Velocity and acceleration
GENERAL METHOD



f,= (W, ... ,W,,0, ..., X, o, X ) =0
f, = fz(W1’ ey Wi Gy ey Oy Xy e ’Xm):O

fo=f (W, ..., W, 0, ooy 0y Xgy oo s X, ) =0

w — vector of links’ dimensions,
g — vector of known independent variables (drivers’ position),
X — vector of unknown dependent variables (links’ position)

f(w,g,x)=0
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Ax =Bq == AX+ Ax = B{+Bq

¥ = A"Y(—Ax + Bq+Bg)



Example of 2 DOF manipulator

0,0, > Xy = Yvm =



acosq, +bcosx,—c—qg,cosx, =0
a+b_C_q2:O — . ql . 1 .qZ 2
asin g, +bsin x, —q,sin x, =0

f, aco0sq, +bcosx, —c—(, COSX,
f, asin g, + bsin x, — g, sSin X,

d,, 9, — iIndependent (drivers),

X,, X, —unknowns,



' ac0sQ, +bcosx, —¢c—q,CosX,

f = _ _ _
' f,| | asing, +bsinx, —q,sin X,
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A of |—=Dbsinx, qg,sinXx,
Ox | bcosx, —(q,C0SX,




. f, ] _ acosq, +bcosx, —c—q,cosXx, |
' f,| | asing, +bsinx, —q,sin x,
of, of  of ]
of aq,  dq, oq,
——=— ... -B
oq of  of of
o, oq, g,
a__of _ —asing, -cosX,
0q | acosg, -—sinx,




x=A"1Bq

T

X = [951 952] q = [Cil Ciz]T

Velocity equation

. . . -1 . .
[xll B [—b Sinx; (g, SInx, ] [ asing; COS le q1]
5] | bcosx; —q,cosx, —acosq,; sinx,||qg,



Velocity equation

x=A"1Bq

Acceleration equation

& = A1 (Ak + Bl +Bq)




A_&f_ —-bsinx,  q,sin X,
~ox | bcosx, —g,cosX,

—X1b CcOsXxy (@, SinXxy — X,g, COS X5

. d
A= EA - [—x’lb sinx; (@, COSXy + X5q5 SN Xy



n_ Of _ —asing, —CoSX,
09 | acosg, —sinx,
2 =iB _[qiacosqy —x;sinx;

dt giasing; X, COSX,



¥ = A"Y(—Ax + B4 +Bg)

@ = [y, 5]

G = [41, 421"

of

Acceleration equation B = _5_ =
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r, =a+d

| [ecsn g )

yu | | asing, +dsin(x, + )

[ ] [ aqg, sin q; —dxy sin(x; + )
aqg, cos q; + dx; cos(x; + )

xM] —ag; singq — aq1 cos q; —dx; sin(x; + ) — dx.l2 cos(xy + )
1 agy cos q; — aq? sinq; + dx; cos(x; + B) — dx1 sin(x; + B)




MANIPULATORS

(robot mechanisms)

SERIAL and PARALLEL
PLANAR MANIPULATORS



APPLICATIONS of ROBOTS:

Operation in a danger zone:
*RADIATION
*EXPLOSION (POLICE, ARMY)
*HIGH PRESSURE, HIGH TEMPERATURE

Manufacturing
*ASSAMBLY, WELDING, MACHINING, etc

Health care
*REHABILITATION
*OPERATIONS

and many others ...



forearm hand

END-EFFECTOR

Device attached to the
robot arm by which
objects can be grasped or
acted upon.

MANIPULATOR
Mechanical device for gripping and the controlled
movement of objects (mechanism having many degrees

of freedom)



automatic control

forearm hand

mechanical system

ROBOT
Mechanical system under automatic control that
performs operations such as handling and locomotion



Modern robot block diagram
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PARALLEL MANIPULATORS

Manipulator that controls the motion of its end effector by means of at least
two kinematic chains going from the end-effector towards the frame.

Planar parallel robot — 2 dof

Figure 2.1. Two degrees of freedom planar robots, according to McClov. White circles

represent active revolute joints, black circles passive ones.



Parallel manipulators (2D) end-effector (platform)

DOF =3

circles are 1-st
class joints:

R and/or T
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Planar serial manipulators DOF = 3
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RRR

> X

X, Yo — POSsition
y —orientation

Direct kinematics: known :0,,0,,0,— {

In general: DIRECT TASK
Computation of the pose, motion and forces at the end-effector of a robot arm
from given actuator displacements, velocities, accelerations and forces



RRR

> X

X0, Yo — Position
y —orientation

Inverse kinematics: KNOWN 3{ }%91,92,93

In general: INVERSE TASK
Computation of actuator forces, displacements, velocities and accelerations
from given forces, pose and motion of the end-effector of a robot.



