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ROBOTSIM: A CAD Package for Design

and Analysis of Robots*

ALIM. EYDGAHI

Department of Electrical and Computer Engineering, University of T ehran, Tehran, Iran

ROBOTSIM is a robotics simulation software package primarily for educational applications to
demonstrate the design and analysis of robots and workcell environments. It assists students in
understanding and visualizing many fundamental concepts of robot kinematics, robot program-
ming, robot modeling using simulation software, androbotic workcell design.

INTRODUCTION

IN THE past two decades, educational institutions
including universities, colleges, vocational schools
and high schools, have introduced courses in
robotics, automation, computer-aided design
(CAD) and computer-aided manufacturing
(CAM). These courses have become increasingly
popular in the curriculum of electrical, mechanical,
and industrial engineering as well as other technol-
ogy departments such as computer science.

To meet the demand of these courses, many text-
books have recently been written emphasizing
many different aspects of robotics [1-8]. Most of
the introductory robotics courses emphasize
kinematics, dynamics and robot programming [1-
4] while more advanced courses consider subjects
such as sensor integration, vision and artificial
intelligence as applied to robotics [5-8].

In order to enhance the understanding of these
subjects, many schools offer a robotics laboratory
as a part of their courses to provide hands-on
experience programming actual robots and setting
up robotic manufacturing workcell layouts. How-
ever, facilities in many of these robotics labs are lim-
ited to a small number and variety of robots due to
the high price of obtaining and maintaining robot
equipment. This often forces strict limits on the
number of students who can participate in lab exer-
cises and fails to give a true understanding of the
wide variety of different robot designs and layouts
being used in industry today.

Graphical simulation software for the analysis
and design of robots and workcell environments
offers a cost-effective alternative for schools with
limited laboratory budgets [9, 10]. It also offers
new educational benefits over the use of actual
robotics equipment by serving as a teaching aid for
many fundamental robotics concepts. Computer
simulation is particularly useful for demonstrating
three-dimensional link axes and the three dimen-
sional movements of link coordinate frames which
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are difficult to visualize when presented using only
a textbook and a blackboard. It also offers students
a more realistic and stimulating media for learning
about robotics.

The ROBOTSIM software package offers realis-
tic graphics, animation and an interactive mouse-
driven environment. It allows the user to rotate
and zoom the workcell in real time so that it may
be viewed from any perspective. Features which
are not found on other packages include commands
for the automatic calculation and display of a D-H
table of kinematic parameters and a set of transfor-
mation matrices relating the base, the end effector
and each of the robot link frames.

This paper describes the ROBOTSIM software,
its features and how an actual robot, the Rhino
SCARA, can be modeled with ROBOTSIM.

BACKGROUND

A robot arm is modeled as a chain of rigid bodies
called links. Each link has a three-dimensional
local coordinate frame associated with it. These
coordinate frames are assigned according to the
Denavit-Hartenburg (D-H) convention. The links
are connected by flexible joints. Joints may be clas-
sified as either revolute or prismatic. Using the link
coordinate frames, a table of kinematic parameters
may be defined for each link above the base using
the D-H convention [1-5]. These kinematic para-
meters are defined as the joint angle 6, the joint dis-
tance d, the link twist angle o, and the link length a.
These kinematic parameters may then be used to
derive a four-dimensional homogeneous trans-
formation matrix for any pair of adjoining links.
The transformation matrix represents the change
in the three-dimensional coordinate frame of one
link with respect to the coordinate frame of the
next link and is a function of both the kinematic
parameters and the joint positions of all the links
and joints between them. The following transfor-
mation matrix transforms the coordinate frame of
link i to the coordinate frame of link (i - 1):
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cos§, -cosa, sin@, sina,sinb, a,cosh, mands appears at the right hand of the screen. The
sind, cosa,cosh -sina, cosd, a,sind, remaining area of the screen is the workspace. It is
At l e ond d where all graphics images and robot program text
0 g g § appears. Menu selections can be made easily with
the mouse or with the keyboard. The main menu
consists of five choices: WORKCELL, PRO-

GRAM, DESIGN, OPTIONS and HELP.

