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ME/AF 5449: Robotic Manipulators and Mechanisms

Spring 2024
Instructor: Prof Dwoug Bristow
Office: 2192C Toomey Hall
Mailbox: 194 Toomey Hall
Email: dhbristow edu
Lecture Time: L) 8-8:50am
Luocation: 195 Toomey
Office hours: Tues 4-3 pm
Luocation: 192C Toomey

Course Website: Comas All assigmments, sssizrment solutions, exam solotions, and course handouts will be

posted on the website.

Text: Sponz, Hutchinzon, Vidyaszzar, Robot Modeling and Confral, 2*¢ ed, 2020.

ISBN 9781110523004

Prerequisite: CS 1970 {or aquivalens), ME 3213

Grading Policy: Homevwark 204
Lab Feports 20%%
Project  20%

Midtenn Exam 20% W, Ddarch 13, in class
Final Exam = 20% ML May §, 12:30-2:30pm

Homework Assisnments

There will be § homework assigmments during the couwrse. The homework will be posted on Canvas tao weeks
hefore it is doe and collectad im class on the due date. Late homework should be turned in to Dr. Bristow’s
mailbox in 194 Toomey and will be accepted with a 20%0 point deduction until the Friday following the due
date, at 4:00 pm. MNo late homewark will be accepted after that point.  Students are swongly encouraged to work
together on the homework, but use of solutions (text solutions or another student’s solutions) iz considered
cheating and will result in an automatic F for the conrze.

131 HW 1 due 238 HW 3 dus 417 HW 5 dua
2714 HW 2 due 4/3 HW 4 dus 1 HW6dos
Examinations

All examinstions should be considerad comprehensive, but the most recent course material will be emphasized.
Fequest: for a conflict or make-up examination will be individoally evalozted. Omly requoests that, in the
instructar’s opinion, are fully justified will be zranted.

Absences from Class

There is no atendance policy 20 you do not need to email the instractor if you are going to be absent fom class.
You should zet 2 copy of the notes from another student in the class. If vou have sany questions zhout the notes,
vou should speak with other students or the instractaor.
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Laboratory

Lab Time: Individually arranzed
Lab Location: 105 Toomey Hall
TA: Philip Olubodun
Office: 203 Toomey Hall
Email- paccmeifmst edu

The lab component of the course consists of five lab assignments and one stwdent-defined project. The smdent will
learn to program and usa the Famac LE Mats 2004 6-axis industrizl rabot.

Lah Groups

Brudents will perform lzb assigmments in groups of 2 or 3. Yoo will need to form your group and sign up for a weskly
twio-hour timeslot on the canvas discussion thread. You should sign up by the end of the day on Thur=day, January
18.

Lah Assisnments

Thers will be five lzb assiznments during the semester. Lab assismments will be posted on Canvas the Wednesdzy
before 12k work begins. You should print out 2 copy of the assiznment and bring it with you to the lab. ¥You will have
two weeks to work on each lab; the lab report is due in lab in the following week Only one report should be fumed
in per group.

Lab®  Week 1 (wic ofy Week 2 (wk of) FReport due (wk. of)

Lab 1 122 129 5
Lab2 '3 212 1%
Lab 3 210 2125 4
Lzb 4 34 31 3718
Lab 3 318 41 48

The TA will be avazilzble for the start of your lzb time each week. However, the laboratories are intended to be
complsted independently. Each lab will mvolve some reading of the robot manual. You should zlso refer to the
mannal anytime gquestions arise.

Lab Procedures

The lzboratory room is 2 shared space, please be considerate by refraiming from lond or disroptive behavior. The
room glso contains graduate stodent’s desks and research equipment Under no circamstances should you touch or
dizturb any equipment or dezls other than those directly imvolved in the lab. Please do not leave the room
unattended with the door propped open.

