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Lecture - 06
Examples of D-H parameters and Link transformation matrices
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SUMMARY

o Two mechanical elements of robots = Links and joints.
o Joints allow relative motion between connected links —+ Joints impose
constraints
o Serial robots mainly use one-degree-of-freedom rotary (R) and prismatic (P)
actuated joints.
o Parallel and hybrid robots use passive multi-degree-of-freedom joints and
actuated one-degree-of-freedom joints

o One degree-of-freedom R and P joints represented by lines along joint axis —
Z is along joint axis

o Formulation of constraints imposed by various kinds of joints.
N

o Link is a rigid body in 3D space —» Represented by 4 Denavit-Hartenberg
(D-H) parameters.

o Convention to derive D-H parameters and for special cases
o 4 x4 link transformation matrix in terms of D-H parameters
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Welcome to this NPTEL lectures on Robotics: Basic and Advanced Concepts. So, this is
Week 2 and the 3rd Lecture of this week. In the previous Lecture 2, we had looked at how
to model and represent the links and joints of a robot. In this lecture, we will look at

examples of D-H parameters, link transformation matrices etcetera.

So, to recapitulate, in the previous lecture, | had shown you that there are two main
mechanical elements of a robot - the links and joints. A joint allows relative motion
between the connected links or another way of saying, a joint impose constraints. So, a
rotary joint allows relative rotation between two links or another way of saying that from
the six-degrees of freedom of the second link there are five constraints which are imposed
by the rotary joint.

To continue, in a serial robot we mainly use one-degree of freedom rotary and prismatic
actuated joints and that is simply because it is sort of hard to put more than one actuator at

one place and implement a multi degree of freedom joint. However, in a parallel and hybrid



robot, we have passive multi degree of freedom joints and actuated one-degree of freedom
joints . So, we have | will show you later that in a parallel robot, we can have spherical

joint which is not actuated.

The one-degree of freedom rotary and prismatic joints are represented by lines along joint
axis, the Z axis is always along the joint axis ok. So, as far as the link is concerned, we
will have a Z axis which is along the joint axis. And | showed you how to formulate the
constraints imposed by various kinds of joints. So, | showed you how to obtain the five
constraints for the rotary joint connecting two rigid bodies - two came from a matrix
equation relating the orientation of the second rigid body with respect to the first rigid

body and three came from the position vector of a point on the joint axis.

The link as | mentioned in my previous lecture is a rigid body in 3D space. Typically, a
link or a rigid body in 3D space would require six parameters, three position and three
orientation. However, because they are connected by rotary and prismatic joints, they can
be represented by 4 D-H parameters and | showed you that they in these 4 D-H parameters,
two were angles and two were distances. So, there was a twist angle and there was a link

rotation angle and then there was a link length and a link offset.

Typically for arbitrary joint axis, none we can easily find the D-H parameters. However,
there are some special cases and namely, | showed you there were four special cases; when
the two consecutive joint axes are parallel, what happens when the two consecutive joint
axis intersect and what do we do for the first and the last link? So, | showed you there is a

convention of how to obtain the D-H parameters for these special cases.

Once we have the D-H parameters for each link, we can use these D-H parameters to obtain
the 4 by 4 link transformation matrix ok. Recall again, a link transformation matrix is a 4
by 4 homogeneous transformation matrix which contains - the top 3 by 3 is the orientation
of link i with respect to i minus 1 and the last column is the position of the origin of link i

with respecttoi - 1.
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Let us continue. We will now look at examples of D-H parameters and link transformation

matrices.

(Refer Slide Time: 04:43)

SERIAL MANIPULATORS

=

o Steps to obtain D-H parameters for a n link serial manipulator
@ Label joint axis from 1 (fixed) to n free end.
Q Assign Z; to joint axis /, i =1,2,....n. ) o
@ Obtain mutual perpendiculars between lines along Z;_; and Z; - Xi_.
@ Origin O;—; on joint axis i = 1.
@ Handle special cases - a) consecutive joint axes parallel and perpendicular, b)
first and last link ki
Q Obtain 4 D-H parameters for link 7, a;_, a;_y, d; and 6.

o For each link i obtain :j ![T] using equation (10).
o Obtain link transform for link i with respect to fixed coordinate system {0},
9(T), by matrix multiplication,

o Obtain, if required, J'[T] by appropriate matrix operations.
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So, just to recapitulate again, what are the steps to obtain the D-H parameters for a n link
serial robot? First label all the joint axis from 1 to the free end. So, 1 is near the fixed - 1
is connecting the fixed coordinate system with the first coordinate system first link and n
is the last or the free end.



Assign Zi to joint axis i for each one of those joints - i equals 1 through n. Obtain mutual
perpendicular between lines Zi -1 and Z; between two consecutive joint axis Zi-1and Zj and
we call them as X .1 and the origin Oj.1on the joint axis i - 1. So, Zj .1, Xi -1, Oi-1 determine
the coordinate system which is attached to link i - 1.

Then, I showed you that we can handle special cases which are two consecutive joint axes
being parallel or intersecting or perpendicular. So, all these special cases we can handle
and finally, what happens when we have first and last link. So, eventually after these steps,
we can obtain the 4 D-H parameters for link i and they are called ai-1, ai—1, di and 6.

So, aj-1 is the twist angle, it is angle between two consecutive Z axis, ai_1 is the link
length, that is the distance along the common perpendicular between Z;.1 and Z;, d; is the
link offset - it is the distance along Zj axis from Xi.1 to X; and 6; is called the link rotation,
it is the angle between X; -1 and X; about Z;. So, with these 4 D-H parameters, | can obtain
the link transformation matrix i with respect to i - 1 using some equation (10). We will
come back to this equation then once more. And once we obtain this link transformation
matrix, we can find any link with respect to the fixed coordinate system ok. So, if | want
to find the transformation matrix of link i with respect to 0 so, all we need to do is multiply
matrices 0 to 1, 1 to 2 all the way till i ok.

And what does this % [T] contain? It contains the orientation and position of link i with
respect to the 0 th coordinate system. We can also obtain that link transformation matrix
for any link j with respect to any other link i. So, if I want to find the link transformation

matrix between 2 and 5, then we have to go from 2 to 3 then 3 to 4 and then 4 to 5.
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PLANAR 3R MANIPULATOR - 5
ASSIGNMENT ~ OF  COORDINATE >

X1 X1t
SYSTEMS

o All 3 rotary joint axis 2; parallel I o,
and pointing out. |
o {0} — 20 is pointing out, 5(0 i s
and Yp pointing to the right and (2 ‘
top, respectively, 0 ¢

-
-

“—
-

o Origin Oy is coincident with O, ! : W
shown in figure. ‘
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Let us take our example. The first example is that of a planar 3R manipulator. So, 3R here
means that there are 3 revolute joints. So, there is this is one revolute joint, this is the
second revolute joint and this is the third revolute joint. All 3 rotary axis of the revolute
joint axis are parallel, and they are pointing out. So, Z1 is here, Z> is here, and Z3 is pointing

out ok.