ROBOTSIM OVERVIEW

ROBOTSIM is written for IBM PCs and compa-
tibles running under DOS with EGA or VGA gra-
phics and a mouse. ROBOTSIM includes a library
containing many commonly used industrial and
educational robots. The library also includes
objects which can be placed in the workcell and
manipulated by the robots. ROBOTSIM has a
built-in CAD system for designing new robots and
objects for the library. Actual robots may be mod-
eled using technical specifications. New robot
designs may also be created and tested. Robot pro-
grams are generated with a built-in text editor and
the ROBOTSIM instruction set. Robot programs
can be executed both on the simulated graphics
image using real-time animation or on an actual
robot using a Rhino Mark III type controller con-
nected to the computer using an RS-232 serial
communication interface. The majority of
ROBOTSIM’s commands may be accessed using a
mouse. Figure 1 shows the flowchart of ROBOT-
SIM’s menu structure.

ROBOTSIM displays its main menu at the top of
the screen. When a choice is made from the main
menu, a window containing all sub-menu com-

WORKCELL module

The WORKCELL main menu choice displays a
wireframe image of a robot workcell, executes
robot programs using real-time animation and is
used to teach points for new robot programs. The
three-dimensional color graphics image of the
workcell may be rotated and zoomed in or out to
be viewed from any angle. The user can choose any
joint and see the movement of that joint on the
simulated robot. If an actual robot using a Rhino
Mark I1I type controller is connected to the compu-
ter using the serial communication interface, it will
move in synchronization with its simulated image.
As the robot moves, its position in motor encoder
increments is updated and displayed. WORK-
CELL has eight external inputs and outputs which
can be used to allow ROBOTSIM to input data
about the workcell’s conditions and to control
external devices. Input and output conditions are
updated and displayed in real time. The TEACH
command in the WORKCELL submenu allows a
point label to be assigned to a particular set of
robot joint motor encoder values. These taught
points may be used later to create a robot program
using the PROGR AM main menu choice.

MAIN MENU

[WORKCELL| [PROGRAM |

OPTIONS HELP

I | [LINK] [GRIPPER| I
I

N/ 4 N o 15 G0

FUNCYIONS: FUNCTIONS: FUNCTIONS: FUNCTIONS: [FuncTIONS:

- Displays - Creates - CAD System to | |- Sets Program ||” E 16.3 l:?t
Workcells & Edits Create and Parameters Sam“i teive

- Executes Robot Modify Such as Menu Help
Programs Progranms Objects, Colors and Dindow

- Teaches Links, Sound
Points Grippers,

FEATURES: FEATURES: Robots and FEATURES: FEATURES:

- Real Time - Complete ey sl - Options can ||- Helpis
Animation Text FEATURES: be stored on|| available

- Real Time Editing - Objects, Links disk and for all
Updates of Features Grippers, loaded commands
Robot - Versatile Robots auto- in
Positien ROBOTSIN and Uorkcells matically

- Communication Instruction are stored in ROBOTSIN
With Actual Set a library.
Robot

Fig. 1. ROBOTSIM menu structure.
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PROGRAM module

The PROGRAM command on the ROBOTSIM
main menu is for creating and editing robot pro-
grams. ROBOTSIM includes a complete instruc-
tion set of robot programming commands based
on commonly used industrial robot programming
languages. The ROBOTSIM instruction set
includes commands to move robot joints, com-
mands to control program execution, commands
to adjust the graphics image during program
executing and commands to communicate with the
external inputs and outputs. A robot program may
also include a set of points taught using the
TEACH command in WORKCELL.

