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Lecture - 07
Joints, Degrees of Freedom and Constraints

In this lecture we will lookR 3 3R 53 At set of rigid bodies bunch of rigid bodies connected by joints

and then arising from these connections with joints we have this concept of degrees of freedom
and constraints.
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JOINTS IN MULTI-BODY SYSTEMS
o A joint connects two or more links.

@ A joint imposes constraints on the links it connects,

o 2 free rigid bodies have 6+ 6 degrees of freedom.

o Hinge joint connecting two free rigid bodies — 6+ 1 degrees of freedom.

o Hinge joint imposes 5 constraints, i.e., hinge joint allows 1 relative (rotary)
degree of freedom.

o Degree of freedom of a joint in 3D space: 6~ m where m is the number of
constraint imposed.
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So, let us look at joints in a multi-body system a joint is something which connects two or more
links and a joint basically imposes constraints on the links it connects a link, and a rigid body
will be used interchangeably in these lectures. So, if you have two free rigid bodies in 3D space
each of these rigid bodies have 6 degrees of freedom. So, we have seen earlier that it can be used

to locate a point can be used to locate a rigid body in 3D space.

So, there are three coordinates x y z and then a rigid body also needs to be specified by its
orientation, so then there are three parameters in orientation, so there are six parameters required

to tell the configuration or position and orientation of a rigid body in 3D space. So, if you have



two free rigid bodies then you have 6 + 6 degrees of freedom, you need 12 parameters. However,
let us consider these two rigid bodies connected by a hinge joint.

A hinge joint is nothing but whatever connects a door to the wall that is like a hinge joint. So,
now you can think of the wall as one rigid body and the door is another rigid body but now you
can see that these two-digit bodies do not have 6 + 6 degrees of freedom they have only the wall
or one of the rigid bodies has 6 degrees of freedom and the second rigid body which is connected

to the first rigid body by this hinge joint has only one degree of freedom.

The hinge joint only allows one relative rotation between these two rigid bodies which it
connects. So, another way of looking at this thing is that the hinge joint imposes 5 constraints.
So, hinge joint allows one relative rotary degrees of freedom or it imposes 5 constraints between
these two rigid bodies. So, the degree of freedom of a joint in 3D space is 6 - m where m is the
number of constraints it imposes, and we will look at these m in more detail as we go along.
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+  Lower pairs - area contact between two rigid bodies

* Al the joints on the left

¢ Higher pairs - point or line contact

+ Cam-follower, meshing gears, Wheel rolling on ground
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So, let us look at some of the common types of joints. So, one common type is this rotary joint
the symbol used is R, it has 1 degree of freedom, and a rotary joint is same thing as a hinge joint.
So, if you have one rigid body here and another rigid body here and they are connected by a
hinge joint, the second rigid body can only rotate with respect to this first rigid body. This is also

shown schematically here this is one rigid body, this is another rigid body.



This one can rotate with respect to the other one and this is the typical picture of a rotary joint or
the hinge joint sometimes it is also called as a revolute joint. You can the other well-known or
commonly used joint is a prismatic joint or a sliding joint, the symbol used is P, it has also 1
degree of freedom meaning what if I have one rigid body which is this one and another rigid

body which is this one.

So, the second rigid body can only translate with respect to this first rigid body and intentionally
I have shown it as a box here and this rigid body also has a like a square a sided thing. So, that it
cannot rotate with respect to this first rigid body it can only slide up and down and this is a
symbol which is used for prismatic joint. So, d denotes the degree of freedom in this case theta
denotes the degree of freedom which is the rotation of the one rigid body with respect to the

previous rigid body.

You can also have a screw joint which is not very commonly used, the symbol is H, it has also 1
degree of freedom. Basically, a screw joint is a combination of these two except that the
relationship between d and theta the sliding and the rotation is related by the pitch of the screw.
So, if most of you who are mechanical engineers will know that when you rotate the screw the

nut moves up or down by the pitch.

So, d is p times theta, so it is still one degree of freedom there are two possible motions but the
rotation and the translation are related by a constant. Then we have the cylindric joint, symbol is
C, it has two degrees of freedom. So, in this case the d and the theta are not related. So, most of
the time these kind of joints are used in closed loop mechanisms and in kinematics of some kind

of mechanisms.

It is normally not used very often but it is possible to have what is called as a cylindric joint.
Where one rigid body is this one, the other rigid body is this one schematically shown, so it can
rotate with respect to the previous one and it can also slide. This is a well-known joint it is called
the spherical joint; the symbol is S; it has 3 degrees of freedom. A spherical joint is very is the

same thing as a ball and socket joint which is there in your arm.



The arm is connected to your body at the shoulder by a ball and socket joint. A ball and socket
joint is shown this is one rigid body, this is another rigid body schematically shown. So, this rigid
body can rotate about this direction it can rotate in the other direction out of the plane and it can
also rotate about this axis. So, there are three possible rotations between one rigid body and the

other rigid body connected by a ball and socket or a spherical joint.

The last sort of well-known joint is what is called as a Hooke joint it is also sometimes called as
a universal joint and the symbol is U, it has 2 degrees of freedom. So, in this schematic drawing

so, there are these two angles 91 and 92. So, one rigid body is connected to this ring, here the

other rigid body is connected to this ring here and you can see that these two rings can rotate

with two angles 91 and 92, so they have 2 degrees of freedom.

A hook joint is extensively used in many mechanical systems. So, for example in many cars and
trucks if the engine is at the front and the wheels and it is a rear wheel drive then you have a
transmission which is going from the front to the back and there are hook joints which connect
the rear wheels to the front wheel. So, all these joints are lower pair joints, the word lower pair

means that the contact between the two rigid bodies is through an area.

So, there is an area contact between the two rigid bodies and all these joints on the left are lower
pair joints, all of them are lower paired because they all have area contact. We also have another
kinds of joints which are called higher pair joints in which there is a point or a line contact. And
a good example of a higher pair is a cam-follower mechanism or if you have a two gear teeth

which are meshing or if you have a wheel which is rolling on the ground ideal wheel.

Because due to the load there is a area contact but assuming it is a ideal wheel then you have a
line contact. Similarly, if you have two gear teeth which are meshing, they have a line contact
and cam-follower could have a line contact or even a point contact.
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CONSTRAINTS ~ IMPOSED  BY
ROTARY (R) JOINT

o Rigid bodies, {i—1} and {/},
connected by a rotary (R) joint.

o {i} can rotate about k, with respect
to {i—1}, by angle 6;
PIR) =4 [R] {*{Rk.61)]

o Three independent equations in the
matrix equation above; 6; is
unknown=> 2 constraints in the 3
equations.

o For a common point P on the rotation axis along line .%;
0p=20,-1+% [RI~'p="0;+?[R)'p = 3 constraints present.
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So, let us look at some of this notion of constraints imposed by joints. So, I will take an example
of a rotary joint. So, I have two rigid bodies i - 1 and i, again coming from the last week or even
the first week that we will denote a rigid body by means of these braces. So, i - 1 is a label for a

rigid body which is labelled 1 - 1 which basically means that there is an X Y Y

Y ZL__1 axis

and then origin 0., So, this is the rigid body i - 1.

Likewise, I have a rigid body 1 which also contains one x axis, y axis and z axis and an origin.
So, we have these two rigid bodies i - 1 and i labelled i - 1 and i and they are connected by a
rotary joint. So, this is the schematic view of a rotary joint that shows that there is a rotation

possible between this rigid body and this rigid body and this rotation is always about a line and

this line is labelled Li and this axis about which it is rotating is called IQ

So, we have these two rigid bodies in summary connected by a rotary joint. The second rigid

body can rotate with respect to the first rigid body about an k by an angle Gl_, so I can rotate about

k with respect to i — 1 by angle Bi. So, let us do a little bit of math we have done this before.

So, what is the rotation matrix of i with respect to 0 is denoted this way and similarly i - 1 with

respect to 0 is denoted by a rotation matrix.



And what you can see is the rotation matrix for this rigid body the ith rigid body will be related

to this i - 1 is rigid body by 2 multiplication of 2 rotation matrices. The first one is i — 10[R]

and then between i - 1 and 1 which is nothing but a rotation of Bi about the k axis. We had looked
at this rotation matrix in terms of k and theta. So, remember it was some kx ky kZ are the unit

vectors about this k axis and 0 is the rotation.

We could obtain the rotation matrix in this k, Gi form. So, the orientation of this rigid body 1 is

nothing but obtained from the rotation matrixi — 10[R] ii — 1[R] (k, Bi) and this R is in this
(k, Gi) form. And that is again because this revolute joint o r this rotary joint allows only one

degree of freedom. So, let us just look at it a little bit more carefully. So, this equation which is a

matrix equation contains 3 independent equations.

Why? Because a rotation matrix contains only 3 independent parameters. Orientation is
described by only three independent parameters. So, if you equate the left-hand side to the
right-hand side although there are 9 elements here, there will be 9 elements here but then there
are this only 3 of them are independent. So, this equation contains 3 independent equations,

however 0 is an unknown.
15

So, hence out of those three independent equations there are only 2 constraints 2 are fixed and

the third one is in functions related to Oi. Let us also look at a point on this rotary joint. So, this

point here is on the rotary joint and you can think of this point as a part of this rigid body 1 - 1
rigid body and also as a part of 1 th rigid body. So, the vector which is locating this point is 0p

so what you can see is the Op can be written as OOL,_1 to the origin of 1 - 1 rigid body.