Direct kinematics using vector projections

RRR

> X

lo =8y, +8,+a, < vectors



RRR

> X

Xo = a1, C0S 6, +8,,COS(6, +6, )+ ay, cos(6; +0, +6,)
Yo = 84,SIN6; +8,,5in(6; +6,)+a,,sin(é, + 6, +0,)
y=0,+0,+0,



Direct kinematics using Cartesian coordinates (absolute coordinates)




J _ K J
rv="R, "Iy, + P,

l Rotation matrix

_ . . COS ’@ —sin ’@
JRk:[Jekx e ]_
sin ‘@ coS ’@

VErsors / \

j COS ‘@) —sin J@)
C = . eky = j
sin '®, Cos 'O,



cos '®, —sin 'O,

sin '@,  cos'®, |




Properties of rotation matrix

Inversion=transposition!!!
j in

IRI_IRT — Cos ‘'®, sIn 'O,
k= "7k T i | j
—-SsIin ‘®, cos 'O,

iR, IR :{cos '@, —sin J@H cos '®,

sin '®, cos '@,

sin '@,

—sin '®, cos '@,

|

3
Y

Identity matrix



Instead of

J _ K J
rv="Ry "y + Py

we Can use

j _ip Kk Homogeneous transformation
y ="A I, -

cosi®, -sin’®, Ix
- | iA —|gin ! j ,-

a _['R P A, =|sin'®, cos'G, 'y,
“ 00 1 0 0 1

Vector of cart. coordinates ; T - j j j T
> qk:[ Py ®k] :[ Xy Yi ®k]




Example

Yo

Known:

point Q position on link 3
link dimensions

joint variables

Find:
point Q position in frame
coordinate system x,y,




Example

Yo 1. Introduce link
coordinate systems and
joint variables




c0s®, -sin®, 0]
sin®, cos®, O

=/sin®, cos®, O]

0 0 1

(C0s®, -sin®

‘A, =|sin®, cosO,

0 0

(c0s®, —sin®, 0

(c0s®, -sin®, a,,
sin®, cos®, O
0 0 1

, ap]

0

1

[ c0sO,
sin®,,

{0} =

-sin®, a,|
cos®, O
0 1

[ cosO,
.| SINO,

—sSin®,
CoS®,

a23




Manipulator 2D

Inverse kinematics



, Yo

Given:

XYY

Calculate:
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, Yo We already
have:

XQ a'34
3yQ —_ O
1 |4
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(c0s®, —sin®, 0
°A,=|sin®, cos®, O
0 0 1

‘A, =|sin0,
0

(c0s®, -sinod,
‘A,=|sin®, cosO,
0 0

Cos®,
0

CPE
0
1

0
1

(c0s®, -sin®, a,, |
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OAl ' 1Az ' 2A3 :OA3

0
Mg = | |
c0s(0,+0,+0,)! —sin(0,+0,+0,) | a,c0s0, +a,,c08(0, +0,)
sin(@, +0,+0,) ! cos(®,+0,+0,) | a,sin®, +a,,sin(®, +0,)
0 . 0 ! 1

42



[ COS ¥
=|siny

—siny x|
cosy Y

0

1

43



°A,

cos(@,+6 +(D sin(@, +0, +0,) ! a,,c080, +a,,c08(0, +0,)]
sin(@, +0, +0,) ! cos(®,+0,+0,) | a,sin®, +a,,sin(0,+0,)

Comparison of matrices:

(lcosy) —siny x|

A ="T,=|siny cosy vy
0 0 1

44



It gives 4 equations

(cosy =cos(0, +0,+0,)

siny =sin(0®, +0, +0,)

X =a,,C0s0, +a,,cos(®, +0,)
'y =2,SiN0, +a,,sin(®, +0,)

(b)
()
(d)

45



(cosy =cos(®,+0,+0,) (a)
siny =sin(0,+0,+0,) (b)
X =a,,C080, +a,,cos(®, +0,) (c)

y=a,,5in0®, +a,,sin(®, +0,) (d)

*(c)*2 and (d)*2 sum gives:

2 2 2 2
X“+Yy° =a;,+a,;+2a,a,U
where:

U =cos®, cos(®, + O, )+sin @, sin(0, +06,)
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U =cos®, cos(®, +®,)+sin @,sin(0, +0,)
Using:

cos(®, +®,)=cos®, cos®, —sin O, sin O,
sin(®, + ©®, ) =sin ®, cos O, +cos®, sin O,
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U =cos®, cos(®, +®,)+sin @,sin(0, +0,)

One can obtain
U =CoS®, cos®, cos®, —cosO, sin®,SINnB, +
+5sIN®, SIN®, cos®, +SIN®, cosO, SINO, =
= (0052 ®, +sin’ @1)003 ®, =c0s0,

U=Cos0,
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2 2 2 2
X" +Yy°=a,+ay;+2a,,a,U

2 2 a2 a2
cos@. = 2 1Y Ty~ ay
: 28, 583

0, = atanz(i J1-cos?®, , cos @2)



Function atan2(y,x) — (1)
atan2(2,2) = pi/4

——————————— atan2(-2,-2)=-3pi/4
but
arctan(2/2) =

arctan[(-2)/(-2)]=pi/4
-t <= atan2(y,X) <=

atan2(y,x) calculates arctan(y/x) for any vy, X
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sin® =a
< — ® =atan2(a,b)
cos®=Db

acos®+bsin® =0
2

1. ©=atan2(a,-b)

2. ©®=atan2(-a,b)

o1



acos®—bsin®=c’
asin®+bcos®=d

F—>

® =atan2(ad - bc,ac - bd)
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Two configurations

Q, = atanz(i J1-cos?@, ,cos @2)

v
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