A ROBOTSIM program file consists of two
parts. The first part contains the instructions for
the robot program, and the second part contains
an optional set of taught points. The PROGRAM
line editor allows both the program and the
taught points to be modified at any time. Instruc-
tions and points may be copied, inserted, deleted,
moved and modified. The editor may be toggled
to display either the taught points or the program
commands. When the taught points are displayed
the left-most column contains the point name.
The following columns initially numbered 1-8 cor-
respond to the position of the first eight joints for
that point. The screen may be scrolled to the right
to see the positions of additional joints. If >20
points exist, the screen may be scrolled up or
down to see these additional points. Scrolling is
performed using Page Up, Page Down, Page Left
and Page Right keys or by using the arrow keys.
When the instructions are displayed, the left-most
column contains the ROBOTSIM instruction
name. The remaining columns contain the argu-
ments to the instruction. The number and type of
these arguments depends on which instruction is
used. The screen may be scrolled up, down, left or
right in the same manner as the points. Once edit-
ing is complete the program file may be saved.
The program file is then ready to be loaded and
executed using WORKCELL.

ROBOTSIM Instruction Set

MOVE JOINT 1 VALUE» JOINT 2 VALUB
Moves joints by a distance relative to their cur-

rent position. The distance is specified in motor

encoder increments for each joint.

MOVETO JOINT 1 VALUE) JOINT 2 VALUE»
Moves joints to an absolute position specified
in motor encoder increments for each joint.

MOVEP (POINT NAME» Movesjointstoaloca-
tion specified by a point name.

GOTO «(LINE NUMBER» Makes an uncondi-
tional jump to a specified line number.

JMPIN INPUT NUMBER> (ON|OFF) (LINE
NUMBER> Makes a jump dependent upon the
value of a specified variable.

OUTSIG «OUTPUT NUMBER> (ON|OFF) Sets
a specified output condition.

JMPVAR (VAR NAMBE (}d=) <VALUE» <(LINE
NUMBER» Makes a jump dependent upon the
value of a specified variable.

GOSUB (LINENUMBER» Calls a subroutine,
RETURN Returns from a subroutine.

WAITFOR dNPUT NUMBER> (ON|OFF)
Pauses program execution until a specified input
condition is satisfied. ADD:

ADD (VAR NAME) «<VALUE» Adds a specified
value to a variable. Subtraction may be performed
by using a negative value.

RESET Resets the workcell to its original posi-
tion. It is the equivalent of the RESET command
on the WORKCELL menu.

WINDOW X VALUE <« VALUE <Z
VALUE> Changes the viewing window on the
workcell. It is the equivalent of the WINDOW com-
mand on the WORKCELL menu. The workcell is
shifted in the x, y and z directions as specified by
the arguments.

VIEW X VALUE Y VALUE <«Z VALUE
Changes the view position on the workeell. It is the
equivalent of the VIEWPOINT command on the
WORKCELL menu. The image is rotated in the x,
y and z directions as specified by the arguments.

DELAY (TIME IN SECONDS» Causes a delay
in program execution.

HRDHOME Returns all joints to the zero posi-
tion.

SETSOFT JOINT 1 VALUE> JOINT 2 VALUE»
Sets a software home position.

GOSOFT Moves all joints to the software home
position.

SET<VAR> <VALUE> Assigns a specified value to
avariable.

END Ends program execution.

DESIGN module

The DESIGN choice on the ROBOTSIM main
menu is for designing objects, links, grippers,
robots and workcells. DESIGN consists of five sub-
menus. Each submenu is used to create or modify
one of these file types. The link and gripper file
types are used to create robot files. The robot and
object files are used to create workcell files. The
workcell files are then used by the WORKCELL
main menu choice.