And then a vector going from the origin to this point which is i — 1p likewise the Op canis

also equal to 0 to Oi and then another vector ip . So, this plus this must be equal to this plus this,



so this is a vector equation and we need to make sure that all the vectors are in the same

coordinate system basically we need to pre multiply by certain rotation matrices. So, Op is

OOi_ L theni — 10[R] i — 1p, so this has to be pre multiplied by a rotation matrix.

Likewise, this has to be pre multiplied by a rotation matrix, so we have this vector equation. So,
this is equal to this. Now this is a vector equation containing 3 coordinates, so maybe like x y
and z 3 components. So, there are 3 constraints which are present here because in order to make
this equal the 2 sides there are 3 constraints, there were 2 constraints here so hence we have 5

constraints.

So, mathematically I have showed you that if you have a rigid body, i connected to another rigid
body i - 1 this rotary joint imposes 5 constraints, 2 from the orientation equation, 3 from the
position equation.

(Refer Slide Time: 15:37)

CONSTRAINTS  IMPOSED  BY
PRISMATIC (P) JOINT

o Two rigid bodies, {i—1} and
{i}, connected by a
sliding/ prismatic (P) joint

o Orientation of {i} is same as
{i=1} (or IX[R] is constant)
= 3 independent constraints in

7Rl =4 [R

@ {i} can slide by d;, along .%,
with respect to {i -1}

o 2 constraints in °0;_y + 7, [R]"~'p+ dk="0; +Rl’p
since d; is an unknown variable.
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Now let us look at the constraints imposed by a prismatic joint. So, again we have two rigid
bodies i - 1 and 1 which are connected by a sliding or a prismatic joint P joint. Schematically
what we have here is a rigid body i - 1 a rigid body i they are connected with the prismatic joint.
And as I said before instead of theta rotations by k in the case of the rotary joint, now we have a

d vector a sliding vector di.



So, this rigid body can slide with or translate with respect to this rigid body along this line L or
along this direction k. The same very similar to the idea as before except that now we have a di
vector dl_ along k. So, the orientation of this rigid body with this rigid body has to be same. Why?

Because this rigid body can only slide or translate with respect to this rigid body along this k by

a quantity di .

The rotations or the orientation of this rigid body does not change when we add it to each other

using or we connect these two rigid bodies using a prismatic joint. So, hence what do we have?

We have a equation which is iO[R] =i — 10[R] , so this contains 3 independent constraints,
again rotation matrix has 9 parameters 3 by 3 rotation matrix but only 3 of them are independent

which we have seen earlier.

This is the i rigid body can slide by dl, along this line or along this vector k with respect to i-1, I

have mentioned this earlier. So, we can again write the vector equation which is pick a point on

this prismatic joint, so this Op will be equal to O to this origin of the i - 1 rigid body plus a
vector here i — 1p . And that should be equal to this vector plus this vector but on the left-hand

side we need to do this we need to go from here to here and then we need to core slide di k.

So, Oi_1 +i—-1p + dik should be equal to this vector plus this vector and again when

whenever we are adding two vectors, we make sure that they are all in the correct coordinate

system. So, in this equation it is a vector equation with 3 components but di is an unknown di is

a variable. So, hence there are only 2 constraints so we have 2 constraints from here and there are
3 constraints from here, so the prismatic joint imposes 5 constraints.
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CONSTRAINTS  IMPOSED  BY
SPHERICAL (S) JOINT

Rigid Body i

o Spherical(S) or ball and socket
joint allows three rotations.

@ S joint can be represented as 3
intersecting rotary(R) joints.

o 3 constraints: “p=20;_;+%,[R]"'p = 0; +%[R)'p
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Then let us look at this spherical joint, so a spherical joint or a ball and socket joint allows three
rotations. So, a spherical joint or an S joint can also be represented by three intersecting rotary
joints, so remember it allows rotations in one direction perpendicular direction and about the
third axis. So, let us look at this picture of again a rigid body i - 1 and another rigid body i and

they are connected by this spherical joint.

So, what do we have here? We have that this rigid body can rotate with respect to this rigid body
how it from about 3 axes. So, this can rotate about this line it can rotate in the plane or it can
rotate out of the plane, so hence there are no constraints in terms of the rotations. This rotation
matrix of this can be independent of the rotation matrix of this so there are no constraints.
However, if you pick a point p on this spherical joint you we can see that this vector which is O

to the origin of the rigid body i — 1.

And from the origin to the spherical joint must be equal to this vector which is to the origin of

the ith coordinate system and from ith coordinate system to the centre of the spherical joint. So,

basically, we have OOL__]L + i — 10[R] i — 1p must be equal to 00i+ i0[R] ip , so this is

again a vector equation it has 3 constraints. So, I can say that some quantity of this side the x

component must be equal to the x component here so that is a constraint.



Similarly, the y part should be equal to the y component from the right-hand side. So, hence we
get three constraints so this spherical joint imposes 3 constraints.

(Refer Slide Time: 21:15)

CONSTRAINTS  IMPOSED  BY
ROTARY (R) JOINT IN A LOOP

o Rotary joint in a loop — 2
ends {L} and {R}.

o 2 constraints: {[R] = -1 [R] I [R(k,8,)] = LIRIF[R], 6 unknown.
o Three constraints in tp="0;_; +% | [R]"~'p=" D+}[R](*0; + F[R]'p)
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And finally let us look at the rotary joint in a loop. Remember we also will be looking at closed
loop mechanisms or parallel mechanisms and as an example we look at a rotary joint in a loop.
So, what is the loop here? So, I have a coordinate system I will label it as left, I have another

coordinate system which is right both are fixed to the ground, this hash line shows that they are

fixed to the ground.

Then we have a rigid body 1 - 1 and a rigid body i they are connected by a rotary joint. So, and
these two coordinate systems which are both fixed to the ground are located with respect to each

other by this vector LD , so this is a constant vector. So, what do we have? We have two

constraints coming from this equation which is that iL[R], so our rotation matrix will be same as

i — 1L[R]thento ii — 1[R] (k,0).

So, the rotation of this is related to the rotation of this by multiplying by this rotation about k, so
going from this side this i — 1L[R]i — 1L[R (k, ei)]. So, RL[R]iR[R] let us do it once more so

the rotation matrix or the orientation of this rigid body can be obtained from first finding the



rotation matrix of i - 1 rigid body post multiplied by the rotation at the rotary joint which is this

parti — 1L[R]i — 1L[R (k,0,)].

This must be same as the rotation matrix going from here to here and then from here to here. So,

RL[R]iR[R] , so as you can see many times, I have said this is i - 1 and 1 - 1 will sort of cancel
out. And you will be left with L and i which is the rotation matrix for ith rigid body with respect
to the left coordinate system. This is the same as if you cancel out this R and R if you go from
this side then you have again the rotation matrix of the ith rigid body with respect to the left

coordinate system again.

So, this is a matrix equation, there are three independent equations in this matrix equation, each

of the matrices are 3 by 3 but again there are only three independent parameters and Gi is an

unknown whatever is happening at the rotary joint is a variable. So, hence there are two
constraints in this then similar to what we had shown for the rotary joint I will get three

constraints by considering the position vector.

So, this vector plus this vector should be equal to this vector plus this vector plus this vector and
that is what exactly is shown here. So, the vector from L to p is this plus this and that should be

equal to L to R then R to Oi and then Oi to this ip and again we have to pre multiply properly

with rotation matrices so that all the vectors are in the same coordinate system. So, this is a

vector equation so there are three components.

So, let us say the x component of the left-hand side will be equal to the x component on the
right-hand side and so on and hence we will get three constraint equations. So, a rotary joint in a
loop also has five constraints except why are we doing this because for a four-bar mechanism or
some other mechanism in a loop and we want to analyse what is happening to this rigid body
when it is connected in a loop to another rigid body with a rotary joint in between we can
actually write down all the constraint equations.

(Refer Slide Time: 26:04)



CONSTRAINTS IMPOSED BY A
SPHERICAL-SPHERICAL (S-S) JOINT
PAIR

o The S-S pair appear in
many parallel manipulators.

o Distance between two
spherical joint is constant.

77

o Constraint: (1S;— (‘D +[RIRS;))- (‘Si- (‘D+k[RIFS;)) = 2, Jjisa
constant.
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Finally, the last constraint set equation which is very useful and it will be used in many closed
loop mechanisms and parallel robots this is thing called the spherical sphere spherical S S joint
pair. So, I have a rigid body i, I have a rigid body j in this case, you know we could have written
i- 1 and I but let us consider i and j. So, I have one spherical joint which is connected to this
rigid body j and then there is another spherical joint which is connected to this rigid body i and in
between there is a link.

So, that this S S pair appears in many parallel robots and what is the constraint between these

two spherical pairs Si and Sj , that this link Ll_j is constant this will not change. So, how do I find

what are the constraints? So, I can find this vector from left coordinate system to this centre of
the spherical joint and I can also find the centre of this second spherical joint by going in this

way to the right coordinate system and then this plus this.

