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* Robot Modeling and Control
* Robotics: Modelling, Planning and Control



Reminder: Right Hand Rules

Cross product + axb

A x
A a
D (
7)) \

14.11.2017




Reminder: Right Hand Rules

X

A

Z
A right-handed coordinate frame
A xxy

Y <o -
Z& m// Y ol A
&

The first three fingers of your right hand which
indicate the relative directions of the x-, y- and
z-axes respectively.
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Reminder: Right Hand Rules

Rotation about a vector

Wrap your right hand around the vector with
your thumb (your x-finger) in the direction of w
the arrow. The curl of your fingers indicates
the direction of increasing angle.



Kinematics

The problem of kinematics is to describe the motion of
the manipulator without consideration of the forces and
torques causing that motion.

The kinematic description is therefore a geometric one.



Forward Kinematics

Determine the position and orientation of the
end-effector given the values for the joint
variables of the robot.

Link n-1

Link 1 Joint n ‘

End-Effector

Joint 1 Robot Manipulators are composed of
links connected by joints to form a
Base kinematic chain.

14.11.2017 J.Nassour



Robot Manipulators

Revolute joint (R): allows a relative rotation about a single axis.
Prismatic joint (P): allows a linear motion along a single axis
(extension or retraction).

Prismatic joint
—

Revolute joint

Spherical wrist: A three degree of freedom rotational
joint with all three axes of rotation crossing at a point
is typically called a spherical wrist.

Base
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The Workspace Of A Robot

The total volume its end - effector could sweep as the robot
executes all possible motions. It is constrained by the geometry of
the manipulator as well as mechanical limits imposed on the

joints.

Prismatic joint

Revolute joint

Base
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Robot Manipulators

Symbolic representation of robot joints

Revolute Prismatic

o| Lo | =

3D 46 / A~

e.g. A three-link arm with three revolute joints was denoted by RRR.

Joint variables, denoted by 0 for a revolute joint and d for the prismatic joint,
represent the relative displacement between adjacent links.



Articulated Manipulators (RRR)

14.11.2017 J.Nassour
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Articulated Manipulators (RRR)

Also called: Anthropomorphic Manipulators

Three joints of the rotational type (RRR).

It resembles the human arm.

The second joint axis is perpendicular to the first one.
The third joint axis is parallel to the second one.

The workspace of the anthropomorphic robot arm,

encompassing all the points that can be reached by the
robot end point.



Elbow Manipulator (RRR)

Forearm

Workspace

Structure

b

Side
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Spherical Manipulator

The Stanford Arm
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Spherical Manipulator RRP

Two rotation and one translation (RRP).
The second joint axis is perpendicular to the first one and
the third axis is perpendicular to the second one.

Workspace

Structure
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Spherical Manipulator RRP

Two rotation and one translation (RRP).

The second joint axis is perpendicular to the first one and
the third axis is perpendicular to the second one.

The workspace of the robot arm has a spherical shape as in
the case of the anthropomorphic robot arm.

Workspace

Structure
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Spherical Manipulator RRR

Workspace?

A

/4
" 7Y Pitch Roll
Ay g N
<:ﬁf,>‘ﬁﬁivv

.

Structure




SCARA Manipulator

Two joints are rotational and one is translational (RRP).
The axes of all three joints are parallel.

Workspace

¥ ¥

0,

(1
Cﬁ 0, ‘
N
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SCARA Manipulator

Two joints are rotational and one is translational (RRP).
The axes of all three joints are parallel.
The workspace of SCARA robot arm is of cylindrical shape.

Workspace -
G

apr

& "'--______________ _'_._._.____.___'_____.a--"'"’
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Cylindrical Manipulator

dg

CJY)U 0,

S

Workspace

One rotational and two translational (RPP).
The axis of the second joint is parallel to the first axis.
The third joint axis is perpendicular to the second one.
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Cylindrical Manipulator

dg

CJY)U 0,

S

One rotational and two translational (RPP).
The axis of the second joint is parallel to the first axis.

The third joint axis is perpendicular to the second one.

14.11.2017 J.Nassour
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The Cartesian Manipulators

Workspace

(ig

- —

20
29

NN

Three joints of the translational type (PPP).
The joint axes are perpendicular one to
another.



The Cartesian Manipulators

(ig

- —

S dl 20
1 i — <2
i -/
.............. S
! AN
A
Workspace

Three joints of the translational type (PPP).
The joint axes are perpendicular one to
another.



Configuration Parameters

A set of position parameters that describes the full
configuration of the system.

Base Z



Configuration Parameters

A set of position parameters that describes the full
configuration of the system.

9 parameters/link

Base

14.11.2017 J.Nassour
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Generalized Coordinates

A set of independent configuration parameters

3 positions

6 parameters/link ) ]
3 orientations

A
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Generalized Coordinates

A set of independent configuration parameters

3 positions

6 parameters/link ) ]
3 orientations

/"\.

Y 4 \c

Link n
Base !
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Generalized Coordinates

A set of independent configuration parameters

3 positions
3 orientations

-,

C

6n parameters for n moving links

6 parameters/link {

/"\.

5 Constraint Link n

Base
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Generalized Coordinates

A set of independent configuration parameters

3 positions
3 orientations

-,

C

6n parameters for n moving links
5n constraints for n joints

6 parameters/link {

/"\.

5 Constraint Link n

Base
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Generalized Coordinates

A set of independent configuration parameters

3 positions
3 orientations

-,

C

6n parameters for n moving links
5n constraints for n joints
D.O.F:6n-5n=n

6 parameters/link {

/"\.

5 Constraint Link n

Base
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Generalized Coordinates

~/

D.O.F: njoints + ?

Iy
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Generalized Coordinates

/' \/ The robot is free to move forward/backward, up/down,
left/right (translation in three perpendicular axes) combined

with rotation about three perpendicular axes, often termed
- pitch, yaw, and roll.

14.11.2017 J.Nassour 32



Generalized Coordinates

/' \/ The robot is free to move forward/backward, up/down,
left/right (translation in three perpendicular axes) combined

with rotation about three perpendicular axes, often termed
- pitch, yaw, and roll.

D.O.F: n joints + 6
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Operational Coordinates

End-effector configuration parameters are a set of m parameters (x¢, x5, X3,.., X;)
that completely specify the end-effector position and orientation with respect to the

frame 0o X0 Yo Z2y-

0,1 is the operational point. 09 X0 Yo Zo

A set (x4, X2, Xx3,. .,xmo) of
independent configuration
Parameters mgy: number of
degree of freedom of the
end-effector.

On+1 Xn+1 Yn+1 Zn+1
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Operational Coordinates

Is also called Operational Space

Base
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Joint Coordinates

Is also called Joint Space

Base

14.11.2017 J.Nassour
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Joint Space -> Operational Space

Determine the position and orientation of the end-
effector given the values for the joint variables of the
robot.

Base



Redundancy

A robot is said to be redundant if n > m.
Degree of redundancy: n — my

how many solutions exist?

Base

14.11.2017 J.Nassour
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Redundancy

A robot is said to be redundant if n > m.
Degree of redundancy: n — my

how many solutions exist?

Base
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Redundancy

A robot is said to be redundant if n > m.
Degree of redundancy: n — my

how many solutions exist?

Base
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Redundancy

A robot is said to be redundant if n > m,,.
Degree of redundancy: n — my

how many solutions exist?

Base
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Redundancy

A robot is said to be redundant if n > m,,.
Degree of redundancy: n — my

how many solutions exist?

Base

14.11.2017 J.Nassour
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Kinematic Arrangements

The objective of forward kinematic analysis is to determine the cumulative effect of the
entire set of joint variables, that is, to determine the position and orientation of the end
effector given the values of these joint variables.

We assume that each joint has one D.O.F
The action of each joint can be described by one real number:
the angle of rotation in the case of a revolute joint or
the displacement in the case of a prismatic joint.
When joint i is actuated, link i moves.

q; is the joint variable

_ | 0; if joint 7 is revolute
4= d; if joint ¢ is prismatic



Kinematic Arrangements

The objective of forward kinematic analysis is to determine the cumulative effect of the
entire set of joint variables, that is, to determine the position and orientation of the end
effector given the values of these joint variables.

We assume that each joint has one D.O.F

The action of each joint can be described by one real number:
the angle of rotation in the case of a revolute joint or
the displacement in the case of a prismatic joint.