DESIGN OBJECT and DESIGN LINK. The
DESIGN OBJECT submenu is used to create all
objects which are manipulated by the robot and to
create all obstacles which are placed in the workeell.
The DESIGN LINK submenu is used to create the
individual rigid links of a robot. The commands
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for DESIGN OBJECT and DESIGN LINK are
exactly the same, but the way in which the files are
used after they are created differs. An object file is
created or modified using DESIGN OBJECT and
a link file is created using DESIGN LINK. Objects
and links are simply a collection of lines which com-
prise a wireframe image. To design an object or
link the user must specify the two endpoints
between each line in global x, y and z coordinates.
Each line may be drawn in any one of 16 colors.
There are two methods of drawing lines. The first
method uses the mouse to specify the endpoints of
a line. The second method enters the endpoints
numerically using the EDIT and BOX commands.
The EDIT command brings up a window allowing
the x, y and z coordinates of the endpoints of any
line to be changed numerically. It also allows the
color of the line to be modified. The BOX command
offers a shortcut to creating cubes and other rectan-
gular solids. The BOX command allows cubes and
other rectangular solids to be created simply by
entering a single number for the left, right, top,
bottom, front and back edges of the box. The cube
or rectangular solid may then be reoriented using
the ROTATE command.

DESIGN GRIPPER. The DESIGN GRIPPER
submenu command is used for designing grippers.
A gripper is created by loading three link files
which were each created using DESIGN LINK.
The first of these three links represents the base of
the gripper and the last two links represent the two
fingers of the gripper. Specific information must
then be input to indicate how the fingers of the grip-
per move when the gripper opens and closes.

A typical robot gripper is shown in Fig. 2. Link 1
is the base of the gripper. It does not move when
the gripper opens and closes. Link 2 is the first
finger. It rotates counterclockwise about axis r2
when the gripper closes. Axis r2 is pointing directly
out of the page. Link 3 is the second finger. It rotates
clockwise about r3 when the gripper closes. Axis r3
is pointing directly into the page. The a vector is
the approach vector and the n vector is the normal
vector. The a and n vectors are used to identify the
orientation of the gripper and to specify the tool
center point.

To create a gripper using DESIGN GRIPPER
the three link files are first loaded using the LINK

LINK 1
(BASE)
r2 r3
LINK 2 LINK 3
(FINGER 1) n (FINGER 2)
a

Fig.2. Atypical robot gripper.

command. Certain information is then needed to
complete the gripper design. The INFO command
uses a pop-up menu to input the gripper joint’s
joint letter, resolution, minimum and maximum
range, and its r2, r3, a and n vectors. These values
may be described as follows:

«Joint Letter». Any letter (A-Z) which represents
the gripper joint.

Precisiom»: The angle of rotation of the gripper
fingers expressed in degrees for one motor encoder
unit.

«Min Encoder Range>. The minimum range of the
gripper joint expressed in motor encoder units.
This value represents the gripper open position
and is typically zero.

(Max Encoder Range»: The maximum range of
the gripper joint expressed in motor encoder units.
This value represents the gripper closed position
and is typically the amount of rotation required to
move the two fingers to the point at which they are
about to touch one another.

«Rotational Axis Link 2»: The location of rota-
tional axis r2 expressed as a line between two
points identified by global coordinates.

«Rotational Axis Link 3»: The location of rota-
tional axis r3 expressed as a line between two
points identified by global coordinates.

«Normal Vector»: The location of the normal
vector expressed as a line between two points identi-
fied by global coordinates.

«Approach Vector»: The location of the approach
vector expressed as a line between two points identi-
fied by global coordinates. The starting point for
the approach vector must be the same as the starting
point for the normal vector. This starting point
represents the tool center point.

A sample of the gripper information window is
shown in Fig. 3.

DESIGN ROBOT. DESIGN ROBOT can be
used either to model and simulate actual robots or
as a tool for creating and testing new robot designs.
It is also useful as a tool for visualizing and under-
standing certain basic concepts in robotics. A
robot is designed by loading a set of links which
were each created using DESIGN LINK. The links
are loaded in order starting with the base link,
using the LINK command. The LINK command
brings up a pop-up menu which prompts the user
for a link file name and a local coordinate frame.
This coordinate frame consists of an x and z axis as-
signed according to the D-H convention. These
axes may be either drawn by the mouse or entered
numerically while inside the pop-up menu. Figure
4 shows the LINK command menu for SCORO-
BOT which is one of the robots available in the
library of the package.

