*sb+cl* ch*g2~sl*sd*s5); sl*s2*d3~

cl¥d2+de* (cl*sd*agb+c2*cd* sl *sb+chb*sl*s2) : c2*d3+de* {c2*ch-cd*s2*%85) 1,

J = [cross(z0,06—00) cross{zl,od6-0l) z2 cross(z3,06-03) cross{zd,ob-od)
cross{z5,06-05); z0 z1 [0;0;01 z3 z4 z%]:

Jvl = J(1:3,1}
Jv2 o= J(1:3,2)
Jv3d = J{1:3,3}
Jvd = J(1:3,4}
Jvh = J(1:3,5)
Jve = J{1:3,86)
Jwl = J{4:6,1)
Jw2 = J{4:6,2)
Jw3 = J(4:6,3)
Jwd = J{4:6,4)
Jwhb = J{4:0,5)
Jwé = J{4:6,06)

The linear and angular velocity components of the Jacobian are given by

Jvl=cld2 - d6%{c5s1s2 + cls4s5 + c2cdslsh) - d3sls2
d6*(clc5s2 - s1s4s85 + clc2edsS) - d2s1 + c1d3s2
it

2= c1¥(c2d3 + d6*(c2¢5 - c4s285))
s1¥(c2d3 + d6*(c2c5 - cds2s5))
-c1*(d6*(clcss2 - 518465 + clcZeds5) - d2s1 + cld3s2) - s1¥(d6%(c58182 + ¢lsds5 +
c2c4sls5) - cld2 + d3s1s2)

Jvi= ¢lsg2
s1s2
¢

Jvd = c2*(2%¢1d2 - dO*(c5s182 + clsdsS + c2cdslsS)) + d6s1s2%(c2¢5 - c48285)
c2do*(cicSs2 - slsds5 + clcZedss) - cldos2*(c2es - c4s2s5)
~c1s2*(2*cld2-d6%(c5s1s2+clsds5+c2edslss)) - d6sls2¥(clcSs2 - slsds5 + ¢le2edss)



Jvi =

h6 =

Jwd =

Jws =

Jwb =

d6*(clcd - c251s4)*(c2¢05 - c45285) + 5254 *(2%c1d2 - d6¥(c55152 + clsds5 + c2cds1s5))

do*(edst + clc2sd)¥(c2e5 - c48285) + d6s2s4%(clc582 - 518485 + clc2edsh)

(2%c1d2 - d6*(c5s1s2 + clsdsS + c2c4s1s5)*(cdsl + clc2s4) - d6*(cled - c2s1sd)*(closs2 -
sisds5 + clc2edss)

(T*cld? - do*(c5s1s2 + 18485 + c2cds1s85))*(e2e5 - c48285) + db6*(c2c5 - c45285)Y*(c5s182 +
clsds5 + cledslsd)

0

~(2*¢1d2 - d6*(c5s1s2 + clsdsS + ¢204s5185))¥(c1e5s2 - s1sdsS + clc2c4s5) - d6*(cleSs2 -
slsds5 + clc2e4s5)*(cSsls2 + cls4sS + c2edslss)

0
0
1

-s]
cl
0

0
0
0

cls2
51s2
2

-cdsl - clc2sd
clcd - ¢c2slsd
s254

cle5s2 - 818485 + elc2edss
58182 + ¢lsds5 +¢2cdslss
cZ¢5 - cds2s5



by, ©

za

{’j;:éﬂv

?
A
- I

o /‘7",{?»&3

o

PR
e




Frome 7:

iy
gk
T
g
Ay
e
K‘;ﬁ;wﬁ
%
AN
o}
N
&
)
Ewi
B
2,
X
H
,{\
o
B

Preme O s s gt
e ST . o f
{ Freme 7 9 ~Pa” . m o

/ O O o g

PowS 0 5 5 o gt

-

£
’F’F netng fg

O
0
‘%“g

13

Toome 7 - e *

T T Oy D %y &,
} ﬁfmq g 5}5 o T & - ) ?ﬁ};ﬁj‘a ) :

az’z/f::g wnd Y 3 oo 5?}5& ‘Q’?

£

L o

y P s
i L g e o § o P " - % A
_\ . s Loy ihg:’D? Dy, .25 w / gy - ¢ g 7 { o~ Gy \ B, ¥ rfp&@ . {3&‘}. oy a"fc:u?

} o Fos Zs Lo o Fos

L I— i
e T |



~ )
53 %

oo

DNM b

~

<z

a0
g ki T
L.
e -y

P,

s

%

- 0 L 9

?
o

W s n

e

£
&
-

W,:M!ﬁﬁ 8 8

o

- 4 D 0

t,itl?]i;i?:ii.ﬁrfw

) i

LY




5 Problem 2 (PUMA)

pe)
o
% Unknowns:

A43

11*[eye(3) [0;0:d4);

Ab4

1

thl th3 th4 thb th7 th9 d4 de

fcos (thl)y -sin(thl)
{eye (3] [0:0;131;7 O
lcos (th3) -sin{th3) )
fcog (thd) -sin{thd) 0: sin(thd) cos{thd)

00 0 1i*[eye(3) [8;0:0]1; O
[cos {(thb} ~gin{thb) 0 0; sin{thb} cos{thb)

0 0; sin{thl} cos{thl)
00 1¥«{1 ¢ 0 0; 0 0 1L
0 0; sin(th3) cos{th3

0

Ll*leye(3) [8;0:01; 0 0 O 117

A5 = [0 1 0 0y -1 000 601 0; 000 11%[1 C
00 11

A76 = [cos(th7} -sin{th7) 0 0; sin{th7) cosi{th™)
A8T7 = ABS5;

AS8 = [cos{th9} =-sin{th%) 0 0; sin(th®) cos(th9)

1i*leye(3) [0;0;del;

AZ0
A3C
A4Q
A50
A&l
ATO
ABO
ASO

zQ0 =

k%)
z3
74
zZ6
78

o
o2
o3
o4
06
of
o9

g =

i

00 0 11;

ALQ*R21;
ALO*RA21*A32;

= AlO0*AZ1*A32*Ad3;

ALO*AZ1I*A32*A43*AL4;

= ALOYARLIFYRI2*AL3*AL4%AGE;

A2G(1:

AGO ({1
ABO(1:
ASC(1;:

[

1
3
13
A40{1:3
3,
3,
3,

ALQ*A2T*A3Z*A43XALL*A6EYATE;
AIO*A21*A32*RA3*AL4*REL*AT6*A8T;
AlO*R21I*RA32*RA3YAB4*AG5*AT6*ABTH*A0E;

[0:0;11;
A30{1:3,3);
Ad40{1:3,3});
ABO{1:3,3);

):
Vi

AT7G(1:3,3
A90{1:3,3

’

[0:;0;0

-

A30 (1

- m
»&-L&:»&A»&h;ﬁs;&b
T

-

G
0
0
0
0
0

0

0

;

O;

001 0y 000 1Y,

0 -1 0 0;

;

!

SO OO

)
I

cross {(20,09-00) cross{zZ2,o%-02) cross{z3,0%-03)
crossizé, 0%-06) cross{z8,0%-08); z0 z2 z3 z4 z6 z81;

1

0
0
]
0

"
r

o O

0

1
1

1

0
G;

0

000 1};

0
0

0

6 Q0 1]1;
G0
o0
-1 ¢ 0:

¢ 0 1l;

cross(z4,09-04)



