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Teaching Robot Kinematics for Engineering Technology Students Using a
Visualized Three-Dimensional Robot and a Camera

Abstract
Teaching robot kinematics is important to engineering technology students in the

robot automation. The study can help students not only in the coordinate
transformation principles from a joint to its following joint in a robot, but also in
relating the coordinate systems between a robot and a machine vision system.
While students can utilize math software to compute robot kinematic
transformations, they have problems verifying their answers. In this paper, a three
dimensional vertically articulated robot is created to help students visualize the
location and orientation of the end effector. Students can check their robot
kinematic answers based on the joint encoder values set up at each joint. In
addition, a camera is also mounted on the robot for the students to relate an object
location from the camera coordinate system to the robot world frame.

1. Introduction
A robot is typically connected by a series of links and joints. A robot hand, or end

effector, is attached at the end of the wrist joint to pick up objects, transfer parts,
and perform useful tasks!. Depending on the number of freely-movable joints
available in a robot, it can move to multiple directions and can be called multiple
degrees of freedom (DOF)?. Figure 13 shows a 2-DOF robot as it has two joint
variables, ©; and ©,. Figure 24 shows a typical 6-DOF industrial robot with the
first three joints (waist, shoulder, and elbow) controlling the motion to a target
location, and the last three joints (roll, pitch, and yaw) controlling the orientation
of the end effector, as shown in Figure 3°.

Robot kinematics is one of the main topics in teaching robot automation class. It
studies the movement of the location and orientation of any link from the world
frame in a robot manipulator®. As the robot performs works using its end effector,
the location and orientation of the end effector based on the robot world frame is of
particular interest when joint variables are given. The [4x4] homogeneous
transformation matrices®’ are used in teaching this class mainly based on the
following two reasons:

www.manaraa.com
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a. It can well represent the location and orientation of a rigid body in a math
form.

b. Since it is a square [4x4] matrix, it can be placed in any order of matrix
multiplications.

Figure 1: A 2-DOF Robot
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Figure 3: The Wrist Joints of a Robotic Hand

However, as the matrix multiplication in general is not commutative, students have
problems calculating correct answers even though they are allowed to use math
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software® for homework assignments. Thus, a visualized tool is presented for
students to check their answer before submitting their assignments.

2. Homogeneous Transformation Matrices
A homogeneous transformation matrix, which can be used to define a local frame,
is listed as following®:

n, 0, a, d
n, 0y, Q, e
nZ OZ aZ f

0O 0 0 1

Figure 4 shows the local frame based on the world frame XYZ. Point (d,e,f), based
on the robot world frame, is the origin of this local frame. The following three unit
vectors n, 0, and a, can be expressed as:

—

n=mn,+n,J+n.k 1)
0=o0,140,)+ 0,k (2)
a=a,l+ayj+ ayk )

a
z de ¢
o
Y
X

Figure 4: Local Frame Based on the World Frame

Where ny, ny, and n, represent a unit vector component for the local x vector along
the robot world frame; oy, 0y,, and o, represent a unit vector component for the
local y vector along the robot world frame; ay, ay,, and a, represent a unit vector
component for the local z vector along the robot world frame.
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To completely describe the motion of each transformation, the following six
elementary homogeneous transformation matrices are used in teaching robot
kinematics®:

(1 0 0 d
101 0 O
Trans(x,d) = 00 1 0 (4)
0 0 0 1
1 0 0 O
o1 0 e
Trans(y,e) = . (5)
0 0 0 1
1 0 0 O
1o 1 0 0
Trans(z, f) = 001 f (6)
0 0 0 1
1 0 0 0
_ 10 cos(a) —sin(a) O
Rot(x,a) = 0 sin(a) cos(a) O (7)
0 0 0 1
cos() O sin(B) O
_ 0 1 0 0
ROt B) = | _gincp) 0 cos(p) 0 (®)
0 0 0 1
cos(y) —sin(y) 0 O
Rot(z,y) = sin(y) sin(y) 0 O 9
ot(z,y) = SN0 sinG) 00 ©
0 0 0 1
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2.1. Example Using a Visual Tool to Check Elementary Transformation
Matrices
To help students verify their answer using a CAD system, the following example is

given:

Problem: Please determine the location of a point (1,2,3) after it rotates 60° around
the Z axis of the world frame.