Once two or more links have been loaded and
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HORKCELL PROGRAM DESIGHN

GRIPPER INFORMATION:

JOINT LETTER: A

PRECISION:
MIN ENCODER VALUE: 0
MAX ENCODER VALUE: S0

-1100 850 1100

-800 850 900 -800

-950 470 1000 -950

-950 470 1000 -950

0.7500

ROT AXIS LINK 2: (x y z) to (x
-1100 830
ROT AXIS LINK 3: (x y z) to (x
NORMAL VECTOR: (x v z) to (x y

APPROACH VECTOR: (x 4y z) to (x

OPTIONS HELP EXIT
DESIGN GRIPPER
K=
Y =
i D
BORDER INC = 100
LEFT = -2500
RIGHT = 2500
TOP = 2500
g z) BOTTOM = -2500
900
y z) Z POS Z INC = 100
1100
e LOAD SAVE
S00 INFO LINK
y z) MARK REPLACE
1000
MOVE REMOVE
ROTATE X VY Z
AXES OFF CLEAR

Fig. 3. A sample gripper information window.

assigned coordinate frames, the JOINT command
may be used to specify the joint information. Each
new joint which is created with the JOINT com-
mand is numbered starting from 1. Joint n affects
link n and above for all n. The JOINT command
brings up a pop-up menu which allows specific
information about the joint to be entered. A
sample of JOINT command window for SCORO-
BOT is shown in Fig. 5. The information required
is as follows:

«Joint Type»: Choose between revolute and pris-
matic.

«Joint Letter»: Selects any letter (A-Z) which will
identify the joint.

(Precisiomy. The amount of rotation expressed in
degrees for a revolute joint or the amount of trans-
lation expressed in global coordinates of one enco-
der unit for a prismatic joint.

«Min Encoder Range». The minimum joint range
as expressed in motor encoder units.

(Max Encoder Range>: The maximum joint range
as expressed in motor encoder units.

«Coupling>. Joint coupling occurs when one joint
moves to counteract the motion of another.
ROBOTSIM supports next joint coupling. This
means that joint » + 1 will move to counteract the
rotation or translation of joint n. Coupling may be
set to ON or OFF.

Once each robot link and joint have been created,
a robot gripper may be added using the GRIPPER
command. The n and a vectors of the gripper
become the x and z D-H coordinate axes for the
end effector. The robot design is then complete and
may be stored as a robot file to be placed in a work-
cell along with other robots and objects using
DESIGN WORKCELL.

Once the robot has been designed, a table of kine-
matic parameters is automatically created. This
table may be viewed with the TABLE command.
The MATRIX command will display the transfor-
mation matrix for any two specified link numbers.
Samples of TABLE and MATRIX commands for
SCOROBOT are shown in Figs 6 and 7, re-
spectively.

DESIGN WORKCELL. The DESIGN WORK-
CELL submenu is used to place robots and objects
into the simulated workcell. The following is an
explanation of each DESIGN WORKCELL com-
mands:

«Loadr: Loads a workeell file.
«Savey: Saves a workcell file.

<Robot». Places a robot in the workcell. Select the
desired robot file name. Position the mouse’s poin-
ter to the point in which the origin of link 0 on the
robot is to be placed. Press the left mouse button.
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L

Z,A0I3:

LINK NUMBER: 2

%00 400 0O

00 400 0O

(xyz)to (xyz)
%00 700 O

(xyz) to (xy2z)

00 400 300

X‘X: [{

i

N=

Nz

" ig 0

BORDER INC = 100
LEFT = -2500
RIGHT = 2300
T0P = 2300
BOTTON = -2500

ZPOS Z INC = 100

LOAD SAE
JOINT  LINK
GRIPPER TABLE
NATRIX  NARK
NOVE RENOVE
REPLACE

AXES OFF CLEAR

HORKCELL

Fig.4. A sample LINK command menu.