Lab Saferv

The robot iz capable of exerting larze forces and moving at very hizh speeds that can canse serious injury. The first
lzb will cover safety procedures and a list of lab safety procedures will be posted in the lab. For your safety, it iz
imperative that vou always follow lab safety procedurss. Failure to adhere to lab safety rules will result in an
automatic failing grade for the conrsg

Courze Project

The course praject will be student-defined, subject to the instructor’s approval. Smdents are encouraged to parform
their project with their lab group, although other arrangements will be considered if jostified. The project is generally
open to any facet of robotics that the student is interested in explormg. Project propozals will be due March 20 in
clazs; more details will be provided later in the semester.
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Laobaratary Assignment #1 Intro to Robot Programing with Pick and Place Application

safety Procedures While Operating Robot

1.

2
3
4.
5
g
7

Under MO circumstances is anyone to be within the work cell while the robot is activated!
There must be at least two people physically in the room whenever the robot is powered on.

all programs must first be verified by stepping through them at 108 speed before being executed.
The speed of the robot should never exceed 20%.

The TA must inspect any hardware or wiring changes before powering on the robot.

Do not adjust the robot axis limits.

Mo food ar drink is allowed near the robot.

Reading Assignment [Robot Manual] and Lesrning Objectives

safety — Safety Section

Robot Jogging and Jogging Frames — Chapter 2

Basic Programing - Chapter 5 (pages 5-18 through 5-28)

Robot Mation Commands - Chapter § (pages §-12 through 6-15)
Robot Digital 1/0 — Chapter & (pages §-110 through 5-111)
Position Register Offsets — Chapter & (page 6-42)

Part | (first week]- Robot Jogging, Basic Programing, and botion Commands

1.
2.
3.

a.

Read and understand the above safety rules, and the safety section in the robot manual.
start the robot and turn on the TEACH Pendant (Procedure 2-1 on page 2-3).
Develop familiarity with the JOINT and WORLD coordinate systams by manually jogging the robot arownd within the
work cell (Chapter z).
Place twio upright blocks at the first pick and place locations on the on white pallet | Figure 1.
Use procedure 5-1 on page 5-12 (starting at step 7] to open 3 new robot program with the following information:
8. Program Mame: “G#LABL" where "8 is your group number.
b.  Sub Type: Mons
C Comments: point to paint
d. wWrite Protection: OFF
e, lgnore pause: OFF
Continue using procedure 5-1 to create the following program:
a. Manuzlly jog the robot so that the arrow on the end effector is lined up about 1-2 cm above the first blodk
(Figurs 2).
b.  Record the point using the J P[] 100% FINE mation type.
. Repeat for point abowe the second block (Figure 2).
d.  add a line to call Go_Home &t the beginning and end of the program.
After creating your program, switch to step mode by selecting the STEP button {2 green indicator light will show up
on the left-hand side of the teach pendant). Verify that the robot's override speed is at 10%.
while pressing/holding the DEADMAN switch and shift button, step through the program one command at a time
with the FWD button.
a. Record the locations of the points in both the Joint and World coordinate systems. (Mote: the position
relative to various frames is found by pressing the POSN key on the pendant).
Change the motion type of both points to Linear and step through program once again.

10. Use tripod ta place phone directly in front of pallet and record the program motion from step 6 and step 9.

Pseudo Code for Part |

1. Go_Home [notethisis a program that youwr program will reference externally with the Call: instruction)
2. Point 1 (above first block)

3. Point 2 (above second block)

4. Go_Home
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Laobaratary Assignment #1 Intro to Robot Programing with Pick and Place Application
Table of Recorded Points
Joinit Axis 1 Axis 2 Axis 3 Axis 4 A5 5 Axis 6
F1
P2
world X ¥ z W P R
F1
Pz

Part Il {second week]: Robot Disital I'0 and Position Register Offsats

1.
2.
1.