The 0 th coordinate system is described by Zo and Xo and Yo is to the right here ok. So,
this is a choice we have made of the 0 th coordinate system. The origin of Op and Oy is at
the same place. So, the first link origin or the first coordinate system origin is at the same
place as the 0 th coordinate system. So, the second origin is shown here Oz and the third
origin is shown here as Oz ok. So, we will go over this once more carefully, but let us
quickly show you that the X; axis is the common perpendicular between Z; and Z> so, this
is the line along X1 axis.

The X axis is along the common perpendicular between Z, and Z3 as shown here ok. X3 is
a special case; we will show how to do it. So, once X; is known, Y1 is perpendicular to this
as shown here, Y2 is perpendicular to X2 as shown here ok. So, the first coordinate system
{1} is determined by X1, Y1 and the origin O1 which is here. Second coordinate system is

determined by X, Y2 and the origin which is shown here ok.
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PLANAR 3R MANIPULATOR -
ASSIGNMENT ~ OF  COORDINATE
SYSTEMS

E

o For {1} origin Oy and Z, are coincident with Qg and Zo.

° )A(l and ?1 are coincident with Xo and % when 6, is zero.

° )A(l is along the mutual perpendicular between 21 and 22.

° Xg is along the mutual perpendicular between 23 and Z5.

o For {3}, X; is aligned to Xg when 6; =0.

o 0, is located at the intersection of the mutual perpendicular along X'_) and Zo

o 0y is chosen such that d; is zero.

o The origins and the axes of {1}, {2}, and {3} are shown in Figure.

o
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So, as | said for first coordinate system, the origin Oy and Z; are coincident with Oo and
Zo. So, X1 and Y1 are coincident with Xo and Yo when 61 is zero. So, this is important that
this is how the first coordinate system is assigned. It is a special case and Xy is along the

mutual perpendicular between Z; and Z» as | have shown.

Likewise, X2 is along the mutual perpendicular between Z, and Zs. For the 3rd coordinate
system, which is also a special case, X3 is aligned to Xz, when 63 is 0 ok. So, as you can
see here X is this way, Xs is this way, the angle 63 is between Xz and Xz or X2 and X3 and

when 6z is 0, X3 and X2 will be aligned to each other.

O is located at the intersection of the mutual perpendicular along X2 and Z». Os is chosen
such that ds is zero and likewise, the origins of {1}, {2} and {3} are as shown in the figure.
So, once we have assigned the origins and the axis for each of the links, then we can

determine the D-H parameters ok.
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PLANAR 3R MANIPULATOR - D-H
TABLE

From the assigned axes and origins, the D-H parameters are as follows:

p =

Joct

i [0y |2y | d: ] 6
110 [0 [0]6]

210 h 106

3 0 12 0 93

o Iy and | are the link lengths and 6;, i = 1,2.3 are rotary joint variables,

o Length of the end-effector /3 does not appear in the table — Recall: D-H
parameters are till the origin which is at the beginning of a link!

o For end-effector frame, {Tool}:

o Axis of {Toa} parallel to {3} —+ 3. _[R] is identity matrix.
o Origin of { Tool} at the mid-point of the parallel jaw gripper, at a distance of /3
from O; along X3.
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So, for the first link i equals 1, ai—1, ai—1 and di is O - this is part of the convention. For the
first link and the last link, we have some special way of assigning the 4 D-H parameters.
Only the joint variable 61 is shown here. For i equals 2 which is the second link, ai-11is0
why? Because the joint, all the joint axes are parallel and hence, all the a;_1are 0.

What is aj—1? OK. ai 1 is the link length 2 remember; however, it is the distance between
Zy and Z> ok. So, this the link is here, but a; - 1 is this distance so, this is the part of the
convention. So, this is Iy ok. So, ai_1 is Iz, dj is 0 because this is a planar example, and the
joint angle is 82 or the link rotation of link 2 is 6-.

Likewise, for link 3, i equals 3, ai-1 is 0, the link length is I2, d is 0 and this is 6. So, let
us go back again and see carefully. This is because of this convention; we have this unusual
subscript and subscripts. So, the link length of link 2 is actually this distance l1. The link
length of 3 is actually this distance I». So, that is what the D-H convention are showing.

So, for i equals 3, |- is here. Actual I3 does not show up anywhere in these D-H parameters,
the distance I3 that we will see later, we have to assign some other coordinate system at the
tool and then, we can assign this Iz ok. So, recall that the origin is on the joint axis and the

link is after the joint axis. So, hence, this is the way the D-H parameters come up.

So, in this example of a planar 3R manipulator, most of the D-H parameters are 0 except

this 11 and I and of course there are these 3 joint variables, 3 rotary joint variables. So, as



| have mentioned, the length of the end effector I3 does not appear in the table. Recall D-

H parameters are till the origin which is at the beginning of the link.

So, if I want to show an end effector coordinate system whatever the robot is gripping, we
have to define a coordinate system called {Tool} and how do we define this coordinate
system {Tool}? The axis of the {Tool} is parallel to {3}, the last coordinate system. So,
another way of saying is the rotation matrix between {Tool} with respect to {3} is identity
and the origin of the {Tool} is the midpoint of this parallel jaw gripper which is shown
here at a distance I3 from Oz along X3 ok.

So, let us go back and see the picture once more. So, | have assigned the {Tool} coordinate
system at the midpoint of this parallel jaw gripper. The X3 and Xroo cOordinate system axis
are parallel ok. So, Yool is here Y3 is here. So, the {Tool} coordinate system is parallel to
the 3rd coordinate system. However, it is located at a distance I3 from the last origin which
is Oa.

(Refer Slide Time: 16:10)
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PLANAR 3R MANIPULATOR - LINK 3le
TRANSFORMS
o Link transformation matrix (repeated):
@) ~$g, 0 3j-1
,,1[-” 50, Cey; 1 €, Ca 1 = S 1 ~ S xd'
! 9,5, €054, Cayq Ca, 1d/
0 0 0 1
aqQ —5 00
o Substitute first row of D-H table (100 6;) - 3[T] s(; 601 ? g
0 0 01
o -5 0 4
1 n @ 00
o The second row of the D-H table (0 0 6;) - 5[] 0 0 10
0 0 01
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So, once we have all these D-H parameters, we can go back and substitute in the link
transformation matrix. So, this is what was equation (10). So, the general form of a link
transformation matrix of a link i with respect to i - 1 is given by the ¢ 6;, - s 6;, 0 and then
ai—1,then-sai-1 di, cai—1 di. So, the last column represents the location of the origin of
link i with respect to link i - 1. The top 3 by 3 is the rotation or the orientation of link i

with respect to link i - 1.