Spherical wrist 3 D.O.F
A : :
A spherical wrist:
' 7Y Pitch Roll

RRR
( )j ( ( } C Links’ lengths =0

Yaw

14.11.2017 J.Nassour 44



Kinematic Arrangements

To perform the kinematic analysis, we attach a coordinate frame rigidly to each link.

In particular, we attach 0;x; y; z; to link i.

This means that, whatever motion the robot executes, the coordinates of any point p on
link i are constant when expressed in the it" coordinate frame p; = constant.

When joint i is actuated, link i and its attached frame, 0;x; y; z;, experience a resulting
motion.

m Onx 2 The frame 0gxq Yo Zy, Which is attached to the
00 Yo %o robot base, is referred to as the reference frame.
Base /o

14.11.2017 J.Nassour
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Kinematic Arrangements

To perform the kinematic analysis, we attach a coordinate frame rigidly to each link.

In particular, we attach 0;x; y; z; to link i.

This means that, whatever motion the robot executes, the coordinates of any point p on
link i are constant when expressed in the it" coordinate frame p; = constant.

When joint i is actuated, link i and its attached frame, 0;x; y; z;, experience a resulting
motion.

m Onx 2 The frame 0gxq Yo Zy, Which is attached to the
00 Yo %o robot base, is referred to as the reference frame.
Base /o
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Kinematic Arrangements

To perform the kinematic analysis, we attach a coordinate frame rigidly to each link.

In particular, we attach 0;x; y; z; to link i.

This means that, whatever motion the robot executes, the coordinates of any point p on
link i are constant when expressed in the it" coordinate frame p; = constant.

When joint i is actuated, link i and its attached frame, 0;x; y; z;, experience a resulting
motion.

linki

0iX;iYiZj

m Onx 2 The frame 0gxq Yo Zy, Which is attached to the
00 Yo %o robot base, is referred to as the reference frame.
Base /o

14.11.2017 J.Nassour
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Joint And Link Labelling

&/
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Joint And Link Labelling

Ak 0 (fixed) O0%0 Yo Zo

Base frame

49
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Joint And Link Labelling

Joint variable 6 _

Ak 0 (fixed)

Joint 1

00X Yo Zo

Base frame

J.Nassour
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Joint And Link Labelling

Joint variable @8, __ -
14 7\'
4

01X1 Y121

Joint 2

Joint variable 6 _

Joint 1

00X Yo Zo

Base frame

Link O (fixed)

J.Nassour
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Joint And Link Labelling

Joint variable 0,

Joint variable 8, __~ -
¥ VI,/"\

\
] )
4

01X1 Y121

Joint 2

Joint variable 6 _

Joint 1

00X Yo Zo

Base frame

Link O (fixed)
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Joint And Link Labelling

Joint variable 0,
V-,'/"\
! )

Joint variable 8, __~
14 7\'
4

01X1 Y121

Joint 2

Joint variable 6 _

02X2 Y2 Z 03X3 Y3 Z3

Link 1
Joint 1

00X Yo Zo

Base frame

Link O (fixed)

Do we need a specific way to orientate the axes?

14.11.2017 J.Nassour
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Transformation Matrix

Suppose 4; is the homogeneous transformation matrix that describe the position and the
orientation of 0;x; y; z; with respectto 0;_1x;_1 Vi_1 Z;_1.
A; is derived from joint and link i.

A; is a function of only a single joint variable.
Joint variable 6

Joint variable 8, __/ -
A; = A;(qy) ' "N
01X1 Y1 %1
RI71 i1l Joint 2
A;(q;) = t t
0 1 Joint variable 6+¢
1~ 02X2 Y2 Z3 03X3 Y3 Z3
Link 1
Joint 1
Ak 0 (fixed) O0%0 Yo Zo
Base frame

14.11.2017 J.Nassour 54



Transformation Matrix

The position and the orientation of the end effector (reference frame 0,,x,, v,, Z,,) with

respect to the base (reference frame 0¢xg Yo Z) can be expressed by the transformation
matrix:

RO 0
H=T2 = 4(q0) - An(an) = [0 On

The position and the orientation of a reference frame 0;x; y; z;) with
respect to a reference frame 0;x; y; z; can be expressed by the transformation matrix:

(Air1Aisz A1 4 ifi<j
Ti = I ifi=j
\ ()1 if i>]

14.11.2017 J.Nassour 55



Transformation Matrix

( e
Ai18iv2 - Aj14j  ifi<j
T; =+ I ifi=j
JN—1 o .
\ (T) ifi>j
ifi <j then
i _ _
T]' — Ai+1Ai+2 ...A]'_l A] - [ ] -’
0 1
The orientation part: R]‘: =R, { ...Rj_}
The translation part: 0]‘: = oj_1i+R]-_1i oj_}
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Link Description

Axis(i-1) Link(i-1) Axis(i)

A link is considered as a rigid body which
defines the relationship between two
neighboring joint axes of a manipulator.



Link Description

Axis(i-1) Link(i-1) Axis(i)

The kinematics function of a link is to
maintain a fixed relationship between
the two joint axes it supports.

This relationship can be described
with two parameters:

* thelinklength a

e thelink twist o



Link Description

_—

(;_1 Link Length

mutual perpendicular

Is measured along a line which is
mutually perpendicular to both
axes.

The mutually perpendicular always
exists and is unigue except when
both axes are parallel.

Axis(i-1)

Link(i-1)

Axis(i)




Link Description

Axis(i)

Axis(i-1) Link(i-1)

(;_1 Link Twist

Project both axes i —1 and i
onto the plane whose normal is
the mutually perpendicular line.

Measured in the right-hand
sense about a;_1.

14.11.2017 J.Nassour 60



Link Description

Axis(i-1
Intersecting joint axis ! xis(i-1)

a;_q Link length ?

a;_q Link Twist ?
The sense of a;_4 is free.

14.11.2017 J.Nassour 61



Joint Parameters

Axis(i-1) Link(i-1) Axis(i)

a;
(&Y
A joint axis is established at

the connection of two links. P

This joint will have two
normals connected to it ‘

one for each of the links. o
i—1



Joint Parameters

Axis(i-1) Link(i-1)
d; Link Offset

Variable if joint is prismatic.

The relative position of two links is
called link offset whish is the
distance between the links (the
displacement, along the joint axes
between the links).

a1
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Joint Parameters

Axis(i-1) Link(i-1)
d; Link Offset

Variable if joint is prismatic.

The relative position of two links is
called link offset whish is the
distance between the links (the
displacement, along the joint axes
between the links).

0 ; Joint Angle

Variable if joint is revolute.

The joint angle between the ‘

normals is measured in a plane a;_1q
normal to the joint axis.
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Link Description

Axis(i)

Axis(i-1) Link(i-1)

_—

(;_1 Link Length
and
(;_1 Link Twist

depend on joint axes
i —1andi.
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Joint Parameters

Axis(i-1) Link(i-1) Axis(i)
d; Link Offset
and

0 ; Joint Angle

depend on linksi — 1
and 1.

®i_1
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Denavit-Hartenberg Convention

Each A matrix has 6 variables- 3 in the rotation matrix and 3 in the
position vector.

DH parameters collapse 6 variables to 4 link and joint parameters if
we follow a certain procedure for setting coordinate frames.
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Each A matrix has 6 variables- 3 in the rotation matrix and 3 in the
position vector.

DH parameters collapse 6 variables to 4 link and joint parameters if
we follow a certain procedure for setting coordinate frames.

a; is link length of like i (constant unless you reconfigure the robot)
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Denavit-Hartenberg Convention

Each A matrix has 6 variables- 3 in the rotation matrix and 3 in the
position vector.

DH parameters collapse 6 variables to 4 link and joint parameters if
we follow a certain procedure for setting coordinate frames.

a; is link length of like i (constant unless you reconfigure the robot)
a; is link twist of link i (constant unless you reconfigure the robot)
d; is link offset of link i (prismatic variable)

0; is joint angle of link i (revolute variable)
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Denavit-Hartenberg Matrix

----------

transformations: A, i\/ Rotz Q\Transz d‘(l“ransm \RO% N \:'
gy Sespe 0 3T 17607 0
Reminder: _ s, co, 0 0 01 0 0
0 0 1 0 0 0 1 d;
a; is link length | 0 0 011 L0 00 1]
a; is link twist 1 0 0 a; |1 O 0 0
d; is link offset 0 1 0 0 0 ¢ca;, —Sa;, 0
0, is joint angle X O 0 1 0 0 S, o 0
00 0 1T ] 10 0 0 1
[ co, —50,Ca, 56,54, QiCa, |
_ S0, C€9,Ca,  —CP.Sa, AiSp,
- 0 Se, Ca, d;
0 0 0 I

where the four quantities are parameters associated with link i and joint i.