Solution: The following four steps are used to help students verify their solutions:

Step 1: List the equation using elementary transformation matrices, as shown in
Equation (10).

Rot(Z, 60°)Trans(x,1)Trans(y,2) Trans(z,3) (10)

Step 2: Apply math software to obtain the solution, as shown in Figure 5.

a=a0

RotZl=[co=sd(a) -=sind(a) 0 O;=ind(a) co=sdi(a) 0 O0; O O 1 Oy 0 0 O 1]
TransX1=[1 ¢ ¢ 1; ¢ 1 0 O0; © O 1 Oy O O O 1]

TransY2=[1 0 0 0; O 1 0 2; 0 0 1 0y 0 0 O 1]

Tran=sZ3=[1 0 0 0; O 1 0 O0; O 0O 1 3> 0O 0 O 1]

Al= RotZl*TransXl1*TransY2*Transi3

nl =
0.5000 -0.8660 0 -1.2321
0.8660 0.5000 0 1.8860
0 0 1.0000 3.0000
0 0 0 1.0000

Figure 5: Using Math Software to Obtain the Answer

Step 3: Using a CAD system, create a point (1,2,3) based on the world frame, as
shown in Figure 6.

www.manaraa.com
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(1,2,3)

-+~
Figure 6: Point (1,2,3) Created in a CAD System

Step 4: Rotate Point (1,2,3) by 60° around Z axis in the CAD system and verify the
location of the point, as shown in Figure 7.

=
x
X @+ 4
] | General = ‘
Color @ Bylayer
Layer a
Linetype ByLayer
Linetype scale  1.0000
Plot style ByColor
Lineweight BylLayer
Transparency  Bylayer
Hyperlink
Thickness 0.0000
- [ 3D Visualizati -]
Material BylLayer
| Geometry = ‘
Position X -1.2321
Position ¥ 1.8660
}A Position Z 3.0000
&0
&
o
2
o

e

Figure 7: Verify Point Location after Point (1,2,3) Rotates 60° around the Z axis
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Step 5: Compare the answers in Step2 and Step 4. Both have the same answer: (-
1.2321, 1.866, 3.00). If the answers are different and if the operation in Step 4 is
confirmed correctly, go back to check Steps 1 and 2.

3. A Visualized Three-Dimensional Robot for Robot Kinematics
To help students verify their solutions for robot kinematics, Figure 8 shows a

three-dimensional vertically articulated robot when all joint variables are at zero
positions. Dimensions of each link are also provided. The origins of each link are
shown in Figure 9. For students to verify their kinematic solutions, a verifying
point (VP) is drawn at the origin of the end effector, as shown in Figure 10.

0%E

Y%

i g L S
[!/ | Y T h S~ Verifying
L ~ A ¥, point
- 25,

N S | 20t

Figure 8: A Visualized Three-Dimensional Robot
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oint

Figure 10: A Verifying Point Created to Verify the Location of the Wrist Joint

3.1. Robot Kinematics
To perform the transformation from one joint to its following joint, the Denavit

Hartenberg (DH) transformation®, shown in Equation (11), is applied:

0T'G811°92 abed
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A; = Rot (z,0;)Trans(z,d;)Trans(x, a;)Rot(x, t;) (11)

Where A4; is the transformation from Joint i to Joint i+1; 6, is the joint variable
when the joint is a revolution joint; d; and a; can be the link lengths depending on
the robot configuration; t; represents the twist angle between Joint i and Joint i+1.
In some particular cases, Rot(x, t;) can be replaced with Rot(y, t;) when the twist
angle is along the Y axis.

