Robotics: Basics and Selected Advanced Concepts
Prof. Ashitava Ghosal
Department of Mechanical Engineering
Indian Institute of Science, Bengaluru

Lecture - 28
Examples of Equations of Motion

(Refer Slide Time: 00:19)

OUTLINE {E
e
© LECTURE 2
o Examples of Equations of Motion
ASHITAVA GHOSAL (1ISC) OTICS: BASICS AND ADVANCED T «‘ NPTEL.2020  23/75

Welcome to this NPTEL lectures on Robotics Basics and Advanced Concepts. In the last
lecture, | had looked at the Lagrangian formulation and shown you that to derive the
equation of motion, using the Lagrangian formulation we need to calculate the kinetic

energy, the potential energy and then using a set of derivatives, ok.

Partial derivatives and time derivatives we can derive the equations of motion. So, in this
lecture, we will look at Examples of Equations of Motion, ok. This lecture we will discuss

several examples of equations of motion obtained using the Lagrangian formulation.
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PLANAR 2R MANIPULATOR

L=

o Simplest possible serial manipulator
o Two moving links, 2 joint variables 6; and 6
o Joint torques — 7, and 1.

Location of cg of Link 2

o Gravity along (— o) axis.
Link 2 .

) Ly o (mj,li,ri, 1), 1=1,2 denote
mass, length, CG location
and T, component of inertia

m .
matrix, respectively.

Ve Location of cg of Link 1

Link 1
Smedy )

> o Planar case — Only I,
L % relevant.

FIGURE: A 2R manipulator

L2 2078

So, let us start with a simple example which is a planar 2R manipulator ok. So, this is the
simplest possible serial manipulator. So, it has one rotary joint here, another rotary joint
here and then the rotary joint here has an angle 6, this is angle 6, there is a torque 7
which is acting on the first rotary joint and then torque t, which is acting on the second
rotary joint. And then we need to define some mass and inertial parameters of these 2 links
ok.

So, for link 1 we are going to use the symbols m4, [;,r; and I;. So, m, is the mass of link
1, 1, is the length of link 1, r; is the location of the CG from the origin of the coordinate
system. So, the origin of the first coordinate system is at the rotary joint axis and r; is
somewhere here ok and I, is the moment of inertia, ok. So, we are only interested in the Z
component of the moment of inertia since this is a planar motion, ok. So, likewise for link

2 we have m,, l,, 1, and I,.

So, m, is the mass of the second link, 1, is the link length of the second link r, is the
location of the CG again from the origin of the second coordinate system and I, is the z

component of the inertia of this link, ok.

We will assume that the gravity is acting in the minus Y direction as shown in this figure
and as | have said earlier m;, [;, r; and I; are denote the mass, length, CG location and the
1,, component of the inertia matrix respectively for link 1 and 2. And because this is a

planar motion only the I, component is relevant, ok.
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PLANAR 2R MANIPULATOR }‘QLQ:
o Velocity propagation to find linear and angular velocities
o {0} fixed = "y ="V =0.
0i=1
1fSLi] = (U 0 é1)T
vy =0
We = 04(006) x(n00)" =(0n60)"
0i=2
2y = (006,+6)7 %
G 9 0 0 IISZGI
2V2 = -5 ¢ 0 ’191 = i]_CzBl
0 01 0 0
ZVCZ = 2V2 +2 W) X (rz 0 U)T
NPTEL, 2020 25175

So, we need to find the velocity of each link. So, we are going to use the velocity
propagation to find linear and angular velocity. So, since the 0™ link is fixed basically it is
a fixed link the angular velocity and the linear velocity of the origin of the 0" link is 0. So,
angular velocity of link 0™ and the linear velocity of the origin of this 0" link is 0, then we
can substitute i = 1 in the propagation equation and then right hand side we will have 0

and we will obtain 'w, and v;.

So, if you go back and see the propagation equations you will see that 'w, = (0,0, él)T.
The linear velocity of the origin of the first link is 0 and the linear velocity of the center of
gravity of the first link will be the linear velocity of the origin plus some w X r, ok. So,
location of the CG is r; along the x axis, so omega is along the z axis. So, we can take the

cross product and we will get 16, as the y component.