So, if I now substitute 0, 0, 0, 1 in this equation, | will get the transformation matrix
9[T]. So, remember 6 is so, this will be c1 which is corresponding to cos 64, this is -
sin 61, this is 0 anyway, a1 first row was 0 so, we will get this O, ¢ ai—1 IS 1 because i
~11is 0. So, the second row will be s1, c1, 0, 0. The third row is 0 because sin oj_1 is 0 so,
0, 0, 1, 0 and the last row for any transformation matrix, link transformation matrix is 0,
0,0, 1 ok.

To obtain the transformation matrix 2 to 1 ok, we substitute the second row. So, what was
the second row? 0, I1, 0, 6. If you substitute 0, I1, O, 82 here, you will get cos 6>, - sin 6>,
0, |1 because aj 1 is I and then, sz, c2, 0, 0, 0, 0, 1, 0 and then three O’s, 1 so, it is very
straightforward. We just pick whatever is in the row of the D-H table and substitute in this

link transformation matrix.

(Refer Slide Time: 18:35)
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PLANAR 3R MANIPULATOR: LINK ale
TRANSFORMS (CONTD.)
G -5 0 /3
o The third rowof D-H table (0 0 @) 2T =| & @ ¢
2 3 0 0 10
0 0 01
100 h
" 0100
o The 3. [T] is obtained as 3, (T] 001 0
0001
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Third row is 0, Iz, 0, 5. So, %3[T] is given by this. And as | said I have defined a {Tool}
coordinate system at the midpoint of the parallel jaw gripper. The {Tool} coordinate
system, the rotation matrix is parallel to the third coordinate system. So, hence this is an
identity matrix. However, it is along a distance, along the X axis by ls. So, this is the *to01[T]
transformation matrix. The position and orientation of the tool with respect to the third

coordinate system is given by this.
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PLANAR 3R MANIPULATOR: LINK
TRANSFORMS (CONTD.)

b3

o To obtain §[T] multiply 8[T] 3[T] 3(T] and get
an -si3 0 hatha
s;z3 an 0 hsp+hsp

0 0 1 0

0 0 0 1

o To obtain & [T}, multiply 3[T] 3,,(T]
axn -si23 0 ha+heaz+han

HUE

iy i3 an 0 hsy+hspp+hs
Tool 0 0 1 0

0 0 0 1
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If I want to obtain let us say what is the third coordinate system with respect to the Oth
coordinate system, all I need to do is multiply %[T] *2[T] %[T] and what you can see is you
will get a expression like this. So, in this case ci2z means cosine of 61+ 62 + 63 0k, C12

means cosine of g1 + 6-.

So, does this make sense? Let us go back and see the figure for once because this is a
planar example we can see. So, please remember that the X coordinate of the third origin
with respect to the 0 origin is |1 ¢1 + I2 c12. The Y coordinate is 11 s1 + 2 S12. The orientation
of the X axis and the Y axis is determined by the sum of the three angles ok.

So, let us go back and see this figure. So, | want to know what is the position of this point
Os with respect to the Oth coordinate system. So, from basic high school trigonometry,
what you can see is the X coordinate is nothing, but |1 into cos 6: so, the projection along
X axis is 11 c1. The angle with respect to the horizontal of this link is 61 + 6. So, this point

will be I; c12 or cosine of 81+ 6». So, the X coordinate, this will be 11 ¢c1 + |2 C12.

Likewise, the Y coordinate will be 1 sin 61 + Iz sin (61 + 62) and what is this angle with

respect to the horizontal? This will be 61+ 82 + 65 so, which is the orientation of this link.

So, at least for this example, we can clearly see that whatever we know from basic high
school trigonometry, it matches with whatever we have derived using link transformation

matrices. All this D-H convention and all these link transformation matrices and all these



advanced concepts basically tells you the same thing as what we know from basic

trigonometry, at least for this planar example. This makes sense.

If you want to obtain the {Tool} coordinate system with respect to the Oth coordinate
system so, we can just multiply %[T] *ra[T] ok. So, again because the rotation matrix of
this {Tool} coordinate system is identity with respect to the third - nothing happens to the
this 3 by 3 part. However, the position now, we will have one term which is I3 c123. So, if

you go back and see the picture, this again makes sense.

(Refer Slide Time: 22:30)

T
=

PUMA 560 MANIPULATOR

The PUMA 560 is a six-degree-of-freedom manipulator with all rotary joints —
Figure shows assigned coordinate systems

{a) The PUMA 560 manipulator (b) PUMA 560 - forearm and wrist

FIGURE: The PUMA 560 manipulator
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Let us take a three-degree of freedom spatial robot ok. So, we in the previous example is
that our planar 3R robot. This is the very well-known PUMA 560 manipulator ok. So, it

is a six-degree of freedom manipulator with all rotary joints.

So, first thing is we need to assign the coordinate axis. So, in this picture, what you can
see is there is one degree of freedom here as | have if you follow my cursor. The second
joint is here which is along this direction which is perpendicular to the first joint, the third
joint is here which is parallel to the second joint and the fourth, fifth and sixth joint are

intersecting at one place.

So, this figure here shows what are the fourth, fifth and sixth joint axis. The Z4 axis is
along this direction. Zs axis is perpendicular going into the page - X, Y, Z going into the

page and the Zs axis is again parallel to the Z4 axis. So, we have the Z; vertical, Z; along



perpendicular to that, Z3 is parallel to Z, and then, Z 4, 5 and 6 are along the directions

as shown here.

So, once we have all this Z; through Zs, we can now determine what is X1, X2, X3, X4, Xs
and so on. So, what is X1? X1 is the common perpendicular between Z; and Z,. So, Z> isin
this direction, Z: is in this direction so, these two axes are intersecting. So, this is a special
case. So, Z; and Z» lie in a plane so, X1 is the common normal to the plane, this is normal

to the plane. So, this is Xi.

How about X> ok? X2 is the common perpendicular between Z» which is this way and Z3
which is this way ok. So, now, these two axes are parallel to each other. So, again this is a
special case ok. So, there are infinitely many common perpendiculars. So, we can choose
any one of them. So, in this example, Xz is this way as shown here. So, Z; is this way, Z3
is this way, Xz is along the common perpendicular to this.

Likewise, what is X3? X3 is the common perpendicular between Zz and Zs so, Zs is here.
So, this is in 3D. So, it is sort of hard to visualize and this is one of the toughest problem
in kinematics of robots how to assign the coordinate axis, the origins and obtain the D-H
parameters. So, if you can do that, then everything else is sort of mechanical.

