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Model Answer

Questions @ and @ are mandatory for All Students.

Question @ (20 marks)

Fig. Q.1 depicts some schematic drawing for Cartesian, Articulated, SCARA, and Spherical
manipulators, respectively. Draw a freehand sketch for the estimated workspace.
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(a) Cartesian manipulator (b) Articulated manipulator
n B d3

m— “deﬂl (e @ﬁ el

Side view Top view Side view Top view
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Fig. Q1: Schematic drawing of serial manipulators (05 each)
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Question @ (20 marks)

a) Give your own comment with an example to validate that the rotation sequence XYZ fixed frame
is equivalent to ZYX Euler. (05)
b) Fig. Q.2 shows a two-link manipulator with rotational joints. Calculate the velocity and
Jacobian of the tip of the arm as a function of joint rates. Give the answer in two forms, in terms
of frame {3} and also in terms of frame {0}. (10)
c) General mechanisms, sometimes, have certain configurations, called “isotropic points, “where
the columns of the Jacobian become orthogonal and of equal magnitude”. Referring to part (b),
find out if any isotropic points exist. Hint: Is there a requirementon L1 and L2? (05)

;S 0
3 — 192
JO) = 1c, +1, Lz]
Cos0; —sing, 0 &)
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0 0 0 1
Fig. Q.2: A two-link manipulator

Solution @
a)

XYZ fixed frame ZYX Euler

Order: Order:

rotation around X by alpha rotation around Z by alpha

Followed by rotation around Y by Beta Followed by rotation around new Y by Beta

Followed by rotation around Z by Gamma Followed by rotation around new X by Gamma

It is called Extrinsic It is called Intrinsic

[“P] = R;RyRx[ BP] [“P] = RzRyRx[ ®P]
b)

i-1 | a1 | di |6
0 0 06
0 | L, | 0]ae,
3 0 | I, |00

Table 1: D-H Parameters

Hussein H. Shehata (PhD) 2/9 Robotics|Final Exam|2018



¢g =5 00 ¢y —s, 0 4y {1}231&
('_IT= §1 O 00 ITZ 5 0 00 2T= 00
1 0 0 10[ 2 0 0 10| 10
0 0 01 0 0 01 0001
i+lm.l'+l =I+:Riwf+éi+l i+12¢'+l' f+1Ur'—:—l If+}R(fUi+Imf xf j+_‘[}'
0
1&11: U .
| 6
0
1u1= 01,
| 0
-0
2[02 — - 0 ‘ ,
6+ 6
[ CZ 52 'D 0' Il‘fig:l
0 01| 0 0
3&J3=2&12,
I].S?E-l I ﬂ
. 2 . 3 _ 152
v = | Leydy +f§{'91 +6) |- /(9) = [3181+I2 12]'
(:12 _Su D
0 0 1 2
R="R _R iR=|s535 ¢ 0
3 1 2 3 0 0 1
0 R 0 —hsy — sy —1'2311]
Uy [ 16191 52'5012( 1+6) (©) Liey +heyp ey

The Jacobian of this 2-link is:

3 _ LS, 0
/@ = [LICZ + L, Lz]

An isotropic point exists if

3J:[L2 0]50,

0 I,
LiS$=1L,
LiC+L,=0
2 -L,
S =20, = 2
or, J2 Ll 2 LI
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Now $ +C? =1,

Lo\ [—L»\*

_= —) =1
50(L1> +(L1
or L} =2L} - L) = /2L,

Under this condition § = — = £.707

§H

and C, = —.707

.. An isotropic point exists if L; = /2L, and
in that case it exists when 6, = 4+135°

In this configuration, the manipulator looks momen-
tarily like a Cartesian manipulator.

For the remaining questions,
Question @ (25 marks) all students are required to solve 2 QUESTIONS ONLY.

a) What might be meant by the statement: “An n-DOF manipulator at a singularity can be treated
as a redundant manipulator in a space of dimensionality (n - 1)”. (10)
b) For the three-link manipulator shown in Fig. Q.3, give a set of joint angles for which the
manipulator is at a workspace-boundary singularity and another set of angles for which the
manipulator is at a workspace-interior singularity. (15)
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Fig. Q.3: The 3R non-planar arm manipulator

Solution @

a) The statement means that “at a singularity an n-DOF robot only has
N-1 DOF remaining. Hence, it can move freely in some N-1
dimensional subset. However, it is still true that it has n joints.
Therefore, we have a device which has one more joint than the
dimensionality of the space it is described in — and that is what a i
redundant manipulator is.

b) Workspace boundary: any angle set: {61, 62, 0}
Workspace interior: any angle set such that:
Li+L,Co+L3Cos=0....... ( 0118 arbitrary)

Question @ (25 marks)

When building a mobile robot, selecting the drive motors is one of the most important decisions you
will make. Assume the 4 Wheeled Drive Mobile Robot (4WD-MR) as depicted in Fig. Q.4, with
a total mass of 75 kg is travelling with a trapezoidal motion profile. You are required to make a
complete motor sizing for this application, considering the worst case. Assume any data that you need.
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(a) 4AWD-MR w) 11apezoidal motion profile
Fig. Q.4: 4WD-MR
Solution @

Question ® (25 marks)

Fig. Q.5 depicts a schematic diagram of the 2-DOF long-reach robot arm. The first link weighs 50
kg and the second link 10 kg. Their total lengths are 1.5 m and 4 m, respectively. At the depicted
posture, where the first link is rotated by 110° and the second link is traveled by 3.5 m forward,
determine the required torque and force of both actuators to maintain the configuration. For
simplicity, let the C.G. of the links be at their mid-point.

