


Proceedings of the 
1998 Florida Conference on 
Recent Advances in Robotics 

edited by 
P.M. Larochelle 

Hosted by the 
Florida Institute of Technology 

College of Engineering 
Melbourne, Florida 
March 26-27, 1998 

Printed at: MINUTEMAN PRESS, Tel: (305) 666-8004 



A Message from the Conference Chairman 

Welcome to Melbourne for the 1998 Florida Conference on 
Recent Advances in Robotics. Florida Tech is pleased to have 
had the opportunity to host this year Js conference. During this 
two day conference we have organized all accepted papers into 
six technical sessions which cover subjects such as design} 
modeling, control, vision, and parallel mechanisms. 
A special thank you to this year's conference sponsors: Florida 
Institute ofTechnology's Office of the Vice President for Research 
and NASA-Kennedy Space Center's Advanced Systems and 

Analysis Division. We would like to also thank all of the contributors and participants 
whose efforts have made this conference a success. Finally, a special thanks goes to Ms. 
Vicki Borton for all of her help in preparing and processing all of the correspondences 
for the conference. 

Pierre Larochelle 
Conference Chair 

Technical Committee 

Carl Crane, UF 
Joseph Duffy, UF 
Ming Huang, FA U 

Oren Massory, FA U 
Arthur Mutambara, FAMU-FSU 

Rodney Roberts, FAMU-FSU 
Yahya Sharaf-Eldeen, FIT 

Palmer Stiles, FIT 
Sabri Tosunoglu, FlU 



Table of Contents 

1997 FIR.S.T Robot Competition: Team 90 
by Ketchel and Larochelle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 

Bezier Interpolation of Spatial Positions 
by Parouty and Larochelle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 

Catastrophe Analysis of a Special Planar Three-Spring System 
by Yin, Marsh, and Duffy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 

On the Dynamic Manipulability Index of a Kinematically Redundant Robot 
by Roberts................................................................ 21 

Some Studies on Screw Systems with Applications in Analysis of Singularity 
of Manipulators 
by Luo, Yang, and Duffy.................................................... 26 

Exact Gradients vs. Finite Difference Methods in Kinematic Synthesis 
by Mariappan and Krishnamurty.............................................. 33 

On Realizing Spatial Motions with Spherical Mechanisms 
by Tse and Larochelle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

An Investigation of Some Special Motions of an Octahedron Manipulator Using 
Screw 'Fheory 
by Duffy, ~ght, Crane, and Rooney.......................................... 48 

A Modular Wheeled Mobile Robot 
by Mutarn.bara ................................. ~ . . . . . . . . . . . . . . . . . . . . . . . . . . 57 

Dynamic Performance and Controls of Hexapod Machine Tools 
by Roberts, Heger, Fletcher, and Wiens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 

Dynamically-evaluated, Priority-based, Multiple-command Queue and Control 
Structures for an Au~onomous Underwater Robot 
by Smith, Ganesan, and Park . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 

Determination of the Orientation ofTwo Bodies Connected by a Ball-and-Socket 
Joint from Three Measured Displacements 
by Zhang, Crane, and Duffy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 6 

11 



Advanced Life Support Automated Remote Manipulator (ALSARM) 
by Hogue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 

Pole-Climbing, Light Bulb-Swapping Robots: A Design Challenge 
by Wilkinson . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 

Robots in the Classroom: Using Mobile Autonomous Agents to Stimulate Interest 
in Science and Engineering 
by Qaiyumi, Jantz, Arroyo, Bagnell, and O'Malley . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 

3-D Complex Coil Winding Using Advanced Robotics 
by Meinke and Senti . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 01 

On the Design of a Modular Three-Degree-of-Freedom Gripper 
by Martin, Cabrera, and Tosunoglu... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 

Development of an Autonomous Aerial Vehicle Research Platform 
by Laine, Novick, and Arroyo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 

A Design and Strategy for Docking as it Applies to Land-Mobile, Autonomous Robots 
by Copeland and Arroyo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 

Hardware Redundancy Techniques and Their Application to the Design of a Fault-
Tolerant Mobile Platform • 
by Espina and Tosunoglu.................................................... 124 

An Autonomous Micro-Submarine Swarm and Miniature Submarine Delivery 
"'-

System Concept 
by Doty, Arroyo, Crane, Jantz, Novick, Pitzer, and Qaiyumi. . . . . . . . . . . . . . . . . . . . . . . . 131 

System Identification and Experiments on a One-Degree-of-Freedom Force
Reflecting Manual Controller Prototype 
by Batsomboon, Tosunoglu, and Repperger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 9 

Identification of2-D Discrete Systems Using Neural Network 
by Wang and Zilouchian . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146 

Application of Fault ·Tolerance Techniques to the Design of Three-Axis Force
Reflecting Teleoperation Systems 

_by Reyes, Tosunoglu, and Repperger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150 

LawnNibbler: An Autonomous Lawnmower and Navigation System 
by Arroyo, Doty, Hakala, Jantz, de la Iglesia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156 

iii 



1997 F.I.R.S.T. Robot Competition: 
Team 90 

John S. Ketchel 
Masters Student 

Mechanical Engineering Program 
Florida Institute of Technology 

Melbourne, Florida 32901 
Tel: 407-674-8815 

Email: jketchel@fit.edu 

Abstract 

In this paper we present Team 90's entry into the 
1997 F.I.R.S.T. irobot competition. The objective 
and the rules of the competition will be covered in
cluding the scoring system used. Then the general 
design of the robot will be presented followed by the 
responsibilities of each of the robot sub-groups. The 
success that Team 90 experienced at the regional and 
national F.I.R.S.T. competitions was a result of a well 
structured, planned, and designed robot. 

1 Introduction 

"Students in this country consistently rank near the 
bottom in math and science among industrial coun
tries" (Kemper, 1994). As a result there has been a 
sharp decline in the interest of American youths in 
the areas of science and other technologies. In an 
effort to reverse this trend, Dean Kamen, develpoed 
an innovative competition called .Eor Inspiration and 
Recognition of Science and Technology (F.I.R.S.T.). 
F.I.R.S.T. is a competition that has been in existence 
for six years that takes place annually in Orlando, 
Florida. In the beginning of 1997 we had the pleasure 
of being involved with this unique competition whose 
goal was to expose high school students to engineer
ing technologies. This was accomplished by having 
tele-operated robots compete in a fast paced athletic 
tournament setting. By having the competition in 
this format the students quickly became interested 
and deeply involved in the design and development 
of our robot. 
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Figure 1: 1997-Team 90. 

In the 1997 F.I.R.S.T. competition 154 teams from 
across the country participated. Each team was given 
the same set of rules and materials to work with. 
Our team, Team 90, was unique in many regards. 
Team 90 had several corporate sponsors, National 
Air and Space Administration-Kennedy Space Center 
(NASA-KSC), Mcdonnell Douglass and EG&G, as 
well as engineers from other local companies. These 
companies worked with Florida Tech graduate and 
undergraduate students, and faculty to expose high 
school students to science and technology. Two local 
high schools, Merritt Island High and Satellite High, 
provided plenty of highly motivated and interested in
dividuals. This was Team 90's first year in the compe
tition and we wanted to involve as many students as 
possible. Computer animation, business, art, cheer
leading, public relations and the robot itself were 
some of the areas that students could work on. The 



robot group was further subdivided into three groups. 
The first group was the controls group, which was re
sponsible for the power distribution, tele-operation 
equipment, and the programmable controller. The 
second group, the base group, was in charge of con
structing a mobile platform that could support and 
move the robot. The manipulator group had the 
responsibility of designing and building the robotic 
arm. 

This paper will discuss the rules of the competition, 
including the materials allowed, the objective of the 
game, and the scoring system. The general design 
that was arrived at for the entire robot will be briefly 
discussed. The main focus of this paper is the design 
of the manipulator arm. 

2 Competition Rules and Ob
jective 

Each round of the double elimination competition 
pits two or three teams against one another. The lay
out of the three player playing field is shown in Fig. 2. 
The object of the competition is to have the highest 
score at the end of a two minute round. Points are 
scored by placing inner tubes on a goal located in 
the center of the playing field. The goal is a three 
sided eight foot tall pyramid with three spikes pro
truding from each of its edges, see Fig. 3. Note that 
the goal can rotate about it's vertical axis. A point is 
awarded to a team for each inner tube that is hooked 
on any of the nine protruding spikes or placed on top 
of the pyramid. There are doubling bonuses avail
able; if there is an inner tube from the same team 
on all three spikes on an edge then the teams total 
score is doubled. The score is also doubled for each 
tube whose center is aligned with a line projecting 
up from the pyramid's top. This makes the top the 
most desirable location to place tubes since each tube 
counts as a point and doubles the total score. The 
top is also the most difficult location since it is high 
off the ground and the goal rotates. With nine tubes 
of each teams color in play, the highest possible score 
is 4608. 

Each team is comprised of five players and the 
robot. Four players are located in the driver station 
and one is confined to the human player area. The 
players at the driver station control the robot and 
coach the team. The human player can interact with 
the robot, handing it inner tubes, but can not make 
contact with it. The human player can also throw 
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Figure 2: Field Lay Out. 

Figure 3: Goal Pyramid. 



the tubes in an attempt to hook them on the goal or 
to knock tubes from other robots. 