And hence what we have is this vector LS ; which is this vector minus LD and this vector this

will be equal to the magnitude of this subtraction should be equal to Lij. So, that is what is shown

here LS . LD + RS]_ the magnitude of this which is nothing but the dot product of the vector

with itself will be equal to lej So, what is this S S pair posing? It is imposing a single constraint

which is that the distance between the two S joints is a constant.



And we will use this notion of the distance between two S joints in a loop or in a parallel robot is
a constant quite often, it is extensively used.

(Refer Slide Time: 28:36)

DEGREES OF FREEDOM (DOF) e

o Griibler-Kutzbach's criterion .
J
DOF=A(N-J-1)+ Y F A

i=l

N - Total number of rigid bodies including the fixed reference,

J - Total number of joints connecting only two rigid bodies (if joint connects
three rigid bodies then it must be counted as two joints),

F; - Degrees of freedom at the i joint, and A =6 for spatial (3D), 3 for plane
motion

o 4 bar mechanism-N=4, J=4 F,=1,A=3- DOF=1
o PUMAS60 — N=17,J=6 F=1,A=6—= DOF =6.

o Griibler criterion works most cases — does not work for over-constrained
mechanisms (see review paper by Gogu(2007)).
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So, let us continue once we know that this rotary joint or a prismatic joint or the spherical joint
either on its own or in a loop, they possess some constraints. We can look at the degree of
freedom of a set of rigid bodies connected by various kinds of joints. So, this is the very
well-known famous Grubler Kutzbach’s criteria. What it tells you is that we can calculate the
degree of freedom of a multi-body system any mechanical system connected by joints rigid

mechanical systems as by this formula.

So, DOF is the degree of freedom, lambda is a parameter which is either 6 or 3, so if the
mechanism moves in 3D space lambda has to be taken as 6. If the mechanism is moving in a
plane the lambda has to be taken as 3 and then we have N - J - 1, N is the total number of rigid
bodies including the fixed reference frame or the fixed rigid body, J is the total number of joints

connecting only two rigid bodies this is important.

So, if a joint connects three rigid bodies, then it must be counted as two joints. And then we have

this F ; which is the degree of freedom of the ith joint and so if there are J joints you sum these

degrees of freedom from, i = 1 through J. So, the quantity which you can obtain is called the



degree of freedom of the mechanical system. So, let us take an example we have a four bar

mechanism, four bar mechanism by its name inherent name means N is 4.

Remember there was one joint and another link, another link and then there was a fixed link, so
N is 4 the number of joints is 4. Each of those joints is a rotary joint it has one degree of freedom
lambda was 3 and hence the degree of freedom is 1, so you can substitute lambda is 3, 4 - 1. So,
this is - 3 plus there are 4 joints 1 + 1 + 1 + 1 so it is the total degree of freedom becomes 1. So,

this is the picture, so I have link one which is the crank this is one link.

This is another link this is the third link and this as I said the fixed reference is also counted. So,
N is 4, J is 4 you can see the joints are marked like this and these are rotary joints and hence we
get degree of freedom is 1. In the 3D example of a robot which is this puma 560 robot which is
well known there are 7 links, so the base is one, this is second, this is third, this is fourth and

there are two more here. So, there are 7 links, N is 7 including the base there are 6 joints.

So, one joint is here, this i1s the second joint, this is the third joint and there are three joints here.
So, the and each of these joints has rotary joints so each of them have degree of freedom as 1, so
lambda is 6. So, let us substitute 6 into 7 - 6 - 1, so this is 0 and then sum of each joint degrees of
freedom so itis 1 + 1 + 1, 6 so that is 6 degrees of freedom. So, this is a very powerful formula

and very famous formula and it works for many cases but it does not work always unfortunately.

So, it does not work on what are called as over constrained mechanisms and there is a huge body
of work research work which goes into why this formula does not work for a certain particular
mechanism. Basically, this formula is just a counting formula you do not in any way look at the

geometry of this mechanism. So, N is just a number J is just a number F , are some numbers.

There is no way which tells you that this link has some length or this is look rotated by some

angle there are some special link lengths and angles.

So, whenever you have special link lengths and angles it fails this degree of freedom formula

will fail and these are called over constraint mechanism and there are these very well-known



pieces of work which deals with over constraint mechanisms. We will not go into over constraint
mechanisms in this course.

(Refer Slide Time: 33:49)

DEGREES OF FREEDOM (CONTD.) \%“

o DOF — The number of independent actuators.

o DOF — Capability of a mechanism with respect to A.
@ DOF = A — "Chosen output” rigid body can be positioned and oriented
arbitrarily.
@ DOF < 4 — (A —DOF) relationships containing the position and orientation
variables.
@ DOF > A — Position and orientation of “chosen output” rigid body in oo ways -
Redundant.

o Serial chains with a fixed base, a free end and two rigid bodies connected by R
andfor P joint — N = J+1and DOF = Y7, F;.

o All actuated joints are one DOF joints — J = DOF.
o Parallel systems - J > DOF — J— DOF joints are passive.

o J < DOF - One or more of the actuated joints are multi-degree-of-freedom
joints - Rare in mechanical manipulators but common in biological joints
actuated with muscles.
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So, what does this degree of freedom mean? Basically, the degree of freedom means the number
of independent actuators which I can put in the mechanism. So, in the case of a robot if it has six
degrees of freedom what it means is I can have six motors at those joints and I can move the free
end, a robot is a serial chain, I can move the free end in with six degrees of freedom. So, what
does it mean by six degrees of freedom?

I can move the free end to any x y z and also attain any orientation. So, that is what the degree of
freedom means that I can have 6 independent actuators the degree of freedom also shows you the
capability with respect to lambda. So, lambda in some sense stands for the ambient space in
which this mechanism is operating. So, if lambda is 3 then it is a planar mechanism if lambda is

6 then the mechanism is operating in 3D space, so if degree of freedom is same as lambda.

So, for example the puma the degree of freedom was 6 lambda over 6. What it means is the
chosen output rigid body in which case it is the free end can be positioned and oriented
arbitrarily I can achieve any x y z and any orientation if degree of freedom is less than lambda
then lambda - DOF relationships containing the position and orientation variables are present. So

for example if I have a robot which has 5 joints so lambda is 6 but the degree of freedom is 5.



So, then what will happen is I cannot pull position and orient the last free and arbitrarily in 3D
space so one of them is constrained. So, basically lambda which is 6 minus degree of freedom 5,
so there is one relationship between the position and orientation variables because I cannot
achieve all arbitrary position and orientation. If lambda is less than degree of freedom or degree

of freedom is greater than lambda.

So, then we can position and orient the free and in infinitely many ways. So, this is a very special
class of mechanism these are called redundant mechanism, so our arm is a redundant mechanism.
Many biological systems are redundant that robot which I showed you which was trying to trace
a circle is redundant because it is moving in a plane lambda is 3 but there were 8 joints. So, I

could have moved these eight joints in infinitely many ways to trace the circle by the free end.

So, the serial chains with fixed base one free end and only two rigid bodies connected by R and
or P joints we have the special relationship, you can prove it that N must be equal to J + 1 and
the degree of freedom is nothing but the sum of the degrees of freedom at each joints. If you
have all actuated joints as one degree of freedom then J will also be equal to DOF. So, in the case

of the puma there were six joints each joint was one degree of freedom.

Hence the total degree of freedom of the puma robot was 6 which is also the same as the number
of joints. In parallel systems the number of joints is much more than the degree of freedom, so in
the case of the four-bar mechanism you saw that there was only one degree of freedom but there
were 4 joints in each of connecting the links to the fixed base and to each other. So, if you have

four joints but it is one degree of freedom then three of those joints are passive.

You can only actuate one of them because remember the degree of freedom is same as the
number of independent actuators. So, in a four-bar mechanism I can only put one motor I can
only have one input and this is again well known. If you have J which is less than degree of
freedom one or more of the actuated joints at multi degree of freedom joints. So, suppose I have

degree of freedom of 6 but the number of joints is J is only three.



So, the only way that is possible is I have a multi degree of freedom joint. Maybe I have a
spherical joint, so this is not very easily seen in mechanical systems and robots and so on but it is
very common in biological joints which are actuated with muscles. So, your ball and socket joint
is three degree of freedom joint at you know at the shoulder. It is not actuated by motors it there

are some very complicated arrangements of muscles which can actuate this ball and circuit joint.

(Refer Slide Time: 39:49)
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o J joint variables — 6;'s or di's
o Position and orientation variables
o For planar motion with A =3 — typically (x,y,0).
o For spatial motion with A =6 — typically (x,y,z; [R]) with 6 independent
variables.

o Generalized coordinates - set of variables, ¢;, i =1,2,...,n which describe the
configuration of the system

o Can be a mix of joint coordinates and position, orientation variables

o Generalized coordinates are non-unique

o Typically chosen to minimize the number of variables and ease of analysis, obtain
and solve equations of motion.

o Not necessarily the minimum number or equal to the degree of freedom (DOF)
of the system.

o If independent, number of generalized coordinates equal to DOF.

o Time derivatives of generalized coordinates, g;, i =1,2,...,n are called
generalized velocities. ’
Ashitava Ghosal (lISc) Dynamics & Control of Mechanical Systems NPTEL, 2022

Let us look at a few definitions. So, the J joint variables which are either thetas or di's SO We can
these are look denoted by rotations Bi's and di's which are the translation the position and

orientation variables depends on what is lambda. So, if you have a planar motion with lambda =
3 then the position and orientation is determined by three variables, so we will use x, y and phi,

just like in any you know mechanics.