So, let us go back to what is X3. X3 is the common perpendicular between Z3 which is here,
and Z4 is here. So, it is not very clear how Zz and Z4 are related. We have to look at this
figure, the right-hand side. So, in this case, Zz is going into the page and Zs is like this.
So, the common perpendicular is from this direction, this is X3 ok.

Next, we have to find out what is X4? So, X4 is the common perpendicular between Z4 and
Zs which is here, they are intersecting. So, we need to choose the normal to the plane
formed by Z4 and Zs. So, in this case, X4 is shown here. What is Xs? Xs is the common
perpendicular between Zs which is going into the page and Zs which is again shown here,
they are intersecting ok. So, in this case again, we have to this is a special case - we have

to choose what is Xs.

And what is Xs? That is the last link, again we have to follow one of the rules for the special
case. So, we have assigned Z; through Zg, X1 through X and where is the origin? The origin
is at the intersection of the common perpendicular with say for example, Oy is at the

common perpendicular between along joint axis 1 and the common perpendicular so, Oy



is here ok. Oy is also at the same place if you think about it. The origin of the third
coordinate system is as shown here; it is at the foot of the common perpendicular along X3
with Z3. Then, the origins of 4, 5 and 6, because all three joint axes are intersecting are at
the same place. So, this is at slightly difficult example, we have to think in 3D, we have to

visualize the joint axis in 3D ok.

So, again very quickly, Z; through Zs are along the joint axis, X1 through Xe are along the
common perpendiculars and the origin is on the joint axis. So, origin Oz is on the joint axis
1, origin Oz is at the joint axis 2, both are at the same place because 1 and 2 are intersecting

and likewise for all other joints.

(Refer Slide Time: 28:07)
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PUMA 560 MANIPULATOR - D-H 3¢
PARAMETERS
The D-H parameters for the PUMA 560 manipulator are

i 0oy | a1 di |6,

10 [0oolg

2|-m/2| 0 | 0|86

3 0 a2 d3 63

4| -n/2 a3 d.z A

M| /2| 0|06

6|-n/2] 0|06
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So, once you have assigned the axis and the origins, we can quickly find the D-H
parameters. So, | will do this little slowly because this is the first example of a 3D case.
So, for link 1, this is a special case. So, as | have shown you, first joint is a rotary joint.

So, hence, the twist angle ai -1, link length ai_1, di is all 0 and we have 6.

For link 2 ok, see here | have written oj -1 is— /2, ai—11s 0, di is 0 and this is 62. So, let
us check whether we actually have — m/2 or not ok. So, what is a; -1 for link 2? It is the
angle between this angle between Z; and Z> so, Z; is like this, Z; is also like this as you
can see here and about X1. So, Z; if you do the right-handed rule, you can see Z; to Z», if |

have to do | have to go by 270 degrees or — m/2 so, Z1 is like this and | have to go all around



to Z, about X so, this is — n/2. How about aj—1 for link 2? It is 0 because it is intersecting
and then, we have 6>. So, this is — /2, 0, 0, 6-.

Let us look at link 3. Recall that ;-1 is 0, link length is az, di is d3 and this is 65 ok. So,
let us verify. So, for link 3, what is aj—1 ? It is the distance between Z, and Z3 about Xz. So,
Z is this way, Z3 is this way and it is the distance from Z; to Z3 about this so, this is a..
What is ds? It is the distance between the two X axis - between Xz which is this way, X3
which is this way so; we have ds here ok. So, this is the distance Xz and X are at the same
place here so, this is ds. The third row is 0, a2, ds, 5.

Likewise, for link number 4, you can see it is — /2, as, ds. This is the last one we will see
carefully, the others you can see yourself ok. So, link 4, what is ai_1? It is the angle
between Z3 and Z4. So, Z3 is going into the page here, Z4 is going into the on the right side
here along this axis and we have to find the angle between Z3 which is into the page and
Z4 which is like this. So, again you can see that we have to rotate by 270 degrees or — 7t/2
ok. So, this is — 7/2.

What is the distance? The distance is between Zs and Z4 so, this is as. And finally, we have
ds which is the distance between X3 and X4 which is this ds. So, the fourth row is — /2, as,
ds4, 64. The fifth row you can see yourself that angle twist angle is n/2, this is 0, 0, &s. This,

these two are 0 simply because we are intersecting.

Finally, the sixth row, the angle twist angle is well-defined it is — n/2, link length is well-
defined because it is also 0, this di is according to convention, this is the last link di will
be what? This will be the distance between Xe and X7, there is no such thing as X7 for this

ok, there is no 7th joint. So, by convention, we put this as 0 ok.

So, as you can see for this PUMA robot which is one of the original robots. We now have
a D-H table which consists of six rows -- because there are six joints and as you can see,
there are quite a lot of special cases ok. So, although we looked at special cases in D-H
parameters after the general case, but most of the time a robot is built by a designer with
joint axis which are parallel or intersecting. So, for example, many of these cases here, this
joint and this joint is parallel, Z; and Z; are intersecting and so on.
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PUMA 560 MANIPULATOR - LINK 3¢
TRANSFORMS

o Substituting elements of row #1 of D-H table and using equation (10), we get

Cl —Sl 0 0
ss a 00
?[TI: 0 0 10
0 0 01
Q - 0 0
o From row # 2, we get 3[T] = 05 oc (1)8
-5 -0
0 0 01
a -5 0
5 ss ¢ 00
o From row # 3, we get 3[T] = 0 0 1 &
3
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So, once we have this D-H table, we can easily get all the link transformation matrices.
So, if you go and substitute 0, 0, 0, 61 in the 1st row of that transformation matrix, you will
get this %[T]. For row number 2, we can get 1;[T] and we will get this transformation
matrix. So, it will be a function of #,. %[T] will be a function of &1 ok. For %[T] it will be
a function of 83 and this link lengths a2 and ds, So, you can work it out and you can show
- all we need to do is take each row and put it into the general form of the expression for

the link transformation matrix.

(Refer Slide Time: 34:28)
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PUMA 560 MANIPULATOR: LINK
TRANSFORMS (CONTD.)

G -5 0 a
o From row # 4, we get 3[T] = _05 _oc (1) ((1)4
04 04 01
6 -% 0 0
o From row # 5 , we get §[T] : 505 01 g
0 0 01
6 -5 00
o From row # 6, we get 2[T] = _(: -Oc (1) g
0 06 01

M NPTEL, 2020 §8/70



For row 4, we get 34[T]. It is the function of #s and also this link length as and this link
offset ds will show up. And for 5, we have 65 and there is no link length or an offset and
finally, for 6, it is a function of #s. We can easily find each linked transformation matrix
or another way of saying, the position and orientation of a link with respect to the previous
link.