Then for i = 2 again we can substitute back in the propagation equation for angular

velocity and we will get *w, = (0,0,6, + éz)Tanng the z axis, then x and y component
still remain 0 because this is basically a planar motion. The linear velocity of the origin of
the second link can be obtained again using the propagation equation and it turns out that

c;, s, 0
this is some matrix { —s, ¢, 0.
0 0 1



So, it is a rotation about the z axis times (0,1,6;,0) . So, if you carry out this

multiplication we will get (15,61, l;¢,6, O)T. So, this makes sense why because the
origin of the second link is at the beginning of the second link ok. So, only what is
happening to the first link which is 6, will affect the linear velocity. The velocity of the
CG now is the origin of the second link plus w X r and r is along the x axis at a distance

1y, 1, here is the location of the CG ok.
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PLANAR 2R MANIPULATOR ’%I}
o Total kinetic energy
T e T
KE = 5ml(n@l) +§1191+512(91+92) + (24)
1 . . L
Emg(/12912+f22(91 +92)2+2/1I2C291(91$ 92))

Link 1 - First two terms; Link 2 - Second two terms.

o Total potential energy

PE = mygrisi+mag(hsi + rsia) (25)
o Lagrangian for planar 2R manipulator 4109 12
£(0.0)=KE-PE, ©=(6,,6)" (26)
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So, we can multiply out and obtain the velocity of the CG, the total kinetic energy is

%mV2 + %Iw2 for each link ok. So, we can compute the kinetic energy of link 1 which is

my (ri6;)" +31,6,", for the second link it is 2 1,(6; + 6,)".

And we will also have a term, which is %sz, where V is the center of mass of the second

link and it turns out that you will have terms which include (6512 + 922) 7. But also you

will get a term which is 21,7,¢,6,(6; + 6,). So, what it basically means that the kinetic

energy of the second link is a function of 8,, ok does that make sense? Yes.

So, these are like the Coriolis and centripetal term which will show up later. So, as | said
link 1 is the first two terms; link 2 are the second two terms, the potential energy is nothing

but the mg along the y direction opposite to the gravity. So, the location of the cg is r;s;.



So, the potential energy of the first link is m, g r;s; the location of the CG for the second

link is (I;s1 + 1,512), You can see in the figure.

So, the potential energy is m, g times that and since it is opposite to the gravity remember
there was a minus sign earlier both the minus signs go away and we will left with one
positive quantity. So, the 0 is the 0 of the X, ok the reference is this. So, as you can see

this distance is ry s, this distance is [, s; + 1,5, that is the y component ok.
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PLANAR 2R MANIPULATOR ﬁ

o Partial derivatives of . with respect to 6, i=1,2

Y
26,
%
96

= —mgnc —mg(ha+nap)

—mphro5:6 (81 + 6) — magracyy

o Partial derivatives of % with respsct to 6, i=1,2

e
d6;

(|1 + lz + m1f12 + mgli? + m2f22 +2m2’1F2C2)91

—('2 + m2r22 + M2|’1 Fng)ég
.
26,

(I + mar? + mohraca) By + (I + mar? ),

w2 208

So, we have obtained the potential energy the kinetic energy of both the links and then we
can find the Lagrangian for this planar 2R manipulator, ok. So, it is nothing but the kinetic
minus the potential energy ok. So, it will be a function of 8,, 6, and also 6, and 6,. So, as
given by the Lagrangian formulation we need to now take partial derivatives of this
Lagrangian with respect to 6;,i = 1,2.

So, this Lagrangian with respect to 6, will give you —m, gryc; — m,g(lic; + 1,¢45). The
partial of the Lagrangian with respect to 8, will also contain —m, gr,c;,, but there be also
a term, which includes 6, and 6, because the kinetic energy is also a function of 8,. So,
we will have some c, was there, so partial derivative will be s, and we will get the rest of

it remaining the same, ok.
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PLANAR 2R MANIPULATOR 4L

o Derivatives of % with respect to t
[ 1

d (0¥ .
— (;> = 91(11+lz+m1r12+m2r22rm2/12+2m211r2c2)
dt \ 96,

'*92(12 + m2r22 o m2/1r2c2) - m211r25292(291 + 92)

d (04 . 9
— = = 61(Iy+myrs +myhras
df(()62> (o mary + mohyragy)

+éz(12 - m2r22) — myh 2,016,
o Assemble terms, collect and simplify
o = 6(+hL+ my? +my 2+ myr? +2mahirycy)
+05(Iy + myr? + oy racy)
—~mahry$y(20; +62)8; + mog (hey + racia) + mignicy
B = 61(12 + mzr22 +mohney)+ 62(12 + mzrzz)

+m2/1r252912 +manga
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The partial derivative of Lagrangian with respect to 6; can also be obtained. So, partial
this Lagrangian with respect to 6; will contains this (I; + I, + myrZ + myl? + myrf +

2myli1505)0; + (I, + myrd + myliryc,)6,.