Best Wishes for all,
Dr. Hussein Shehata

Fig. Q.5: Schematic diagram of the 2-DOF long-reach robot arm
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Solution Guide ®

6.21 Faorce and Moment Balance of a Link

In a seril mampulator, each link 15 commected o one or two other links by
varkns joints. Figure 6.2 depicts the forces and moments acting on a typical
Imk i that is connected to lmk @ = 1 by jomt i and to lmk i + 1 by jomti + 1.
The forces actmg on link § 4+ 1 by ink i in jont (i 4+ 1) can be reduced o a
resultant force [; 4 ; and a resultant moment m; .4 ; about the ongm O of the
{x;. ¥, zi) link coondinate frame. Simlarly, the forces acting on link 1 by hnk
i = 11in the ith jomt can be reduced to a resultant foree §; ;) and a moment
m;;_y about the orgm Oy of the {x5_y. ¥—y, 21 ) Imk coordinate frame,
The following notatons are defined:

f;s.52 resultng force exerted on Enk i+ 1 by link 1 at O ;0 = =6is .
g acceleration of gravity.
my: mass of ink i
5, resulting moment exerted on bnk § 4 1 by link i, about point O,
B 51 = =izl

Iy T

Jaint i1

FM:URE &L Forces and mawmenis &g on bink o

r.i: positon vector of the center of mass of link i relagve o the ith link
frame {(1e, ry; = 000
r; . posmiton vector of O with respeat to the (i = 1th link fame (1.,
r= Dr— |DJ :I-
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Example 6.21 Statics of a Planar 3-I0F Manipulator  Figure 6.3 shows
the: planar 2K manpulator studied in Chaplers 2 and 4. & coordinate system
with all the z-axes pantmg out of the paper is defined for each link accord-
ing to the D-H convention. Let the end-effector output force and moment be
given by B3 = [, f 0]" and my 5 = [0,0, n,]", respectively. Also letthe
acceleration of gravity, g, be pantmg along the negative w-direction and the
center of mass be beated at the midpaint of each link. We wish w find the
Joint reacton forces and moments.

The [-H parameters amd trans formation matrices are gven in Table 2.1
and Egs. (2.6) through (2.8). The vectors 'r; and 'ry are

o _ —a3; 2
=0 amd  ‘ry = 0 . i6.18)
i {l

FMN:URE 63. Planar 38 mampulstor exering & foroe 3 and & momenl ny, 1.
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Substtutng By (6.18) for i = 1w 3 imo Egs (6.7) and (6.8) gives

_n::ﬂ| 'y L'ﬂj
T =nRL ro=a | sty |, rg =th| ra = 3 sy |
0 ]
. o . a ofhz
= UR'_I- r; = stz |, I = DRJ T = —E sz |
o 0
e as oz
ry = DH;. '1'l'_t =a | sy |. Ta= "-R:i 3";.1 = —T' 89 | -
0 - 0

We now apply Eqs (6.4) and (6.5) to compute the reaction forces exerted
on link 3, then prodeed to link 2 and 1 m sequence. Fori = 3, substituting rs,
Fa. fa3, md ng 5 into Bgs, (6.4) and (6.5) vields

fx
ha=03-mg= [fr _I:ﬂjgr] .

i3 x

0
M2 =ags + ry x fya l‘.;a*““:E.Z[ 0 :|

when
naz =0+ fpazelthz — frassthn 4 0.5m;gach.
For i = 2, we substtute £ 5 and my 5 obtamed m the preceding step along
with r2 and r» into Egs (6.4) and (6.5). Asa result, we obtam

Sy
Gi=h;-—mp= |:L- + [z + m}}g‘,.:| .

]
]
My =my:+rpxf) —rexmg=| 0
A1z

when

Ryl = 4+ foloactn + ayefin) = frlasfs +asbin)
t OSmagtactha + mag{aacts + 050308 23).
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Fori = 1, we substitute T | and s ; oblamed m the preceding step along
with y and . im0 Egs. (64) and (6.5). Thizs produces

i
fo=0h,,-mg= [f; + (Fty =+ my+ FEs)ge :| .
]

L]
Mo=m0 +F xFp=Fa = mg= [ L j|

LN

where

Rine =R + flaefh + aaefis + ascfias) — Folos®) + a:sf i + o586 23)
+ 05 g.m o + e go o) + 0. 5mcf)
+ mtag oo 4 @ + 0 Saac 23 ).

Fimally, we apply Eq. {6.17) to compute the jomt torgues as follows:

We note that m the absence of gravity, the torgues and end-effector output
foraes are related by the followng equation:

Tj fi
{TE:I ) IT["""} ‘ 1&19]
T3 R

[ —{m st + apsthyy + azsfag] = {oasf) s +a3stin) —ﬂsﬁl'?lz}:l
J =

where

(el +aped)z +azcfp) (opofa + @ofin) @
1 1 I

Hence, in the absence of gravity, the tramsformaton between the end-effector
output forces and the joint torgues 1s poverned by the trams pose of the con-
ventiomal Jacobian matrix.
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