14.11.2017 J.Nassour




Denavit-Hartenberg Matrix

Axis(i-1) Link(i-1)
a; is link length
a; is link twist
d; is link offset
O; is joint angle
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Joint i-1

14.11.2017

Denavit-Hartenberg Matrix

Joint i+1
¥ ai
Joint i "t
‘1_' """ A wJOI‘ Xi
\'\ l[ ‘l
R g
di! QQ

Link i-1

-
-
-

E——

J.Nassour
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Denavit-Hartenberg Convention

it is not necessary that the origin of frame i be placed at the
physical end of link i.

it is not necessary that frame i be placed within the physical link;
frame i could lie in free space — so long as frame i is rigidly
attached to link i.

By a clever choice of the origin and the coordinate axes, it is
possible to cut down the number of parameters needed from six to
four (or even fewer in some cases).



Denavit-Hartenberg Convention

DH Coordinate Frame Assumptions 4 - -

(DH1) The axis x4is perpendicular to the axis z,.
(DH2) The axis x4 intersects the axis z.

Under these conditions, there exist . ... ... ... F.
unique numbers a, d, 0, a such that: !

A = Rot. gTrans. jTrans, ,Rot, . d

_[R4
RN




Denavit-Hartenberg Convention

Positive sense for 6 and «

X; "‘21,71
Li—1
X;
. 1



Rules For Assigning Frames

Rule 1: z; _, is axis of actuation of joint i.
Axis of revolution of revolute joint
Axis of translation of prismatic joint

Rule 2: Axis x; is set so it is perpendicular to and intersects

Zi—l'

Rule 3: Derive y; from x; and z;.



Rules For Assigning Frames

&/




Rules For Assigning Frames

Rule 1: z;_ is axis of actuation of joint i

Base frame Q
Z, is axis of actuation of joint 1.

X and yg are set according to VA

the right hand rule.
Ak 0 (fixed) Yo

X Base frame

14.11.2017 J.Nassour
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Rules For Assigning Frames

Rule 1: z;_, is axis of actuation of joint i

Tool frame

Z, is the approach direction of the tool.
v, is the slide direction of the gripper.
Xy, is the normal direction to other axes.

14.11.2017 J.Nassour
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Rules For Assigning Frames

Rule 2: Axis x; is set so it is perpendicular to and intersects z;_4

Case 1: z;_4 and z; are not coplanar.

* There is only one line possible for x;, which is the shortest line from z;_; to z;.
* 0; isatintersection of x; and z;.
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Rules For Assigning Frames

Rule 2: Axis x; is set so it is perpendicular to and intersects z;_4

Case 2: z;_4 and z; are parallel.

* There are an infinite number of possibilities for x; from z;_; to z;.

* Usually easiest to choose an x; that passes through o;_; (so that d; = 0).
* 0; isatintersection of x; and z;.

* «; = 0 always for this case.
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Rules For Assigning Frames

Rule 2: Axis x; is set so it is perpendicular to and intersects z;_4

Case 3: z;_ intersects z;.

* x; is normal to the plane of z;_; and z;.

* Positive direction of x; is arbitrary.

* 0; naturally sits at intersection of z;_; and z; but can be anywhere on z;.
a; = 0 always for this case.

14.11.2017 J.Nassour 84



Rules For Assigning Frames

Rule 2: Axis x; is set so it is perpendicular to and intersects z;_4

Case 3: z;_ intersects z;.

* x; is normal to the plane of z;_; and z;.

* Positive direction of x; is arbitrary.

* 0; naturally sits at intersection of z;_; and z; but can be anywhere on z;.
a; = 0 always for this case.
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Rules For Assigning Frames

Rule 2: Axis x; is set so it is perpendicular to and intersects z;_4

Case 3: z;_ intersects z;.

* x; is normal to the plane of z;_; and z;.

* Positive direction of x; is arbitrary.

* 0; naturally sits at intersection of z;_; and z; but can be anywhere on z;.
* a; = 0 always for this case.
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D-H Parameters

a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_4 to x; measured along z;_4.

0; is angle from x;_4 to x; measured about z;_;.

14.11.2017 J.Nassour

87



D-H Parameters

a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about Xx;.
d; is distance from x;_4 to x; measured along z;_4.

0; is angle from x;_4 to x; measured about z;_;.

14.11.2017 J.Nassour
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D-H Parameters

a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_4 to x; measured along z;_1.

0; is angle from x;_4 to x; measured about z;_;.

14.11.2017 J.Nassour
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D-H Parameters

a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_4 to x; measured along z;_4.

0; is angle from x;_4 to x; measured about z;_.

14.11.2017 J.Nassour
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Example: RRP Robot

Assign coordinate frames so that we
can find DH parameters for this robot.

Joint 3

Tool

14.11.2017 J.Nassour

Joint 1

91



Example: RRP Robot

Assign coordinate frames so that we
can find DH parameters for this robot.

Tool

14.11.2017 J.Nassour

*/

3m

Joint 1

€rmccccccccccecceca e ---
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Example: RRP Robot

Assign coordinate frames so that we
can find DH parameters for this robot.

14.11.2017 J.Nassour

*/

3m

€rmccccccccccecceca e ---

93



Example: RRP Robot

Assign coordinate frames so that we
can find DH parameters for this robot.

Tool
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*/

3m

Joint 1

€rmccccccccccecceca e ---
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Example: RRP Robot

Assign coordinate frames so that we
can find DH parameters for this robot.

14.11.2017 J.Nassour

*/

3m

Joint1

€rmccccccccccecceca e ---
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Example: RRP Robot

Find DH parameters for this
robot. Identify the joint
variables. X3

*/

3m

Joint 1

€rmccccccccccecceca e ---
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Example: RRP Robot

Find DH parameters for this
robot. Identify the joint
variables.

I T N 7
1

2
3

14.11.2017 J.Nassour

a; is distance from z;_; to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_4 to x; measured along z;_.

0; is angle from x;_4 to x; measured about z;_.

*/

3m

€rmccccccccccecceca e ---
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Example: RRP Robot

Find DH parameters for this
robot. Identify the joint

variables.
i | e | e | di | e
1 0 -90° 3m 6;=0"
2
3

14.11.2017 J.Nassour

a; is distance from z;_; to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_4 to x; measured along z;_.

0; is angle from x;_4 to x; measured about z;_.

*/

3m

€rmccccccccccecceca e ---
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Example: RRP Robot

Find DH parameters for this
robot. Identify the joint

variables.
nmnn“
6,=0"
2 0 —9o° 0 6, =-90"
3
h”’

14.11.2017 J.Nassour

a; is distance from z;_; to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_4 to x; measured along z;_.

0; is angle from x;_4 to x; measured about z;_.

*/

3m

€rmccccccccccecceca e ---
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Example: RRP Robot

Find DH parameters for this
robot. Identify the joint

variables.
nmnn“
2 0 —9o° 0 6, = -90
3 0 0° d; =Ly 0’
h”’

14.11.2017 J.Nassour

a; is distance from z;_; to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_4 to x; measured along z;_.

0; is angle from x;_4 to x; measured about z;_.

*/

3m

€rmccccccccccecceca e ---
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Example: RRP Robot

Find DH parameters for this
robot. Identify the joint

a; is distance from z;_; to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_4 to x; measured along z;_.