Likewise the partial derivative of the Lagrangian with respect to 8, will be given by
(I, + Myr2 + myly1y¢,)0; + (I, + myr2)6,. Remember the kinetic energy contains 6,

and 6, and that and it was half. So, we now are left with 6, , 6, the half has gone away
ok.

So, it is very straightforward it is standard taking partial derivatives with respect to 6, and

6, nothing new. Then we take the time derivative of this aaTL. and then we will get 6; times
1

. d (0L yoy. . - d (3L
some term 6, times some term, ok. So, these are the — (—) likewise — (—)
dt \86, dt \a6,

Partial derivatives will again give you 6; into some quantity which is (I, + m,r? +
2m,l,7,¢,) and again one more term with 6, into this and finally, one more term which

is product of 6;, 8,. So, we can now assemble the expressions which is d /dt of this minus

dL/d6, is equal to 7, and 4 (a—L) — 2L will give you 7,. So, now we have 1, equal to
at\a6,/ a6,

this expression, 7, is equal to this expression ok.



So, let us quickly just take a brief moment and see what are the term which contains 6;.
So now we have 6; and inside the bracket we have I, I,, my1?, m;r2, m,rZ. So, you can

think of this I, + m,72 is like the inertia with respect to the origin of the coordinate system.

Similarly I, + m,r# is again, so, inertia with respect to the CG and we want it with respect
to the origin of the coordinate system, so this is sort of expected ok. We have done some
kind of transference of the inertia from the CG to the origin, we will also have terms which

are m, 1%, but more importantly we will have a term which is 2m,l;,c,.

So, basically what it is telling you is the inertia as seen by the first joint, 8, depends on
what is happening to the second joint, what is the angle rotation angle at the second joint
is that correct? Yes. Because the second link is rotating with respect to the first link and
the first joint will see the inertia due to the second link ok and since it is rotating it will be

different at different instant.

So, intuitively if the second link is completely stretched out then the first chain will see a
much larger inertia than if it is completely folded in. So, the second joint 6, is also
multiplied by I, + m,r? + m,l;7,c,. S0, again the inertia seen by the second joint has
sometimes which contains 6, and then we have these 2 additional terms which are (26, +
6,) and 6,°.

So, this is like centripetal term and this is like the coriolis term ok. So, we know that if you
have a rigid body which is moving and then the coordinate system is also moving we have
this coriolis and centripetal terms and these are those terms. And finally we have a term

which is m,g(lyc; + r,¢q5) and m, gry cq. SO, these are the terms which correspond to the

torque due to the gravity.

So, the gravity is acting at the CG, so the joint will see some torque ok. We can also see
the 7, will be related to I,, m,r#, m,l r,¢c,. SO, the first 8, times some inertia will come
and 6, will be just (I, + m,r2) and again we have a coriolis centripetal term 6, and

my1,9Cq2-
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PLANAR 2R MANIPULATOR - Al
EQUATIONS OF MOTION
Equations of motion are two nonlinear ODEs - In standard form
o\
T -
Ii+l+ rnzll2 + m1r12 + m2r22 +2mhne I+ mzr22 +mhneo 91
12—‘m2r22+m2/1r252 Iz+m2r22 6
+< ~mahry$)(20) + 62)6, )-( mag(hey +nci) + mgne ) (21)
32 "
my ,1125291 mgpgc12
o In the above matrix equation
o 2 X 2 matrix is the mass mat.rix,. o
o 2x 1 vector with quadratic 6, 62, and 6,6, terms is the centripetal/Coriolis
term, and
o 2 x 1 vector with g is the gravity term.
o As mentioned no friction or dissipative terms in equations of motion.
R

So, both of these 2 equations are non-linear ODEs ok, why? Because they have sin 6,,
cos 6, and so on and also 6, and 6,6,. So, in a standard form we can write it as some

vector (z,,7,)7 equal to some matrix times theta (9'1,9'2)T plus the coriolis term,

centripetal term and plus a gravity term.

Remember | had discussed that for any serial robot we can have r = [M]8 + [C(6,0)]0 +

G(0) that is the standard form, here also we can show that we can write it in the standards

form, ok. So, the matrix inside the square bracket is the 2 x 2 mass matrix, ok. The 2 x 1

vector here contains 6, 6, and 6,6, terms ok.