(Refer Slide Time: 35:02)

0
PUMA 560 MANIPULATOR: LINK A
TRANSFORMS (CONTD.)
o {3} with respect to {0} is given by
acy —asy -5 »ae-ds
Ot OrmLrTi2rm | 5163 =S8 G &sictd3q
=i 42 3% ¥ waa
0 0 0 1
o {6} with respect to {3} is given by
C4C5C6 — 4%  —CalsS6—S4C6 —C4S5 3
- 3 (l
3T =3 THITET] = 55C6 $55% G &
ol T1=alTE(TKIT] ~S405C6— C4S5 4G5S —CaCs 455 O
0 0 0 1
o Can obtain any required link transformation matrix once D-H is table known!
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If you want to find, just as an example, where what is the position and orientation of link
3 with respect to 0? So, we can do %[T] which will give you %[T] %2[T] %[T] and if you
multiply it out, it will be a function of 61, 62, 83 and of course, this a2 and dz ok. c23 here

corresponds to cosine of (62 + 63).

If you want to find 6 with respect to 3 - the coordinate system 6 with respect to the 3rd
coordinate system - the position and orientation, again all we need to do is multiply
relevant transformation matrices. So, 3%[T] is nothing, but 3,[T] %[T] %s[T] and again, we
have a rotation matrix which contains 6s, s and 6s and the position vector which contains
az and ds. And as | have said, we can obtain any required link transformation matrix once

the D-H table is known. | have just given you two examples in this slide.
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SCARA MANIPULATOR &
‘ : . o SCARA - Selective Compliance
[ Ll Assembly Robot Arm
5 = riadhd [T o Very popular for robotic
1! assembly
AN o Capability of desired compliance

and rigidity in selected directions.

~h o Three rotary(R) joint and one
prismatic (P) joint.
o A 4 DOF manipulator.

FiGure: A SCARA manipulator
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Let us look at one more very commonly used robot which is called as a SCARA
manipulator. So, SCARA stands for Selective Compliance Assembly Robot Arm ok. This
manipulator is very very commonly used in electronic assembly. So, basically it is a four-
degree of freedom robot and the four-degrees of freedom are there is one rotation here
which is about Z1, 81, there is another rotation which is parallel to the first one which is 6-,
then this last link can go up and down with the variable dz and finally, the end effector, the

last link can rotate also about 4. So, it has three rotary joints and one prismatic joint.

It is a 4 degree of freedom robot and it was invented by the Japanese to do assembly of
electronic components. So, basically the robot can pick up an electronic assembly, take it
to a certain place and push it down ok, the pins can be aligned with the holes of the PCB
and then, you can push it down. The reason why it is called selective compliance is because
we can by using controller gains properly, we can make sure that it is reasonably stiff while
it is pushing down. However, if there is any small misalignment between the pins and the
holes in the PCB, the 41 and #> can change a little bit so, there can be some compliance in
the rotation axis 61 and @2 and 6 ok. So, you can think of it that this robot is picking up a
pin, IC with pins and then, it is taken to the PCB however, it will never be exactly aligned
ok.

So, while you are trying to push it down, this 61 and &2 and 64 will slightly adjust slightly
means very small amount and then, it can be pushed down by using 64 yeah sorry ds.
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SCARA  MANIPULATOR: D-H
PARAMETERS

E

o {0} and {1} have same origin & origins of {3} and {4} chosen at the base of
the parallel jaw gripper.
o Directions of 23 chosen pointing upward (see Figure).

o Note: Actual SCARA manipulator has ball-screw at the third joint — We
assume P joint.

o D-H Table for SCARA robot

i Qi-1 | 9j-1 v d, ‘ 9,
180 | 0| 0 6]
210 | g | O |6
3 0 & —(/3 0
4| 0 0 0 | 6
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So, how about the D-H parameters of this robot? So, the Oth and the 1st coordinate system
have the same origin by convention. The origins of {3} and {4} are chosen at the base of
the parallel jaw gripper ok. So, {0} and {1} is at the same place here, then {3} and {4} are
chosen at the base of the parallel jaw gripper. Direction of Zz is chosen pointing
downwards. In this example, Z3 is this way ok. So, the reason why we are saying Zs and
Z4 and all these things are chosen this way because they determine the D-H table -- oh
sorry Zz is chosen pointing upwards not downwards. In the actual SCARA robot has a ball
and screw joint at the third joint. However, we assume that the third joint is a prismatic

joint.

So, the D-H table for the SCARA robot this first row is 0, 0, 0, #1. This is first joint is
rotary and this is a special case. For link number 2, itis 0, ai, 0, 6> ok. Why is it 0, a;, 0
62? So, this is the distance from here to here is a1, the distance from here to here is a> and

this motion here is ds. So, second row is 0, a1, 0, 0>.

Third row is 0, a2, - ds, 0 - why - d3? Because the Z3 axis is chosen pointing upwards ok.
So, if the Z3 axis was chosen in the opposite direction, then dsz would be positive. And the
last row is also a special case it is 0, 0, 0, 6a.
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SCARA MANIPULATOR - LINK
TRANSFORMS
Using equation (10) and the D-H table, link transforms can be obtained as

q -5 00 o -5 0 a
0 s a 00 1 ¢ 00
iy 0 0 10/ 2AT] 0 0 10
0 0 01 0 0 01
100 a7 G - 00
) 010 0 3 S8 G 00
3(7] 001 -5 |’ Tl 0 0 10
000 1 0 0 01

The transformation matrix §[T] is
axu 514 0 a1+

s s G 0 315 +as
IM=ATRTEmAN=| % T M

0 0 0 1
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And again, we can easily find each of these link transformation matrices so, for example,
%[T] is nothing, but cos 64, - sin 61 and last row 0, 0, 0, 1 and so on. %;[T] is like this, it is
C2, - S2 S0, all we do is you take the elements of each row and substitute in the general link
transformation matrix formula. So, a: will show up here, a; and — ds will show up here.

So, you can see {2} and {3} coordinate systems are parallel to each other.

Likewise, 64 so, {2} and {3} are they parallel to each other? Yes. So, this is {2} and {3},
they are parallel to each other, there is no rotation happening at this third joint, third joint
IS a prismatic joint. So, we can find the D-H table for the SCARA robot.

And once we know the D-H table, we can go and find each of these link transformation
matrices and as | have said if | want, for example, the position and orientation of the 4th
link with respect to the Oth link, I multiply °1[T] *2[T] 23[T] and %[T] and you will end up
with a rotation matrix containing 61, 6> and 64 and then, the translation components, X
component will be a a1 ¢1 + a2 c12, Y component this and ds is the Z. So, Z motion is d3
and the orientation is 61 + 62 + 64. Third joint is prismatic; it does not contain any

orientation or rotation ok.
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PARALLEL MANIPULATORS

%
J

o Extend idea of D-H parameters to a closed-loop mechanism/parallel
manipulator,
o Key idea — Break a parallel manipulator into serial manipulators.
o Obtain D-H parameters for serial manipulators.
o Several ways to break

o Choose one that leads to simple serial manipulators

o During analysis - Combine serial manipulators using constraints
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Such that after these two examples, | want to extend this notion of D-H parameters to
parallel robots or to close loop mechanism. The key idea is that we break a parallel robot
or a closed loop mechanism into serial robots that is the most important thing. So, once
you break it ok, so then we can have a parallel robot as broken into one or more serial

robots and for each serial robot, we can easily find the D-H parameters ok.