0; is angle from x;_4 to x; measured about z;_.

variables.
nmnnn o
6;=0 , —
2 0 —9o° 0 6, = -90 et
3 0 0° ds =L 0° L3// Joint 3

Find the A matrices

14.11.2017 J.Nassour

3m

€rmccccccccccecceca e ---
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Example: RRP Robot

Find the A matrices

0,=0"

2 0 -90 0 0, =

3 0 0’ d; = Lg 0

A 1 = A 2 —

14.11.2017 J.Nassour

Reminder: Ai

Co, —80,Cq, 50, Sa; a;Co,
S0, Co,Cq; —Cy,; S, a;Se,;
0 0 0 1

As =
102



Example: RRP Robot

Find the A matrices

1 0 -90 3m 0,=0

2 0 -90° 0 6, = -90

3 0 0° d; =L 0°
[ C1 0 —S51 0] [ Co 0

A . = S1 0 C1 0 A , = So 0
0 -1 0 3 0 -1
0 0 0 1. 0 0

14.11.2017 J.Nassour

Reminder: Ai
I CQ/L _897;604@‘ 897;80%‘ a@CQz |
00 0 1
—sz 0] 1 0 0 0]
Cy 0 A. = 0 1 0 0
0 O 3 0 0 1 Ls
0 1 00 0 1
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Example: RRP Robot

Find the A matrices

91—0

2 0 —9o° 0 6, = -90

3 0 00 d3:L3 00
_Cl 0 —S51 0] _C2 0
A, = S1 0 C1 0 A, = So 0
0 -1 0 3 0 -1
0 0 0 1. 0 0

Tg: T(Z): 5 =

14.11.2017 J.Nassour

Reminder: Ai

104

Co, —80,Cq, 50, Sa; a;Co,
O SO{?& cOd¢ d@
00 0 1
0] 1 0 0 0
Cy 0 A. = 0 1 0 0
0 O 3 0 0 1 Ls
0 1 00 0 1
0]
0



Example: RRP Robot

Find the A matrices

2 0 -90 0
3 0 0° d; = Lg
(C1C2  Sq
S.Co —C
0 1C2 1
T °= A T5=A,A, =
1 1 2 _SZ O
0 0

14.11.2017 J.Nassour

—C1S, O]
—s15, 0
—Ccy, 3

0 1.

*/

3m

Joint1

€rmccccccccccecceca e ---

X0
(7 7 2?2 0]
7?7 70
7 0 ?7 3
0 0 0 1

In the current configuration
105



T9=4,

14.11.2017

Example: RRP Robot

Find the A matrices

6,=0"
0 02 - —90
d; =Ly 0°
'
‘l
C1C2  Sq
S1C —C
0_ _ 1%2 1
TI9=4,4, =
—SH 0
0 0
J.Nassour

—C152

—S5152

—c,
0

0
0
3
1.

*/

3m

€rmccccccccccecceca e ---

In the current configuration
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Example: RRP Robot

Find the A matrices

1 0 -90 3m 0,=0
2 0 -90° 0 6, = -90
3 0 0° d; =Ly 0°
_Cl 0 —S51 0] _C2 0
A, = S1 0 C1 0 A, = So 0
0 -1 0 3 0 -1
0 0 0 1. 0 0
T 3=

14.11.2017 J.Nassour

Reminder: Ai
I CQZ _897;604@‘ 897;80%‘ a'LCQz |
00 0 1
—sz 0] 1 0 0 0]
Cy 0 A. = 0 1 0 0
0 O 3 0 0 1 Ls
0 1 00 0 1
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Example: RRP Robot

Find the A matrices

1 0 —90° 3m
2 0 -90° 0
3 0 0° d; = Lg
Joint1
(C1C2 S1 —C1S2 —Lzesx] (707 7 7
TO — S1€2 —C1 =818, —Lgsys;( _|? 72 7 2
3 _Sz O _Cz 3_L3C2 ? O ? ?
L0 0 0 1 | 0o 0 0 1

In the current configuration

14.11.2017 J.Nassour 108

*/

€rmccccccccccecceca e ---




Example: RRP Robot

Find the A matrices

1 0 -90 3m 0,=0

2 0 -90 0 0, = -90

3 0 0° d; = Lg 0°

Joint 1
[(C1C; S1 —C1Sy  —L3C1S5]
70 — |51€2 0 —s1S; —L3siSy| _
3 —S> 0 —Cy 3 _L3C2 0

L 0 0 0 1 I L0 0 0 1.

In the current configuration

14.11.2017 J.Nassour 109

*/

€rmccccccccccecceca e ---




Example: Two-Link Planar Robot

Assign coordinate frames so that we

can find DH parameters for this robot.




Example: Two-Link Planar Robot

Y2

Find DH parameters for this robot.
|dentify the joint variables.

1

2

€

a; is distance from z;_4 to z; measured along Xx;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_4 to x; measured along z;_1.

0, is angle from x;_4 to x; measured about z;_;.

14.11.2017 J.Nassour 111



Example: Two-Link Planar Robot

Y2

Find DH parameters for this robot.
|dentify the joint variables.

1 aq Oo 0 01

T

2 a, OO 0 02 X0

[ C1 —57 0 a1cCq i
o 51 C1 0 151

A= 0 0 1 0 T _

. =
0 0 0 1 |

[ Co —S59 0 Ao Co i 0
A o S9 Co 0 (1959 TQ -
=T 0 0 1 0

0 0 0 1

14.11.2017 J.Nassour 112



F.K. For Cylindrical Manipulator

* Assign coordinate frames so that we can find DH parameters for this robot.
* Find DH parameters for this robot. Identify the joint variables.

([3

— :0
apr
- N

One rotational and two translational (RPP).

The axis of the second joint is parallel to the first axis. 1
The third joint axis is perpendicular to the second one. N\

113
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Stanford Arm

14.11.2017 J.Nassour 114



Stanford Arm
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Stanford Arm

116

J.Nassour

14.11.2017



Stanford Arm
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Stanford Arm
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Stanford Arm
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Stanford Arm
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Stanford Arm

J.Nassour

&
<
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Stanford Arm

&
<
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Stanford Arm

&
<
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2N

Y.
A
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
¥

Stanford Arm
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Stanford Arm
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Stanford Arm
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Stanford Arm
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Stanford Arm
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Stanford Arm
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Stanford Arm
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Stanford Arm
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Stanford Arm
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Stanford Arm

a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_1 to x; measured along z;_1.

0; is angle from x;_4 to x; measured about z;_4.

I T N 7
1
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Stanford Arm

a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_1 to x; measured along z;_1.

0; is angle from x;_4 to x; measured about z;_4.

i e | e | A | e d
1 0 -90° 0 0, *
2 0 +90° d, 0, * &
3 0 0 ds * 0
4 0 -90° 0 0, *
5 0 +90° 0 0 *
6 0 0’ de 0, *
(711 Tiz 113 dy
TO — _ 21 122 123 dy
6 — y
31 T32 133 d,
0 0 o0 1.

14.11.2017 J.Nassour 134



Stanford Arm

a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_1 to x; measured along z;_1.

0; is angle from x;_4 to x; measured about z;_4.

I 7 R
1 0 -90° 0 9, *

2 0 +90° d; 0, *
3 0 0° d; * 0

4 0  -90° 0 0, *
5 0 +90° 0 0: *
6 0 0’ de 0, *

1 T12 T13

dy
T9 = AArAsAiAshe = |2 T2 T2 G
31 T32 T33 dy
0 0 0 1.

14.11.2017 J.Nassour 135



Stanford Arm

I 7 7 R T Reminder:  /;
1 0 -90° 0 0,* )
2 0 +90° d, 0, * Co, —950,Cq; S0, S a;Co,
o . 50, €O, Cav; —C;5«; AiSY,;
3 0 0 d; 0 0 Sa Cav; d;
4 0 _90° 0 04 * ] 0 O O 1
5 0 +90° 0 0 *
6 0 0 de 0, *
C1 O —51 O -CZ 0 So 0] 1 0 0 0 ]
s; O c; O s, 0 —c, O |10 1 0 O
A = 1 1 — 2 2 A3 =
1=lo -1 o0 of |0 1 o 4, 0 0 1 4
0 O 0 1 0 0 0 1. O 0 0 1,
¢, 0 —s, O (cs 0 s5 0] ‘% % 00
Se  Ce 0 O
Sy 0 Cy 0 A = Ss5 0 —Cs 0 A6 = 0 0 1 d
Ay = 5o -1 0 0 6
0 -1 0 O 0 0 0 1
0 0 0 1. 0 0 0 1. -

14.11.2017 J.Nassour 136



Wooh =1 oy R s L R

[F L L L L I L T I T T I S T S T T I B L L e e s e i e
[= LT W B S L R S T L R Y = I ¢ R B LT o (R R L R L R e TR T ¢ B O = R L I L R e e |

37

Stanford Arm

tl= sym("tl’'

}sE2= sym("t2"
tE= sym("tE'")