From the information provided from Figure 9, the A; matrix for each link can be
expressed as following:

A; = Rot (z,6,)Trans(z,36)Rot(x,90°) (12)
A, = Rot (z,06,)Trans(x,40) (13)
A; = Rot (z,05)Trans(x,11)Rot(Y,90°) (14)
A, = Rot (z,0,)Trans(z, 14) Rot(y, —90°) (15)
A: = Rot (z,065)Rot(Y,90°) (16)
Ag = Rot (z,6¢)Trans(z,4) (17)

The following equation is applied to calculate the Verifying Point (VP) based on
the robot world frame:

Typ = A1 A; A3A, As Ag (18)

The following joint variables are used to compute the location of the VP: 6, =
30°% 6, = 45°% 65 = —60° 6, = —20°% 65 = —60°. Figure 11 shows the
execution of the math script for the VP: (46.94, 25.73,54.15).
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Thetal=30

g=Thetal

dl=3&

Rotll=[cosd(a) -sind(a) 0 O;sind(a) coad(a) 0 0; 00 1 0; 0 0 0 1]
TransZdl=f1 0 0 0; 0 1 0 0: 0 0 1 d1: 0 0 0 1]

RotX90=(1 0 0 0; 0 cosd(90) -sind(%0) 0; 0 =sind{90) cosd(90) 0; 0 0 0 1]
Al= RotZl*TransZdl*RocXd0

ThecaZeds

b=Theta

RotiZs|[coad(b) =-sind(b) O 0;2ind(b) coad(b) O 0; 3 @ 1 0; 0 0 O 1]
aZesl

Trans¥KaZs=(1 0 0 a2; 01 0 0: 00 10:; 000 1]

A2=RotIZ*Tranaiaz

TZ=Al*AZ

Thetai=-g&0

ai=11

Rotli=[cosd(Iheral) -aind(Ihetal) O O:sind(Theval) cosd(Thecsd) 0 0: 00 L 0 0 0 0 1]
Trans¥ad=(1 0 0 a3; 0 1 0 0: 00 1 0; 000 1]

Rot¥80= [cosd(90) O sind(90) O0; 0 1 0 O; -sind(90) O cosd(%0) O: O 0 O 1]:

Aj= RorZ3i*Trans¥ai*RocYal

Ti=R1*R2+R3

Thetadm=20

di=14

RotIds|[coad (Thetad) =-aind(Thetad) 0 O0;sind(Thetad) coad(Thetad) 0 @; 0 0 1 0; 0 0 0 1)
ransldds=(l1 0 0 0; 0 L 0 0; 00 1d4; 000 1]

Rot¥H20= [cocad(=-50) 0 #ind(-90) 0; O 1 0 O; =-2ind(-90) O cecad(=-30) 0; 0 O 0 1]

Ad= RetZ4*TransZd{*Rect¥N90

TA4=AL*RI*RI*A4
ThetaS==50
RotZSe[cosd ({ThetaS) -sind(ThetaS) 0 0;s#ind(ThectaS5) cosd({ThectaS) 0 0; 0 0 1 0; 0 0 0 1]

AS= RotIS*RotYs0

T5= R1*R2*R3I*R4*AS5

TE =
df=q
Thetaé=0 -0-2455 'J.'-‘clfa 0,3?35 s
Trans2dé={1 0 0 0: 010 0; 0 0 1 dé; 0 0 0 1] 0.7693 '1'~5?;f -0.1203 [ 25.7348
Aé=TransZdé -0.3304  0.2297 -0.9155

0 1] 0
Tém RI*RI*RI*R4*R5*RE

Figure 11: Math Script for the Location of the Verifying Point Based on the Robot
World Frame

Figure 12 shows the final location of the Verifying Point after moving the robot
with same joint variables used in the math script. By checking the location of the
VP, it has the same answer as that of the math script, as shown in Figure 11.

www.manharaa.com
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Verifying Point N

14

Figure 12: Rotating Robot Arms Based on the Joint Variables and Check the
Location of the Verifying Point

3.2. Kinematic Transformation for a Mounted Camera

To help student study the kinematic transformation for a machine vision and a
robot, Figure 13 shows a camera mounted at the end of Joint 6 with location
dimensions.