So, if the body is moving on a plane, it can have an x coordinate and a y coordinate and it can
orient about the z axis which is this angle phi. If for spatial motion with lambda = 6 there are
typically six parameters you know rigid body has six degrees of freedom and there are six
independent variables, so you can have x, y, z and a rotation matrix. So, this rotation matrix

contains only 3 independent parameters.

We can also describe any mechanical system or a multi-body system by something called as

generalized coordinates. So, this is a very useful concept let us just go over it little carefully and



slowly so what is the generalized coordinate. It is basically a set of variables often denoted with

q, 80 ¢, that there could be n of these and this q, is n of them describe the configuration of the

system.

So, what do you mean by configuration of the system it I can given this qi’s I can completely

describe the mechanism to you, so for example I can draw this mechanism on a sheet of paper or
I can draw it in a computer system if I give you these q’s. These q’s could be a mix of joint
coordinates which is theta and d and x, y and z also. So, these generalized coordinates could be a
mix of joint variables and position and orientation variables the generalized coordinates are

non-unique.

So, I can describe one mechanism or a multi-body system with one set of generalized coordinates
and somebody else can use another set of generalized coordinates and I will show you examples
as we go along. So, what is the use of generalized coordinates? We can choose to minimize the
number of variables and to for ease of analysis. So, generalized coordinates are chosen such that

it is easier to analyse we can easily obtain the equations of motion.

And we can also solve those equations of motion. So, we will come to this notion of equations of
motion when we come to dynamics, so we will choose generalized coordinates in a way such
that the equations are motion are very simple and I can solve them. The number of generalized
coordinates is not necessarily the minimum or equal to the degree of freedom of a system. So, I

can have in a forward mechanism one degree of freedom.

But it is often useful to use two or three generalized coordinates to describe this four-bar
mechanism. If the generalized coordinates are independent then the number of generalized
coordinates equal to degree of freedom. So, in the case of a serial chain it is sensible and useful
to choose the generalized coordinates as only the joint variables. So, there are six joint variables

in the case of that six degree of freedom puma robot.



And the number of generalized coordinates are also six and both of them are equal to the degree

of freedom. The time derivatives of the generalized coordinates are called generalized velocities,

so if I have a theta as a generalized coordinates 8 will be called as generalized velocities.

(Refer Slide Time: 44:33)
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o Holonomic constraints

o Any constraints of the form f;(q1,q2,....a,t) =0, j=1,2,...m
o Sceleronomic constraints: Constraints do not have explicit dependence on t -

(01 ) =0, = 1,200
o Rheonomic constraints: Constraints have explicit dependence on t -

fi(q1, @201 Gnst) =0, j=1,2,..m

o Non-holonomic constraints

o Constraints of the form f(,q,t)=0, k=1,2,...), = (q1, Qs re1Gn) "
o Constraints are non-integrable = Cannot be reduced to
fe(q,t) =0, k=1.2,.....,/ by integration

Ashitava Ghosal (lISc) Dynamics & Control of Mechanical Systems NPTEL, 2022

So, once we have selected or chosen a set of generalized coordinates say q, through q. then

there could be some functional relationships which relate these n generalized coordinates. So,
there are two kinds and these are called constraints and there are two kinds of constraints one is

what is called as an holonomic constraints and these constraints have the form f ( g L9y 4 t) =

0. So, there could be m of these constraints so youcansee ] = 1, 2,., m.

So, important thing is these are could be non-linear functional relationships. So, f ( q, 9, 49 t)

could be any non-linear function in these holonomic constraints there are again two sub
categories one is what is called as a scleronomic constraints. In this the constraints do not have

explicit dependence on time, so what you can see here is f ( q, Gy e qn) the time which was

there in general form is not present and again that could be m such constraints.

We can also have what are called as rheonomic constraints, these constraints have explicit

dependence on time t. So, the functional form of these constraints are f ( q, 4, 49, t) and again



there could be m such constraints. So, important thing in these constraints is it is only a function
of the generalized coordinates q's and possibly time. We can also have one more class of

constraints in mechanical systems these are called non-holonomic constraints.

The non-holonomic constraints are of the form f k(ci, q t) = 0 So, important thing is this q SO
not only the functional form of the constraint contains q may be q L through q, but also the

derivatives time derivatives of q and again there could be | of these, so you can see k is 1,2,...,1

and there are n generalized coordinates q ) through q, and in general this functional relationships

could contain both ci, q as well as time.

The important things about non-holonomic constraints are that these constraints are
non-integrable. What do we mean by non-integrable? So, this has d, g, t, I cannot integrate these
equations and reduce it to form f (q,t) = 0. So, I cannot remove these é, if I could integrate
these expressions or this functional form then it will become holonomic, so non-holonomic
constraints by definition are non-integrable. So, there is no way to reduce it from f k(d, q, t) =0
to f(q,t)= 0.

(Refer Slide Time: 48:00)
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o Simple pendulum: Generalized coordinates q = (x,y)
o Holonomic constraint x? + y2 = [ - two coordinates + 1 constraint
o Different generalized coordinate — g = 0 - no constraint
o Double pendulum: q = (x1,y1.%2,¥2)
o Constraint- (x? +y? = I, (=12 + (2 -3)* = #
o Base O moving along X as apsin(@t) @ Two holonomic constraints = 4 coordinates + 2 constraints

o Rheonomic constraint - (x — a s;in“(mt))2 +y2=P
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Let us take a look at some common examples of holonomic constraints. So, this picture shows
here is a pendulum. So, basically, we have a bob of mass m it is suspended from some point 0, 0
and of length 1, so maybe it is a string and we locate these coordinates of this mass by x, y. We
can also locate this link or this wire by an angle theta from the vertical and there is also gravity

acting. So, in this simple pendulum we could choose the generalized coordinates q as X, y.

So, one possible choice is x, y but however this x, y is related by this constraint which is

2 22 . . . D 2 )
x +y =1.So, the distance between this enter of this bob and this originis, sox +y =1
So, there are two generalized coordinates x and y but there is now one constraint. I could have
also chosen to describe this simple pendulum with a single variable 8 with a single generalized

coordinate 0.

So, then we would have no constraints. Let us look at another example a little bit more complex,
so this is called as a double pendulum. So, basically, we have one pendulum here with a mass at

one point and then it is connected to another mass which is m,. So, and then we could measure

the angle of this link from the vertical with 6, we could also measure the angle from this second

link as 92.

One way to describe the most the configuration of this double pendulum is pick a point here

which is X, ¥, and then we have another point which is x , Y, The rest of the figure is similar, so

there is gravity acting later on we will see why we need this gravity when we derive the
equations of motion. So, in the case of a double pendulum one possible choice of generalized

coordinates at X, Y Xy, Y, 80 the coordinates of these two masses.

e ) 2 2 2 2 22 )
The constraint in this case is that we have x ty = l1 , (x2 - xl) + (yz - yl) = lz' So, this
distance is constant and this distance is also constant so what we can have is two holonomic
constraints because remember these are functional relationships containing queues only there is

no q. So, there are four coordinates x 2 Yp X0, but there are two constraints.



If you have this base which is moving for this simple pendulum so instead of a fixed pivot
suppose it was on some kind of a cart or something in which it is moving and it is moving such

that it is aosin(wt). So, this base is oscillating so in that case your constraint is

o 2 2 2 .. . . .
(x — a_sinsin (wt)) +y = 1. So, this is now a function of time so as I mentioned the

constraint now contains the generalized coordinates which is x and y or q, t = 0. So, it is a
functional form which contains t. Hence it is a rheonomic constraint.

(Refer Slide Time: 51:47)
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§, Is the input (crank)

@1 is another possible output

o One-degree-of-freedom mechanism with 4 joints — Very well known.
o Link 2 is called coupler and is the typical output link.

Ashitava Ghosal (IISc) Dynamics & Control of Mechanical Systems NPTEL, 2022

Let us look at another very classical example of a four-bar mechanism. So, this is a parallel
mechanism. So, we start from one fixed base and we can go around and we come back so there is
one loop. So, for a four-part mechanism there are two well-known ways there are several

well-known ways but to show this mechanism. One is that we can look at this 0 , as one of the

rotations of this so, called link one.

This is sometimes called as the input or the crank and this ¢ L could be one of the possible

outputs. So, when you rotate this link then we want to see how the length 3 is rotating, so this is
sometimes called as a crank and this is sometimes called as an output link. So, this is one way of
describing this four-bar mechanism, it is a one degree of Freedom mechanism with four joints.

Sometimes instead of this output c|>1 you could pick a point on this link 2 which is called as the

coupler.



And then we could have that as an output link. So, in that case we have x and y as x, y as one of
the output variables. So, let us continue.
(Refer Slide Time: 53:12)
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o Planar loop = Only 3 independent equations

o The loop-closure equations for the four-bar mechanism is

hcosfy + hcos(fy + ¢2) + heos(By + 92 +93) = b
hsin By + hsin(0; + ¢2) + hsin(6y + 2 +63) = 0
B +02+¢3+(T—¢1)=4r  Sumofinterior angle = (n-2)

o Loop-closure equations: all four joint variables present.
o q=(6;,1,02,¢3).
@ The actuated joint 6 = 8;.