min

m o

o

Delete points from previous program.
Reposition twia blocks at the first and s=cond pickup locations on the white pallet (Figure 3).
Manually jog to each pickup and drop off point and record their positions in your program. (Fouwr total new positions
P[1] — P[4]]}. The gripp=r anly needs to contact the top half of the block, so it should never be closer than 1 cm above
the table.
Add RO[1]=on from digital 1/0 instructions after pickup points.
Add RO[1}=off from digital I/0 instructions after drop off points.
Incorporate WAIT 0.5 (sec) commands into your program to give the end effector time to open or close.
setup a Position Register (PR[#]) in the data menu such that =200 mm and zll other axis are 0 mm.
a. Mote: A position register is basically a variable that stores positional data in all six axes.
Usa the WInTPE “transfer and edit procedure” to open your program in WinTPE.
Add a point before and after each of your points (P[1] — P[4])). Add an OFFSET,PR[#] motion instruction to the
duplicated points. Pick the position register number you set up instep 1
b.  Mote: the point numier (P{#]] of your offset point selects which point you are offsetting from.
Transfer your program back to the robot. [You may need to delete your original program on the teach pendant).

10. STEP throwgh your program at 10% speed to make sure it operates properly. Then you can run the program at 20%.
11. Use tripod ta record entire pick and place procedurs.

Incomplete Code for Second Wesk

CRLL GEI_EU}E
BO[1l]=({on/ofs)

J P[1]

100% FINE Off=et, FR[E]

L F[1l] 2000mm/= FIHE
BO[1l]=({onS/ofs£)

WAIT
L P[1]

0.5 (=eac)

Z000mm/ = FINE Off=at, FRIE]

‘tin=ert miss=ing code hers*

J P[4] 100% FINE Offs=et, PRIE]
L F[4] 2000wmm/= FINE

BO[l]=(on/ofL)
WAIT 2.5 (=mc)

L F[4]

Z000mmy = FIME Off=at, PR[#]

CRLL GO_HOME
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Loboratory Assignment #1 Intro to Robot Programing with Pick and Place Application

Figures

Figure 1: Part | Setup

Figure 2 Part 1 P{1] (left) and P[2] {right).
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Loboratory Assignment #1 Intro to Robot Programing with Pick and Place Application

Figure 3: Part Il Setup

Figure 4: Part It P{1] (top left), P[2] (top right), P{3] (bottom left), and P[4] (bottom right).
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Laobaratary Assignment #1 Intro to Robot Programing with Pick and Place Application

Laboratory Write-up and Submission
¥our report should include the following:
®  The safely rules that must be followed while operating the robot.

*  The coordinates for each of the points in the joint and world coordinate systems from Part 1
* A printout of your program from Part Il {use WinTPE].
& Answers to the following questions {from lab experiments and reading):
Describe the coordinate systems (Joint, World, Tool) that can be used for jogging.
Explain how using different coordinate systems can make jogging to points easier.
what are the available motion types and how do they differ (compare your videos from Part 1]?
wWhat does RO[] stand for?
How do the position register offsets modify the programmed position?
rading sheet with all sections listed on it

[N S

Your canvas submission should include the following:
* Report

& Video of joint and linear motion types from Part |
& Video of pick and place operation from Part 1l
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AEME 3440
Homeworlk 1: Introduction and Coordinate Transforms

Azzigned: January 17, 2024 Dwe: January 31, 2024

Review the following concepts discussed in lecture:
1} Chapter 1: Introduction
2) Position and Eotation Transformations (2.1-2.4)

Work the following problems from the text. Unless otherwise stated, work all problem parts.
Problems labeled (A.x) are additional problems of my own design.

Introductory hiaterial
1-2

1-13

1-15

1-16

1-20

Transformations
26

2-10

211

2-15

(A1) A pointpis located at p"=[1 1 1]7 with respect to a world frame ooxmyzo. A second frame

ayxyyzn is defined by the sequence of rotations given in problem (2-10) with g = 137, 8=30%, and
w=0%. What iz p*7
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Rigid Motions
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Forward Kinematics
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Lab+Assignment+2

Wednesday, February 7,202 n Y nH

&)
Lab+Assig
ment+2
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Laboratory Assignment #2 Trojectory Planning

Safety Procedures While Operating Robot

1.

