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Q1

Q2

(a)

(b)

(d)

(e)

(a)

(b)

Describe the RIA definition of a robot.
(3 marks)

Two classifications of the robots are according to the types of control and coordinate
systems. Explain these TWO (2) classifications.
(6 marks)

State TWO (2) advantages and TWO (2) disadvantages of a revolute manipulator.
(4 marks)

Explain the definition of the work envelope/volume.
(3 marks)

Draw the approximate workspace for the robot as shown in Figure Q1 (e).
(4 marks)

A point P in space is defined as 2P = (2,3,5)" relative to frame B which is attached to
the origin of the reference frame 4 and is parallel to it. Apply the following
transformations to frame B and find “P.

(i) Rotate 90° about x-axis, then

(ii) Rotate 90° about local a-axis, then

(iii)Translate 3 units about y- axis, 6 units about z- axis, and 5 units about x- axis.

(5 marks)

In a robotic setup, a camera is attached to the fourth link of a robot with five degrees of
freedom. The camera observes an object and determines its frame relative to the

camera’s frame. Using the following information, determine the necessary motion the
end effector has to make to get the object.

8 0 =1 % 0 -1 0 0

i 0 -1 0 0 . 1 0 0 0
4"\m: 4 =

Ll SR W=l 0 1 3

0 0 0 1 0 0 0 1

00 1 1 1 0 0 1

cam’] _1 0 0 1 H _O 1 0 1

lo= 1o 1 ¢ 3 =10 0 1 2

00 0 1 0 0 0 1

(8 marks)
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(c)

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 2.5
—0.788 0.160 0.595 8

0 0 0 1
(7 marks)

Q3 For the Standford Arm robot as shown in Figure Q3:

(a)

(b)

(c)

Q4 (a)

(b)

(c)

Assign the coordinate frames based on D-H representation.
(8 marks)

Fill out the parameters table.
(8 marks)

Write the Y Ty matrix in terms of the 4 matrices.
(4 marks)

The position of point B of Figure Q4(a) is as follows:

xg = ly cos 8 +1, cos(0; + 6,)
yg =l sin 8, + 1, sin(6; + 6,)

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

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

Py C1(Ca34a4 + Crza3 + Cray)
Pyl _ |S1(Ca3aas + Cazas + Cra;)

F, S234a4 + Sp3a3 + 520,
1 1

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

The last column of the forward kinematic equation of a simple revolute arm is:

£ 6 S 0 ¢, =S, 0 Ca,
S 0 =¢ 0 S, G 0 Sa
Al = 1 1 A2 = 2 2 242
0 1 0 0 0 O 1 0
0 0 0 4 0 0 0 1

-

3 “CONFIDENTTAL

TERBUKA



CONFIDENTIAL BND 33003/ BND 43003

25 0 0 1 0 Ll 0 -1 0 0
0 0 0 1 0 0 0 1
rCS O 55 0 C6 —56 O O
8 0 —C: 0 5 0 0

A5 = |25 5 = 196 6

3 0 1 0 0 i 0 0 1 0
0 0 0 1 0 0 0 1

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

Q5 (a) Derive the equations of motion for the 1-DOF system shown in Figure Q5(a).
(6 marks)

(b) The kinetic energy and the potential energy of a two link system shown in Figure Q5(b)
are given below. Use the Lagrangian mechanics to calculate the equation of motion of
the system.

1 5 1 : ! 5
K= E(ml +my) 207 + Emzlﬁ(ﬁf + 02 + 26,0,)
= m2[1l2C2 (912 + 9192)
P =—(my +my)gliCy —myglyCyy

(14 marks)

- END OF QUESTION -
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Figure Q1(e)
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FORMULAE
New location of frame due to the pure translation

Fnew =

Trans(dy, dy,d,) x Fyq

Six constraint equations: Rotation portion of the matrix

(Hneo=0 -
2)nea=0 e Ty fp —P.W
@1 N A
(5) lo| = 1 ay a, a, —P.a
(© lal =1 LR A

Transformation from reference frame U to end effector:

Up, =UT RT HTe =V TP Ty, Ry, = VTRV TP 71 T3

U T is the transformation of frame R relative to U.

H T4 is the transformation of the end effector relative to robot’s hand.

U T, 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 T\ is the transformation of the robot’s hand relative to the robot’s base (unknown).