So, they are the centripetal and coriolis term and then last 2 x 1 vector is the gravity term
ok. So, remember when we have discussed Lagrangian formulation there is no friction or
dissipative terms in the equations of motion at this stage, because the Lagrangian is for

conservative system ok.
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EXAMPLES:  PLANAR FOUR-BAR 2l
MECHANISM

o Simplest possible — One-degree-of-freedom closed-loop mechanism!

o Three moving links — 6; actuated, ¢;, i =1,2,3 passive, 7; actuating torque.

o Geometry and inertial
parameters of links -
(m,-./,'.r,'.l,-) for ji=1.2:3:

o Only I, component of the
inertia matrix of each link is
relevant.

FIGURE: A planar four-bar mechanism
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So, = [M16 + [€(8,6)]6 + G(8). So, this [M] is sort of like an inertia matrix, so if you
think about it if you have a single rigid body 7 will be I6. So, this is like a generalization

of the inertia matrix, this is the generalization of the coriolis centripetal term and this is

the gravity term for this 2R manipulator.

Let us look at one more example which is the planar four-bar mechanism ok. So, this is
also one of the simplest possible one-degree-of-freedom closed-loop mechanism! you
cannot find anything simpler than this. So, this has 3 moving links link 1, link 2, link 3
there is only 1 actuated joint because the four-bar mechanism has one-degree-of-freedom,
S0 6, is actuated ok.

And then ¢,, ¢p5 and ¢, are passive ok, so corresponding to this 8; we have a torque which
IS acting at this joint ok. So, now we need to introduce some geometry and inertial
parameters of this link. So, just like the 2R we will assume that the link 1 is m4, [, r; and
L.

So m; is the mass, [; is the length of this link, r; is the location of the CG and ; is the z
component of the inertia of this link ok. Similarly at link 2 we have m,, l,, r, and I, and
link 3 is mg, I3, 3 and I5. So, the gravity is acting in the y direction and as in the planar

2R example only the I,, component of the inertia matrix of each link is relevant.
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b=

PLANAR FOUR-BAR MECHANISM -
EQUATIONS OF MOTION

o Break four-bar mechanism at O3 — Planar 2R + planar 1R
o KE of planar 2R similar - 6, replaced by ¢,

1, 242 1y i ‘
o KE of IR - 3m3rydy + 51301 *12 j
. &
NPTEL,200 31175

So, we can now break the four-bar mechanism at O; we can break it here. So, we have a
Planar 2R and a Planar 1R robot ok. So, it is the same formula as what we derived for

Planar 2R except now 6, is replaced by ¢,. The kinetic energy of the 1R is nothing but
§m3r3¢512 + %I3¢512. So, the rotation of the last output link third link is given by ¢, and

the rate of rotation is ¢, ok.
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PLANAR FOUR-BAR MECHANISM -
EQUATIONS OF MOTION

o Break four-bar mechanism at O3 — Planar 2R + planar 1R

o KE of planar 2R similar -6 replaced by ¢»

o KEof IR~ %m3r32¢12+ %l3¢12

o Total kinetic energy

1 . 1., 1 . .
KE = Eml(r191)2+511912+512(91+¢2)2+

1 .. . o
5'”2(’12912“22(91‘¢2)2+2/1f2C°5(¢2)91(91 +0))+

i W 1.
Smarsdf + 310t ()
o Total potential energy - Planar 2R + planar 1R

PE = mygnrysin(61) + mag(lysin(6y) + rasin(8y + 02)) + magrs sin’£¢1) (29)
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So, the total kinetic energy is nothing but the kinetic energy of the first link which is what
we have derived earlier, kinetic energy of the second link these 2 terms and the kinetic



energy of the third link, this is the third term for the 1R robot. So, the total potential energy
is also the potential energy of the Planar 2R which was derived one term is first link, this
is the second link and this is the third link m3gr; sin ¢b,. It is very straight forward ok the

distance from the X axis is r5 times sin of some angle.
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PLANAR FOUR-BAR MECHANISM - 2l
EQUATIONS OF MOTION

o Lagrangian for the planar 2R + planar 1R mechanisms

R TS (A 1 4.1 | .
Z(q.9)= §|1912+ 512(91 +0o) + 5130’12 + §m1f12912+ 5”’3'32012
1 . . TR
+§m2(/12012 +r2(6y+ 02)° 4+ 2h rycos(62) 61 (61 + 6))
—mygrsin(6y) — mag(hsin(6y + rasin(0y + ¢)) — m3grssin(6y)(30)

o Constraint equations of 4-bar

hcos(6y)+heos(B1+¢2) = lo+l3cos(dy)
llsin(ﬂl)olgsin(61+¢z) = /3Siﬂ(¢1) (31)

o Perform partial derivatives with respect to q and q a(qrd time derivatives.