Each team competing in the 1997 F.I.R.S.T. com
petition was given the same materials to work with. 
Two boxes of miscellaneous parts containing any
thing from gutter-guard and air-cylinders to pro
grammable controllers and automotive window mo
tors, were given to each of the teams. Addition mate
rials for example, included: a 2x4ft rohacellT M sheet, 
various pieces of wood as well as a $425 spending 
limit from Small Parts Inc. From these materials 
each team had exactly six weeks to design and build 
a robot that must be contained initially in a 3x3x4ft 
cube. The deadline was short enough to keep the in
terest of the students, resulting in their participating 
more as the deadline approached. 

3 Robot General Design 

We attended a kick-off meeting in New Hampshire to 
introduce the competition's objective and the mate
rials issued to each of the teams. We returned with 
the information and boxes of materials and began 
our team's brainstorming. For several days our team 
meet and discussed what we wanted the robot to be 
able to accomplish. We determined these design cri
teria for our robot: 

• Highly mobile base 

• Push tubes or other robots 

• Low center of gravity 

• Pick-up tubes from floor 

• Pick-up/place tubes on goal 

• Pick-up tubes from player 

• Reach top of goal 

• Redundant joints 

• Strong and fast manipulator 

Each group had to complete their assignment as 
rapidly as possible while adhering to the safety re
quirements. The general lay out of Team 90's robot 
for the 1997 competition is shown in Fig. 4. It had 
an approximate 3x3ft square base with wheels located 
in each of the corners. The base was able to move in 
any direction along the ground. On this base there 
was a center tower that extended from the surface of 
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Figure 4: Team 90 1997 F.I.R.S.T. Robot. 

the mobile base to almost the 4ft height limit. This 
tower was a support structure and a guide enabling 
the manipulator arm mechanism to be raised to a 
height of over 7ft. The arm mechanism was based on 
an aluminum triangular tower with the arm protrud
ing from the center. The arm is comprised of four 
revolute joints with their axes parallel to the ground 
and perpendicular to the front of the robot. Four 
joints were necessary so that the arm could fit into 
the required starting space(3x3x4ft). When the arm 
is fully deployed the robot has the capability of reach
ing 14.5ft in the air as well as being able to touch the 
ground. We wanted this reach since most points were 
awarded for the top of the goal and we wanted to be 
able to pick the tubes up off the ground if necessary. 
The end-effector of the arm, the last revolute joint, 
was capable of manipulating one inner tube at a time. 

3.1 Control Group 

The control group was in charge of ensuring that the 
robot was wired properly and safely and that the con
troller, switches and joysticks were functioning prop
erly. The design challenges that were faced by this 



group were unfamilarity with the controls system and 
the time constraint. F.I.R.S.T. has strict rules about 
the wiring of the motors, the power supply, and the 
pneumatics. In the rules it stated what guage wire or 
hose had to be used for each application and where 
safety fuses must be placed. They had to learn about 
the programmable controller and wait for the other 
groups to finish their construction before they could 
do the wiring and set the controllers. They also had 
to wait until the platform was completed and the ma
nipulator was mounted to see where they could install 
the control system. 

3.2 Base Group 

This group was responsible for designing and fabri
cating a strong, stable, and mobile base. To maximize 
stability, the wheels needed to be located as far apart 
as possible on the 3x3ft base. A wheel was positioned 
in each of the corners of the base. For strength, they 
used the plywood for the base and reinforced it with 
the rest of the wood allowed and aluminum bumpers. 
Two drive motors were used to power the front wheels 
of the base. For maximum mobility it was decided to 
have two of the wheels be independently driven and 
the other two mounted on swivel brackets. With this 
arrangement the base was capable of .360 degree pla
nar motion. The base drive and design proved in 
competition to be highly reliable and functional. H 
the materials available do not change much in future 
competitions, the base design will only alter slightly. 

3.3 Manipulator Group 

Figure 5: Robot in Cocked Position. 

pop-up platform had to be cocked, shown in Fig. 5, 
before each round of competition to make the starting 
requirement of being less than 4ft in height. 

The first action in each round was to pull the lock
ing pin that held the aluminum platform in place so it 
could launch up into position. From this raised posi
tion the manipulator could then be deployed. Fig. 6 
shows the aluminum pop-up platform and the ma
nipulator arm. The first two links were actuated by 
the window motors. The end-effector at the begin
ning of each round had to be folded back to stay 
within the size restriction. The wrist joint was grav
ity driven. To deploy the end-effector the arm had to 
be rotated until the elbow link was pointing almost 
vertically downward. This allowed a spring-loaded 
toggle mechanism to extend and lock the end-effector 
into position. The last joint, the jaws, was actuated 
by the two stroke, large bore, pneumatic piston. 

The manipulator group was in charge of designing 
and building the remainder of the robot. It was de
cided to build a robot that was capable of reaching 
as high as possible while still being able to pick-up 
inner tubes from off the ground. Since there were 
only four motors given to each team that had enough 
output force to move any sizeable mass, and two of 
these had to be used to power the mobile base, it was 
decided to raise a platform and actuate the manipu
lator arm from this higher position. In order to move 
this platform an energy source was needed. Testing Shoulder and Elbow Link 

Static and Dynamic Analyses 
the latex tubing, included in the materials, lead to 4 
the idea of using the energy stored by stretching the 
tubing to propel the platform to the desired height. 
The static tower was made of cold rolled steel which 
was available from SPI. This tower served as a guide 
and base for the pop-up aluminum platform. This 

The shoulder and elbow links, see Fig. 7 and Fig. 8 
respectively, are similar in design. They are made up 
of various diameter aluminum tubing. The shoulder 
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Figure 6: Skematics of Base and Manipulator. 

Figure 7: Shoulder Link Skematics. 

and elbow links were each made of parallel 3ftxlin 
dia., 0.049in wall thickness 6061-aluminum tubing. 
Eq. 1 was used to solve for the deflection of each of 
the links. 

PL3 

Deflection = 
3

EI , 

where I = !7r (r4 
- r~) 4 0 l 

(1) 

with r i and r 0 being the inner and outer radius of the 
aluminum tubing respectively, P is the loading, L is 
the length of bar, I is the area moment of inertia, and 
E is the modulus of elasticity. For the loading that 
each link would undergo when battling other robots, 
too much deflection could occur. To help reduce de
flection stainless steel tension wires where incorpo
rated into each of the links, see Fig. 9. Lateral and 
torsional loading were dealt with by adding cross sup
ports to both the links. 

Figure 8: Elbow Link Skematics. 

Figure 9: Tension Wires. 
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Figure 11: Loading of the Manipulator Arm. 

mechanism but did not allow the link to be powered 
downward. To move downward we depended upon 
gravity loading. The elbow joint was attached to the 
motor's drive tape differently. Both ends of the tape 
were attached to a cable that ran from the base of 
the aluminum tower around it's apex and attached 
to the elbow's drive wheel. The two cables were run 
in opposite directions around the shoulder joint. This 
gave powered motion to the elbow joint in either di
rection. The range of motion that either link could 
move through depended upon how far away from the 
drive wheels the window motors could be mounted. 
To maximize this distance they were mounted in the 
bottom of the aluminum tower. This yielded approx
imately 23.5in of linear space that the tape could be 
moved until it encountered interference. 

Range of 
Motion = Linear Distance 360 ( 3) 
( deg) Circum. Drv. Whl 

Eq. 3 was used to calculate the range of motion of 
the shoulder and elbow joints. The rate at which the 
joints could move is a function of the radius of the 

The motors that were used to actuate the shoul- link's drive wheel. 
der and elbow joints were standard General Motors 
automotive window motors. They are DC motors 
who's output is converted from rotational motion to 
linear motion by affixing a tape to the motor's drive 
shaft. These motors, specifications shown in Fig. 10, 
are capable of producing a maximum output torque 
of 4.42ftlb while running at approximately 40rpm. 
This data was used to determine the size of the drive 
wheels needed for each joint. The loading that the 
arm was designed for is illustrated in Fig. 11. Eq. 2 
was used to find the smallest radius of the drive wheel 
needed to power the links. 

. d L: Moments 
m1n.ra = -=----

Drive Force 
(2) 

Taking into account possible unforeseen loading the 
radius of the drive wheels was increased to lOin for 
the shoulder and 6in for the elbow link. This allows 
motion when the manipulator arm is in it's fully ex
tended horizontal position. 

The next concern was the range of motion and an
gular velocity of the shoulder and elbow joints. The 
window motors had heavy nylon tapes attached to 
the drive shafts. In order to attach the tapes to the 
link's drive wheels to actuate them different meth
ods were used. The tape was attached directly to the 
shoulder joint drive wheel. This greatly simplified the 
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(). = Linear Velocity _ V h 
Rd

. - , w ere 
a IUS r 

(4) 

lmin 3 in 
V = 40rpm * -- * 27r--

60sec 4 rev' 
and r =radius drive wheel 

Eq. 4 shows the calculation to determine the angular 
velocities of the shoulder and elbow links. 

5 Jaws Design 

The body of the end-effector of the manipulator arm 
was made from 1/4in aluminum plate and rohacell™ 
that was bonded on both sides with 1/32in aluminum 
sheet. Fig. 12 shows the geometry of the end-effector. 
The aluminum plate served as the base of the end
effector with the rohacellT M being attached to it to 
form the jaws. The lower jaw was rigidly attached to 
the plate. The tip of the lower jaw had a pair of small 
wheels attached to it(not shown). These wheels pre
vented the jaws from catching on the ground when 
the arm was lowered. The upper jaw was attached to 
the aluminum plate at a pivot. The jaws were actu
ated by the large bore air cylinder supplied in the kit. 
The stroke length of the cylinder was 4in. When the 
cylinder was fully extended the tips of the jaws had 



Figure 12: End-effector Skematics. 

to be far enough apart to pick up an 8in thick inner 
tube at any angle. The worst angle that the robot 
could attempt to pick-up an inner tube occurs when 
t he tube is fiat on the ground. When the cylinder 
is fully retracted the jaws must be close enough to 
firmly grip the inner tube. To find the points along 
both jaws for the cylinder to be attached to, a model 
was built. The angle of the end-effector when the 
arm touches the ground was found. The cylinder was 
moved until the proper points were found that would 
produce the desired motion. 