PROGRAN ETIG OPTI1OHS

JOINT NUMBER: 1 CEIC
JOINT TYPE: ROTATIONAL
JOINT LETTER: F

PRECISION: 0.1000

HIN ENCODER VALUE:  -1700
NAX ENCODER UALUE: 1700
COUPLING: OFF

R=

Y=

2= 0
BORDER INC = 100
LEFT = -2500
RIGHT = 2500
T0P = 2300
BOTTON = -2500

ZPOS ZINC = 100

LOAD SAVE
JOINT  LINK
GRIPPER TABLE
MATRIX  MARK
MOVE REMOVE
REPLACE

AXES OFF CLEAR

Fig. 5. A sample JOINT command window.
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HORKCELL PROGRAM DESIGN OPT10NS
DESIGH ROBOT
KINEMATIC PARAMETERS : X =
Y=
RIS é t a d Hone = 0
e B [ BORDER  INC = 100
2 0o m 0 %0 (B E L
! o xR RIGHT = 2500
! i . w: W
3 SR e A BOTION = -2500
ZPOS ZINC = 100
X 4x 7
LD SAE
JINT LN
GRIPPER TABLE
MATRIX  NARK
NVE  RENOUE
REPLACE
RNES OFF CLERR

Fig. 6. A sample TABLE command.

WORKCELL  PROGRAM  DESION 9PTION: HELP
DESTGN ROBOT
TRANSFORMATION MATRIX: (€S0 X =
yig
0.3669 0.4220 -0.829 -469.50 B3 o
BORDER  INC = 100
. 0.5439 -0.6257 -0.5592 -1084 LEFT = -2500
$ = RIGT = 2500
2 0.747 0.65! 0,000 0.0000 0P = 2500
BOTTON = -2500
0.0000 0.0000 0.0000 1.0000
L ] ZPOS ZINC = 100
027 0,272 0290 0, U 0gz-49 S
T : JINT LI
f:s GRIPPER TABLE
0
MITRIX  NARK
NVE  REMOE
REPLACE
ANES OFF CLEAR

Fig.7. A sample MATRIX command.
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WORKCELL  PROGRAM DESIGN  OPTIDNS
DESIGN ROBOT
KINEWATIC PARAMETERS : X =
N =
AXIS é « a d Hore 2z 0
ey R BORDER  INC = 100
2 L 0 g % Wi aem
3 93 0 w0 -9 S | A
4 g W W 0 0 TS o 5
4 SR L BOTTON = -2500
ZPOS Z INC = 100
FTTE
LA SAE
DINT LN
GRIPPER TABLE
MTRIX WK
MUE  RENOE
REPLACE
RIES OFF CLEAR

Fig. 6. A sample TABLE command.

WORKCELL PROGRAM DESIGN DPTLONS
TRANSFORMATION MATRIX: (ESD) X =
s
0.3669 0.4220 -0.8290 -469.50 %8
BORDER  INC = 100
- 05439 -0.6257 0.5% -1084 LEFT = -2500
T o= RIGT = 2500
2 .77 0.651 0.0000 0.0000 10P - 250
BOTTON = -2500
0.0000 0,0000 0.0000 1.0000
L ' ZPOS Z INC = 100
.l: 76 02: 72 03:-90 0‘: k! 05:-49 LOAD SAVE
T JINT  LINK
K ; GRIPPER TABLE
MITRIX  NARK
MME  RENOVE
REPLACE
AXES OFF CLEAR

Fig. 7. A sample MATRIX command.
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«Objecn: Places an object in the workcell. Select
the desired object file name. Position the mouse’s
pointer to the point in which the lowest, left-most,
front-most corner of the object is to be placed.
Press the left mouse button.

(Mark>. Displays an individual robot or object
each time it is selected. Robot or object may now
be edited.

<Replace». Prompts the user for a new robot or
object file to replace the one marked with MARK.
Place the robot or object in the same manner as the
ROBOT or OBJECT command.

«(Move»: Prompts foran x, y and z displacement to
move a marked robot or object. Displacement is
entered numerically using global coordinates.

(Remove». Removesa marked robot or object.