Equation (19) shows the transformation from VP to the camera origin:
Acomera = Trans(y, 6.5)Trans(x — 0.5)Rot (x, 180°) (29)

Equation (20) is applied to calculate the location of the origin of the camera
coordinate system based on the world frame:

TCameraOrigin = TVP ACamera Trans(x' 0-5) (20)

Where Teameraorigin 1S the location of the camera origin based on the robot world
frame.

www.manaraa.com
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For verifying purpose, Equation (21) shows the transformation from a point (0.5,
0.5) measured from the camera coordinate system to the robot world frame:

TCamerapoint = Typ Acamera Trans(x,0.5) Trans(y, 0.5) (21)

Result of the transformation in math script is shown in Figure 14 and is verified by
the robot, as shown in Figure 15.

Figure 13: Location of the Camera Origin Based on Joint 6

www.manharaa.com
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heé=RotZ&*TransZdé

Teé= AI1*A2*A3*A4*R5*LG

Yo=6.5

Trans¥c=[1 0 0 0; 01 0 ¥cr 00 1 0; 00 0 1]

Ho=-0.5

Trans¥c=[1 0 0 ¥c; 01 0 0; 00 10; 000 1]

RotX180=[1 0 0 0; 0 co=sd(180) -=ind(180) O0; 0 =2ind(180) cos=sd(180) O0; 0 0 0 1]

LAecamera=TransY¥c*TransXc*RotX1E80

Tcamera=T&~Acamera

Xp=0.5 Tcamerapoint =

TransXp=[1 0 0 ¥Xp; 0 1 0 0; 0 01 0; 0 0 0O 1] ~0.1012 _0.9178 =5 4504
¥p=0.3 0.9800 -0.1584 26.6850
TIBDSYP—:[l 000; 01 0Yp: 0010; 000 1] -0.1713 -0.3641
Apoint=Trans¥p*TransYp a a

Tcamerapoint=Tcamera*aApoint

Figure 14: Math Script for Equation (21)

x| .

M Point ML S ﬂ
% General ' =
Coler B Red

Layer Caenera Frame
Linsgtypa Bylayer

Linetype scale 10000

Plot inyle ByColor

e B
Tresparency  Bylayer

Hypestink

Thickness L0004

10 Wiualization -

Mdatenal Eylayer

PROPERTIES

al
Figure 15: Verifying the Result of Equation (20)

3.3. Kinematic Transformation for the Location of an Object from the
Mounted Camera to the Robot World Frame

www.manharaa.com

GT'G8¥T 9 abed



Figure 16 shows that the visualized robot is configured so that it will pick up an
object in the vertical (Z axis) direction of the robot world frame. The following
joint variables are selected: ©6; = 0°;,0, = 45°; 64
—75°% B4 = 90°. By substituting these joint variables into Equations (12) to (17)
and then using Equations (18) to (20), the location of the camera origin, Tcameraorign,
can be found as (51.9324,-6.500, 53.8138), as shown in Figure 16 from math

script.

Tcameralrigin =

1.0000 0 0.0000
0 1.0000 0
-0.00040 0 1.0000
0 0 0

= —60%0, = 0% 0. =

Figure 16: Location of the Camera Origin

An object (sphere) is created with its center located at (30, 10, 2) based on the
robot world frame, as shown in Figure 17.

@ PROPERTIES

3D Solid
General

Color

. qa % <5

@ Red
Layer camera
Linetype
Linetype scale  1.0000

Bylayer

Plot style

Lineweight Bylayer

Transparency  Bylayer
Hyperlink

3D Visualization -
Material Bylayer
Shadow display Casts and Receives...