During the competition it was found that the in
ner tubes were not of constant thickness and were 
slippery. To ensure the jaws grip on the tube, two 
ideas were tried. First, lining the inside of the jaws 
with latex rubber sheets. This helped but the tubes 
still moved too much. The angle that the tubes were 
placed in the jaws needed to be maintained to make 
it easier to place them on the center goal. The second 
solution to the slipping problem worked out · better. 
Screws were driven vertically into the inside of both 
jaws. The heads were left sticking up less than an 
inch to increase the grip on the inner tubes. These 
modifications were made at the competition site and 
functioned well. 

6 Results and Conclusion 

Everyone involved with the competition had a great 
time. The high school students learned a lot about 
engineering and the process of designing. With the 
short amount of time permitted to design and build 
the robot, everyone had to work long hard hours and 
function as a team. The culmination of the project 
was attending regional and national competitions. 
The regional competition that we attended was held 
at Rutgers University. We finished 11th out of the 
35 teams that were in attendence. At the national 
level we finished 14th out of 113 teams. The team 
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was pleased with our performance for our rookie year. 
The robot performed well at both competitions, with 
only minor repairs needed on site. The number of 
high school students that will want to participate in 
the competition is sure to increase next year due to 
the success and enjoyment that the 1997 team expe
rienced. The mission of F.I.R.S.T. was accomplished 
by Team 90. 
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Abstract 

In this paper we present an interpolation software 
for spatial Bezier motions. The software employs a 
deCasteljau type algorithm originally presented by 
Ge and Ravani (1994) as well as computer graphics 
techniques to create suitable spatial Bezier motions. 

1 Introduction 

Pierre M. Larochelle 
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as end configuration interpolation and two orders of 
geometric continuity make Bezier motions a powerful 
and desirable tool for curve design. Our work on mo
tion interpolation was inspired by the work of Ge and 
Ravani (1994) who used quaternions and a deCastel
jau type algorithm to construct nonalgebraic Bezier 
motions. After reviewing some useful geometry and 
algebra, we will show how to construct nonalgebraic 
Bezier motions. We also describe how one can im
plement this method and create practical Bezier mo
tions. 

Motion interpolation, and more specifically trajec
tory generation, has many applications in different 
areas such as trajectory planning for robots, curve 2 
generation, synthesis of spatial mechanisms, simula
tion of mechanical systems, computer graphics and 
computer vision. In robotics, several problems are re
lated to trajectory generation, such as the workspace 
limitations of a manipulator, obstacle avoidance, and 

2.1 

Geometric Construction 
Bezier Motions 

Geometric Representation of 
Displacements 

of 

the efficiency of the trajectory itself. One way to ef
fectively use motion interpolation to produce motions 
is to reconstruct the desired scenario in a computer 
generated environment. This approach helps to visu
alize the situation, to realize possible difficulties and 
to find a suitable motion for the desired task. The 
work presented in this paper involves the design of a 
motion interpolation software. This Silicon Graphics 
based computer software allows the user to define a 
motion task. The program then generates and dis
plays the resulting motion. Defining the desired task 
is done by prescribing a set of key configurations1 , or 
control points. The program will use the set of con
trol points to interpolate a curve in space that will 
smoothly guide the chosen object from its initial to 
its final configuration. The motion induced by this 
curve is a Bezier motion. Kinematic properties such 

1 Positions and orientations in space. 
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The general displacement of a rigid body in three
dimensional Euclidean space (denoted E 3 ) may be 
represented by a rotation matrix [A] and a transla
tion vector J with respect to a reference frame F. 
However, a general displacement may also be decom
posed into a rotation about and a translation along 
an invariant line, the screw axis S (see Bottema & 
Roth, 1979). Locating the line S by the pair of vec
tors sand s0, respectively the unit direction vector 
and the moment of the line with respect to the ori
gin of the reference frame F, guarantees uniqueness 
of the undirected screw axis S. The vectors s and s0 
define a directed screw axis written as a dual vector 
8 = s + cso ( c2 = 0) and satisfy s· s0 = 0. The magni
tude of a general displacement, now seen as a screw 
displacement, is the dual angle ~ = ¢ + cd, where ¢ is 
the rotation angle and d the distance traveled along 
the line S. The screw parameters s and ¢ are obtained 



from the matrix [A] and the vector J as follows: q is the point in the image space :E that represents the 
displacement in E 3 . We refer to ij as a dual quater-

¢= cos-1 (trace[:] - 1). (1) nion. It is often convenient to view a dual quaternion 
as two four-dimensional vectors if = ( Ql , q2, q3, q4) T 

The rotation axis sis determined by first calculating and Qo = ( Qs' Q6, Q7, Qs) T such that ii = if+ EQo. Also, 
the matrix [ SJ, the skew-symmetric matrix form of 8: the dual quaternion q satisfies two constraint equa

tions 

(2) 

The elements of s = (sx, sy, Sz)T are then recovered 
from [SJ, written as 

(8) 

and 
Ql Q5 + Q2Q6 + Q3Q7 + Q4Q8 = 0. (9) 

These conditions on q ensure that if is a unit quater
nion and that if· q"Q = 0. 

[S] = [ ~~. ( 3) Consider two distinct displacements Mi and Mi 
from the fixed reference frame F. The relative dis
placement Mij from Mi to Mi is characterized by the 
rotation matrix [ Aij] and the translation vector d7j. The displacement along the screw axis Sis, 

d=d·s (4) These are given by (Murray, 1996): 

and the moment of the line S is, 

s-o = [SJ2 ([s)- [I] ) J. 
2 tan(~) 

(5) 

The screw parameters s and J> are then used to define 
the dual Euler parameters XI, x2, x3 and X4(see 
Bottema & Roth, 1979) where 

X 1 = s x sin(~), X 2 = sy sin~¥) 
X3 = sz sin(~), X4 =cos(~). 

(6) 

By separating each dual Euler parameter into its real 
and dual part, we can express a general displace-

(10) 

and 
(11) 

One may use ( Aij] and d~ to compute sii and ¢~i. 
Note that one may need to recover the rotation 

matrix [A] and the translation vector dfrom the dual 
quaternion expression of a general displacement q in 
the image space :E (Larochelle, 1994): 

[ au 
a12 

a13 ] [A]= a21 a22 a23 

a31 a32 a33 

(12) 

ment in E 3 by the eight-dimensional vector ij (see where 
McCarthy, 1990): 

au 
2 2 2 2 = ql - q2 - q3 + q4 

a12 = 2(q1Q2 - Q3Q4) Ql Sx sin(~) 
a13 = 2(q1Q3 + Q2Q4) 

a21 2(q1Q2 + Q3Q4) 
Q2 = sy sin(~) 

a22 
2 2 2 2 = -ql + q2 - q3 + q4 

a23 = 2(q2Q3 - Q1Q4) 

a31 = 2(q1Q3 - Q2Q4) 

Q3 Sz sin(~) 

Q4 = cos(~) 
a32 = 2(q2Q3 + Q1Q4) 

a33 = -qi- qi + q~ + q~ 
Q5 

( -dzQ2 + dyq3 + dxq4) 

2 

Q6 
(dzQl - dxq3 + dyq4) 

2 and 

(13) 

Q7 = 
( -dyql + dxq2 + dzq4) 

2 

qg = 
( -dxql + dyq2 - dzq3) 

2 
(7) 

[ 

-qsql + Q7Q2 - Q6Q3 + Q5Q4 ] 
J = -q7Ql - Q8Q2 + Q5Q3 + Q6Q4 

Q6Ql - Q5Q2 - Q8Q3 + Q7Q4 
(14) 

9 



2.2 Properties of Bezier Motions 

The choice of Bezier motions for trajectory generation 
is motivated by their desirable geometric properties. 
For n + 1 control points qi, i = 0, 1, ... , n, the result
ing Bezier motion passes through the end-points qo 
and qn. Also, the tangents at qo and qn are in the 
directions of the vectors qot/1 and tln-1 Qn respectively 
(see Faux & Pratt, 1979). Moreover, it is possible 
to construct composite Bezier motions by connecting 
different curve segments that will have several orders 
of continuity between each other. In fact, each curve 
segment is tangent and curvature continuous (C2

), 

resulting in a composite curve with a similar order 
of continuity ( G 2 ). It is important to note that the 
Bezier motions obtained from a set of n + 1 control 
points is different than the motion obtained by subdi
viding the set of points and using composite segments 
of curve. 

Figure 1: The deCasteljau algorithm in the image 
space .E. 