NeTEL 3278

The Lagrangian for the Planar 2R and planar 1R mechanism ok can be obtained as kinetic
energy minus the potential energy. So, again kinetic energy has all the 3 kinetic energies
and potential energy has all the 3 potential energies, we also have a constraint for the 4 -
bar when we break up at the third joint, so the vector from the left origin to the third joint

the x component is [, cos 8, + [, cos(6; + ¢,).

And we can reach from the other direction which is [, + I3 cos ¢,. We have discussed this
earlier lectures also when we discussed kinematics of parallel robots, y component is
Iy sinB; + 1, sin(6; + ¢,) = l3sin ¢, there is nothing new we have discussed this

earlier.

So, we reach that third joint in two ways. So, we can perform the partial derivatives with
respect to q and g just to obtain the equations of motion. So, what is q? Here q is

01, 91, P,. 5 does not sure, because we have broken up at the third joint ok.
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PLANAR FOUR-BAR MECHANISM - 2l
EQUATIONS OF MOTION
3x 3 mass matrix [M(q)]

To+ myrg? + malyrycos(9p)  To + mara? 0

T+ mar® 411+ mah? +2mah racos(2) + my 2 I + mara® + maly racos(9a) .0
OAOAm3r32+13

3 x 3 Coriolis/Centripetal terms [C(q,q)]

my h rysin(s) ) 0 0

—my  rpsin(a) 0 —mhn sin(n) 91 —ma Iy rpsin(@a) b 0
0 0 0

3x 1 vector of gravity terms G(q)

my g racos(By + o)

my g ricos(6y)+mag (hcos(6y)+ racos(6y +¢2))
ms g r3cos(fy)
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So, we will get a 3 X 3 mass matrix after we take all the partial derivatives and organize
into [M(q)]q + [C(q,q)]1q + G(q) is equal to torque. So, the mass matrix will have m,,
will have (I, + myr? + I; + myl2 + 2m,lr, cos p, + myr?). So, if you see this is
exactly the same as m,; which we obtain for the planar 2R. my, is I, + m,r? +

m,l;1, cos ¢, and this term will be 0 ok.

Likewise m,; and m,, are given by this and m,; will be 0 ok, because it is kinetic energy
you can show that it will be 0. And the third row of the mass matrix will be 0, 0, m;7rZ +

I;. We can also find this Coriolis and Centripetal terms [C(q, ¢)] this matrix will

—m,l 1, sin ¢, (,1,'32 —my,ly7, sin ¢, él — myli1, sin ¢, ([)2 0
m,lir, sin ¢, 6, 0 0
0 0 0

Finally we can also compute the gravity vector which is 3 x 1 vector. So, it will contain
m, gr; cos 8, some m,g(l; cos6; + 1, cos(6; + ¢,)) and so on. So, it is exactly very
similar to the planar 2R. We have a third component of the gravity vector which is coming
from the planar 1R. Likewise there will be a third row and a third column in the mass
matrix and likewise there will be a third row and a third column in the Coriolis and

Centripetal term ok.



(Refer Slide Time: 23:29)

, )
PLANAR FOUR-BAR MECHANISM - 5

EQUATIONS OF MOTION

Equations of motion of the planar 2R + 1R mechanisms

71 = (ma racos( By + 02) + my 1y cos(6y) + moh cos(6;))g
+(Iy+ myry® + 1y + myh2 4+ 2my h rycos(6p) + my n2) 6y
+(I+ mary” 4 my h racos(92)) 62 — my h rasin(92) (92)?
=2my ly rpsin(@,) 6y 0
T = myg rycos(By + 0o) + (I + mary? + my y rpcos(92)) 6y
+(Ip +my r22)¢§ +my b rysin(dp) 912
75 = mygrscos(0y) + (msrs’ +15) 0y (32)
o Three non-linear ordinary differential equations.
o Constraint equations not yet taken into account — Third equation not related

to the other twol
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So, we can rewrite the equations of motion as 7, which is equal to some matrix which is
functions of g then 6;, then ¢, and then this coriolis and centripetal time, ok. So, T, can
be written as the gravity term, the inertia term, which is M& and then the coriolis and
centripetal term and 75 can also be written in ms gr; cos ¢, + (msr? + I3) ¢, this is very

straightforward because it is a single 1 link robot.