)

sd2= =ym('d2")

rl3= sym('rl3"' r2l'

r3l= sym("'r31");xr32= sym("r
dy= sym("dy');dz= sym('dz");

PRI T I TR IR TR R IEIRITI T TRy

j;r2l= sym("

H
2
3

Al=[ cos(tl), 0, =-sin(tl), Or2...
sin(tl), o, cosz(tl), Or...
0, -1, o, OFeua
0, 0, 0, 11:
LR E IR TR LTI TR RILTILIRIRIREESRY
B2= cos3(ti), o, zin(t2), 0r...
2in(t2), 0, -—-cos=si(t2), O;...
o, 1, 0, dz:...
o, a, o, 11
IR IR IR E R IR R R R R R
B3=] 1, o, 0, 0:...
o, 1, o, 0:...
0, o, 1, d3:r...
0, 0, Q, 11
LR E IR TR LTI TR RILTILIRIRIREESRY
na= co3(td), 0, -—-=s3in(tc4), 0r...
zin(t4d), o, cos (t4d), O;...
o, -1, o, 0z...
o, o, o, 11
IR LTI IR R LR IR R R R
LS=][ cos(t5), o, =in(ts), Or2...
sin(t3), 0, -—-cos(ts), Or...
o, -1, o, 0:...
0, 0, Q, 11
LR E IR TR LTI TR RILTILIRIRIREESRY
Be=] cos3(té), —-=sin(tce), a, 0r...
2in(t&), co=(ts5), o, 0;...
o, o, 1, de:...
o, o, a, 11

EIITEITIEIEEIAILT LTI EIE35353333333
14.11.2017

de= sym("de");rll= sym("
1'y:;r22= sym|'x2
2"}y ;xr33= =ym|('x

sd3= sym("d3");t4= sym('t4");£53= sym("'t3’

'} ;r23= sym("T23");
"yrdx= sym('dx"):

34
25
36
37
38
33
40
41
42
43
44

J.Nassour

1"):xrlld2= sym('rl2');

sin(t6), cos(ts), a, Oz...
Q. 0, 1, dé:...
0, 0, 0, 11:
LR LR AL LR E R R
Bl1Z2= RBI1*L2;
B123= RI1*R2*L3;
R1234= RI*R2*L3I*L4;
R12345= LI1*L2*L3*R4*L5;
R123456= RI=RZ=R3*L4*LS*LE;
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Stanford Arm

[s6*(c4*s1 + c1*c2*s4) — c6*(c5*(s1*s4 — c1*c2*c4) + c1*s2*s5), s6*(c5*(s1*s4 —cl*c2*cd) + c1*s2*s5) + c5%(c4*s1 + c1*c2*s4), c1*c5%s2 — s5%(s1%s4 — c1*c2*c4), d3*c1*s2 - d6*(s5*(s1*s4 — c1*c2*c4) — c1*c5*s2) - d2*s1 ]
[ c6*(c5*(c1*s4 + c2*ca*s1) — s1*s2*s5) — s6*(c1*cd — c2*s1*s4), - s6%(c5*(c1*s4 + c2*c4*s1) — s1*s2*s5) — c5%(c1*cd — c2*s1*s4), s5%(c1*s4 + c2*c4*s1) + c5%s1%s2, d2*cl + d6*(s5%(c1*s4 + c2*c4*s1) + c5*s1*s2) + d3*s1*s2]
d6*(c2*c5 — c4*s2*s5) + d3*c2]

[
[

dx
dy
d

-C6*(c2*s5 + c4*c5*s2) — s2*s4*s6,
0, 0,

= S (€451 +€1.C5.84)= Co. (€5 (S1.S4— €1.C5.C4) + €1.55.S¢)

Ce (Cs. (€1.S4 + €. C4. S1)— S1.59.55)— S (C1. €4 — €. 51.54)
—Cg (€9 S5+ €4 €5 59)= S5 Sy S

= S¢ (Ce. (54-S4— €4.C5.C4) + C1.55.Sc) + Cs. (€4 S; + €1.C5. Sy)

— Sg. (€. (C1-84 +€5.C4.S1) = S1-55.Sc) = Cs. (€1.C4 — C.51.54)
= S (€9 S5 + €4.Cc.5y) = C5.5,. 8,4

= (4.Cc.S9— Sc.(81.S4— €.C5.Cy)
Sc. (C1.84 + €5.C4.51) + C5.51.5,
== Cz. C5 - C4. Sz. SS

== d3.C1.Sz - d6' (55. (51-54_ Cl' Cz. C4_) - Cl'CS'SZ) - dZ'Sl
=d,.c; + dg (55.(€1.S4 + €5.€4.81) + €5.51.5,) + d3.5.. S,

7 - d6' (Cz. C5 - C4. SZ'SS) + d3.C2

14.11.2017 J.Nassour

$6*(c2*s5 + c4*c5%s2) — c5*s2*s4, c2*c5 — c4*s2*s5,

0,

X6 <]
7]

1\5 Z3‘
1
S -

\A

Xy .-

-
[ef

1]
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| Stanfo_rd Arm

i1 Tz T3 dy
21 T2 T3 d
Tg = A1A2A3A4A5A6 == 23 y
31 T32 T33 dg Zg
0 0 Ye
i 0 1. —_
711 = Sg (€451 + €1.C5.84)— Cg. (Cs. (S1-54 = €1.C.C4) + €1.S5.Sc)
r31 = —Cg (€. Sg + €4 €5 S)— S50 S4. S dg
713 = Sg (C5.(81.S4— €1.€5.C4) + C€1.55.55) + Cs. (€4. 51 + €1.C5. S4) |
Ty, = — Sg. (Ce. (€1-S4 + €5.€4.S1) = §1.55.55) — Ce. (C1.C4— C5.51.S4) A
[}
T35 = Sg. (€5.55 + €4.C5.5,) = C5.5,. 5, |
- i
T34 = C1.Cs.Sy = Se. (S1.5, = €1.Cp.Cy) idg
T3, = S5.(€1.54 + €5.€4.51) + C5.51.S, |
[}
[}
[}
dx == d3C1$2 - d6 (SS (5184_ C1 CZ C4_) - C1C552) - szl ....................... Y.

d, =dy.c; + dg (S5 (€154 + €.€4.51) + €5.51.5;) + d3.81.5,
dZ - d6' (Cz. C5 - C4. SZ'SS) + d3. C2

139
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Stanfo_rd Arm

In the configuration 711 T2 Tz dy

shown, find: 70 — 21 T2 T3 dy
0 =

31 132 7133 d,

L0 0 o0 1.

711 = Sg (€451 + €1.C5.84)— Cg. (Cs. (S1-54 = €1.C.C4) + €1.S5.Sc)

Ce (Cs. (€1.S4 + €. C4. S1)— S1.59.55)— S (C1. €4 — €. 51.54)
—Cg (€9 S5+ €4 €5 59)= S5 Sy S

713 = Sg (C5.(81.S4— €1.€5.C4) + C€1.55.55) + Cs. (€4. 51 + €1.C5. S4)

— Sg. (€. (C1-84 +€5.C4.S1) = S1-55.Sc) = Cs. (€1.C4 — C.51.54)
T35 = Sg. (€5.55 + €4.C5.5,) = C5.5,. 5,

T31 = €1.Cc. Sy — Sc. (8.4 — C1.C5.Cy)
Sc. (C1.84 + €5.C4.51) + C5.51.5,
7'33 - Cz. C5 - C4. Sz. SS

d, =dy.c; + dg (S5 (€154 + €.€4.51) + €5.51.5;) + d3.81.5,
dZ - d6' (Cz. C5 - C4. Sz. SS) + d3. C2

14.11.2017 J.Nassour
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| Stanfo_rd Arm

In the configuration 711

shown, find: 70 — 21
0 =

31

|0

711 = Sg (€451 + €1.C5.84)— Cg. (Cs. (S1-54 = €1.C.C4) + €1.S5.Sc)

Ce (Cs. (€1.S4 + €. C4. S1)— S1.59.55)— S (C1. €4 — €. 51.54)
—Cg (€9 S5+ €4 €5 59)= S5 Sy S

713 = Sg (C5.(81.S4— €1.€5.C4) + C€1.55.55) + Cs. (€4. 51 + €1.C5. S4)
— Sg. (€. (C1-84 +€5.C4.S1) = S1-55.Sc) = Cs. (€1.C4 — C.51.54)

12
122

132
0

T35 = Sg. (€5.55 + €4.C5.5,) = C5.5,. 5,

T31 = €1.Cc. Sy — Sc. (8.4 — C1.C5.Cy)

7'33 - Cz. C5 - C4. SZ'SS

d, =dy.c; + dg (S5 (€154 + €.€4.51) + €5.51.5;) + d3.81.5,

dZ - d6' (Cz. C5 - C4. SZ'SS) + d3. C2

14.11.2017

Sc. (C1.84 + €5.C4.51) + C5.51.5,

13
123

133
0

dx
dy
d;

1]

J.Nassour

tl=
L=
di=
t4=
tLE=
te=
dz=
de=

(=== R = =R I =
P TR T T

Ry P
wn wm
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| Stanfo_rd Arm

In the configuration 11 Tiz Tz dy

shown, find: 70 — 21 T2 T3 dy
0 =

31 132 7133 d,

L0 0 o0 1.