2.4 Nonalgebraic -Bezier Motions 

2.3 Geometric Construction of Screw To obtain a Bezier motion that satisfies n + 1 con
Interpolants trol points we can use the method presented in the 

In this section we first describe the method for geo
metric interpolation between two finite configurations 
of a body M in space. We then use this method as 
a basis for the deCasteljau algorithm needed to in
terpolate Bezier motions through a sequence of n + 1 
control points. Consider two distinct displacements 
M 0 and M 1 from the reference frame F. We wish to 
interpolate a motion associated with the relative dis
placement from M 0 to M 1 • Let bo and b1 be the dual 
vector expressions of the displacements F --t M o and 
F --t M1 respectively. Let(/> be the magnitude of the 
relative displacement from Mo to M1 • The uniform
speed screw interpolant X ( t) from M 0 to M1 is given 
by (Ge & Ravani, 1994): 

(15) 

The dual vector form of Eq. 15 is: 

A~ A sin((1-t)(/>)bA sin(t(/>)bA 
L(bo, b1; t) = . ~ o + . ~ 1· 

sm¢ s1n¢ 
(16) 

Eq. 16 is only valid for displacements with non-zero 
rotations ( </> =I= 0), since division by a pure dual num
ber is undefined (Bottema & Roth, 1979). In the 
case of a displacement composed of a pure transla
tion ( ¢ = 0), Eq. 16 is reduced to, 

L(bo, b1 ; t) = (1 - t)bo + tb1. (17) 
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preceeding section, coupled with an iterative algo
rithm similar to the deCasteljau construction used in 
computer-aided geometric design (see Farin, 1993). 

Consider n + 1 configurations of the body M 
in space. For each Mi, i = 0, 1, ... , n we can find 
the dual vector bi, representing the displacement 
F --t Mi in the image space 2:. The set of image 
points bi, i = 0, 1, ... , n form a control polygon in .E, 
see Fig.1 for the case when n = 3. For r = 1, 2, ... , n, 
i = 0, 1, ... , n- rand 0 ~ t ~ 1 an intermediate point 
on each screw interpolant is given by the recursive 
formulas: 

for ¢~-l = 0: 

b[(t) = (1- t)b~- 1 (t) + tb~+l(t). (19) 

By completion of all steps of the iterative process we 
obtain b()(t), the uniform-speed screw interpolant for 
the displacement from M 0 to Mn satisfying the de
sired control polygon in .E. By varying the parameter 
tin the interval [0,1] the image point b()(t) follows a 
curve called the Bezier image curve of rank n. The 
motion associated with the Bezier curve is therefore 



called a Bezier motion of rank n. Note that b0(t) sat
isfies end-point interpolation conditions Ge & Ravani, 
1994). We show on Fig.2 an example set of spatial 
positions. The interpolated Bezier motion of rank 7 
and the set of control points is shown on Fig.3, when 
Fig.4 only includes the interpolated Bezier motion. 

3 Implementation 

In this section we present some problematic issues as
sociated with the implementation of the interpolation 
algorithm. 

Implementing the deCasteljau algorithm involves 
some work adapting the theoretical analysis to a nu
merically coded version. For instance, there are a few 
singularity points associated with special cases of dis
placements. When the rotation angle¢>= 0,7r/2,7r, 
or 37r /2 some of the equations listed above are not de
fined. In addition we know that a numerical code will 
produce some computational errors since all mathe
matical operations are approximated. Although each 
approximation is highly accurate, the error accumu
lates as we progress in the iteration and may produce 
a non-rigid Bezier motion. One way to eliminate ap
proximation discrepancies during the interpolation of 
a Bezier motion is to assure that the two constraint 
equations (Eq. 8 & Eq. 9) are satisfied at each step 
of the iteration. Finally, if the computer language 
used to program the deCasteljau algorithm does not 
allow the programmer to define data structures, it is 
difficult to use dual algebra. 

4 Conclusions 

In this paper we have used an algorithm originally 
presented by Ge and Ravani (1994) as well as com
puter graphics techniques to develop a Bezier spatial 
motion interpolation software. The program interpo
lates a suitable Bezier motion for the desired set of 
spatial positions. 
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Figure 2: A set of seven selected control configurations. 

Figure 3: The selected set of seven control configurations and the interpolated Bezier motion of rank 7. 
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L 
Figure 4: The Bezier motion of rank 7 using a hundred interpolated points. 
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ABSTRACT 

A special planar three-spring mechanism is 
proposed for contact force control. An energy 
function is defined to describe the behavior of this 
kind of mechanism. It can be used to perform the 
catastrophe analysis of this mechanism. The analysis 
result can be used as a design and control tool. By 
comparing a three-spring system and a two-spring 
system, we found the three-spring mechanism has 
better stability than the two-spring system. 

INTRODUCTION 

Parallel compliant mechanisms are classically 
known for their role in mounting and suspension 
systems. Recently, however , they have been 
instrumental in the field of robotic force control. A 
new theory for the simultaneously control of force and 
displacement for a partially constrained end-effector 
has been proposed (Griffis and Duffy [1], Griffis [2], 
Pigoski and Duffy [3]). 

Figure 1. shows a planar compliant mechanism 
which is actually a planar two-spring system. It 
consists of a pair of linear springs connected at one 
end to a movable base and at the other end to a 
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common pivot which is the axis of the wheel 
contacting to a surface. The base is connected to a 
planar two freedom P-P (P denotes prismatic pair) 
manipulator . The contact force can be controlled by 
displacing the two prismatic joints of the manipulator. 
The required displacements can be calculated from 
the stiffness mapping. This kind of control was called 
kinestatic control by Griffis and Duffy [ 1]. 

Fig.l Planar Two-spring System 



In order to design the planar two-spring 
system it is necessary to compute a spring stiffness 
which will generate a range of displacements of the 
movable base which can be produced by the 
prismatic joints over a required range of change in 
contact force. Clearly if the system is over-designed 
and the spring stiffness is very high it is always 
possible to generate any necessary changes in contact 
force. However such a system. will be too sensitive to 
errors because very small displacements of the 
platform will generate large changes in contact force. 
On the other hand if the springs are too soft there 
can be stability problem (see Hines, Marsh and Duffy 
[4] who performed a catastrophe analysis of the 
planar two spring-system). 

In this paper, another compliant mechanism is 
considered. This is shown in Figure 2. It consists of 
three linear springs jointed to the triangular frame 
fixed points and connected at the axis of the wheel. 
The triangular frame is connected to the planar two 
freedom P-P manipulator. This mechanism is a 
special three-spring system. The catastrophe analysis 
of this system is presented in this paper. Comparing 
the results demonstrates that three-spring system has 
better stability characteristics than the two-spring 
system. 

THE APPLICATION OF CATASTROPHE 
THEORY IN SPRING SYSTEM ANALYSIS 

Catastrophe theory and singularity theory has 
been proven beneficial in mechanism analysis of the 
structural and dynamical stability of systems with 
potential functions as well as the analysis of 
kinematic singularities in robotic system [5,6,7]. 
Catastrophe theory will be used to analyse the above 
three-spring system. The results may be used as a 
design and control tool for that spring system and 
similar compliant mechanisms. 

Intuitively, a catastrophe occurs whenever a 
smooth change of parameters gives rise to a 
discontinuous change in behavior. A well known 
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Fig.2 Planar Three-spring System 

example that can easily be made to demonstrate a 
catastrophe in Zeeman's catastrophe machine , see 
Fig.3. Zeeman's machine can be constructed by 
attaching two linear springs to a single point C on a 
disk that freely rotates about 0. One of the springs 
is attached to a fixed pivot at point A and the other 
spring is attached to point B which can be moved in 
the x, y plane. The position of point B is called the 
controlling parameter as it dictates the position of the 
disk which is defined by the angle e . 

As the point B is moved around in the plane, the 
disk generally rotates smoothly about point 0. 
However at certain points in the plane, the disk can 
jump to some other position and a catastrophe 
occurs. The set of points in the control parameter 
space that represent a possible catastrophe is called 
the .bifurcation set or bifurcation curve which is shown 
in Fig. 3. 

The bifurcation curve can be found analytically 
by using catastrophe theory. The suitable 
introductions to Catastrophe Theory are [8,9]. Here 
we shall give a brief description on how to find a 
bifurcation curve. 



y 

Fig.3 Zeeman's Catastrophe Machine 

Consider a function f(x). A point x0 is said to be a 
critical point (equilibrium, stationary, or turning point 
) of a function f(x) whenever f' (x0 )=0 . Further, a 
critical point x0 is said to be degenerate whenever 
f" (x0)=0, otherwise it is non-degenerate. Non
degenerate critical points are either local minimums 
whenf" (x0)>0 or local maximums when f" (x0)<0. 
The points which satisfy both the critical point 
condition and the degenerate condition construct the 
bifurcation curve. 

Catastrophe Theory is a universal mathematic 
tool. It can be used in many different fields. One 
important thing is to find a function which describes 
the behavior of the problem. To find the bifurcation 
curve for the Zeeman's machine, we have to find a 
function which describes the system. The potential 
energy P of this system is defined as the sum of 
energy stored in the two springs. Here we define the 
energy function Vas the work done by the moment 
M acting on the disk minus the potential energy. 

1 '> 1 I 2 V=M 8--k(e-1)---k(e -1) 
2 2 

(1) 

av =O 
ae (2) 

From the equation (2), a function of x andy can be 
found by eliminating the angle 8 . The function is a 
diamond shaped curve which is actually the 
bifurcation curve shown in Fig. 3 and hence when B 
lies anywhere on this curve a catastrophe may occur. 

ANALYSIS OF THE THREE-SPRING 
SYSTEM 

Consider the three-spring system (Fig. 4) in its 
unloaded position li=lOi (i=1 ,2,3) and an external 
force F is now applied to the point P at which the 
three springs are connected. 

The stability can be determined by the 
eigenvalues of the Hessian matrix derived from the 
second derivative of the energy function V. The 
energy function is the work done by the force F minus 
the sum of the potential energy in each individual 
spring. 

y 

a 
The critical point condition and degenerate condition Fig.4 A Three-spring System 
are 
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(3) 

where 101 ,102 and 103 are the free lengths . 11 ,12 and 13 

are the lengths of these springs when the pivot is at 
position (x, y) and kb k2 and k3 are the spring 
constants. Fx and Fy are components of force F on 
x andy axes. 