(Rotate X>: Mouseleft button rotates entire work-
cell or a single marked robot or object about the
positive x axis. Mouse right button rotates entire
workecell or a single marked robot or object about
the negative x axis.

«Rotate Y. Mouse left button rotates entire work-
cell or a single marked robot or object about the
positive y axis. Mouse right button rotates entire
workcell or a single marked robot or object about
the negative y axis.

(Rotate Z>. Mouse left button rotates entire work-
cell or a single marked robot or object about the
positive z axis. Mouse right button rotates entire
workcell or a single marked robot or object about
the negative z axis.

«Clear): Erasesworkcell.

OPTION module

The OPTIONS main menu choice allows the user
to set special program parameters including
sound, menu background colors, mouse sensitivity,
animation speed and file directories. OPTIONS is
also used to enable and disable serial communica-
tion with an actual robot controller.

HELP module
The HELP main menu command displays a con-

text-sensitive help window which briefly explains
all ROBOTSIM commands.

AROBOT DESIGN EXAMPLE

The four-axis Rhino SCARA robot is one of the
robots which was modeled using ROBOTSIM. The
first step in creating the Rhino SCARA was to
obtain a set of measurements of the dimensions of
each link. These link dimensions are then used to
draw a wire-frame picture of the robot’s front and
side views on graph paper. A global coordinate
frame is assigned to the graph paper drawing.
Excessive details which make the drawing too com-
plicated were avoided. In the case of the Rhino

SCARA the links were simplified by drawing the
topand bottom plates of links 1 and 2 as rectangular
boxes. Both of these links were drawn with the
same height even though link 2 is actually shorter.
This allowed link 2 to fit within the top and bottom
plates of link 1. These efforts to simplify the details
did not in any way change the effect provided by
the simulation. The global x, y and z coordinates of
each endpoint of each line were then identified
using the graph paper drawing. The selection of the
scaling for the graph paper drawing was critical.
The scaling requires that all endpoints be identified
as integers. A scaling of 5 grid lines on the graph
paper to 1 cm of robot dimension was selected to
accommodate this requirement.

The graph paper drawing was then used to create
each individual link as a link file using DESIGN
LINK. The global x, y and z coordinate values
from the drawing may be used to design each robot
link as a collection of lines. A different drawing
color was used for each link. The position of each
link within the world coordinate frame was of
extreme importance. Each link had to be drawn in
its home position exactly as it appeared in the

Table 1. Link 0 box coordinates

BOX X X : | ¥ [ 4 Z
Sub- 0 150 | -115 | -125 75 75
base

0 0] -115 | -125 75 -75
150 150 | -115 | -125 75 =75

0| -150 | -115 | -125 =T =75

Base 30 120 | -115 | -105 40 40

30 30 | -115 | -105 40 -40

120 320 § -115 | -105 40 -40

30 120 | -115 | -105 -40 -40

Upright s 105 | -105 125 15 15

(&) 75 | =105 125 15 =15

105 105 | -105 125 -15 15

75 105 | -105 125 =15 =15

Table 2. Link 1 box coordinates

BOX/ X X Y Y Z Z
LINE
Top =35 125 [£] T -20 20
Bottom -35 125 25 25 -20 20

Joint 0 (4] 105 25 75 15 15
[&] 105 25 75 -15 =15
75 75 25 75 -15 15

105 105 25 75 =15 15

Joint 1 =15 -15 [ 25 0 0
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graph paper drawing. Tables 1 and 2 show the box
and line coordinates that were entered to create
links 0 and 1, respectively.

Just as the robot links required separate designs,
the gripper links also needed separate designs. This
required the design of the two fingers and the base
of the hand. Each of these gripper links were
designed in the exact same manner as the robot
links except that all three were drawn in the same
color. Table 3 shows the box and line coordinates
for one of the fingers of the gripper.