2
3
4.
5
g
?

Under NO circumstances is anyone to be within the work cell while the robot is activated!
There must be at least two people physically in the room whenever the robot is powered on.

all programs miust first be verified by stepping through them at 10% speed before being exscuted.
The speed of the robot should never exceed 20%.

The TA must inspect any hardware or wiring changes before powering on the robot.

Do not adjust the robot axis limits.

mo food or drink is allowed near the robot.

Reading Assignment (Robot Manual) and Learning Objectives

Termination Type |&-37 through 6-38 and 6-55)
speed [8-27 through 6-36]
Trajectory Planning (6-53]

Part | {first weekl: Continugus Termination Type

1
2.

100
11

12,

13,

Print out four Lab 2 Experiment Workshests.
Plzce and tape down 3 “Lab 2 Experiment Worksheet” on the white pallet in the specfied location (Figure 1).
Lalpel this worksheset “Fine and Continuous Termination Types”.
Creste 3 new program named G#Labz.
Add z line to call the GO_HOME program at the beginning and end of the program.
log the robot to the three labeled points (P[1], P[2], and P[3] in Figure 2] with the pen pushed slightly into the
paper, and the front face of the end effector in the same direction (e.g. Facing forward).
Use the LMEAR motion type for 3l three points.
Initizlly, use the FINE termination type.
set P[1] to 2000 mmys.
set P[2] and P[3] to 200 mm,s
e Mote: All points should be at approximately the same height
Duplicate P{1] and P[3] and add position register offsets to the duplicates (before P[1] and after P[3]). Use the
position registers you created in Lab 1. Verify that they have not been changed.
step through your program at 10% speed to insure it runs safiely. It should start at home, move to an offset P[1],
draw an “L" on the worksheet, move to an offset P[3], and return to home.
Onice the program motion has been verified, turn off step mode.
Run your program at 20% speed.
Change the termination type of P[2] and P[3] (without offsst) to CNTO.
With the same piece of paper, run the program several more times for continuous termination types: CNTO,

an oo

CNTZ20, CHT40, CNTE0, CHTED, and CNTL00. Label each curve with the termination type used. Mote any trends
you 22,

Use the calipers to measure the deviation betwesn the corner and the curve where it intersects the black dashed
line {Figure 3} and record in the provided table.

once measured, compute the difference between the cures intersections (CHNT20-CNTD, CNT4A0-CHT20, ..., 8tc.]
and record in the provided table.

Part Il [first week): Corner Distance Termination Type

1

la

Plzce and tape down 3 new “Lal 2 Experiment Worksheet” over the first worksheet. Label this worksheet
“Corner Distance Termination Type"

Change the termination type of P[2] and P[3] (without offs=t) to COO

With the new worksheet, run the program several times for corner distance termination types: CDO, CO5, CD10,
CD15, and COZ0. Label each curve with the termination type used. Note any trends you see.

Use the calipers 1o measure the deviation between the corner and the curve whers it intersects the black dashed
line {Figure 3} and record in the provided table.

Once measured, compute the difference between the curee intersections (CD5-CD0, COA0-COS, ..., 8t ).
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Laboratory Assignment #2 Trojectory Planning

Part Il {(second wesk]- Program Speed

1

Plzce and tape down 3 new “Lal 2 Experiment Waorksheet” on the white pallet in the specified location [Figure
1). Lab=l this worksheet “Program speed”

Re-teach points P[1], P[2], and P[3] [Figure 2} if necessary (use the touch-up feature on the teach pendant).
Change the termination type of P[2] and F[3] (without offset) to CNTL00 and set the program speed to 100mmy's.
with the new worksheet, run the program several times for program speeds: 100mm,/s, 200mm,/s, 300mm;s,
400mmy's, S00mmy's, 600mm;y's, 1000mm,'s, and 2000mm,/s. Label 2ach curve with the program speed used. Note
any trends you see.