The first partial derivatives of the energy 
function V with respect to independent variables x 
andy are 

The second partial derivatives with respect to x and 
yare 
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(6) 

(8) 

a2v a2v ----- (9) 
ayax axay 

The spring lengths li and the position coordinates 
(x,y) of the connector are given 

1.2 =(x -x .)2 +(y-y.)2 
• 1 2 3 

l l l 1 = ' ' (10) 

and their partial derivatives with respect to x andy for 
i=1,2,3 are 



az . y-y . 
-l=--l 

ay zi 
(11) 

ax l. 
l 

a2z. 1 x - x . a z. 1 a z. 
2 

_l =-(1--l_l)=-(1-(-l)) 
ax 2 li li ax li ax 

(12) 

(13) 

1 az. az. 
l l - ------- - -- --- - - -

(14) 
The Hessian takes the form 

a2v a2v --
ax 2 axay 

H= 
a2v a2v (15) 

ayax ay2 

The vanishing of equations (4) and (5) yields the 
critical point condition of this system while equating 
the determinant of the Hessian to zero yields the 
degenerate condition. In order to numerically analyse 
the mechanism, a set of parameters chosen as 101 

=102= 103=1.0 ins, k1=k2=k3=5.0 lbflin, a=2.0, b= 1.0 
and d=1.732 ins. Fx and Fy are control parameters. 
If we only consider the case :li >=0 i= 1 ,2,3 .li can be 
calculated from ( 1 0) . 
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zi=Jcx -x i)2 +(y-yi)2 (16) 

Substituting li into the H=O , av lax =0 and 
av lay=O. Now' the Hessian is a function of X andy, 
the equation av lax =0 is a function of x,y and F X 

while the equation aV 1ay=0 is a function of X, y and 
Fy. The Hessian is shown in Fig. 5 which are the 
three curves with designated with IT 1, IT2 and II3. 

Using values of (x,y) on these curves, Fx andFycan 
be calculated from the critical conditions avlax 
=aV lay=O. The result is shown in Fig. 6. All these 
results are numerically calculated out by software 
Maple. 

y 

X 

Fig.5 Three Spring System Catastrophe Curve 

For the two spring system shown in Fig. 7. A set 
of parameters chosen as 101=102=1.0 ins, k 1=k2=5.0 
lbflin and a=l.O ins. Fx and Fy are control 
parameters. The catastrophe curves and bifurcation 
curves are shown in Fig. 8 and Fig. 9. It is most 
important from a practical viewpoint to identify the 
stable unloaded position (F x=F y=O) labeled by Pin 
Fig. 4 and 7 . There are a number of other unloaded 
configurations for both the two-spring and three -
spring system but these are unstable. 
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Fig.6 Three Spring Bifurcation Curve 
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a 

Fig. 7 Two Spring System 

For the three-spring system, the catastrophe 
curves divide the x, y plane into four parts ,II1, II2, 

II3 and rr4 . The bifurcation curves divided the F X ' 

F y plane to four corresponding parts. Catastrophe 
theory shows when the mechanism equilibrium 
positions cross any catastrophe curve from one area 
into another area, there may be one (or more) 
configurations lost or there may be an increase in the 
numbers of configurations. At the same time , the 
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Fig.8 Two Spring System Catastrophe Curve 

-2 0 2 

Fig.9 Two Spring System Bifur~ation Curves 

control parameters Fx and Fy must cross a 
bifurcation curve , from one to another area(Fig. 6 
and Fig. 9). It is necessary to perform a detailed 
investigation to show if configurations are lost or 
increased. In the x,y plane, an area without any 
catastrophe curves is said an absolute safe area for a 
certain configuration whenever its unloaded state is in 
that area. For instance, 1L is an absolute safe area 
since it contains the stable unloaded configuration at 



point P of the three-spring system (in Fig. 5), n2 is 
an absolute safe area and it contains the stable 
unloaded configuration at point P of the two-spring 
system. 

When the stable configurations for these two 
systems are considered and their absolute safe areas 
are compared, it is clear that the three-spring system 
has better stability. The same conclusion can be 
reached by an analysis of the absolute safe area in the 
Fx and Fy plan. 
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Abstract 
The dynamic manipulability index is a metric used 

to quantify manipulator dexterity. This paper presents 
some new results on the dynamic manipulability in
dex with applications to the problem of quantifying the 
fault tolerance of kinematically redundant robots. 

1 Introduction 
Kinematically redundant manipulators have more 

degrees of freedom than are necessary for their task. 
This extra freedom gives redundant manipulators sev
eral important advantages over conventional nonre
dundant manipulators including the potential for ob
stacle avoidance, greater dexterity, and greater fault 
tolerance. 

Because a kinematically redundant manipulator 
normally has a whole family of joint configurations 
corresponding to a given end-effector position, it is 
desirable to identify the best possible configuration. 
One can use a metric to determine which configura
tion is optimal. Several such measures have been de
fined. This paper examines two particular measures: 
the manipulability index and the dynamic manipula
bility index. 

The paper is outlined as follows. Several kinematic 
measures of dexterity are described in Section 2 with 
a special emphasis on the manipulability index and 
its relationship with a method for calculating the null 
space of the manipulator Jacobian. In Section 3 the 
robot's dynamics is incorporated into the study of dex
terity. New results relating the dynamic manipulabil
ity index to the manipulability index, the inertia ma
trix, and the null space are presented. In Section 4 
the results of the paper are applied to the problem 
of quantifying fault tolerance. Conclusions appear in 
Section 5. 
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2 The Manipulability Index 
It is well known that kinematic singularities pose 

certain difficulties in the motion control of robots. 
Even operating a robot near a singular configuration 
is generally difficult. Hence, the presense of kinematic 
singularities can effectively limit the workspace of a 
robot. In their investigation of the usable workspace 
of a robotic wrist, Paul and Stevenson [3) introduced 
the concept of a singular cone. The term singular cone 
refers to the set of joint configurations () for which 

I det J(B)I <a (1) 

where J is the orientational Jacobian for a wrist and 
where 0 < a < 1. In [3), a was arbitrarily set to 0.5. 
The singular cone then consists of the kinematic singu
larities as well as those configurations that are nearly 
singular. The complement of the singular cone, i.e., 
the set of joint configurations for which I det J(B)I 2:: a, 
determines the usable workspace. 

Yoshikawa [5) introduced the manipulability in
dex as a means of quantifying manipulator dexterity. 
Based on the manipulator Jacobian J, the manipula
bility index is defined to be 

w(J) = J det(J JT). (2) 

It is well known that w(J) is equal to the product of 
the singular values of J. The main feature of the ma
nipulability index is that it is a non-negative quantity 
that takes on the value zero precisely at the kinematic 
singularities of the robot. For a given manipulator, 
configurations where the manipulability index is rela
tively large are considered to be better in terms of local 
dexterity than configurations where the manipulabil
ity index has a modest value. Hence, the manipulabil
ity index is useful in identifying kinematic singularities 
and for choosing optimal operating configurations. 



The manipulability index is equally applicable to 
kinematically redundant and nonredundant robots. In 
the case of nonredundant manipulators , the manipu
lability index becomes 

w(J) = I det 11. (3) 

In the terminology introduced by Yoshikawa, a singu
lar cone is the set of joint configurations corresponding 
to a manipulability index value less than a. 

For manipulators with a single degree of redun
dancy, the manipulability index can be found as a by
product of a procedure for calculating the null space 
of J. The Binet-Cauchy Theorem for determinants 
states that for two m x n matrices A and B with 
m < n , the determinant of them x m matrix ABT is 
the sum of the products of the (~) subdeterminants 
of A and B. In other words , for A = [ a1 an] 

and B = [h1 bnJ, 

(4) 
where Ai1 ···im = [ a i 1 a i m ] and Bi1 · · ·im 

[ hi1 him ] . In the case of the manipulability 
index, A = B = J so that 

For the special case of a single degree of redundancy, 
one has 

n 

det(J JT) = L:)det(i J)] 2 (6) 
i=1 

where i J denotes the matrix J with its i-th column 
removed. 

Also, from the theory of determinants, one has that 
T a null vector llJ = [ n 1 n 2 · · · nn] for a full rank 

(n- 1) x n matrix J is given componentwise by 

(7) 

where once again i J denotes the matrix J with its i-th 
column removed. From (6) and (7) one has that 

(8) 

where II · 1!2 is the standard 2-norm. 
From a numerical analysis point of view, the de

terminant is not a good measure of nearness to a sin
gularity; hence several other dexterity measures other 
than the manipulability index have been suggested. 
Klein and Blaho [1] proposed the minimum singular 
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value O"min(J) of the manipulator Jacobian as a mea
sure of manipulator dexterity. Unlike the manipula
bility index, it is a true measure of the nearness to 
a kinematic singularity in the sense that it is equal 
to the distance to the nearest rank deficient matrix 
as measured by the spectral norm. Furthermore, the 
quantity 1/ O" min ( J ) is a measure of the amount of ef
fort it takes to move the end effector. 

The condition number of J has also been suggested 
as a dexterity measure. However, one is usually more 
interested in identifying isotropic configurations, i.e. , 
configurations for which the manipulator Jacobian 
is ideally condition, rather than using the condition 
number to compare configurations. It is well known 
that the condition number of a matrix is equal to the 
ratio of its largest and smallest singular values. Since 
the maximum singular value of a robot's manipulator 
Jacobian is generally bounded, the minimum singular 
value is the primary factor in the conditioning of J , 
which is another argument for the merit of the mini
mum singular value . of J as a measure of manipulator 
dexterity. 