The next step required the assembly of the grip-
per links using the DESIGN GRIPPER submenu.
Each gripper link was loaded using the LINK com-
mand. The rotational axes rl and r2 were designed
to allow the fingers of the gripper to open and close
properly. Each axis was identified by two endpoints
using global coordinates. The normal and approach
vectors were established in a similar manner.
Values for the precision, minimum and maximum
encoder values, and the joint letter designation
were also assigned. Table 4 lists these gripper para-
meters for the Rhino SCARA robot.

Once the individual links and the gripper were
designed, the robot was assembled using the
DESIGN ROBOT submenu. The first step was to
load each link file in succession, beginning with
link 0. As each link was loaded, the x and z coordi-
nate axes were defined using the D-H convention.
These axes are defined by specifying the endpoints
using global coordinates in the same fashion as
DESIGN GRIPPER. Table 5 shows the values
used to define these axes for each link.

The next step required the specification of each

Table 3. Gripper ‘finger’ link box coordinates

Table 5. Link coordinate axes

BOX X X Y Y 4 Z
Link =125 | -145 -5 -10 5 5
=125 | -145 =5 =10 5 =5

-125 | -125 =5 -10 = 5

=145 | -145 -5 -10 -5 5

BOX/ X X Y ¥ ¥ 4 4
LINE
Top 5 ] =155 73 73 =20 20
Bottom &l .~155 25 25 -20 20
Joint 1 =15 =15 75 25 0 0

Joint 2 | -150 | -120 25 15 15

=150 | -120 25 =15 =15

75
75

-150 | -150 25 75 < 15
75

joint. This included the joint type, letter designa-
tion, precision, minimum and maximum encoder
values, and joint coupling. The precision was deter-
mined experimentally since there was no specifica-
tion sheet available. This was obtained by rotating
each joint on the actual robot by 90° and comparing
the two motor encoder values before and after the
rotation. The precision was calculated as the differ-
ence between the two motor encoder values divided
by 90°. The prismatic joint precision was calculated
by taking the maximum distance that the joint can
move and dividing it by the total variation in enco-
der units for that distance. The letter designations
were obtained from the Rhino SCARA manual.
The SCARA has no coupling and so the coupling
value was off for each joint. Table 6 lists the infor-
mation for joints 1-4.

The final step of the design was to load the
SCARA gripper using the GRIPPER command.
The final result was the simulated Rhino SCARA
robot as shown in Fig. 8 which matched the opera-
tion of the actual robot identically. This was con-
firmed and tested using a simple workcell design
and by interfacing directly with the Rhino Mark
III controller and the actual Rhino SCARA robot.

CONCLUSION

ROBOTSIM has proven to be a valuable tool for
students learning the fundamentals of robot
motion and programming. It is especially helpful
to students for visualizing fundamental concepts
of robot kinematics, robot modeling and workcell
design. It also provides the equivalent of hands-on
experience found in an actual robotics lab.

-120 | -120 25 -15 15 Table 6. Joint parameters
JOINT
PARAMETER 1 2 3 4
Tablod. Grippes puckmters Type Rot Rot Trans Rot
BOX X X Y Y 4 z Letter E D c B
Link 3 -130 | -140 =5 140 -10 -10 Precision 0.1175 0.2233 0.1200 0.2233
-130 | -140 -5 140 10 10 Min Encodr -1000 -550 -350 =700
-130 | -130 =5 140 -10 10 Max Encodr 1000 550 350 700
=140 | -140 -5 140 -10 10 Coupling OFF OFF OFF OFF
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HORKCELL PROGRAM DESIGN OPTIONS
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] Y= -246
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H BORDER INC = 10
- == LEFT = -250
! RIGHT = 250
; TOP = 250
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| LOAD SAVE
! ' JOINT  LINK
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i GRIPPER TABLE
T
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[}
' AXES ON CLEAR

-250!

Fig.8. SCARA robot using ROBOTSIM.

The ROBOTSIM package has been successfully copy of the ROBOTSIM package should send their

used as a tool for robot modeling, programming request to the author.
and workcell design by students “forkmS_ in the Acknowledgement—The author would like to thank Mr. J. Shee-
area of robotics. Those interested in obtaining a han for his contribution to this project.
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