Use the calipers to measure the deviation between the corner and the curve whers it intersects the black dashed
line {Figwre 3} and record in the provided table.

Part Iv {second week): Override Speed

Plzce and tape down 3 new “Lakb 2 Experiment Waorksheet” over the second worksheet. Label this worksheet

Change the termination type of P[2] and P[3] (without offset) to CNTL00 and ==t the program speed to 200mm,'s.
with the new worksheet, run the program several more times for override speeds (* arrows on teach pendant]:
5%, 10%, 15%, and 20% without changing the program speed. Label each curve with the program speed used.

1
“owerride Spead”
2.
3.
Mote any trends you see.
d.

Use the calipers to measure the deviation between the corner and the curve whers it intersects the black dashed
line {Figure 3} and record in the provided table.

Psaudo Code [all parts)

WMo B LR

Go_Homs

Paoint 1 (joint move with position register offset)

Paoint 1 (linear move, always with FINE termination typs)

Paoint 2 (linear move]

Paoint 3 (linear move]

Paoint 3 (linear move with position register offset and always with FINE termination type)
Go_Home

Table of Mezsured Distances and Differences

Termination Type

CNTD

CHNT4D

CNTED

CNTED

CHNT1DD

Deviation [mm)

Difference (mm)

WA

Termination Type

oo

CD3

Con

CD15

Deviation [mm)

Difference (mm)

A

Program Speed (mm,s)

o0 200

&0 100D

2000

Deviation [mm)

override Speed (%)

10

15

Deviation [mm)
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Laboratory Assignment #2 Trajectory Planning

Figurss

Placs umr
lste

Figure 1: Worksheet Placement on White Palfet

Figure 2: P[1] (bottom left), P{2] (top left), and P[3] (top right) for Trajectory Planning Experiments
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Laboratory Assignment #2 Trojectory Planning

Figure 3 How to Meosure Devigtion of Trajectory Plonning Experiments

Laboratory \Write-up and Submission

Your repart should include the following:
A printout of your program from Part IV (uss WInTPE).
The deviation and difference tables from each of the four experiments.

Your “Lab 2 Experiment wiorksheet” for each of the four experiments.
& Devigtion vs. Speed plot of the data you collected in Part .
Answers to the following questions (from lzb experiments and reading]:

1.

Explain in detail what 2ach item in the following ine of code means (use the manual).

2: J FR[1] ER[30]% CHTSO

I=s the continuous terminzation type the same as the corner rounding termination type? Explain (use manual).
How does the corner rounding termination typs number (CO#) correlate to the deviation and difference data
collected in the table? what does this say about the robot's accuracy and repeatability?

In Parts Il and IV, you changed the speed that the robot moved through the taught trajectory; how do these

methods [program ws owerride speed) affect the robot's planning of the taught trajectory?

What kind of trend{s] do you s2& in your Deviation vs Speed plat? Do they match what you would expact? IF
not, explain what you think the causs is (hint on &-53)7

Grading sheet with 2ll sections listed on it.

Your carvas submission should include the following:
Report (mo videos this week]
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HWO02

Saturday, February 10,202 MH Yp T

B

HWO02

AE/ME 5449
Homework 2: Rigid Motions and D-H Convention

Assigned: January 31, 2024 Due: February 14, 2024

Review the following concepts discussed in lecture:
1) Rotation Parameterizations and Rigid Motions (2.5-2.6)
2) Denavit-Hartenberg Convention (Chapter 3)

Work the following problems from the text. Unless otherwise stated, work all problem parts.
Problems labeled (A-x) are additional problems of my own design.