The manipulability index, however, remains an 
attractive measure. The next section describes an 
important modification of the manipulability index 
called the dynamic manipulability index. 

3 The Dynamic Manipulator Index 

To incorporate manipulator dynamics into his 
study of dexterity, Yoshikawa [6] proposed the dy
namic manipulability index, which he defined as 

(9) 

where His the inertia matrix of the robot. For nonre
dundant manipulators, the dynamic manipulability in
dex is simply the manipulability index divided by the 
determinant of the inertia matrix: 

wd(J) = I det Jl = w(J) . 
detH detH 

(10) 

Note that because H is a symmetric positive-definite 
matrix, its determinant is necessarily positive. 

Interestingly, the dynamic manipulability index for 
redundant manipulators is only slightly more com
plicated. Following the same line of reasoning as in 
Section 2, the Binet-Cauchy Theorem can be applied 
to the case of a single degree of redundancy. Let 
K = H-1 . Then 

n n 

[w(JH-1
)]

2 = L:)det{l(JK))] 2 = L:)det(J i K)]2
. 

j=1 j=1 

(11) 



The determinant of J J K requires an additional ap
plication of the Binet-Cauchy Theorem: 

n 

det(J J K ) = L det(i J) det({ K) 
·i=1 

+1 n i+ · j 
( -1)1 """ ( -1) 1 detCK) ( _ 1)i+1 det(i J) 
det H ~ det(K) 

(12) 
where { K is the matrix K with its i-th row and j-th 
column removed. Note that H, the inverse of K, is 
given componentwise by 

hij = hji = ( -1)i+J det(i K) (13) 
detK 

and that the null vector n1 is given componentwise by 
(7). Hence (12) becomes 

. (-1)j+1 n 
det(J 1 K) = """h· ·n · detH ~ tJ 1 

i=1 

(14) 

which is simply plus or minus the i-th component of 
Hn1 / detH. Substitution into (11) yields 

d(J) = IIHnJII 
w detH · (15) 

Since w(J) = llnJII, (15) can be rewritten as 

wd(J) = w(J)IIHnJII_ 
detH 

(16) 

where llJ is the unit length null vector llJ = llJ /llnJII
Thus, kinematic redundancy introduces a new term 
into (10). For a fixed w(J) and H, the dynamic ma
nipulability index is maximized if n1 is an eigenvec
tor of H corresponding to the largest eigenvalue and 
is minimized if n1 is an eigenvector corresponding to 
the smallest eigenvalue. 

We introduce the following generalization of (16) 
whose proof can be found in Appendix A. 
Theorem 1 Consider a kinematically redundant ma
nipulator with n joints working in an m degree-of
freedom task space. Suppose the robot is in a nonsin
gular configuration. Then the dynamic manipulability 
lS 

(17) 

where N is an n x ( n- m) matrix whose columns form 
an orthonormal basis for the null space of J. 

Other dynamic measures can be defined based on 
JH- 1 . For example, another measure of dynamic ma
nipulability is the minimum singular value of J H-1 . It 
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is more difficult to say as much about O"min (J H-1 ) as it 
was about w(JH- 1 ) . However, we do have the follow
ing inequality relating the minimum singular values of 
J and JH- 1 : 

O"min ( J) -1 -1 
IIHII ::; amin(JH ) :S amin(J)IIH II· (18) 

The proof of (18) can be found in Appendix B. Ob
serve that when His ideally conditioned, (18) becomes 
an equality expression. In this case, the minimum sin
gular value of JH- 1 is O"min(J)/IIHII· In fact, it is not 
difficult . to show using the singular value decomposi
tion that when His ideally conditioned (i.e., when the 
condition number of H is equal to one), the singular 
values of JH- 1 are equal to 1/IIHII times the singular 
values of J. 

4 Local Measures of Fault Tolerance 
We now examine the problem of quantifying lo

cal fault tolerance. vVhen the i-th joint of a robot 
is locked, the kinematics of the robot is given by 

(19) 

where i J denotes the manipulator Jacobian J with its 
i-th column removed and iiJ is the vector iJ with its i
th component removed. One possible measure of fault 
tolerance is the relative manipulability index [4]. The 
i-th relative manipulability index of J is defined to be 

(20) 

where Wi ( J) = w(i J) is the manipulability index of 
the reduced Jacobian i J. In [ 4], it was shown that for 
manipulators with a single degree of redundancy, 

(21) 

and 
(22) 

where ni is the i-th component of the unit length null 
vector llJ of J. This measures the amount of redun
dancy that is associated with the i-th joint. 

For manipulators with multiple degrees of redun
dancy, the amount of redundancy residing in i-th joint 
is also determined by the null space of J. Suppose that 
them by n manipulator Jacobian J has full rank. The 
singular value decomposition of J has the form 

(23) 

where v2 is a matrix of n - m orthonormal n
dimensional vectors that form a basis for the null space 



of J . The manipulability index after a failure of the 
i-th joint is given by 

(24) 

where Ni is the i-th column of V2r. The relatively 
manipulability index then is given by 

(25) 

The case of multiple failures can be found in [4]. 
To include the effects of dynamics into the fault 

tolerance problem, we propose modifying the dynamic 
manipulability index to quantify local fault tolerance. 
The reduced dynamic manipulability of the robot 
when the i-th joint is locked is defined to be 

(26) 

where ~ (H- 1 ) denotes the matrix H- 1 with it i-th 
row and i-th column removed. For multiple failures, 
the corresponding columns of J and H and the corre
sponding rows of H are removed. 

Consider the case of a manipulator with a single 
degree of redundancy. In this case, iJ and HH)-1 are 
square matrices so 

(27) 

The first term on the right is, by definition, Wi ( J), and, 
by ( 13), the second term is hii / det H. It then follows 
that for a robot with single degree of redundancy, the 
reduced dynamic manipulability index is 

Note that because H is a symmetric positive-definite . 
matrix, hii is necessarily positive. Hence, for a non
singular configuration: wf(B) = 0 precisely when ri = 
lni I = 0. The relative dynamic manipulability index 
rf is defined to be the ratio of the reduced dynamic 
manipulability index wf over the original relative dy
namic manipulability index. We then have that for 
manipulators with a single degree of redundancy, 

(29) 

For the case of two degrees of redundancy, the re
duced dynamic manipulability index for failures in dis
tinct joints i and j is 

w~ - (B) = w(J)I det(Nij)l det(Hij) (30) 
tJ det H 
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where Nij is the 2 x 2 matrix composed of the i and 
j-th columns of Vl and 

hij l 
h ·· . JJ 

(31) 

Note that because H is a symmetric positive-definite 
matrix, det H and det Hij are necessarily positive. 

An excellent discussion on the minimum singular 
value of i J HH- 1) as a measure of fault tolerance can 
be found in [2]. 

5 Conclusions 
This paper has presented some new results on the 

dynamic manipulability index. It was shown how the 
null space, inertia matrix, and manipulability index 
are related to the dynamic manipulability index. Mod
ifications were made to address the fault tolerance is
sue for kinematically redundant manipulators. The 
fault tolerance measures presented in the paper have 
potential applications to the evaluation, design, and 
control of robots involving tasks for which the possi
bility of a joint_failure cannot be ignored. 

Appendix A: Proof of Theorem 1 

Theorem 1 Consider a kinematically redundant ma
nipulator with n joints working in an m degree-of
freedom task space. Suppose the robot is in a nonsin
gular configuration. Then the dynamic manipulability 
is 

(17) 

where N is ann x (n- m) matrix whose columns form 
an orthonormal basis for the null space of J. 

Proof First, note that 

Hence, 

[ 
JH-1 H-1JT 0 l 

=d~ 0 NTHHN 

= det(JH- 1H- 1 JT)det(NTHHNT) 

= [w(JH- 1
)]

2 [w(NTH)] 2
• (A1) 



Next , observe that 

det ( [ N~ H2 ] ( JT N] ) 

[ 
J JT 0 l 

= det N TH2JT NTH2N 

= det(J JT) det(NT H 2 N) 

= [w (J )]2[w(NT H)] 2
. (A3) 

Also , observe that 

I det ( [ 1j H2] [ JT N] ) I 

=ldet([~~~]H[JT N])l 

= I det [ ~~~] I det(H)w(J) (A4) 

where we have used the fact that I det [ JT N] I = 
w( J) . Equating (A3) and (A4) gives 

I 
det [JH-1] 1 = w(J)[w(NT H)]2 (A5) 

NTH detH 

Finally, equating (A2) and (A5) gives the result. 

QED 

Appendix B: Proof of Theorem 2 

Theorem 2 Suppose that J is an m x n matrix with 
m ::; n and H is a nonsingular n x n matrix. Then 

l7 min ( J) -1 -1 
IIHII ::; o-min(JH ) ::; o-min(J)IIH II · (18) 

Proof Suppose A is an m x n matrix with m ::; n and 
B is a nonsingular matrix n x n. Then the minimum 
singular value of AB is 

O"min(AB) = min II(AB)T ull· (B1) 
llull=1 

Now 

II(AB)T ull = IIBTA.T ull :S IIBTIIIIAT ul!. (B2) 

Substituting (B2) into (Bl) gives 

O"min(AB) :S IIBJJ min IIAT uJJ = O"min(A)IIBII (B3) 
llu ll=1 

The result follows by first setting A= J H- 1 and B = 
H and then setting A = J and B = H- 1 . 

