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Q1 (a

(®)

(©)

(d)

(e)

What is the RIA definition of a robot?
(3 marks)

Draw the approximate workspace for the robot as shown in Figure Q1.1.
(3 marks)

Figure Q1.1: Robot configuration.

State THREE (3) advantages and THREE (3) disadvantages of the robot s shown in

Figure Q1.1.
(6 marks)

A frame has been moved 5 units along the x-axis, 5 units along the y-axis and 5 units
along the Z-axis of the reference frame. Determine the new location of the frame:

0.7 —-04 08 5
0.9 0.9 09 3
—~ 7 D 0.6 8
0 0 0 1

F =

(2 marks)

A point P=[7, 3, 2] T, attached to a frame (n, o, a) relative to frame B, is subjected to
the following transformation. Calculate the total transformation matrix:

(i) A rotation of 45° about the y-axis,

(1.5 marks)
(i)  Followed by a rotation of 45" about the o-axis,

(1.5 marks)
(iif)  Followed by a translation of 4 units along the n-axis,

(1.5 marks)
(iv)  Followed by a translation of 4 units along the x-axis.

(1.5 marks)
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Q2 For the SCARA-type robot shown in Figure Q2.1:

Q3

(a)

(b)

(©)

(b)

(c)

Figure Q2.1: SCARA Robot

Assign the coordinate frames based on D-H representation.

(6 marks)
Fill out the parameters table.
(10 marks)
Write the U Ty matrix in terms of the 4 matrices.
(4 marks)

Suppose that a robot is made of a Cartesian and RPY combination of joints. Calculate
the necessary RPY angles to achieve the following:

0.354 0.674 0.649 4.33
0.505 0.722 0.475 25

B=lo788 0160 0595 8
0 0 0 1
(8 marks)
Calculate the inverse of the following transformation matrix:
0.5 0 0.866 3
F_|0866 0 5 2
0 10 5
0 0 0 1
(3 marks)

It is desired to have the first joint of a 6-axis robot go from initial angle of 50° to a final
angle of 80" in 3 seconds. Using a third-order polynomial, calculate the joint angle at 1,
2, 3, and 4 seconds. Produce the graph of joint positions, velocities, and accelerations

of the trajectory planning.
(9 marks)
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Q4 (a) The position of point B of Figure Q4.1 is as follows:

xB = I’l CoS 81 +Iz CDS(H]_ + 62)
Y = 11 sin 91 T lz Sin(Bl L& 82)

Calculate the differential motion of B, its Jacobian and its differential of joints in matrix
form.
(5 marks)

Figure Q4.1: Planar manipulator with massless links

(b) The last column of the forward kinematic equation of the simple revolute arm is:

2 C1(Cr3sa4 + Cy3a3 + Cra;)
P, _ |S1(Cazsas + Crza3 + Gray)
)2 S23404 + Sz3a3 + S0,

1 1

Calculate the Jacobian of P, of the above revolute arm robot.
(6 marks)

(¢c) The last column of the forward kinematic equation of a simple revolute arm is:

C]_ 0 51 0 Cz '_Sz 0 Czaz

= Sl 0 —Cl 0 — 52 CZ 0 Szaz
Al g 1 0 0 - 0 0 1 0
0 0 0 i 0 0 0 1

C3 —S3 0 C3a3 C4 0 —54 C4a4_

S3 C 0 Ssa S4 O G Ssa

3= ["3 GCs 303 — |24 4 404
4 0 0 1 0 4 0 =1 0 0
0 0 0 1 0 0 0 1
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G O & B o 8 O 0
SS 0 "“CS 0 56 Cﬁ O 0

= A6 =
45 0 1 0 0 0 0 1 0
0 0 O 1 0 0 g 1

Calculate the T™J»4 element of the Jacobian for the above revolute arm robot.
(9 marks)

QS5 (a) Consider a planar manipulator with massless links and two massive points n2; and m>
as shown in Figure Q5.1. Formulate the equation of motion.

(12 marks)
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Figure Q5.1: Cart pendulum system.

(b) (i) Discuss the concept of Cartesian control in manipulator systems. Explain how
Cartesian control differs from joint-space control and what advantages it offers.
(2 marks)

(i) Discuss the concept of hybrid position/force control in manipulator systems.
Explain the key components and principles of hybrid position/force controllers
and provide insights into their implementation challenges and advantages.

Illustrate your discussion with examples of tasks where hybrid control is
beneficial.

(6 marks)

- END OF QUESTION -
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APPENDIX A

FORMULAE
New location of frame due to the pure translation

Foew = Trans(d,, dy, d,) x Fyy

Six constraint equations: Rotation portion of the matrix
(I)neo=0
(?E-Ezg e Ny N —Ij,ﬁ
i 1 el & & <A
) o] = 1 a, a, a, —P.a

=

(6) la] = 1 4 B %

Transformation from reference frame U to end effector:

UTE = UTRRTHHTE = UTPP TE? RTH i UTEIU TPPTEH TEI

YU Ty, is the transformation of frame R relative to U.