So, these are three non-linear ordinary differential equations ok; however, at this point the
constraint equations have not yet been taken into account ok. So, that is the reason why
this third equation does not contain 8; and ¢, it looks like the third equation is completely
independent. But we know that in a four-bar mechanism the all those angles are related to

6, they are coupled.
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PLANAR FOUR-BAR MECHANISM -
EQUATIONS OF MOTION
0 2% 3 constraint matrix [V(q)]

—lsin(6y) = hsin(6y+¢2) —hsin(6y+¢2)  sin(¢y)
lycos(6y) + heos(By +¢a)  hcos(6y+62)  —l3cos(dr)

o Obtain derivative of constraint equations
W(a))a+[¥(a)a=0
o Obtain g from equation of motion
d=[M"(z-[Cla-G)+[M] "' [¥]"2

o Substitute § in derivative of constraint equation and solve for A
o Substitute A to obtain equations of motion of planar four-bar mechanism

Mg =f- [“’]T([W][M]_l[:”]r)”l{[“’] M]~F+ [V]a} (33)
where f = (1 [C]q—G) and q = (6y,02,61)".
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So, we can obtain the constraint matrix which is remember it is [K] and [K*] and the
concatenated. So, | had derived for the four-bar mechanism, what is [K] and [K*]. If you
go back and see [K] is this, [K*] is this ok. So, we put side by side and we get a 2 x 3

constraint matrix [W(q)], we can take the derivative of this constraint equation and we

will get [¥(q)1§ + [¥(@)]q = 0.

So, this is the derivative of the loop closure constraint equations, we organized as
[W(q)]lg =0. So, to obtain g from the equation of motion we can write ¢ =
[M]™1(z — [C]q — G) + [M]~1[W]" A, exactly the same what we have discussed when |

derive the Lagrangian formulation with constraint.

So, substitute ¢ in the derivative of the constraint equation here ok and solve for A and

then substitute that A to obtain the equation of motion for the planar 4 bar which is [M]g =

f = [P (WM I Y [WIM] L f + [Y]q}

So, [W] here represents the constraint matrix, 2 x 3 constraint matrix and f = 7 — [C]q —
G. And what is g here? q is the configuration space which is (8,, 1, $,)7, ¢3 does not
show up because we have broken at third joint ok. So, one last thing before we end here

remember | had said in a four-bar mechanism we will have only one actuation which is ;.

So, what happens to these equations of motion? Basically 7, and 75 will be 0. So, we have

one equation which is t; which is the given input torque and this will be 0 is equal to this



and 73 will be 0 is equal to this. So, these are three differential equations. And after
eliminating A the Lagrange multiplier we will have 3 coupled differential equations which

are of the form [M]q is this and in this f only t, is non zero, 7, and 75 are 0.
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SUMMARY alg

o Equations of motion obtained using Lagrangian formulation.

o Error free equations of motion obtairzd using symbolic computer algebra
system such as MAPLE®

o Equations of motion of a planar 2R serial manipulator.

o Equations of motion of a planar 4-bar closed-loop mechanism.
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So, in summary the equation of motion can be obtained using the Lagrangian formulation,
ok. So, this is very mechanical you find the kinetic energy, you find the potential energy
you subtract KE minus PE and then you take this set of derivatives partial derivatives and
some time derivatives ok. So, we can obtain error free equations of motion using symbolic
computer algebra system such as MAPLE. So, | do not have to do these partial derivatives
by hand ok.

So, | showed you that the equation of motion of a planar 2R serial manipulator can be
easily obtained. The equation of motion of a planar four-bar mechanism closed loop
mechanism can also be obtained. Of course, if you want spatial and multi-degree of
freedom serial or parallel manipulator example it will take a lot of time ok. But the basic

ideas are there in these 2 examples which | have chosen.
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© LECTURE 3
o Inverse Dynamics & Simulation of Equations of Motion
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So, in the next lecture, we will look at what to do with these equations of motion. So, we
will look at something called the Inverse Dynamics and something called the Simulations

of Equations of Motion.