QED 
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ABSTRACT 

When a manipulator is constructed with some 
links and joints, some screw systems which describe 
many important characteristics of the manipulator are 
formed with partial screw systems relating to the 
joints. Four theorems on these screw systems and 
their orders are presented here to describe the 
relationship between these screw systems and the 
partial screw systems. Examples illustrate the 
applications of these theorems in the analysis of the 
singularities of manipulators. 

!.Introduction 
When a kinematic chain is constructed by 

connecting several links with some joints, such as 
revolute, prismatic, cylindrical, spherical, etc, some 
screw systems relating to the kinematic chain are 
formed with the screws or partial screw systems 
relating to the joints. For example, the screw relating 
to the revolute joint is a screw with zero pitch, the 
screw relating to a prismatic joints is a screw with 
infinite pitch. Cylindrical and spherical joints could be 
regarded as the combinations of some revolute and 
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prismatic joints. The partial screw systems describe 
the motion and/or constraints of the joints and the 
screw systems of the kinematic chain describe some 
important characteristics of the kinematic chain, 
such as the relative motion between different links, 
the number of independent constraints, the special 
configurations, and so on. Since screw theory is a 
powerful tool for the analysis and synthesis of 
kinematic chains, it is also helpful in the analysis of 
singularities of manipulators. We present here four 
theorems on screw systems and their orders ,and 
illustrate their applications in the analysis of 
singularities of manipulators in a much simple and 
straightforward way. 

2. Screw and Screw System 
A screw $ could be defined as a dual vector 

$ = S +yS0 (1) 
where S and S0 are two vectors in three dimensional 
real space, and 'Y is the Clifford operator (1\t=O, n~2). 
Screw $can be used to describe the motion and the 
force between two rigid bodies[l]-[5] 

If there exist screws $=S+yS0, $1=S1+yS01, 
$2=S2+yS02, and a real scalar a, then the addition of 
two screws is 

$1+$2 = (St + S2) + y( Sot+ So2) 
the multiplication is 

a$ = aS + yS0 

(2) 

(3) 



the reciprocal product is 
$1 o$2=S1•So2 + S2•So1 ( 4) 

If there exist n real scalar ai (i=1, 2, ···, n), not all 
zero, such that 

(5) 
i=l 

then then screws $i ( i= 1, 2, ···,n), are said being 
linear dependent, otherwise then screws are linear 
independent. 

If there exist anonempty set of screws S, for any 
scalar a and any screws $1 and $2, always having a$1 
+ a$2ES, then Si is a screw system. In a screw 
systemS, if there exist r linear dependent screws and 
all the screws inS are the linear combinations of the 
r screws, then the r screws form a base of the screw 
systemS. The number of the screws in a base is 
defined as the order of the screw systemS, denoted 
as Order(S). The order of a screw system is an 
important parameter of a screw system. It is a 
function of the topological and geometrical structure 
of a kinematic chain[ 1 0]. Obviously the order of the 
screw system constructed with all the screws in real 
three dimensional space is equal to six. 

Two screws $1 and $2 are defined as reciprocal 
when they satisfy 

$1°$2 = 0 (6) 
Two screw systems S1 and S2 are defined as 

reciprocal if any screw $1 in S1 and $2 in S2satisfy 
Eq(6).The reciprocal screw of a screw$ is denoted 
as $r. The reciprocal screw system of screw system 
s is denoted as sr. 

If screw $ is used to describe the motion of a 
rigid body, then its reciprocal screw $r describes a 
wrench which does no work when a motion takes 
place on screw $. Therefore, $r actually describes 
some restriction to the motions[[5][8]. 

The addition of two screws systems Si and Sj is 
si + sj = { $i +$j I $iE si. $jESj} (7) 

The intersection of two screw systems Si and Sj is 
sr1Sj = { $ I $ESi ,$ESj} (8) 

If a nonempty subset Si in a screw system S is 
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closed with the above screw addition and 
multiplication, then si is a sub-screw system of s. 

t 

Obviously if S = Lsi , then Si is a sub-screw 
i=l 

system of S. 

3. Theorems on Screw Systems and their Orders 
Kinematic chains are generally constructed with 

links connected with joints in two basic ways: Series 
and Parallel ( Fig.1 and Fig.2). Based on the 
principles about the motion superposition and 
compatibility of rigid bodies, there exist two 
fundamental theorems on the screw systems for the 
analysis and synthesis of kinematic chains, named as 
Series Theorem and Parallel Theorem as follows [1]
[4]. 

Series Theorem Suppose the rigid body n is 
serially connected to the rigid body 1 with t motion 
screw systems Si (i=1, 2, ···, t) (Fig.1), then the screw 
system describing the relative motion between rigid 
body n and 1 is 

(9) 

Fig. I 
Parallel Theorem Suppose the rigid body n is 

parallel connected to the rigid body 1 with t motion 
screw systems si (i=1,2, ···, t) (Fig.2), then the screw 
system describing the relative motion between rigid 



bodies n and 1 is 
t 

s= ns. 
l 

(10) 
i=l 

Fig.2 
The series and parallel theorems lay the foundation 

for the analysis and synthesis of kinematic chains with 
screw theory. When applying these two theorems in 
the analysis and synthesis of kinematic chains, it will 
find that the relationship between screw systems and 
their reciprocal screw systems in different ways are 
useful, and that the relationship between the orders of 
the screw systems and their subsystems is important. 
Therefore we present here four theorems on the 
screw systems and their orders in order to reveal the 
relationship between screw systems and their orders 
further and to bring some convenience for the 
applications of screw theory in the analysis and 
synthesis of kinematic chains.(The proof of all of the 
four theorems are seen in Appendix A, B, C, D) 

Theorem 1 Suppose screw systems S and 
t 

s. (i=1 2 ... t) 
I ' ' ' 

satisfy S = lli , and the 
i=l 

reciprocal screw systems of S and Si are sr and S{ 
respectively, then 

t 

sr = ns: 
l 

(11) 
i=l 

Theorem 2 Suppose screw systems S and 
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t 

si (i= 1 ,2,-··, t) satisfy s = n si ' and the 
i=l 

reciprocal screw systems of S and Si are sr and S{ 
respectively, then 

t 

sr = »: (12) 
i=l 

The two theorems show, ( 1) the constraints to the 
relative motion between two rigid bodies are the 
intersection of the constraints corresponding to the 
screw systems si (i=1,2,-··, t) when the two rigid 
bodies are connected serially with some links and 
joints forming the screw systemS which describes 
their relative motion; (2) the constraints to the relative 
motion of two rigid bodies are the superposition of 
the constraints corresponding to the screw systems Si 
(i= 1 ,2,-··, t) when the two rigid bodies are connected 
parallel with chains forming the screw systems Si. 
These are obvious according to the motion 
characteristics of rigid bodies and the definitions of 
the screw system and their operations, but we 
provide a strict proof with screw systems here. 

Theorem 3 Suppose screw systems S and 
t 

Si(i=1,2,-··, t) satisfy S = lli , then their 
i=l 

orders have the following relationship 
t t t 

Order(S) = :Lorder(S;)- L :Lorder(S; nsj) 
i=1 i=1 j=i+1 

+···+(-1) 1
-

10rder(S1 ns2 n···nS,) (13) 

This theorem shows, ( 1 )the order of a screw 
systemS can be obtained through the analysis of its 
sub-screw system si (i=1,2,-··, t) and their 
relationship. Therefore it is possible to solve a 
complicated problem through the solution of a series 
more simple problems; (2) the order of a screw 
system is not greater than the sum of the orders 
of its sub-screw systems because 



t t t 

Lorder(Si);;::: LLorder(Si nsj) and 
i=l i=l }=1 

so on. This will be helpful in the study of the upper 
limit of the order of the screw systems. 

Theorem 4 Suppose the screw systems S 
t 

and Si(i= 1 ,2, ... , t) satisfy S = Lsi , and the 
i=l 

reciprocal screw systems are sr and S{, then 
Order(S) = 6- Order(S{ n S2r n ··· n S/) (14) 

This theorem shows that the order of a screw 
system can be calculated through the relation analysis 
of the reciprocal systems S{. 

5. Applications 
Here we illustrate the applications of the above 

four theorems in the analysis of singularity of 
manipulators. Since the analysis of singularity is very 
important in the analysis , synthesis and control of 
manipulators, many works have been done on this 
fields. The main method is to obtain all the 
singularities through the analysis of the Jacobian 
Matrix of the manipulator. It is usually difficult in the 
formation of the Jacobian matrix and the analysis of 
the conditions of the singularities. With the above four 
theorems, the singularities of a manipulator would be 
found in a quite simple and straightforward way. 

Fig.3 
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First we take a 6R manipulator shown in Fig.3 as 
an example, in which the axis ofR1 intersects the axis 
ofR2• the axes ofR2 and R3 are parallel and the axes 
ofR4,R5, ~ intersect at a common point presenting 
a spherical joints kinematically. The screw system of 
the manipulator is S=[Rb R2, R3, R4, Rs, R6]( This 
denote the screw system S is spanned with the 
screws relating to R1, R2, R3 ,R4, R5,R6). In general 
configurations, the Order(S)=6. The manipulator is in 
singularity configuration when the Order (S)<6. From 
the theorems in this paper, we could determine all the 
singularity configurations happening in the following 
cases, ( 1) R4, R5, R6 in same plane, we get 
Order([R4, R5, ~])=2 because the we could find four 
independent reciprocal screws toward the screw 
system spanned by R4, R5, ~in such configuration. 
The four independent reciprocal screws could be 
three independent screws corresponding to restriction 
of translations intersect the common point ofR4, Rs, 
R6 and one screw corresponding to restriction of 
revolution perpendicular to the plane. Therefore 
taking R4, R5, ·~ together as one unit, we have the 
Order(S)~5 from Theorem 3; (2) R1, R4, Rs, ~ 
intersect at the same point, that is the intersect point 
of R4, R5, R6 is on the axis of R1. We have the 
Order(S) ~5, due to the Order([R1,R4,R5,R6])=3 in 
such situation; (3) the intersection point of~, R5, ~ 

is on the connecting line of R2 and R3, then 
Order([R2, R3, ~' R5, R6]) = 4, therefore 
Order(S)~5; (4) the combinations of the above 
cases. 