H Tg is the transformation of the end effector relative to robot’s hand.

YT, is the transformation of the part relative to the universe.

P T is the transformation of the end effector relative to the part’s position.

R Ty is the transformation of the robot’s hand relative to the robot’s base (unknown).

Representation of the rotation matrix

1 0 0 cost 0 sing cos@ —sinf 0
Rot(x,8) = |0 cos8 -sinf| , Rot(y,8) = |0 10 , Rot(z,8) =|sinf@ cos8 0
0 sin6 cosf —sinfl 0 cos@ 0 0 1

Cylindrical Coordinates
My Oy Gy Py (ch —Sa 0 rCa
RT = ny 0Oy ay py s Sa Ca 0 rSa
P7Inz 0, a p/f0 0 11
0 0 0 1 0 0 0 1

Spherical Coordinates
My O Gy Pyxy [CBCy —Sy SBCy rSBCy
el 9 Oy Byl CBSy Cy  SBSy rSBSy
ny; 0; 4a; Ppz| |-SB CBCy CB rCB
0 0o o 14]p 0 0 1
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FORMULAE

Roll, Pitch, Yaw (RPY) Angles
@, = ATAN2(ny,n;) , @, = ATAN2(—n,, (n,CP, +n,59,))
®, = ATAN2((—a,C®, — a,S®8,), (—0,CP, — 0,5P,))

Eulers Angles

® = ATAN2(ay,a,) , ¥ = ATAN2(—n,S® + n,CP, —0,5® + 0,CP) ,
6 = ATANZ2(a.CP + a,5P),a;)

Denavit-Hartenberg Representation

e 0 represents the rotations about the z-axis.

e d represents the distance on the z-axis between two successive common normals.

e q represents the length of each common normal (also called joint offset).
e arepresents the angles between two successive z-axis (also called joint twist)

Representation of A matrices

™ Tny1=An+1=R0t(2,8141)Tran(0,0,dn41)Trans(@ns1.0,0) (Rot(x.an41)
COns1 —56,41C0n4; SOpy1Sapyy 100041

= [SOns1 CBppaCanyy  —CB0nygStne;  @ny1S6pyy

0 Stpsq Canq dns1
0 0 0 1

Jacobian Matrix
D =]D8

dx do1
dy dez2
dz| _ |Robot des
6x| |Jacobian||do4
5y do5s
bz doe6

The Jacobian with respect to the last frame

5 dx Tﬁfu Tﬁ)’iz T6f13 Tﬁfu Tﬁhs Tﬁfle

T6 Té6 Té T6 T6 T6 T del
dy I21 T2 J23 Jae Jas Ja6 || dp2

By il ks Th L. T Tiollang

ook 5 Jaa 4% Jaz L Jaz e Jas L Jas 18 Jso || 464

T8y ™ TJsz "Jss TJss TJss T Jse|[405

s Ple Tl "l ™k ks Pl HR

® Ifiunder consideration is a revolute joint, then:

Tﬁ]ﬁ = (_nzpy o nypx)e Tﬁ]zi - (_Oxpy i oypx):Téfai - (_axpy ¥ a—ypz)

TET g, BT =
Ja=n, )5 =0, Jsi = a,

® Assuming that any combination of 4;4;A454,A5A¢ can be expressed with a correspondingn ,o0,a, p

matrix, the corresponding elements of the matrix will be used to calculate the Jacobian.
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FORMULAE

e [f/under consideration is a prismatic joint, then:

Tﬁ]ll'. =Nz, Tﬁfz:’ = Oz, TE]SE = dg, 5 4 = U! TG]SE = 01 Tﬁféi =0

® For column i use "1 T,:
For column 1, use ° Ty = A, 4,4;4,A:A,
For column 2, use 1 Ty = A,A3A.A:A,
For column 3, use 2 Ty, = A;A, A A,
For column 4, use 3T, = A,4:A,
For column 3, use * Ty = A4

For column 6, use 5 T, = A,

Differential transformation
dT = [A][T]

Differential operator relative to the fixed frame
0 -6z &y dx
6z 0 —6x dy
A=[T dx,dy,dz)Rot(k,dB) —I]=
[Trans(dx, dy,dz)Rot(k, d8) —I] S o
0 0 0 0

Differential operator relative to the current frame

0 T8z Téy Tdx
T T T
T Al = [TT-1[A][T]= 6z 0 —='8x Tdy
C=PRE e, 25 @
0 0 0 0
New location and orientation of the frame Lagrange function
Bhow = Bori’ginu[ + dB L =K(q,9) — P(q)
Total Kinetic energy Potential energy
P =mgh
o ml(aE + 92 + 22) 4
k=)
2
1=1
General Lagrangian equation for the ith 3rd-order polynomial:
particle
0(t) = cg + 1t +cot? + cat?
_— d (61.) (EL) T
USSR Nag) ™ = e e B(t) = c; + 2¢,t + 3cat?
_dfésL Ly .
R= 36, —(gg;i)nl—l-z ------ n . 6(t) = 2¢c, + 6cyt
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