Ashitava Ghosal (IISc) Dynamics & Control of Mechanical Systems NPTEL, 2022

So, I want to find out what are the constraints and how we can describe this four-bar mechanism.
So, this is a planar loop, it has one degree of freedom, so there should be only three independent
equations. So, let us look at these equations which will tell us what are these constraints so one
possible way of looking at these variables is that we go from here to here and from here to here

and from here to here and this will be equal to [ o

So, the X coordinate is llcose1 + lzcos (61 + cl)z) + l3 cos (61 + c|)2 + c|)3) = l0 .
So, remember ¢ ) is this external angle, so it is actually some m + a we could have also looked

at this angle then it would be a but then this is a nice way of representing we do not really care
whether it is the included angle or the full angle. The Y coordinate is
l1 sine1 + lzsin (61 + q;z) + l3 sin (61 + (1)2 + ¢3) = lO.

Because we start from here, we go here that is so this one is l1 sin 91 perpendicular distance

then we go from here to here then this is l2 sin© L and then we come back to here. So, the Y



coordinate is 0 again. The third constraint equation is 61 + (|)2 + c|)3+ (- q)l) =4 1. How do we

get this? This is a well-known result that the sum of the interior angles of a quadrilateral are for

that matter any convex polygon of sides n is n - 2.

So, in this case there are four sides so it is 4 - 2 which is 2m. But you can see what are the interior

angles? This is 0 1 should have actually counted this a and I should have actually counted this
theta and I should have actually counted T - ¢ % So, - ¢ % is already here but ¢ 5 is actually T +

a, so there is another m which is coming here and similarly c|)3 ism+ 0.

So, you can see one T is coming from here, one T is coming from here, then the sum of all these
angles is 2m. So, this whole thing will become 4 1. So, what am I trying to say here in this

four-bar mechanism there are these generalized coordinates 61 (])2 (|)3and cl)1 and there are it is a

one degree of freedom system, so there must be three constraints and these are the three

constraints.

So, the X component will add up to l0 the Y component is 0 and the sum of the interior angles is

2m. So, in this loop closure constraint equations in this form all the four joint variables are

present, so the generalized coordinates are 0 L cl)1 () 5 () - It is a one degree of freedom, so we

could have said that there is only one independent generalized coordinate and most of the time it

will be 61 which is the actuated joint.

(Refer Slide Time: 56:50)
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If you look at the four-bar mechanism again, there are various ways of representing these four
bars or there could be a various combination of generalized coordinates. So, in the previous case

we went around the loop and then we said this is equal to l0 the Y coordinate to a 0 and so on. |

could also find another way of representing this four bar or finding out these constraints by

breaking these 4 bars at joint 3.

I can also break it in the coupler at some point which is a and b from both ends. I could also
break the four bar at these two places, so all of these different ways of representing the
constraints will give rise to different kinds of generalized coordinates. So, in this first one if I

break it here, we will see that only 6 ) () 5 and ¢ ) will show up if I break it in the coupler link

then 61 c|)2 (1)1 and ¢3will show up.

And if I break it at both these two places then this will be 61 and q;l will show up. So, what is the

basic goal that we want to find the best way to represent the constraints which are inherent in a
four bar. So, we have one degree of freedom, so only one single variable is enough to describe
the configuration of this, four bar but there are different ways or simple ways of choosing

variables in this four bar.



So, if I choose the variables 91 d)z and q>1 so 3 of them there must be two constraints, if I choose
the variables 0 L () 5 [0) 3alnd [0) o 4 variables there must be three constraints and if I choose 0 L and
[0) L 38 the variables to represent this 4 bar or to show the configuration of the four bar then there

must be only one constraint.

(Refer Slide Time: 58:57)
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o Alternate way: ‘break’ loop at third joint
o One double pendulum + one simple pendulum
o Use constraint for R joint

x=lcosB +heos(By+02) = l+lcosdy Breaking ot Joit 3

y ="ysin By + hsin(6; +¢,) lysin ¢y

Ip is the distance along the X — axis between {L} and {R}.

o In this case only two constraint equations & q = (64,91, )
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So, let us continue, so I want to see what are the constraints if I were to break this 4 bar at this

joint 3 and then I want to show that there are two constraints involving 6 L [0) 5 and ¢ g What is the

way to get those two constraints is explained next. So, if you were to break it at this third joint
then basically what you have is a double pendulum. So, this is like a pendulum with two links

and this is like a single pendulum.

And what can I do we can impose the constraint that this is an R joint. And what is the constraint
for an R joint? Remember we had discussed the constraints that in this case of course it is planar,
so we do not have the rotation matrix part. So, what is this? That this vector from origin to this
point will be equal to this plus this vector. So, and that is what is mentioned here, so if you see

this points X, y.

So, this x, y will be given as I cos® + L cos (61 + ¢2) =1+ L cos (4)1) and likewise the Y

coordinate will be l1 sin 91 + l2 sin (61 + c|)2) = l3 sin ((I)l). So this point X, Y where we



are breaking a root a point on the rotary joint 3, we impose the constraints that the point can be
reached in two ways and it is the same point.

And this [ 0 is the distance between the left coordinate system and the right coordinate system.

Remember we had discussed how to obtain the constraint for a R joint in a loop and that is

exactly what we are using there is nothing much new. So, in this case we have three variables 0 L
c|)2 and d)l, SO and the two constraints are this that
l1 cos 91 + l2 cos (91 + c|)2) = l0 + l3 cos (cl)l) ,

[ sin® + L sin (e1 + ¢2)= L, sin (<|>1).

So, if the generalized coordinates are chosen as 0 ) [0) ) and ¢ , to represent this four bar

mechanism, we get these two constraints.

(Refer Slide Time: 1:01:38)
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4-BAR EXAMPLE REVISITED
o Another way is to ‘break’ the second link — Two double pendulums
o Obtain the X and Y components of Lp as

x=hcosby +a cos(By+0), y=Nhsinby+asin(6;+¢)

o Likewise X and Y components of Rp are

x=lcosgy+b cos(9y+03), y=hsingy+b sin(dy+ )

where b, = a+ b and the angle @5 is as shown in figure.

o Impose the constraint that the broken link is actually rigid
x=hcosy +a cos(B+¢2) = lo+hcosd+b cos(dy+ds)
y=hsinb +asin(b+¢) = hLsingy+b sin(0+¢3) o
N Ak %
bt = gto3+7 Ly ) gk
o Similar to earlier case - 3 constraint equations & q = (81, 0y. (2. 3).

Ashitava Ghosal (ISc) Dynamics & Control of Mechanical Systems NPTEL, 2022

Let us continue. So, another way to break is the four bar is to break it at the second link. So, we
break this link here and now what we will do is we will impose the constraint that this vector will
be equal to this vector and the orientation of this link or this rigid body going this way and going
this way will be same. So, basically if you break it at a distance a and b from a from here and b

from here and let us call this point as x, y so what do we have we have two double pendulumes.



So, basically very similar to the constraint imposed by the double pendulum so the x component

of this point from this coordinate system the left coordinate system is

L cos® + acos(6, + &) the 'y component or the y coordinate is
L sin® + asin(®, + ¢,). Likewise, the variable x and y can be reached from this right
coordinate system that is [ 5 €0S [0) . T b cos (cl) . T [0) 3) and y is
lgsincl)1 + bsin(cl)1 + ¢3)andth1512= a + b.

Because remember this link was broken into at this point a and b from two ends. So, now we
want to impose the constraint of this link which is what that the vector which is going from here

to here must be equal to vector which is going from here to here from this along [ 0 Then from

here to here and then from here to here which is exactly what is shown here in these two

equations.

First two equations which is that 11 the x component of this vector must be also equal to x

component of these some of these three vectors which is this and what you can see here is the

left-hand side is l1 COS COS 61 + acos cos (61 + q)z). And the right-hand side is

lo + 13 cos d)l + bcos( c|)1 +¢3). The y component is involving signs so is

I sin®, + asin(6, + ¢2)=l3 Sincl)1 + bsin ((I)1 +(|)3).

It is basically very similar we are just equating the X and Y components of this point reached in
from the left as well as from the right like this. Now we must also ensure that this link the
rotation of this link obtained from this way and the rotation of this link are related. How are they

related? So, what is the orientation of this link that is 61 + d)z you can see that, so if [ were to

draw one line from the horizontal here.

So, this angle from the horizontal of this link is 61 + c|>2. So, you should ignore the fact that this

is there is a big angle here but you know it will adjust automatically, so this is actually some

large angle and this is 91 but any two link or a double pendulum the orientation of the second



link is nothing but the some of the relative rotations. So, this side it is 61 + c|>2 and if you go from

this side, it is (|)1 + c|)3.

But the orientation of this vector is pointing this way and the orientation of the axis is pointing

this way. So, they are separated by m, so hence 91 + q;z is c|)1 + c|)3+ 1. So, please let us go over it

once more, what do I have in this way of breaking a four bar on the coupler link at a point x, y

which is a from one end and b from the other end, the generalized coordinates are thetal (|)2 cl)1

and ¢ 5 SO there are four generalized coordinates q's the dimension of q is 4.