711 = Sg (€451 + €1.C5.84)— Cg. (Cs. (S1-54 = €1.C.C4) + €1.S5.Sc)

751 = Cg (€5 (C1.S4 + €. C4.51)= S1.55.S5)— Sg.(€1.C4 = €5.51.54)
— A~ Il A A AN A~ o~
T31 = —Ce
=>» 0123456
T, = Sg (€ BA123456 = C1-C3-S4)
TZZ = — S6. - C2.Sl.S4)
1.0000 a a a
T2, = S..(C
32 6 ( ‘ 4] -1.0000 ] 0.2000
4] 0 1.0000 1.2000
T31 = Cl' C5. 4] a a 1.0000
T3, = Ss. (C B os

d, =dy.c; + dg (S5 (€154 + €.€4.51) + €5.51.5;) + d3.81.5,
dZ - d6' (Cz. C5 - C4. Sz. SS) + d3. Cz

14.11.2017 J.Nassour

tl= 0O;
t2= 0;
d3= 1;
td4= 0O;
tS= 0;
te= 0;
d2= 0.

0.

Ry P
wn wm
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| Stanfo_rd Arm

In the configuration 11 Tiz Tz dy

shown, find: 70 — 21 T2 T3 dy
0 =

31 132 7133 d,

L0 0 o0 1.

711 = Sg (€451 + €1.C5.84)— Cg. (Cs. (S1-54 = €1.C.C4) + €1.S5.Sc)

751 = Cg (€5 (C1.S4 + €. C4.51)= S1.55.S5)— Sg.(€1.C4 = €5.51.54)
— A~ Il A A N A o~
T31 = —Ce
>» B1234%56
T2 = Se (|| a123456 = C1- €2 S4)
1.0000 0 a0 a0
T3, = S¢. (C
32 3C o 0  0.2000
0 a0 1.0000 1.2000
T31 - Cl' C5. 0 0 a0 1.0000
3 = Ss.(C B os

d, =dy.c; + dg (S5 (€154 + €.€4.51) + €5.51.5;) + d3.81.5,
dZ - d6' (Cz. C5 - C4. Sz. SS) + d3. C2

14.11.2017 J.Nassour

tl= 0O;
t2= 0;
d3= 1;
td4= 0O;
tS= 0;
te= 0;
d2= 0.

0.

Ry P
wn wm
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| Stanfo_rd Arm

In the configuration 11 Tiz Tz dy

shown, find: 70 — 21 T2 T3 dy
0 =

31 132 7133 d,

L0 0 o0 1.

711 = Sg (€451 + €1.C5.84)— Cg. (Cs. (S1-54 = €1.C.C4) + €1.S5.Sc)

751 = Cg (€5 (C1.S4 + €. C4.51)= S1.55.S5)— Sg.(€1.C4 = €5.51.54)
— A~ Il A A N A o~
T31 = —Ce
>» B1234%56
T2 = Se (|| a123456 = C1- €2 S4)
1.0000 0 a0 a0
T3, = S¢. (C
32 3C o 0  0.2000
0 a0 1.0000 1.2000
T31 - Cl' C5. 0 0 a0 1.0000
3 = Ss.(C B os

d, =dy.c; + dg (S5 (€154 + €.€4.51) + €5.51.5;) + d3.81.5,
d, = d;. (Cy.Cc — €4.S5.5:) + ds.C,
?
‘o(\%
's\N
\\C
14.11.2017 \N J.Nassour

tl= 0O;
t2= 0;
d3= 1;
td4= 0O;
tS= 0;
te= 0;
d2= 0.

0.

Ry P
wn wm
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2
3
4
5
6
.,
S
A, = |1
™10
0
.,
S
A, = |24
L )
0

14.11.2017

0

0

0

+90
0 o
-90°

+90

_ O oo

Stanford Arm
I O 7

-0 o o

0 s,
0 —c
1
0

J.Nassour

Reminder: Ai

39@ CQiCOd% _69@'50&,; a’iSQ@'
0 Sa, Cor, d;
00 0 1
0 10 00
0 o1 0 o0
4=l 0 1 d
11 0O 0 0 1]
07 C6 —Se¢ 0 0 |
S ¢ 0 0
0 — |°6 6
ol 7o 0 1 4
: 0 0 o0 1]
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L
2 - tl= sym('tl") ;2= sym("tc2');d3= sym('d3");cd4= sym("tc4') ;5= sym('ts");
2= TE6= gym('te") ;d2= gym("d2");de= sym('de");rll= sym("rll");xrl2= sym('r12");
4 - rl3= sym('rl3");r2l= gym('r2l");r22= sym('r22");x23= sym("'r23");
= r3l= aym("'r31l") ;r32= sym('r32");r33= sym('r33");dx= sym("dx");
= & — dy= sym('dy")rdz= sym('dz"):
5 7 $333333333335 2533209999995 55322335855533
3 2 - tl= sym{'tl") 8 - Al=[ cos(tl), 0, -=sin(tl), 0:...
1 if= TE6= sym("tE") 9 sin(tl), o, cas(tl), ar...
5 4 - rl3= sym('xljd 10 o, -1, o, O0:...
el 5 r3l= sym('r3] 11 o, o, o, 11:
- 6- dy= sym('dy") 12 PRI IIIRILLTEREEEESIILLLLLLLREELIELTRRE:
ol 7 £23TTEETLIE3Y 13 - nIa=| cos(t2), a, zin(t2), Or...
9 a- Ll=[ cas (g 14 =2in(t2), 0, -co=(t2), 0.,
9 sin(y 15 o, 1, o, d2:;... .
10 16 0, 0, a, 11: 0:”'
11 17 e L b bbbt b b EEEEEE dj’i N
12 EEEEERTEEEEEY 18 - B3=[ 1, a, a, Q... "
13 - m2=[ cos({ 19 0, 1, 0, 0:... FEREEEEEE
14 sin(y 20 a, a, 1, d3:...
15 21 o, o, a, 11]:
18 22 PRI IIIRILLTEREEEESIILLLLLLLREELIELTRRE:
17 TERTEIREIRRERY o3 - na=| cos (td), 0, -=in(t4), Oi...
13 - 23=1 24 sin(t4), 0, cos(c4), Oi...
L2 25 o, -1, O, 07...
20 26 o, o, o, 11:
= 27 $333333333335 2533209999995 55322335855533
= TRITTIFIIIIY 3 - aseg cos (t5), 0, sin(ts), O:...
=T <03 (Y g sin(ts), 6, -cos{ts), 0:...
= sin(q 4, o, 1, o, 0;:...
2 31 o, o, a, 17:
26 3z EEEEEEELILLLLLERRREESSSEEEEE LR
27 £33 LEL5ES )
= a5= cos (1 33 - Le=|[ cr?'nsttﬁ], -gin(ce), 0, Or...
- sin(t 34 2in(te) ., cos(te), a, Or...
20 35 o, a, 1, d&;...
” 34 a, a, a, 11:
- $35353535353 2; . :iii%iﬁi%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
33 — Ba=[ cas (1 i
- sin(t 39 — B123= R1*R2Z*A3;
- a0 - B1234= BRI1*AZ*A3I*R4;
= a1 — L12345= BRI1*RZ*R3*A4*L5;
27 $32233323333 12 T B123456= R1*AZ*A3*R4*AS*LE; 146
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Stanford Arm

