EECS4421Z: Introduction to Robotics

Midterm (Version 2)
Instructor: Dr. Burton Ma
Thu Feb 15, 2018

Name:

Student Number:

. Instructions

1. You have 110 minutes to complete the exam.

2. Write your answers clearly and succintly in the space provided 6n the question sheets; use the back of the
page and the extra blank page if you need additional space for your answer.

3. A non-programmable calculator is allowed but should not be necessary. No other aids are allowed.



Law of cosines:

b
o]

& = a®+ b? — 2abcosy : c
Trigonometric identities:

sin(—6) = —sin(f)
| cos(—6) = cos(6)

sin(180 — 6) = sin(6)
cos(180 — 8) = — cos(6)

sin{a + B) = sinacos B + cosasin 8
sin(a — B) = sina.¢os f — cosasin B

¢os(a+ B) = cosacos B —sinasin 8
cos(a — B) = cosa:cos B + sinasin 8

cos20 +sin?d = 1

Canonical rotation matrices:

1 0 0 cos@ O sinf cos@ —sinf 0
R;p= |0 cosf —sind R, = 0- 1 0 R,p= |sinf@ cosf@ O
0 sinf cosf —sinf 0 cosf 0 0 1
Rotation about a unit axis [k, &, k.]7:
K2vp+co  kohyvp — kySe  Kaksvs + KySo
Rk,o = kxky'vo + k.89 k‘g'vo +C kykz’l)o — k.Sg
kxkz'vo - kySQ kykz'va + k:,;Se Icﬁ'vg + o

where ¢y = cosf, sy = sinf, and v = 1 — cos¥.

Homogeneous translation matrix for a translation of [z y 2|7

100z
o100y
D—OOIz
0001
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Denavit-Hartenberg transformation:

'If_l = R,(0:;)D.(d;)D,(a;)Rs(cs)
cos(f;) —sin(6;)cos(e;) sin(f;)sin(e;)  a;cos(6;)

_ |sin(6;) cos(6;)cos(c;) —cos(6;)sin(e;) a;sin(f;)
h 0 sin(os) cos(a;) d;
0 0 0 1

Denavit-Hartenberg parameters:

a;: distance between 2;_; and z; measured along z;

oy angle from 2;_; to 2; measured about z;

d;: distance between o0;_; to the intersection of z; and z;_; measured along z;—;
0;: angle from z;_; to z; measured about 2;_, '
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1. Consider the following RRR robot:

The robot is shown in a position where all of the joint angles are zero degrees. For the purposes of this

L, Ly
2
RS> o
=N
X _,J l

question, assume that there are no limits on the joint angles and that d; > 0.

(a) (2 points) Draw coordinate frames {1} and {2} that are suitable for use with the Denavit-Hartenberg
convention.

(b) (6 points) Fill in the Denavit-Hartenberg parameters using your coodinate frame placement.

Lilnk a; Q; d; 0;

: " ( —?jo) d” ( liaz

3 L2 E;s) O e f—zé;ﬂ
_ Ly /[5:3 0 (%0 «636 *)

(c) (12 points) Solve for the forward kinematics of the arm; that is, given joint angles d;, 5, and 03, find the
orientation and position of frame {3} as a homogeneous matrix 73. If your solution involves a sequence
of matrix multiplications then you do not need to perform the actual multiplications. Do not use the

Denavit-Hartenberg convention to obtain your answer.
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Use this page for Question 1.

D%) of"* [Z Y) _-92’3 D}() Ly QE; 62*1 D}‘ﬂ_; EXJI}U
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2. Consider the PRR arm shown in Figure 2.

The robot is shown in a position where all of the joint angles are zero degrees.

Joint 1 has a range of di >= 0.

Joint 2 has a range of 0 <= 65 < 180 degrees.

Joint 3 has a range of 0 <= 65 < 360 degrees.

You may assume that the link dimensions Lo, and L3 are always greater than zero, and that L, > Lj.

(a) (22 points) Given o, = [T Y. 2|7, the location of the origin of frame {3} relative to frame {0}, solve
for the inverse kinematics of arm.

(b) (3 points) Are there any reachable points o, that have more than one solution for the inverse kinematics

problem? If you answer “yes” provide an example of the multiple solutions. If you answer “no” briefly
explain why every reachable point has a unique solution.
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Use this page for Question 2 if necessary.
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3.5 pbints) Suppose that you have two coordinate frames {0} and {1} and you know 77 the pose of frame
{1} relative to {0}. Suppose that you have some rigid transformation U defined in frame {0}; what is U
expressed in frame {1}?

- For example, consider the two frames shown below:

Yo

L. —

X]
0 1 4 T
Here, 70 = |—1 0 0| (note: 77 transforms 2D homogeneous points |y |). Suppose U{ is the translation
0 01 1
i O & 1 0 -1
U= |0 1 1|.Then U expressedin frame {1}isU{ = [0 1 1
0 01 00 1

Hint: UY transforms a point p° in frame {0} to a new point ¢° in frame {0} such that ¢° = U{p°.
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Use this page for Question 3 if necessary.
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