So, hence we must have three constraints because this four bar mechanism is clearly has only

one degree of freedom. So, let us say if 0 L is the root motor so that is the only degree of freedom.

So, we must have three constraints relating these four generalized coordinates and these are the
three constraints, one is we equate the x component going from two sides, then one we equate

the y component going from two sides.

And then we also need to make sure that the orientation of this link and orientation of this link
are same but after all it is only one link. So, similar to the earlier case there are three constraints
out of these four generalized coordinates.

(Refer Slide Time: 1:07:03)

4-BAR EXAMPLE REVISITED

o Yet another way to ‘break’ loop is at two joints.

o Obtain tp and Fp as

bp= (ilcosﬂl.llsinﬂl)r. Rp= (!3c05¢1.lgsin¢1)T

@ Enforce the constraint of constant length ) to obtain
n1(91.¢1] = Ul cosfy — ’D = [3C05¢1),2 + (1'1 sinf, — fg sin¢1)2 = f22 =0

Constraint is analogue of S— S pair constraint for planar R — R pair.

@ Only one constraint equation® - q = (6y,¢;)

Yin the four-bar kinematics this is the well known Freudenstein's equation (see Freudenstein, 1054).
Ashitava Ghosal (lISc) Dynamics & Control of Mechanical Systems NPTEL, 2022



Let us look at the four bar in one last way. So, another interesting way is to break up this four bar
at both these places, so I can break it up at this rotary joint as well as this rotary joint. So, what
do I have? I have a vector from this 0 which is the left coordinate system to this point this is one
vector and similarly I have another vector from the right coordinate system to this point. So,

what is this vector? This is [ L cos B, and this is [ , Sin®, the y component.

What about this vector? It is 13 cos cos , l3 sin sin ¢1' So, from here it is nothing but x

component and then this is the y component, same thing here. Now what we can do is we can
import the constraint that the distance between these two points is constant which is nothing but

the length of this link 2 which is lz' So, what is the distance from here to here which is
2 2 2
(x1_x2) + (yl_y) =1

Just simple Euclidian distance and that is sort of distance square. So, that is exactly what is

written here, that we have [ cos® and then in order to get to this point we have to write / ot

2 . ) )
lgcosq)l,so(llcose1 - l0 - l3cosd)1) +(llsm61—l3smc|>1) —lz= 0.

So, this is very similar to the S S pair constraint which I showed earlier, S joint in a plane is more
or less similar to a R joint. So, the distance between two S joints was the constraint which is

constant here the distance between two R joints is a constraint that the distance is constant which
L2 . ) .
is l2 in this case. So, now we have generalized coordinates 61 and c|>1, so what are the constraints,

this is just single constraint.

So, we could have describe this four bar mechanism using two generalized coordinates 91 and cl)1

and this is the constraint so this is a very famous equation this is known as the Freudenstein’s
equation and it was invented or discovered by Freudenstein in 1954. So, this equation can be

used to analyse the motion of a four bar that is obvious because if I rotate 0 ) I know ¢ L by this

equation.



Moreover, I could also design a four-bar mechanism to obtain certain special motions of c|)1. So,

one last question how I am constantly saying that with these two generalized coordinates I can
show you or describe the configuration of these four bars. So, is that true? Yes, because if | know

what is 61, I can reach this point because this l1 is known the length of link 1 is known l0 is

known.

So, I can come to this point and then I can compute cl)1 from this equation I can solve this
equation and compute q)l. So, and then from cbl I can draw this vector which is l3, so these two

points are known, so hence this complete configuration of the four-bar mechanism is known. So,

if I choose these generalized coordinates if I tell you this is the value of 61 and this is the

corresponding value of ¢1'

I could draw this four bar mechanism on a sheet of paper, which is again very important concept.

That there is only one degree of freedom there is only one independent variable 61 which

completely describes the four bar mechanism. But it is easier to either choose two generalized
coordinates, sometimes it previously I showed you I could choose three generalized coordinates,

I could even choose four generalized coordinates.

If I choose larger number of generalized coordinates to describe this forward mechanism then I

need more constraints and these are all holonomic constraints because they are only functions of

q they do not contain q
(Refer Slide Time: 1:12:04)
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(a) Relative or joint coordinates
(b) Reference point coordinates
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So, with this notion of generalized coordinates and constraints, there are several ways to or
several kinds of coordinates which are in use in parallel mechanisms and closed loop
mechanisms and I want to show you that there are these three main or three different kinds of
coordinates which are in use through this example. So, this is a RRPR mechanism. So, what does

RRPR means?

That there is a first rotary joint then another rotary joint, the third joint is the sliding joint it is a
prismatic joint and then there is a fourth rotary joint. And I would like to describe these RRPR
mechanism using different kinds of coordinates. So, the first is what is called as a relative or joint
coordinates. So, what is the relative or joint coordinates? So, we see that this is the rotation at

this joint which is denoted by ¢1'

This is the rotation at the second rotary joint which is denoted by (1)2 and we can also have the

displacement of this prismatic joint or sliding joint with d. So, these three describe the relative or
joint coordinates for this RRPR mechanism. The reference point coordinate is a different kind of
representation of this parallel mechanism or closed loop mechanism. In which basically what you
do is for each link you specify the position and orientation of the length of some point on the

link.



So, for example the centre of this link I could describe by some X ¥, and the orientation of this
link which is ¢ g Likewise for the second moving link I could say this is x , Y, and ¢ 2 this is the

location of some point a chosen point on this link and this is the orientation of this link. And the

third link which is moving here in this case again I can pick another point 3 which is x A () 2

so this is called as reference point coordinate.

So, I pick a reference point in each of the moving links and for each of these links I say what is
the position and orientation, so in the case of plane I have only x y coordinates and a single
orientation. In 3D you would go to x y z and some three other angles. The last way of
representing the same RRPR mechanism is that you move this reference points to the joint. So,

this X ¥, which was here and this orientation (1)1.

If I move this point to the joint then all I need is just the position of this point which is x y,-1
can move this coordinate system to this centre of this sliding joint, so we get x , Y, and then we
have X, Y, So, these are three kinds of coordinates which can be used possibly for this RRPR

closed loop or parallel mechanism.

(Refer Slide Time: 1:15:28)
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o Relative coordinates or joint variables — with respect to previous rigid body,

q=(01,62.d)

o Constraints for RRPR mechanism
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o Constraints are more complex - contain trigonometric terms.
o Least number of constraints

o Used extensively in robotics
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So, let us look at what are the constraints for each of these different ways of representing the
same RRPR mechanism. So, in the first one which is relative coordinates or joint variables, so

these are the variables with respect to a previous rigid body. So, ¢ L is with respect to the fixed
coordinate system or fixed reference. So, cbz was the rotation of this link with respect to this link

and d was the translation of this link with respect to this link.

So, what are the generalized coordinates? In this case it is ¢1’ c|)2, d, remember this also has one

degree of freedom, we can compute the degrees of freedom using the Grubler Kutzbach’s criteria
and we will see it as one degree of freedom. So, meaning that there is only one independent
variable to describe this mechanism. So, although we have chosen three generalized coordinates

there is only one independent variable which implies that there are two constraints.

And what are the constraints for this RRPR mechanism? We can easily find out which is that the

X component llcoscl)1 + dcos(ci)1 + c])2) + 13605‘((|>1 + c|)2— n/2) = l4. So, think

a little bit this is the x component which is going from here to here to here, this must be I am

coming down this must be equal to [ . The y component involves sin so

llsinq)1 + dsin(d)1 + (1)2) + lgsin(d)1 + q>2— n/2) = 0.

So, this /2 is coming because of this sliding joint, the angle between this last link and the
sliding joint is /2. So, if you work it out you will see that we will have some /2. So, in this
case the constant constraints are more complex they contain trigonometric terms basically you

have cos ¢1 cI)2 and also multiplied by d. So, but the number of constraints is very low, so there

are only two constraints for these three generalized coordinates.

So, it is a little bit more complex because not only you have this variable d but this d and this
rotation is coupled. So, one way of thinking about this for this mechanism RRPR mechanism is

that we have a single degree of freedom which is this ¢ - So, this d and ¢ 5 should be related but
they are in some ways reasonably complicated way of relating d and ¢ 5 using trigonometric

terms.



This kind of relative coordinates or joint variables is used extensively in robotics. It also gives
the least number of constraints. So, I have three generalized coordinates and I have two
constraints and hence it has one degree of freedom. So, hence it is consistent with what we know.

(Refer Slide Time: 1:19:06)
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o Used in software such as ADAMS
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Let us look at also now the other which was the reference point or absolute coordinates. So, for

each of these links we now have X ¥, ¢1 and here this link is X, ¥, ¢2 for third link it is X, ¥,
d)3. So, each link is represented by a chosen point the x, y coordinate of the chosen point and the

orientation of that link. So, as you can see here there are three here, three here, three here.