Homogeneous Transformations
2-38

14
2-40 uu 2 R’lﬂ' z, FM"TI-..,,,“,L” Tr:..;z,su-
(A-1) Consider the robot shown inthe schematic below. The joints follow the trajectories, £(7) =90z

(in degrees), a{f} =r(20- I]l and & {r} =15, Use MATLAB (or any other software) to plot the trajectory

of p” for 0<¢<20 seconds. Please show your analytical work and MATLAB code.
[0,'7:'1) ¥

(-1,22) P
# \/7'10,.7,.7)
.. =,

e
Ao

(A.2) Given the transformation below, sketch frame 1.

-1 0 0 0 I
0 =07 07 1
0 07 07 05

Xp

(A3) The transformation of Frame A with respect to Frame B is given below. What 15 the
transformation of Frame B with respect to Frame A?

0 0 12
» |1 0 03
5
0 -1 0 1
0 0 01

(Additional Problems on next page)
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(A.4) Two frames are shown below. Find T]U

f
p|
_ M =
b T Il;l
2 |
|
e 1
/ Jo

X 7 ‘

D-H Cenvention
31
3-5
3-7
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clc

clear

t=0:0.01:20; % time vector

theta = 90*t;

a =t.*(20-t);

b=t;

figure;

plot(t,theta,'r-, 'LineWidth', 2, 'DisplayName"', 'theta(t)=901
hold on;

plot(t, a, 'g--', 'LineWidth', 2, 'DisplayName’, 'a(t)=t(20-1)");
plot(t, b, 'b-.", 'LineWidth', 2, 'DisplayName"', 'b(t)=t");
title('Time vs Parameter Value')

xlabel('Time’)

ylabel('Parameter Value')

legend('show')

hold off

%% 3-D Trajectory
% p is fixed to frame h
ph=[0001];
% pO0 is the [x y z]' location of p w.r.t. frame O
pO = zeros(4,length(t)); % initialize as zeros
for i=1:length(t)

pO(:,i) = RotZ(theta(i))*TransX(a(i))*TransZ(b(i))*ph;
end
pOx = p0(1,:); % time series for p0's x position
pOy = p0(2,:); % time series for pO's y position
p0z = p0(3,:); % time series for p0's z position
figure;
plot3(p0x,p0y,p0z)
title('3-D Trajectory’)
xlabel("X")
ylabel('Y")
zlabel('Z")

%% Trying to make the pretty animations
hl=figure(1);
h2=figure(2);
pause
for i=2:length(t)
figure(hl1)
title("Top Down Trajectory")
plot3(p0x(1:i),p0y(1:i),p0z(1:i),'b’)

xlabel("X")
ylabel('Y")
view(2)
hold off
figure(h2)
plot3(p0x(1:i),p0y(1:i),p0z(1:i),'b")
view(3)
hold on
pause(0.0001);
end

ARy

-
2 iz, 5 Ry b T 2,0,
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Inverse Kinematics

Wednesday, February 14,202 y Yoy
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Velocity Kinematics

Friday, February 23,202: y Y n n
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Velocity example

Friday, November 1,202¢ c Yoy
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Random Lectures

Friday, March 1,2024 y Y n m
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Exam Prep

Tuesday, March 12,202« n Y H M
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HWO04

Saturday, March 30,202¢ ¢ Ynn

&

HWO04

w-t

AEME 5449
Homework 4: Velocity Kinematics and the Jacobian

Asgigned: March 13, 2024 Due: Apnil 3, 2024

Review the following concepts discussed in lecture:
1) Chapter4

Work the following problems from the text. Unless otherwise stated, work all problem parts.
Problems labeled (A-x) are additional problems of my own design.

4.1

43

44

47 (there is atypo—itshould be R=R R R )

410

411

4-12 (Note the picture is drawn incorrectly. Frame 0 should be located at Frame 1, and xp should be in
the same direction as x1).
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