Geometry -

Solid type .
0.0000
10.0000
0000
Pine o]

4.0000
Solid History -
None

Position X
Position Y
Position Z
Radius
Diameter

History
Show History No

Figure 17: A Sphere Created with Its Center Located at (30, 10, 2)
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Figure 18 shows that the center location of the sphere is (-21.9324, 16.5000, -
51.8138) measured from camera origin. Since this is the information which can be
obtained from a machine vision system, Equation (22) is applied to covert this

location to be based on the robot world frame:

Tonj = TcameorigimTrans(x,—21.9324) Trans(y, 16.5)

Trans(z,—51.8138)

(22)

Where T, ; represents the location of the sphere based on the robot world frame.
Figure 18 shows the result of T,,;,; calculated from math script. Result shows that
using the robot kinematic transformation can calculate the correct location of the

sphere verified from Figure 17.

30 Solid - B+ 4%

General
Color
Layer
unetype
Linetype scale
Plot style

Lineweight

Transparency  Bylayer
Hyperlink

3D Visualization
Matenal Bylayer
Shadow displsy Casts and Receives..

Geometry
Solid type
Position X
Position ¥
Poution Z
Radius
Diameter

Show History

Figure 18: Location of the Sphere When Measured from Camera Origin
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Figure 19: Location of the Sphere Calculated from Math Script

By changing the location of the sphere in Figure 17 and verifying the new location
from Figure 18, students can repeat the computation using Equation (22).

4. Testing Results

Before the visualized robot was applied in teaching robotic kinematics, most
students were not enthusiastic about this topic mainly because of matrices were
heavily involved in calculating final answers. As a result, less than 50% of the
students passed this topic. After math software and the visualized robot were
introduced in the class, students were able to use math software to formulate their
kinematic equations and verify their answers using the robot. The test performance
was significantly improved with approximately 80% passing rate in this topic. The
sample size involved in the test performance assessment is forty eight students.

5. Summary
Combination of the visualized robot and math script provide an effective tool for

engineering technology students to study robot kinematic transformation. The math
script can be applied to formulate the homogeneous transformation matrices by
allowing changing the variables in a matrix. The visualized robot can be utilized to
verify the answers for questions created by the instructor. More verifying points
can be created at each joint of the robot so that students can have a step-by-step
checkup of their kinematic problems. When a camera is attached on the robot and
the location of an object is sensed by the camera, the robot and math script can also
be applied to verify the coordinate transformations between a robot and a camera.

Bibliography

1. Rehg, J.,, “Introduction to Robotics in CIM Systems”, Prentice Hall, 2003
2. Niku, S., “Introduction to Robotics: Analysis, Control, and Applications”, John, Willey, and Sons, Inc., 2010

www.manaraa.com

81°G811°92 abed



Lin, C., Verma, A., and Wells, S., “A Flexible Algorithm and Programming Scheme for Robotic
Transformation”, Journal of Engineering Technology, 1995

“Robotic Arm”,
http://www.csc.kth.se/~chek/teaching/EL2310/coursework/matlab_project/matlab_project.html
“CNC Programming and Industrial Robotics”, http://nptel.ac.in/courses/112103174/module7/lec5/3.html
Paul, R., “Robot Manipulators: Mathematics, Programming, and Control” Boston, Mass: M.I.T. Press, 1982
Denavit, and Hartenberg, R., “A Kinematic Notation for Lower-Pair Mechanism Based on Matrices” ASME
Journal of Applied Mechanics 77 (June 1955): 215-21

Moore, H., “MATLAB for Engineers”, Prentice Hall, 2007

www.manharaa.com

61°G8YT'9¢ abed



	Old Dominion University
	ODU Digital Commons
	2016

	Teaching Robot Kinematics For Engineering Technology Students Using a Created Three-Dimensional Robot and Camera
	Cheng Y. Lin
	Yuzhong Shen
	Repository Citation
	Original Publication Citation


	Teaching Robot Kinematics for Engineering Technology Students Using a Created Three-Dimensional Robot and a Camera