So, there are nine generalized coordinates which represents this for RRPR mechanism again.
And so, if you have nine of these but again remember there is only one degree of freedom. So,
basically, we need to find eight constraints and all these constraints will be in terms of these
generalized coordinates. So, let us look at a few all these eight constraints. So, one is if I start

from some origin let us call it Xy this is the left one and then this is the other one which is

X .
dyd

So, what you can see is x + ll/2 cos$ = x..So, if I go from here to here so this is x a plus

the x component is 1/ 2 this reference point is chosen at the midpoint of this link which is why it



is l1 by two into cos q;l will be X, So, the y coordinate will be y, t 11/2 sin c|)1 = y.., S0

17

these are two constraints. Likewise, x, + l1 /2 cos ¢1 + l2/2 cos (1)2 = x

1 2°

So, I go from here to here and then you can show that this is X, Then we have
y, + l1 /2 sin c|)1 + l2/2 sin cl)z = Y, So, this is two more constraints and then we can show
that the orientation of this link which is q;l and q)2 and ¢3. These are the angles which determine
the orientation of these three links this orientation (])2 - (|)3 should be equal to /2. What was (I)Z

which was this angle and what was ¢ 3 it was some angle here.

So, then it will become this is perpendicular we assume that the sliding joint is perpendicular to
this  link. So, again this m/2 will show up. Then we have this
(yz - yg)cos cbz and (x3 - xz)sin c|)2= l3 /2. Does that make sense? Yes so, the y

coordinate is y(y2 — yg)cos <|)2 and (x3 — xz)sin c|)2 = l3 /2 and so these are two more

and the last two are

X +l3/2 cosd)3= x. So,x

3 + l3/2 cos¢3= X, andy3+ l3/25inc|)3= y

d 3 d

So, basically, we are going around this loop. So, we had all these generalized coordinates. So,
there are nine of them and I have written down here eight of these constraints. So, which
basically make sure that this mechanism has one degree of freedom. So, as you can see if you
were to choose this way of representing this RRPR mechanism with nine generalized coordinates

then we have eight of these constraints.

So, these are much more complex, so many more constraints and many more generalized
coordinates. The constraints themselves are very simple, there is no product of d and sin and cos
phi, so these are little bit simpler. This is representation which is used in ADAMS. So, in
ADAMS every link has these x, y and ¢ in 3D it will be x, y, z and the three orientations and
then we impose these constraints, distance constraints or orientation constraints and so on.

(Refer Slide Time: 1:24:04)
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@ Number of constraints in between relative and absolute coordinates

o Constraints are simpler — at most quadratic

Ashitava Ghosal (IISc) Dynamics & Control of Mechanical Systems NPTEL, 2022

Last, we look at these Cartesian coordinates or sometimes also called natural coordinates. So,
basically what we do is we move the reference point to the joint. So, hence what we have here is

this point will have X, ¥, this point will have X, ¥, this point will have X y3and then let us
start from some Xy and this is x Yo So, what are the generalized coordinates in this case? It

1S X p Yp Xy Yy Xy, Yo 80 there are six of these generalized coordinates.

Again, this is one degree of freedom. So, there must be five constraints and what are these

constraints, in this case we can also see that X ~X, SO this length should be li SO
(x1 — xa)z + (y1 - ya)z = li . Similarly, (xz — xl)z + (yz — yl)z = l; , then
(x3 - X d)z + (y3 -y d)z = lz and then these two vectors
(xz B xl)(x3 B xd) + (yz B yl)(y3 B yd) = L,l,cos9.

And then these slopes of this point to this point and this point of this point must be equal so

(x3—xl) (y3—y1)

(xZ_xl) B (yz_y1)

to use cartesian coordinates which are nothing but x and y coordinates of these joints, you will

= 0. So, we have 1 2 3 4 and this is the fifth constraint. So, again if you were

have six generalized coordinates and you left five constraints.



So, in this case the number of constraints is between the relative and absolute coordinates. So,
when we use joint level constraints we had the least number of constraints, when we would use
the previous case which is used in ADAMS, we had the largest number of constraints.
Remember we had eight constraints and nine variables. In this case there are six generalized

coordinates and five constraints.

In the first case when the relative or joint variables we had three generalized coordinates and two
constraints. So, however in this case the constraints are very simple, so the constraints are at
most quadratic. So, we can use later on this fact that it is very simple either linear or quadratic
constraints effectively, it does not have sin and cosine, this phi is a constant so there are no
trigonometric terms in these constraints.

(Refer Slide Time: 1:27:38)
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Now let us look at an example of a non-holonomic system. So, this is a very well-known
example of a disk which is rolling without slipping on this ground. So, it is a thin disk which
rolls on this X, Y plane without slipping and this X, Y plane is the horizontal plane. So, at this in
3D space without any contact with the ground will have six degrees of freedom. So, we will have

three translation and three orientation, it is just like any other rigid body.

So, what we have here is some x, y, z and some rotation matrix BA[R] which are the six

generalized coordinates for this thin disk. In BA[R] there are three independent parameters, three



parameters which represents the orientation of this thin disk. So, the disk is initially in this X, Z

plane and it is in contact at this origin OA and then at some time t this disk has come to this place.

So, the contact point is now at C and how do we show this disk at some other time.

So, basically it has rolled along some direction in some path and it has come here. It is also

tilting by angle 0 ) and it is moved in a direction which is 6 - So, this 6 L is a rotation about Z

axis, this is also sometimes called as heading, this tilt is the motion about the X axis so it is

tilting from the vertical by 0 5 and the disk is rolling. So, in the sense that it is spinning abouta Y

axis, so 93 is about the Y axis.

So, what we can see is if I want to describe the position and orientation of this disk, I need to

worry about the 6 L 0 5 and 6 3 and also the location of this origin of this disk which is now at O 5

So, how do I find the orientation? In this example as I have shown you it means there is a

rotation about the Z axis by 0 L then there is a rotation about the X axis the new moved X axis by

62 and then there is a rotation about the moved Y axis by 93 .
So, this is the well-known Z X Y Euler angle rotations and it is about moved access all the time,

so the final rotation about the normal to the disk is 0 . So, the first rotation is 0 L about Z as I said

it is called the heading angle. The second rotation is above the moved X axis, this is the tilting of
the disk and the final rotation is the normal to this risk about Y B.
(Refer Slide Time: 1:31:11)
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Z- X - rotations about moving axis
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So, I can find out what this rotation matrix is by finding the rotation about Z by 0 L which is the
simple rotation which we have seen earlier. So, this is cos 0 - sin 0 ) 0,sin 6 | €os 0 L Oand 00 1.
Similarly, the rotation about X is again a simple rotation so first column is 1 0 0 and this is cos 92
sin 92 0 and so on. So, we have seen this that simple rotations about X Y and Z axis are given by

these formulas.

(Refer Slide Time: 1:31:55)
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o Angular velocity of disk
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So, in this case we have the rotation matrix is given by product of Z X and Y. So, if you multiply

those three rotation matrices we will get a final rotation matrix of the disk. So, B with respect to



A is given in terms of 91, 92 and 63. So, again here cos ¢, means cos 91, s, means sin 62 and so
on, s, means sin 6 3 So, you will get this rotation matrix which contains cosine and sin of this 61

62 and 63 angles.

The angular velocity matrix the [R] [R]Twhich is the space fixed angular velocity matrix can

be also obtained. So, we can find out what is [R] we take the derivative of each one of these

terms, so for example sin 0 5 will be cos 0 5 into © ) and so on. And for others we have to use

chain rule and then you do [R] [R]T the X component of the angular velocity can be extracted

from this Q symmetric matrix.

The Y component also and the Z component also and they will look like this so the X component

of the angular velocity is given by c, 92 — s,C 93. So, c, here means cos 61, c, means cos

0 , S, means sin 0 - So, we can obtain this by doing this operation.

(Refer Slide Time: 1:33:36)
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radius of disk
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o Velocity of point of contact AV =* Vo, +(ay, 0y, o)

@ Rolling without slip = AV, =0
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The point of contact of the disk with the horizontal plane can be given in terms of( r s - 0,-rc 3)

, where r is the radius of the disk. So, you can see that the centre of the disk is the origin and it is



rotating about the 63 axis. So, hence the Y it is rotating about the y axis so this is still 0 and then
we can see the X component is r sin 0 3 and -r cos 0 3 and the position vector of this centre of the
disk is given by BA[R] ch.

So, I am converting from that coordinate system which is attached to the rotating disk to the

coordinate system fixed reference coordinate system. And we will get this vector so it is

(= r s;s, t rs,c,. —r Cpy SO this picture again shows the same thing. So, the velocity of

the centre of the disk which is given by the position vector to this OB and the derivative of the

position vector, so we can write it as del let us denote it by x y and z.

So, what is the velocity of the point of contact? It is this velocity of this origin or the centre of
the disk plus wX r and we do this cross multiplication in the A coordinate system. So, we have

wow which we derived earlier cross r Apcwe have derived this Apc right now the point of

contact and the velocity of the centre of this disk. So, now comes the constraint.

So, if this disk is rolling without slipping then the velocity of the point of contact will be 0. So, if
it is rolling without sleeping then that is this point of contact has 0 velocity and that is what this

expression is showing that AVC= 0.