— cg(c5(5154 — €1C03€4) + €152S5) — Se(CaS1 + €1C254)
Ce(C5(C1S4 + €3€481) — 5152S5) + Se(c1€4 — €25154)
S254S¢ — Ce(C2S5 + €4C5S3)

Se(€5(51Ss — €162€4) + €15285) — Co(€aS1 + €1C254)
C6(C1Ca — €25184) — Se(c5(c1Ss + €2€481) — $152S5)
S6(€2S5 + €4C582) + C6S254

C1C5Sy — 55(5154 - C1C2C4)
S5(C1S4 + €2€451) + C5515;
C2C5 — (45285

= d3c1S; — de(S5(5154 — €162€4) — €1C552) — dpsy
= dyc; + dg(ss5(cySq + €30451) + €55152) + d3s1S;
= de(caC5 — €48;255) + d3C;

14.11.2017 J.Nassour d, 147



Stanford Arm

T11 = — Ce(C5(81S4 — €1C€2C4) + €152S5) — S(€4S1 + €1C254)
11 = Ce(Cs5(C1Ss + €2€481) — 518285) + Se(€104 — €25154)
731 = SaS.S, — CACase + CaC-Sa)
B123456 =
iy =
Toy = 1.0000 0 o 0
T3y = 0 1.0000 0 0.2000
0 0 1.0000 1.2000

B 0 0 0 1.0000
3 =
I3 = f):'r e |
T33 == £

dy = d3¢15; — de(Ss5(5154 — €162€4) — €1C552) — dy5y
dy, = dyc; + dg(ss(c1S4 + c20481) + €5515) + d3s15;
d, = de(Ca¢s — €45;55) + d3zc,

14.11.2017 J.Nassour

tl=
L=
di=
t4=
tLE=
te=
dz=
de=

=T e = R
e e wm s

(==
e e

=
§%]
.

3%
wn
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Stanford Arm

— tl= 0O;
r1 = —ce(cs(s154 — ¢ cor o Se(CaS1 + €1C284)
r21 = Ce(cs(c1sy + 204 qae 1. 6(C1C4 — €25154)
31 = S254S¢ — C6(C2Ss c4= Q-
t5= pi/2.0;
T2 = Se(cs(5184 — €162 S 6(CaS1 + €1C284)
oo = Ce(C1C4 — €251S4) d2= 0.7 22C4S1) — $152S5)
32 = Se(CaSs + CaC5S2)| oo 9.3:
T3 = C1CsSy; — S5(S1S4 — €1€5C4a)
7
|| m123458 =
0.0000 0 1.0000 0.2000
¢ 0 0.0000 0 0.2000
¢ ~1.0000 0 0.0000 1.0000
( 0 0 0 1.0000
fx >> |
14.11.2017 J.Nassour
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Stanford Arm

11 = — Ce(cs5(51S4 — ¢ Se(C4S1 + €1C254)

151 = Ce(cs5(c1S4 + Coc (c1cq4 — €25154)

31 = S254S¢ — Cg(CpSc -

T2 = Se(cs(s184 — c1c (c4S1 + €1C254) d

_ 6

Ty = C6(C1C4 — (25154 :C4S1) — 515255)

T35 = Se(C2S5 + €4C5S;
}'[ .....

— ]

i3 = €1Cs5Sp — 55(5154 !

'r,,—c'.fr'c' L ~ r c . E
]
d 3
!
]
]
]
]
]
]
]
v
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PUMA 260
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PUMA 260
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PUMA 260
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2 PUMA 260
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2 PUMA 260
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2 PUMA 260
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2 PUMA 260
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2 PUMA 260
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2 PUMA 260
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a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.

Z P U M A 2 60 d; is distance from x;_4 to x; measured along z;_4.
1

0; is angle from x;_; to x; measured about z;_;.

I T N 7
1
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14.11.2017

PUMA 260

a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.
d; is distance from x;_4 to x; measured along z;_1.

0; is angle from x;_; to x; measured about z;_;.

i | e | | di | e
-90° 0

1 0
2 a, 0° d,
3 as 90° 0
4 0 -90° dy
5 0 +90° 0
6 0 0’ de

d. In the configuration
S shown, find 6;?
Ys
Zs
06 ™ Ve
Zg
X ?/\
X4
J.Nassour 161



PUMA 260

Reminder: A, I 7 7 R
1 0 -90° 0 0, *
Co, —950,Cq; S0; Sa, aiCp; 2 a, 0’ d, 0, *
Sp. Cp.CpnH . —Cp.SqH. ; Sy. B
97, 9% &%) 91 8% 2 97, 3 a3 90 O 93 *
O SO{@ Ca% d@ o
4 0 -90 d4_ 9 &
0 0 0 1 -
_ N 5 0 +90° 0 0 *
6 0 00 d6 96 &
Coordinate Transformation Matrices
-Cl 0 "Sl 0- -Cg —Sz 0 0202. .C3 0 53 (II;:;C';;.l
S5 O c, 0 Sg Cg 0 0252 S 0 -C; d353
Ad=10 300 A=|0 01 | A=|0o1 0 o
|6 0 0 1 (0 06 0 1 | (6 0 O 1
Gy 6 -S4 0] (¢ 0 S 0] (Cs -S; 0 0]
) S 0 Cy © 5 S 0 -C; 0 6 S C¢ 0 0
Ai=10_10 4] A4=]0o1 0 of A5=|0 0 14
(0 0 0 1, 00 0 1 0 0 0 1]

14.11.2017 J.Nassour 162



31 =

32
33

PUMA 260

= —56(C451 — s4(c18p83 — C1C2C3)) — Ce (C5(5154 + c4(cySy83 — C1C2C3)) + ss(cicps3 + C1C352))

= c5(Cc1Cp83 + ¢1C35;) — 55(5154 + c4(cy8283 — C1C2C3))

= dy(c16283 + €1635;) — dys; — dg (55(5154 + c4(c15253

= 56(C1C4 + 54(51583 — C2C351)) + Ce (CS(C154 — ¢4(515,83

= C6(C1C4 + 54(515253 — CZC351)) — Sg (CS(C154 — C4(815283 —

= 55(C154 — C4(515,83 — C2C351)) + c5(c35183 + €35157)

= dg (55(0154 — C4(515353 — 020351)) + c5(cy8183 + c35152)) + du(cy8183 + €3515) + dycy + aycS8; + azcC35; — A351S,53

= S¢ (C5(5154 + c4(c15283 — C1C2C3)) + ss(cicps3 + C10352)) — 06(0451 — 54(c15,83 — 010203))

- c102c3))— cs(cicp85 + clc3sz)) + a,cic; + azciCyCc3 — A3C1S2S3

- 020351)) — 55(cp5:83 + C35152))

C2C351)) — ss5(cps153 + 035152))

5456(C283 + €35;) — C6(SS(C2C3 — 5253) + C4C5(cp83 + 0352))

= 56(55(0203 — 5253) + C4C5(cp83 + C352)) + cg54(c283 + €35;)

= c5(Ca03 — 5253) — €4S5(Cp55 + €357)

= dy(cpc3 — $353) — azs, + de(Cs(C203 — 5253) — C4S5(cp83 + C352)) — A3(C3S3 — A3(C3S

14.11.2017

J.Nassour
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PUMA 260

rip = _56((:4-;31 — s4(c18p83 — C1C2C3)) — Ce (C5(51S4 + c4(cySy83 — C1C2C3)) + ss(cicps3 + C1C352))
T2 = Se (C5(3;154 + c4(c15283 — €162¢3)) + s5(cicp55 + 010352)) — co(casy — sa(cis255 — €1653))

I3 = CS(C1C2;S3 + €1C38;) — 55(5154 + c4(c18283 — C1C2C3))

-~ _ -~ -\

] E G ' N a1 - a (_r_ _

- cs(ciCp85 + clc3sz)) + a,cic; + azciCyCc3 — A3C1S2S3

)_ s5(cy5183 + C35152))

T
T 0 )_ Ss(cp5183 + C35152))
Z 3 3
r 0 [N
[,
G N 5183 + 035152) + dyc; + aycys; + a3CyC3S1 — 03515253

— Q3C3S3 — Q3(C35;

14.11.2017 J.Nassour
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PUMA 260

rip = _56(C4;SI — s4(c18p83 — C1C2C3)) — Ce (C5(5154 + c4(cySy83 — C1C2C3)) + ss(cicps3 + C1C352))

T2 = Se (C5(3;154 + c4(c1583 — €165¢3)) + s5(c16255 + 010352)) — co(casy — sa(c15255 — €16263))

I3 = CS(C1C2$3 + €1C352) — 55(5154 + c4(c18283 — C1C2C3))

] E R N a1 - 2 f(_r_ _ . o _ _ -~ -\

R1Z23458 =
0.0000 -1.0000 0.0000 -0.1491
0.0000 0.0000 1.0000 0.%211
-1.0000 0 0.0000 -0.0203
Q 0 0 1.0000
#e-
13 333333333333
— Q3C3S3 — 03C3Sy 14 — tl= pi/f2.0;
: 15 — t2= 0;
16 — t3= pi/f2.0;
Yo 17 — t4= O;
18 — t5= 0;
Zg
) 19 - tE= 0;
. ...‘,/",‘ 20
[ 21 -  a2= 0.4318;
0 22 - d2= 0.14909;
6 23 - a3= 0.02032;
24 — d4= 0.43307;
25 — dé= 0.05625;
25 Tazzzaizzazazaaq!
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a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.