Representation of the rotation matrix

1 0 0 cosd 0 sinf cos —sinf
Rot(x,0) = |0 cos® —sinf| , Rot(y,0)=[0 10 , Rot(z,0) =|sinf@ cos@
0 sind cosf —sinf 0 cosO 0 0
Cylindrical Coordinates
Ny Oy Ay Px Ca =Sa 0 rCa
Ry — ny 0y ay, pPy| |Sa Ca 0 rSa
Pne 0 ap p | [0 0O 11
0o 0 0 1 0 0 0 1
Spherical Coordinates
N, 0y @, Dyy [CBCY =Sy SBCy rSBCy
rRp —|% % A Py|_[CBSy Cy SBSy  rSPSy
P7In, o0, a, p.| |-SB CBCY CB  rCB
0 o0 0 1 0 0 0 1

e et e e - S
e —
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Roll, Pitch , Yaw (RPY) Angles
@, = ATAN2(ny,n,) . @, = ATAN2(—n,, (n,C®, +1,5%,)) .
®, = ATAN2((—a, CP, — a,SP,), (—0,CP, — 0,5P,))

Eulers Angles
® = ATAN2(ay, a,) . ¥ = ATAN2(—n,S® + n,CP,—0,.S® + 0,CP) ,

Denavit-Hartenberg Representation

Representation of A matrices

—[SOnt1 CBpyiCanyq —C0,415U 41 A1 SOy
0 Sotnga Catnyq dptr
0 0 0 i
Jacobian Matrix
D =]D8
dx de1
dy ae2

The Jacobian with respect to the last frame

6 = ATAN2(a,C® + a,S®), a,)

0 represents the rotations about the z-axis.

d represents the distance on the z-axis between two successive common normals.
a represents the length of each common normal (also called joint offset).

a represents the angles between two successive z-axis (also called joint twist)

" Tn41=An41=R0t (2,0041)Tran(0,0,dp41)Trans(an4+1,0,0)(ROE(X,0pn41)

Cen+1 _Sen-klcan+l Sen+lsan+1 an+1cen+1

dz | _ |Robot doe3
Sx | |Jacobian||do4
Sy des
85z de6

TS g T6/11 T6]12 TG/13 TG/M Whe Tk do1
Tedy T Jar T "o T6]24 " Jas T )26 de2
g - 050 T2 Tz " Jaa )35 T Ja6||d63
TE §x - Ja1 Ble ™ Jas s Jaa . Jas W Jas || 404
e 8y TE’]s1 T6]52 Ts/sa T6/54 T6]55 Tﬁ/ss d05
6 82 " Jo1 - J62 Ve Jes "Jes "®Jes "Jes a6

If i under consideration is a revolute joint, then:

Tﬁjli = (_nxpy + nypx)- T6/2i = (_Oxpy £ prx)9T6]3i = (’_axpy + aypx)

T s T6 — T6 ey
6/41’ = Ny. jSi = 0Oz, jéi =a

Assuming that any combination of A;A,434,A5A, can be expressed with a correspondingn,o0,a, p

b N

matrix, the corresponding elements of the matrix will be used to calculate the Jz’;{mnp 2T TV A
peadlig '{* PR BURKA
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® If/under consideration is a prismatic joint, then:

= g - = T T - g =
T6]1i = 712-16/21 =0z, . T6]3i =@y, ")y =0,"J5; =0, 16/61‘ =0

® For column i use "' T:
For column 1, use ° Ty = A;A,A3A4AsAg
For column 2, use ' Ty, = A,A3A4AcAg

For

column 3, use 2 Ty, = A3A,AsAq
s Bl

For column 4, use ° Ty = A,A5A,
For column 5. use * Ty = A4,

For column 6, use 5 Ty = Ag4

Differential transformation

Differential operator relative to the fixed frame
0 =6z &y dx
- 6z 0 —6x dy
A = = - d 7 y — Jl=
[Trans(dx,dy,dz)Rot(k,d8) — ] _8y &x 0 s
0 0 0 0
Differential operator relative to the current frame
0 -T8z T&y Tdx
: A AT Y 0 =Téx Td
["A] = [Tl 7 .y
=" 8y Ox 0 dz

0 0 0 0
New location and orientation of the frame Lagrange function
Bnew = Boriginal +dB L= K(C[,q) ey P(q)
Total kinetic energy Potential energy

P =mgh
n
ml(x? + y? + 2%)
K = — Ty
2
i=1

General Lagrangian equation for the ith particle

F_d(éL) (6L) S
[_E(S_Jé,_ﬁxi wb = Lk g n

T—d SL (6L>,~12
l—aé‘—gl' 591 il = Ll ceien o n
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