(Refer Slide Time: 1:36:10)

o
ROLLING DISK (CoNTD.) U}
L] AV( =0=

i E rc193+r516292+r 615291
y = r5193+r slszél—rclqéz
I = -r 9262

o Velocity of centre of disk Op denoted by (x, y, 2)"

o No relationship between 6 generalized cordinates q = (x,y, z, 61,65, 65)

o Out of 6 generalized velocities g — Only 3 are independent

o fi(x,y,2,00,00,05.%,7,7,01,00.05) =0, i=1,2,3

Ashitava Ghosal (IISc) Dynamics & Control of Mechanical Systems NPTEL, 2022



And AVC= 0 can be written in this form which is that 9é= rclé3 + rslczé2 + rszclé1

- : - : _ : ‘ , _
X r5193 + rslsze1 rczcle2 and z rszez. So, what is x y z? They are the location of

the centre of the disk and he said that the velocity of the point of contact is 0. So, the velocity of
the point of contact was nothing but the velocity of the centre plus omega cross r and which is

what [ am equating to 0.

So, hence we can find what is x dot y dot z dot in terms of 91 dot 92 dot and 93 dot. So, what

have we achieved? So, we have six degrees of freedom of this disk x y z of the centre and three

rotation angles 91 62 93. So, it has six degrees of freedom but then because of no sleep because

of imposing the fact that it is rolling without sleeping the alc, )./, z and él, éz, 93 are related by

these three equations.

And note that the equations contain derivatives of the generalized coordinates x y z and 91 92 93

and also 91 62 and 93 , 63 is not showing up here but the ¢'s are 61 62 63 x y z and q dots are the
derivatives of those and there is the relationship between 3&, 3}, z and the thetas and their

derivatives. So, as I said the velocity of the centre of the disk is denoted by J-C, 3-1, z column

vector. So, what is the summary?

There is no relationship between the six generalized coordinates as such but out of those six

derivatives of the generalized coordinates x, y, z, 91, 92, 63 there exists three equations. So,
there are sixth generalized coordinates x y z 91 0 5 0 3 and their derivatives x, y, z so these are
like f (q, g) = 0 and there are three of these, these are the three equations.

So, as you can see this is very different from the four bar mechanism constraints. Because in this

case we have the constraints involving the derivatives of the generalized coordinates. So, these

are we will show that these are called non-holonomic constraints but before that we have to



prove that this cannot be integrated. So, if I could integrate these equations and bring it to the
form of f(q ) = O then they are not non-holonomic, they will become holonomic constraints.

(Refer Slide Time: 1:39:46)
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o Why non-integrable?

o If integrable, f(q,q) =0, i=1,2,3= g(q)=0
o Oneof (x,y,z,0y,6,.0;) is dependent on other 5!

o One variable (say) 85 will be determined by the other 5 = arbitrary 65 cannot be
achieved!

o Not true - Disk can roll forward — change heading 6, — come back to the same
point by another path.

o Since path lengths are different — rotation 65 will be different — any 8; can be
achieved at a location!

o Similar logic for all other generalized coordinates!
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So, why are these non-integrable? So, let us look at it in a different way let us assume they are
integrable. So, what do we have? We have f(q, d) = 0 there are three of these and let us
assume they are integrable which basically means that I can get rid of q or I can integrate q and
from f (q, d)I can get gi(q) = 0. So, what is q here? qisxyz 91 92 63, so if I could

integrate and get one expression of gi(q) = 0.

So, basically one of these generalized coordinates is now dependent on the other five, it could be
more than one which is dependent on the generalized coordinates. So, let us assume for the

moment that 63 is now determined by the other 5, so 93 is dependent on X y z 91 62 so which

means what at any point the centre of the disk is at x, y, z and it is headed heading direction is 6 g

The tilt direction is 6 2 0 3 is automatically determined because of this integrated constraint
equation. So, I am going to show you that that is not possible that I can still get arbitrary 93 this

if it were integrable then 63 will be dependent on the other five and 63 will not be arbitrary. So,



let us look at this example that I want to show you that 63 can be arbitrary, so what is the basic

1dea that this can roll forward.

It can change heading and it can go to some other place and it can roll backwards by another
path. The important thing is it is going forward and it is taking some path and then it is coming
back to another path. So, the path length for going forward and coming backwards is different, so

if the path lengths are different the rotations 93 will be different because it is not sleeping so

whatever it goes forward by rolling and if it comes backward also by rolling but with different

path lengths the 93 will be different.

So, hence I can get any 93 at any location so I start from some point I roll forward in go in a path
and then I come back by a different path and I will get a different 0 . And whatever I can choose
infinitely many different paths to come back to the same point and I will get whatever 93 I want.
So, what I am showing you here is that this equation if it were to be integrable and if 63 could be

a function of this.

Then 93 would not be arbitrary and I am giving you a logic and I am trying to justify that I can
make 93 arbitrary. The same thing I can show you that I can at any position I can get arbitrary 61
arbitrary 0 5 and so on. Again, by going on a different path and coming back or at same place 1

can roll you know I can tilt at different angles. So, clearly 6 5 is arbitrary at any x, y, Z.

How about 6 L being arbitrary? Yes, I can point that disk at some any different angle. So, 6 3 is
the most interesting one which is the hardest one to achieve because if it was sleeping then 63
could be anything, 93 is the last rotation. We are not allowing it to slip but we are allowing it to

go in a path and coming back by another path. So, I can show or I can argue that this equation

cannot be integrated.



Because if it could be integrated then 93 would not be arbitrary but I am giving you enough

reason or a logic or an argument that 0 , can be arbitrary.

(Refer Slide Time: 1:44:27)
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So, here is a video which actually shows you that this rolling of this thin disk I can achieve

arbitrary 0 3 in spite of this constraint that it is rolling without slipping. So, in this video what

you will see is that this is a thin disk that is an X and a Y coordinate which is marked this is the
point of contact this is from where we are starting. So, what this video done by one of the
teenagers is that it will roll forward in some direction and it will come back by another forward

another path backwards.

So, what you can see is that once it comes back to the same place the X will no longer be

pointing downwards and Y will no log out be horizontal. So, which basically means that this 6 3

which is the rotation of this disk about this line which is perpendicular to the disk can be
arbitrary.

(Video starts: 1:45:27)

(Video Ends: 1:45:40)

So, it started with Y horizontal and X pointing down but now I have taken this on a path and then
now I am showing you that X is in some angle Y is in some angle which basically means I have

achieved another 63 at the same place. And I could have chosen some other path then I could



have got some other 93 . So, what it means is this equation which involves both 6.3 and 61 and éz

and all the derivatives of the generalized coordinates cannot be integrated.

I hope it is clear that, if it could be integrated then 93 would not be arbitrary but [ am giving you

enough reasoning and logic to show that 0 , can be arbitrary.
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So, non-holonomic constraints restricts the space of velocities, it does not restrict the space of the
generalized coordinates it restricts the space of q dots, they do not restrict the space of position
and orientation they do not restrict cues but they restrict the space of velocities meaning that only
certain velocities are possible. So, this is a very different kind of constraints in mechanical

system.

So, I had generalized coordinates and I could have a constraints in as a function of this

generalized coordinates. So, f(q) = 0 it could be f(q,t) = 0 so that those are holonomic

constraints but then you have these non-holonomic constraints which are f(q, g, t) = 0 and
those constraints are not integrable meaning that I cannot reduce or I cannot remove those q dots
by integration. There are other systems with non-holonomic constraints you can have what is

called as pure sliding.



What I showed you is pure rolling and also systems which have under-actuated. So, the number
of motors or number of actuators are less than what it can be allowed.
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@ Rigid body has 6 (or 3) degrees of freedom
@ Joints connecting rigid bodies impose constraints

o Degree of freedom of a multi-body system & generalized coordinates

o Common joints impose holonomic constraints

o Multi-body mechanism with loops have more joints than degrees of freedom —
holonomic constraints

o Non-holonomic do not restrict the space of generalized coordinates - restricts
velocities or accelerations.

Ashitava Ghosal (IISc) Dynamics & Control of Mechanical Systems NPTEL, 2022

So, in summary a rigid body has six degrees of freedom in 3D space or it has three degrees of
freedom in the plane. You have joints connecting rigid bodies, so if you have two rigid bodies
you should have 12 degrees of freedom but if you connect these two rigid bodies by a rotary joint
you have only 7 degrees of freedom. So, this rotary joint is imposing constraints and how many

constraints five constraints.

So, the degree of freedom of a multi-body system can be determined by using some very
well-known formula. These are called the Grubler Kutzbach’s formulas we can also represent a
rigid body or a set of rigid bodies using generalized coordinates. So, as I said the generalized
coordinates are some mixture of Cartesian coordinates and joint variables and any other variables

which allows us to obtain the configuration of this mechanical system or multi-body system.

So, common joints impose holonomic constraints, so as I said the rotary joint will impose five
constraints. So, the sum of two rigid bodies with a rotary joint will have only 7 degrees of
freedom, so these constraints imposed by a rotary joint are of the form f(q) = 0 where q's are
the generalized coordinates. So, multi and an example of holonomic constraints other than those

imposed by a single joint are this multi-body mechanisms with loops.



So, I showed you the example of a four bar mechanism, there are four links there is a loop it has
only one degree of freedom. So, depending on how I derive the constraints for this forward
mechanism I could have one constraint, I could have two constraints or I could have three
constraints and this kind of things happen in all multi-body mechanisms with loops, all parallel

chains.

We can also have non-holonomic constraints, the non-holonomic constraints do not restrict the

space of generalized coordinates they restrict the velocities or accelerations. So, a non-holonomic

constraint is given by f( ci, q, t) = and they are not integrable