Z P U M A 2 60 d; is distance from x;_4 to x; measured along z;_;.
1

0; is angle from x;_; to x; measured about z;_;.

x1 0
Y1 1123456 =
0, D
s 0.0000 -1.0000 0 -0.1491
<N 1.0000 0.0000 0 o.4521 |0
] 0 1.0000 0.4893 )
0 0 0 0 1.0000
3 D
0’ de 1 0
14 — tl= pi/f2.0;
15 = tZ2= 0;
16 — t3= 0;
17 = td4= 0;
18 — th= 0;
19 — te= 0;
20
21 = az= 0.4318;
Al |= d2= 0.14%0%;
23 — a3= 0.02032;
24 — d4= 0.43307;
y e de= 0.05625;
‘ 26 FEEEEEEE LT TSR LTS
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PUMA 260

rip = _56((:4-;31 — s4(c18p83 — C1C2C3)) — Ce (C5(51S4 + c4(cySy83 — C1C2C3)) + ss(cicps3 + C1C352))
T2 = Se (C5(3;154 + c4(c15283 — €162¢3)) + s5(cicp55 + 010352)) — co(casy — sa(cis255 — €1653))

I3 = CS(C1C2;S3 + €1C38;) — 55(5154 + c4(c18283 — C1C2C3))

-~ _ -~ -\

] E G ' N a1 - a (_r_ _

- cs(ciCp85 + clc3sz)) + a,cic; + azciCyCc3 — A3C1S2S3

)_ s5(cy5183 + C35152))

T
T 0 )_ Ss(cp5183 + C35152))
Z 3 3
r 0 [N
[,
G N 5183 + 035152) + dyc; + aycys; + a3CyC3S1 — 03515253

— Q3C3S3 — Q3(C35;

14.11.2017 J.Nassour
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NAO Left Arm

Head Pitch _ HeadYaw ™ an )
RShoulderRoll | o ke LShoulderRoll :"‘C'"f'
RShoulderPitch 13 = 3 o K . LShoulderPitch | 14

RElbowRoll ot e .- ' LEIbowYaw

REIbowYaw | 1= | LEIbowRoll

RWristYaw | LWristYaw

RHand
RHipYawPitch 7 LHipYawPitch 1
RHipPitch 9 LHipPitch 3
RHipRoll 8 LHipRoll 2
RKneePitch 10 LKneePitch 4

RAnklePitch 11 LAnklePitch 5

RAnkleRoll 12 LAnkleRoll 6
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NAO Zero Position

Provided by Aldebaran Robotics

The torso is the point where all the kinematic chains begin and
is located at the center of the NAO body.
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NAO Zero Position
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NAO Left Arm

-
I
HandOffsetl

12,31 mm

NeckOffsetl 8
126,50 mm

Hip
50 mm

HipOffsetl
85 mm

OffsetY ; %j
| S N AC Y

Thighlength
100 mm |

Tibialength
102,90 mm

FootHeight
45,19 mm
1

105 mm
] ElbowOffsetY
15 mm

HandOffsefx
57.75mm
Lowerarmlength |

35,25 mm

14.11.2017
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NAO Left Arm

HandOffsetl
2,31 mm

NeckOffseil @
126,50 mm

85 mm mm

HipOffsat Hi;[? fisety &j

ThighLength
100 mm |

Tibialength
102,90 mm

FootHeight
.19 mm

105 mm

ElbowOffsetY
15 mm

HandOffsetx
57.75mm

LowerArmLength
5595mm

-
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NeckOffsetl
126,50 mm

HipOffsetl
85 mm

ThighLength
100 mm

Tibialength
102,90 mm

FootHeight
.19 mm

105 mm

HandOffsetX
57.75mm

LowerArmlLength
5595mm

-

14.11.2017

NAO Left Arm

HandOffsetl
12,31 mm

ElbowOffsetY
15 mm

J.Nassour
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NAO Left Arm

HandOffsetl
12,31 mm

NeckOffsetl
126,50 mm

HipOffsetl
85 mm

ThighLength
100 mm

Tibialength
102,90 mm

FootHeight
.19 mm

105 mm | yT

ElbowOffsety
Sty XT

HandOffsetx
57.75mm

LowerArmLength
5595mm

-
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NAO Left Arm

HandOffsetl
12,31 mm

NeckOffsetl
126,50 mm

HipOffsetl
85 mm

ThighLength
100 mm

Tibialength
102,90 mm

FootHeight
.19 mm

yr

ElbowOffsety
Sty XT

HandOffsetx
57.75mm
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NAO Left Arm

HandOffsetl

2,31 mm

NeckOffse

ShoulderOifsetY

Yo

=
/
HipOffsat Hi;?ffie*‘f &j

85 mm mm

ThighLength
100

Tibialength
102,90 mm

FootHeight
45,19 mm

yr

ElbowOffsety
Sty XT

HandOffsetx
57.75mm
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NAO Left Arm

HandOffsetl
12,31 mm

ShoulderOifsetY

Yo

FootHeight
45,19 mm

: 105 mm yT
> /4

ElbowOffsety
Sty XT

HandOffsetx
57.75mm

LowerArmLength |
5595mm =N
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NAO Left Arm

HandOffsetl

12,31 mm

ShoulderOifsetY

Yo

HipOffsety ~ HipOffset!
50

mm

FootHeight
45,19 mm

: 105 mm yT
> /4

ElbowOffsety
Sty XT

HandOffsetx
57.75mm

LowerArmLength |
5595mm =N
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NAO Left Arm

HandOffsetl
12,31 mm

Tibialength
102,90 mm

FootHeight
45,19 mm

: 105 mm yT
% v

ElbowOffsety
Sty X

HandOffsetx
57.75mm

LowerArmLength |
55,95 mm - =N
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NAO Left Arm

HandOffsetl
12,31 mm

102,90 mm

FootHeight
45,19 mm

: 105 mm yT
% v

ElbowOffsety
Sty X

HandOffsetx
57.75mm

LowerArmLength |
55,95 mm - =N
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a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about x;

N AO LEft Arm d; is distance from x;_; to x; measured along z;_;.
0; is angle from x;_4 to x; measured about z;_;.

TBASE ((

HandOffsetl
12,31 mm

ShoulderOffsety
mm

yr

HipOffset?
85 mm

UpperArmlength xT

',.,\'ﬂ ';:""?1, BT 105 mm

ElbowOffsetY

15 mm
ThighLength

100 rmm | |

57.75mm

LDWErArmLengfh | b
55,95mm

Tibialength
102,20 mm

FootHeight
45,19 mm
i
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a; is distance from z;_4 to z; measured along x;.
a; is angle from z;_4 to z; measured about x;.

NAO Left Arm

TBASE (0, ShoulderOf fsetY, ShoulderOf fsetZ)

1 0 90" 0 0, &

. X0
2 a2 90 0 (g) + 02 *
3 0 -90 d3 03 s
4 0 +90 0 0, *
5 Cl5 0° d5 (g) +95 £ 3

TBASE _ 9 zy

5 — | ]
YT
e XT

Tibialength
102,90 mm

14.11.2017

0; is angle from x;_; to x; measured about z;_;.

57,75 mm

LowerAn rmlength _| ‘ by
55,95 mm 5
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