What is the complication? The complication is there are several ways to break a parallel
robot or a closed loop mechanism into serial robots. So, if you break it in one way, you
will get one set of D-H table. If you break it in some other way, we will break, we will get

another set of D-H parameters.

So, the obvious thing is to choose way to break such that you get simple serial
manipulators. So, what is simple, the D-H table is simple that is the whole idea. And
finally, when we want to do analysis, we want to do kinematic analysis, we can combine

the serial manipulators using constraints.

So, I will show you, I can break off closed loop mechanism in several ways to obtain serial
robots, I can find the D-H table of each one of the serial robots, but later on if I want to do
analysis, | have to put it back at the place where | have broken which basically means you

have to reintroduce some constraints.
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PARALLEL MANIPULATORS: 4-BAR
MECHANISM

p =

1%,

e \ o Rotary joints 1 and 4 fixed

/ \ to ground at two places.

= 4 wks\ b AYs o Break 4-bar mechanism into

Y i two serial manipulators.

N il o Break at joint 3 = A 2R

M & ‘ - planar manipulator + a 1R
ANy manipulator
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The simplest possible parallel robot is actually a 4-bar mechanism. It is a one-degree of
freedom mechanism. So, basically, | have one link here, link 2, link 3 and then there is a

fixed link. It consists of four rotary joints 1, 2, 3 and 4. So, it is a closed loop mechanism.

So, we need to have different, two different fixed coordinate systems, these are Y and X,
and Or ok. So, this define the left coordinate system, fixed coordinate system likewise, we
have a right coordinate system consisting of Xg, Yr and origin Or ok. So, this is a choice

which makes the life simple, which makes the analysis simple.

Likewise, you can find the distance between O and this two consecutive revolute joints
this is Iz, this distance is I, this distance is Iz and the location of this {R} coordinate system,
fixed coordinate system, with respect to the {L} coordinate system is lo. So, remember in
a 4-bar mechanism, we have four links ok; one of them is the fixed link that is the way the

links are counted in a 4-bar mechanism.

| can break the 4-bar mechanism into two serial manipulators ok. So, for example, if |
break at the 3rd joint so, this is joint 1, joint 2, joint 3 so, if | break it here, so, what do |
have? | have a 2R manipulator and a 1R manipulator. 1R means a single link manipulated
with 1 joint ok, if | break it here.
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4-BAR  MECHANISM - D-H
PARAMETERS

b=

o For 2R planar manipulator - D-H parameter with respect to {L}
(]

i | Gy |-y | di ] 6
20 0 [ h o]

o For 1R planar manipulator - D-H parameters with respect to {R}

'('1.'-1 '3.'-1 d.'méi 1
1[0 [0 |0]h]

o The constant transform [T} is known.
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So, if I break it there, for the 2R manipulator which we have looked at in the case of the

planar 3R, we have two D-H tables ok.

So, for the 2R with respect to {L}, we have 0, 0, 61, 0, I3, 0, ¢2. Remember we are not, we
are calling this angle as ¢, this is 81 and this is ¢1 and for the 1R manipulator with respect
to the R coordinate system, we have 0, 0, 0, ¢1 and there is a constant transformation matrix
between {L} and {R} ok. They are parallel to each other, but they are separated by a
distance lo.

(Refer Slide Time: 46:42)
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PARALLEL MANIPULATORS: THREE ﬁ;
DOF EXAMPLE
ey ‘I Moving Platform

o Spatial 3- DOF parallel manipulator.

o Top (moving) platform & (fixed)
bottom platform are equilateral
triangles.

o Figure shows the home position and
2 need not pass through top
platform centre always.

o Three legs — Each leg is of R-P-S
configuration.

o Three P joints actuated.

o First proposed by Lee and Shah
(1988) as a parallel wrist - not a
wrist!

FIGURE: A three DOF parallel manipulator
NPTEL.2020  63/70



Let us look at a more complicated three-degree of freedom spatial parallel manipulator ok.
So, this is called as a 3 R-P-S parallel manipulator - it is a spatial 3-degree of freedom
parallel manipulator. It consists of three rotary joints in a fixed base and three spherical
joints in a top moving platform and the spherical joint to the rotary joint, there is a

prismatic joint ok.

So, the orientation of this link is given by 63, the translation along the prismatic joint is I3
and then this is Ss. Likewise, we have Ry, |1 and S; and then, we have Rz, then one prismatic
joint which is determined by I, and this is Sz and the rotation is 61 here, this is 6 for the

first chain, this is 8, for the second chain and &5 for this third chain.

So, in this example, as | have mentioned, this is a parallel robot with passive joints meaning
what? Only the 3 prismatic joints Iy, I2, |3 are actuated, this rotary joint 61, 62, 03, R1, R2, R3
they are passive, and we can also have three spherical joints which are passive so, S1, S,
S3. This is called 3 R-P-S because this is R, P, S and there are three of them ok.

So, we have a top moving platform and a fixed base. So, if | change the prismatic joint
variables Iy, Io, I3, this top platform can move and you can show later or we have seen if
you want to apply some formula, we can show that it has 3 degrees of freedom. In this
figure, it is shown at the home position; the Z axis of the fixed coordinate system X, Y, Z

and this 0 need not pass through the point center of the top platform.

Each leg is R-P-S configuration. There are three prismatic joints which are actuated. This
was first proposed by Lee and Shah, two researchers in 1988, as a parallel wrist - meaning
parallel wrist means we want to orient the platform - it is done in the PUMA robot with
the last three joints ok, the last three joint is orient the object which it is gripping. Actually,

it is not a parallel wrist the three-degrees of freedom are not the three rotations ok.



(Refer Slide Time: 49:39)

THREE DOF EXAMPLE:  D-H
PARAMETERS

=

o D-H parameter for first leg with respect to {L;}
| (v} :J,-l"d,-:ﬂ,-'
1[0 [0 ]0]¢
HEARRI
o D-H parameter for all R-P-S leg same except the reference coordinate system.
o {L1}, {L2}, and {L3} are at the three rotary joints Ry, R», and Rs, respectively.

o {Base} is located at the centre of the base platform & E‘“”[T]. i=123, are
constant and known.

o Note: The angle 8; shown in figure is same as 11/2— ;.
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So, the D-H parameters for the first leg with respect to {L1} so, we fix one coordinate
system {L1}, another one {L1} here, {L2} here, {L3} here fixed coordinate system in the
base can be shown to be nothing but 0, 0, ¢1. What is #1? It is some rotation angle of this
first one, it is not the same as 61, but they are related ok. What will be ¢1? Actually, ¢1 will
be between X and the Z axis, but the angle here is shown as between this line and this line
so, it is basically 7 - ¢1 ok. So, the ai.1 angle, which is nothing, but the angle between the
rotary joint axis and this prismatic joint axis is «/2 is — /2 actually and the joint variables
is |1 ok.

So, the D-H parameters for all the three legs is same except the reference coordinate
systems are So, inherently what have we done here? What we have done is we have broken
up this parallel robot into three serial robots. So, R, P and it is broken here, it is broken
here, and it is broken at the S joints. So, basically each serial link has two joints, a rotary

joint and a prismatic joint.

So, this D-H table is quite simple, it contains only two joints and hence and two links so,
i is equal to 1 and 2 and we get this one joint variable which is ¢1 and one joint variable
which is l1. For the second one, it will be labeled as ¢2 and I and so on.

So, the {Base} is located at the center of the base platform. So, we can have a coordinate
system between {Base} and {L1}. So, we can have a transformation matrix between this

base coordinate system which is X, Y, Z and this origin and the {L1} coordinate system



which is here. So, this example or in this figure, we can see that the translation from the
base origin to the origin is along some along the X axis whereas for this, it is not along the
X axis, it is at some angle to the X axis and for the third one, it is some other angle to the
X axis. This can be found out. So, we can find the transformation matrix between the
{Base} and the three, {L1}, {L2}, {Ls} and note the angle 61 shown in the figure is same
as m/2 - ¢1.

(Refer Slide Time: 52:44)

THREE DOF EXAMPLE:  LINK
TRANSFORMATION MATRICES

q -5 00 1 0 00

L s g 00 00 1/
¢ II[TI 5 10| %[T] 0 10 Ul
01 00 01

o % [T] is an identity matrix - {S;} is located at the centre of the spherical joint
and parallel to {2},
ase ase [ TL
o $2[T) =BT TRITE IT)
o Location of spherical joint S; with respect to {Base} from gl‘”"[T]
Buseg (b=l cosBy,0, lysin 91]T. b is the distance of Ry from the origin of
{Base} (see figure).

o Location of S» and S5 85, —{—g ; él'gcosﬁg_ ";b - ":g” cosfy, hsind,)’

Baseg, (—g + %Igcosﬂ;‘ —"231’- - ‘g'l’ cos b, hsinbs)

b=
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Now we can find three transformation matrices for each of these legs. So, between {L1}
and {1}, we have this transformation matrix, which is given by cs, - s, s1, ¢1 and so on.

Between {1} and {2}, | have a transformation matrix which contains I ok.

The transformation matrix between {2} and the spherical joint is identity matrix because
S is located at the center of the spherical joint and is parallel to {2}. So, how do 1 find
what is the location of the 1st spherical joint with respect to the {Base}? We go from
{Base} to {L1} which is known, {L1} and {1} which is a function of 41, {1} to {2} which
is the function of the translation and between {2} and S; which is identity - it is some

distance if maybe.

Likewise, we can multiply this out and what you can show is, so the {Base} to S;, this
position vector, so from here to this vector, will be nothing, but we go along this, then we
go along this, did go to this ok. So, you can see it will be some distance from O to this

point along the X axis, then some something which will vary with the angle 6: and



something with which will vary with respect to l1. It turns out that you will get the position
vector of the first spherical joint is b - I1 cos 61, Y coordinate will be 0 and the Z coordinate
will be Iy sin 61. Does this make sense? More or less ok, you can go back and see the
picture.

So, this distance is b so, it is b and then, this angle is 1 so, |1 cos 61 so, it will be b - 11 cos
61 so, this three points lie in a plane, the Y axis is perpendicular to that plane. So, the Y
coordinate will be 0 and the Z coordinate will be 11 sin 1. So, that is what is written here.
So, b is the distance of R1 from the origin of the {Base}.

Likewise, the location of S; and Ss, the position vector locating the spherical joints can be
determined by — b/2 (1/2) I> cos 6» and so on. So, we have assumed that these three points

are 120 degrees apart. So, that is why we have we get this V3/2 and so on ok.

So, these three vectors can be obtained. Again, just go back to the D-H table, find out the
transformation matrices, link transformation matrices, multiply the link transformation

matrices and then pick the last column of the 4 by 4 homogeneous transformation matrix.

(Refer Slide Time: 56:15)
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PARALLEL MANIPULATORS:  SIX
DOF EXAMPLE
Y4

o Moving platform connected to
fixed base by three chains.

o Each chain is R-R-R & S joint at
top.

o Model of a three-fingered hand
(Salisbury, 1982) gripping an
object with point contact and
no-slip.

o Each finger modeled with R-R-R

joints and point of contact

3 modeled as S joint.

FIGURE: A six DOF parallel (hybrid) manipulator
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This is another example of a six-degree of freedom parallel robot ok. So, this is basically
a hybrid robot why? Because there are these chains which are serial robots and then, there

is this loops. So, I can go from this first joint, I can go like this to one spherical joint, then



go to another spherical joint and come back to 3 likewise, | can go from one to one

spherical joint then come back to another the second fixed rotary joint ok.

So, each chain is R-R-R and S to the top. So, this is an interesting robot. It has three chains,
and it is also a model of a three-fingered hand and which was proposed by Salisbury in
1982. If you have these three-fingers and each finger is modeled as three rotary joints so,
you can see that the first rotary joint is what is happening at the one point, then you have
these two joints which are parallel to each other. So, this is let us say the index finger, this
is the middle finger, and this is the thumb ok. So, this is a model of a three-fingered hand
which is gripping an object. So, when you grip an object, there are various kinds of contact
between the fingers and the object and one such model is a spherical joint, it is called point

contact with friction.

So, the point of contact between the finger and the object is modeled as a spherical joint
and we have each finger is modeled with three rotary joints. So, we want to model this
parallel robot. So, first step again is to find out the D-H table and then, maybe we can find
out where, what is this point of contact here with respect to the fixed coordinate system

and so on.

(Refer Slide Time: 58:18)
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SIXx DOF EXAMPLE: D-H 3l
PARAMETERS AND LINK TRANS-

FORMS

o D-H parameters for R-R-R chain.
i [y [y [d: ] 6;
NEEEREIEY
2| /2 I“ 0 [}
3 | 0 » ha | 0 | 01
o D-H parameter does not contain last link length /3.
o D-H parameters for three fingers with respect to ?\F,}. i=1,2,3 identical.

o Can obtain transformation matrix F/(T] by matrix multiplication.
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So, if you have this R-R-R chain so, | have one rotary joint, another rotary joint, another
rotary joint. So, what you can see is that the first rotary joint is along the Z, the second

rotary joint is perpendicular to the first rotary joint and the third rotary joint is parallel to



the second rotary joint. So, the D-H table here 1st one is 0, 0, 0, 61 because this is
convention, this is the first link. The 2nd rotary joint is rotated 90 degrees with respect to
the 1st rotary joint and hence, you have =/2 and then, you have these two link lengths I11
and 12 ok.

So, what is l11 ? 111 is the distance from this point to this point and l12 is the distance of

this to this point, 113 does not appear why? Because the D-H parameter is starting from the

the two D-H parameters for the first R-R-R chain.

first joiphie the ripiarfrieter dolesSAdt EBRDRKTPE WAL RIS |33 Bk IS8, ¥Re D-H parameters for each
of the three fingers are identical. You can see except so, this one, this one and this one,
they are all identical except they are with respect to three different coordinate systems ok.
So, this is with respect to this coordinate system, this is with respect to this coordinate

system, | have located at this fixed place and this is the third one ok.

So, if you call the fixed points of the R-R-R chain as Fi so, with respect to {F; } they are
identical, and we can find the transformation matrix P'si [T]. What is Pi? P; is this points,
P1, P2, P3. So, | can find the transformation matrix of F'si [T] - Pi to Fi, P1 to F1, P2 to F2

and so on. How do | do that --it is just by matrix multiplication again.

(Refer Slide Time: 60:38)

=

Joct

SIX DOF EXAMPLE: LINK
TRANSFORMS (CONTD.)

o Position vector of spherical joint i
cos0;( /iy + lia cos y; + s cos(y; + 6;))
ipi=| sin®(fy+ hacosy;+ zcos(w; +¢;))
I,gsin Y+ l,';SiH(lJ/, T O,)
o With respect to {Base}, the locations of {F;}, i =1,2,3, are known and
constant (see Figure)
Basey, — (0,—d, h)T Ba¢hy = (0,d,h)T B#seby = (0,0,0)7

F

o Orientation of {F;}, i =1,2.3, with respect to {Base} are also known - {F,}
and {Fy} are parallel to {Base} and {F3} is rotated by y about the Y (not
shown in figure!).

o The transformation matrices ':‘“"[T] is P (TRITRITRITE,[T] - Last
transformation includes 3.
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So, it turns out that in this case, so, p: to Fi, they are all same, it is determined by cos i,
cos yi and ¢i. So, these are the three rotations of each finger 61, y1, ¢1. So, as if you can
see in this figure, 6 is rotation at the base here, 1 is the rotation of the second joint, ¢1 is
the rotation at the third joint and likewise, for all the three fingers. So, for each one of these
fingers, we can locate the position or the contact point with the object in terms of 9, vy, and
¢ and the link lengths I’s ok.

So, with respect to a {Base}, first thing is we need to find the location of the fingers, the
coordinates of the fingers, starting point of the fingers with respect to the {Base}. So that
is known and so, we can find out that the {Base} with respect to the first finger is 0, -d, h,

0,d,hand0, 0, 0 is that correct? Yes, you can go back and check the figure.

So, we can know the orientation of {Fi} with respect to the {Base} and so on. So, {F1}
and {F2} are parallel to the {Base} coordinate system, {Fs } is rotated by an angle y about
Y which is not shown in the figure, but you can think of your thumb. So, the first joint of
the thumb is not parallel to the first joint of your say the index finger ok, it is rotated by an

angle.

So, we can find the position vector of the point p; with respect to the {Base} by multiplying
first {Base} to {F1}, then %[T], %2[T], %[T], %[ T] and the last transformation will include
this lza.

(Refer Slide Time: 62:54)

=

SIX DOF EXAMPLE: LINK
TRANSFORMS (CONTD.)

Base

o Extract the position vector “***py from the last column of ?:“[T]

_ cosfy (1 +hacos Yy + hacos(yy + 1))
Basep, =Base p +Fip, = ( d+sinby (hy + hacos vy + hacos(y + ) )
h+ hasin yy + hasin(yy +61)
o Similarly for second leg
cosba(hy + hacosya + hscos(ya + ¢2))
Basepy = | d+siny(hy+ hacosya + hacos(ya + 02)) )
h+ hasinya + hasin(ya + ¢2)
cos B3( sy + ko cos Y + hz cos(ys + 03))
o For third leg B#¢p, [R(Y;/)] ( sin03(h3y + o cos 3 + g cos( Y3 + 03)) )
lasinys + hasin(ys + ¢3)
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So, we can extract the last column, so, B2 p; is given by b, + F; p; and it turns out that
we have this reasonably complicated expression, but basically it contains 61, y1, ¢1 and
this linked length 11, l12, 113 0. So, X; X component contains cos, Y components contains
sin and then this Z component does not contain 6.

Similarly, for second length, I can find out 82 p, and for third length, we can find out B3
p3, but as | mentioned, in the actual model of the three fingered hand, the first coordinate
is rotated by a angle y about Y axis so, we have to pre-multiply whatever we get in all of

this with another rotation matrix with a constant v.

(Refer Slide Time: 63:50)

=

SUMMARY

i

o D-H parameters obtained for serial manipulators - Planar 3R, PUMA 560,
SCARA
o To obtain D-H parameters for parallel manipulators

o Break parallel manipulator into serial manipulators.

o Obtain D-H parameters for each serial chain.

o Examples of 4-bar mechanism, 3-degree-of-freedom and 6-degree-of-freedom
parallel manipulators

o Can extract position vectors of point of interest & orientation of links from link
transforms.

L]
o Kinematic analysis can be done using the concepts presented here.
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So, in summary, | have shown you D-H parameters for serial robots, a planar 3R
manipulator, a PUMA 560 manipulator and a SCARA robot. The first one is three-degrees
of freedom, the second one is spatial six-degrees of freedom and the SCARA is a four-
degree of freedom robot.

So, to obtain D-H parameters for parallel manipulators, we basically break the parallel
manipulator into serial manipulators. We obtain the D-H parameters for each serial chain
and as | showed you examples of a 4-bar mechanism, a 3 R-P-S 3-degree of freedom spatial
mechanism and the model of a 3-fingered hand which was a 6-degree of freedom parallel

manipulator.



So, once | have the D-H parameters, | can find the orientation and position of any link with
respect to some fixed link or any other link and then, from that we can extract the position
vectors of point of interest or the orientation of links from the link transformation matrices
and then, we can do kinematic analysis ok.

And we will see in the next week, how we can do not next week that week after the next
week, how we can do kinematic analysis for both serial and parallel robots based on

whatever we have learnt and discussed here.

Thank you very much.