Next we analyze the singularity of the 3 DOF's 
planar parallel manipulator shown in Fig.4, in which 
R 1, R4, R7 are input joints and the triangle link is the 
moving platform. There are two types of singularities 
in such manipulators. The first is stationary 
configurations which happen when the position and 
orientation of the moving platform is given but some 
input variables can not be determined. The second is 
an uncertainty configuration which occur when the 
inputs are specified but the motion of the moving 
platform is uncertainty[5][15]. From the above 



Fig.4 
theorems, the screw system which describes the 
motion between the moving platform and the ground 
is S=S 1n S2n S3, where S 1=[R1, R2, R3], S2=[R4, R5, 

R6], S3=[R7, R8, R9].In the general situation, the 
Order(S 1)=0rder(S 2)=0rder(S 3)=3 and the 
Order(S)=3.However, if Order(Si);S; 2 (i=1 or 2 or 
3) in some configurations such as R 1, R2, R3 in same 
plane, then Order(S);S;2, the manipulator is in a 
stationary configuration, that is, the input(s) at R 1 

and/or R2 and/or R3 can not be determined when the 
position and orientation of the moving platform is 
given. Now considering the situation that the three 
input joints are specified, we have the screw system 
describing the motion between the moving platform 
and the ground asS' =[R2, R3]n[R5, R6]n[R8, R9]. If 
the three connecting lines between R2,R3 and R5, 

R6,and R8, R9 respectively are intersecting at same 
point or parallel, then Order(S ')= 1, the manipulator 
is in an uncertainty configuration. 

. 6. Conclusion 
In this paper, we present four theorems 

describing the relationship of screw systems and their 
orders in series and parallel connections. Especially 
the theorem 3 presents a relationship among a screw 
system and its partial screw systems no matter the 
way of the division of the units determining the partial 
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screw systems. These theorems will be helpful in the 
analysis and synthesis of kinematic chains, though 
some simple examples illustrate the applications of the 
theorems only in the analysis of the singularity of 
manipulators. These examples show that the results of 
the singularity analysis could be obtained in a simple 
and straightforward way based on the theorems in 
this paper. Therefore at least an approximately 
understanding of the singularity of the manipulator is 
reached, though precise analysis through calculation 
may still need for the comprehensive understanding of 
more complicated.systems. 
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Appendix A 

Proof of Theorem 1 
First prove if S = St + S2, then sr = StriLS2r. 
Take arbitrary $rESr, for any $tESt, $2ES2, 

having $t ES and $2ES, therefore, $r o$t = 0 and $r o$2 
I' 

= 0, that is $rES{ and $rES{ both hold, hence 
$rES{flS{. 

Take arbitrary $rES{flS{, then for any $tESt 
and $2ES2, $t o$r = 0 and $2o$r = 0 hold, then $r o( $t 
+ $2) = 0, hence $rESr. therefore when S= St + S2, 
sr = S{nS2r hold, Second assume 

t-1 

s r = n s: holds, then when 
i=l i=l 

t-l 

S = (Lsi) + S r hold, therefore, 
i=l i=l 

t-1 

sr = cDi)r ns; = s; ns; n---ns; 
i=l 

End of proof. 
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Appendix .B 

Proof of Theorem 2 
First prove when S=Stf'1S2, sr=S1 r +S2 r hold. 

Take arbitrary$ E S, then $ESt and $ES2, hence 
for any ${ES{ and ${ES{, having $o${=0, $o$2r=O, 
so that $o(${ +$2r)= 0, therefore $rES{+S{. 

Also take arbitrary $rEStr+S2r, then exist $trEStr 
and ${ES{, let $r=${ +${.For any $ES and above 
${, ${, $o${=0 and $o${=0 hold, so $o(${ + 
${)=0, hence $r ESr, therefore sr =Str +S{. 

t-l 

Second assume when S = n Si , 
i=l 

t t-1 

t-1 

sr=D: 
i=l 

hold, then when s = n si =en si) n st' have 
i=l i=l 

t-1 t 

s r = c n si) r + s; = L s: . 
i=l i=l 

End of proof. 

Appendix C 

Proof of Theorem 3 
First prove if S=S1+S2, then Order(S)= 

Order(St)+Order(S2)-0rder(St ns2) (A) 
Let Order(St)=a, Order(S2)=b, Order(StiLS2)=c. 
Take a base in screw system Stns2 as 

$h $2, ···, $c (B) 
Then a base of S1 could be 

$t', $2',-··, $q', $h $2, ···, $c (C) 
a base of s2 could be 

$t, $2, ... , $c, $t", $2", ···, $r'' (D) 
now we prove 

$t'' $2'' ···, $q'' $1, $2, ···, $c, $t"' $2"' ···, $/' (E) 
is a base of screw system S. 

For any $ES, certainly exist $tESt and $2ES2, let 
$=$t+$2, so $ is certainly constructed with the 
screws in (E). 

Assume the screw group(E) is linear dependent, 
then exist not all zero number a 1, a2,-··, aq, ~ 1, ~ 2,-··, 

~c,Yb Y2, ···, YP let 



q c r 

Lot$;'+ LA$}+ LJ~k$k "= 0 (F) 
i=1 }=1 k=1 

Because of the independency of screw group(E), so 
'Yi (i= 1, 2, ... , r)not all zero, from (F), we have 

q c r 

Lot$i'+ LA$} =-LJt:$k" (G) 
i=1 }=1 k=1 

it stands for a screw belong to slns2, so exist 81' bz, 
... ,be, let 

r c 

- Lrk$"k = Lb;$[ (H) 
k=l 1=1 

c r 

therefore L ~$1 + L rk $"k = o but 
/=1 k=1 

'Yi(i= 1 ,2, ... ,r) not all zero, this is contradictory with 
that (D) is an independent screw group, hence the 
screw group(E) is independent, it is a base ofS, the 
number of screws in it is a+b-c, therefore 
Equation(A) hold. 

t-1 

Next, assume when S = Di, Equation(13) 
i=l 

hold, that is 
~· 

t-1 t-1 t-1 

Order(S) = 'Lorder(S;)- L :Lorder(S; nsj)+ . 
i=1 i=1 j,q+1 (I) 

···+(-1)'-2 0rder(S1 ns2 n---ns,_1) 

t ~~ 

when s = Di, we have s = cDi) + st, 
so that 

t-1 

i=l i=l 

cLsi) n st = csl nst) + cs2 n st)+· · ·+ 
i=l 

therefore from Equation(!), we have 
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t-1 t-1 

Order[(Lsi) n st] = L:order(Si n st)-
i=1 i=1 

t-1 t-1 

- L:Lordercsi ns1 nst) +···+ 
i=l j=i+l 

Therefore 
t-1 

Order(S) = Order[(L;;) + Sr] = 
i=1 

r-l t-1 

= Order(Di) +Order( Sf)- Order[( Vi) n st] 
i=l i=l 

t t t 

= Lorder(S)- L Lorder(S; n s . )+·. ·+ 
- ) 

i=1 i=1 j=i+l 

+ ( -l)r-1 Order( 51 n S2 n- · · n Sr) 

End of proof. 

AppendixD 

Proof of Theorem 4 
Consider the complementary relation between a 

screw system and its reciprocal screw system, there 
exist 
Order(S)+Order(S) = 6, then from Theorem 1, the 
theorem is proven. 

End of proof. 
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ABSTRACT 

This paper presents a fundamental study on the 
drawbacks associated with the application of finite 
difference methods in nonlinear kinematic synthesis 
problems. Kinematic synthesis of mechanisms and robots 
usually involve highly nonlinear parametric relationships, 
and the application of popular finite difference techniques 
for estimating gradients in such problems leads to a large 
number of function evaluations, lack of accuracy and 
even premature termination due to inaccurate search 
directions. Instead, an alternate approach that permits 
determination of exact gradients will eliminate the need 
for finite difference techniques, thus enhancing the 
efficiency, reliability, and accuracy of the synthesis 
process. This has been illustrated with a four-bar 
mechanism example in this paper. In addition, this paper 
also introduces the concept of propagation error, and 
discusses its significance in problems that require iterative 
solution techniques. 

INTRODUCTION 

Several techniques such as graphical, analytical 
and numerical [ 1-8] are available for the dimensional 
synthesis of mechanisms. Graphical methods are useful 
in the preliminary stages of design, but are limited in their 
application to simple systems. While analytical 
techniques are accurate and well suited for computer 
implementation, they are problem specific and lack 
generality. In addition, analytical techniques are also 
limited by the number of variables and their 
developments differ for different cases. For these reasons, 
numerical optimization techniques are finding wider 
applications in the area of engineering design. 

Numerical optimization methods can be broadly 
classified into two categories, namely, direct search and 
gradient-based methods. All these methods are based on 
formulating the problem as a nonlinear programming 
model, and subsequently, solving it using anoptimization 
algorithm. Direct search methods employ only function 
evaluations to guide the search for the optimal solution. A 
description of various direct search methods can be found 
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in the works by Dixon [9] and Himmelblau [I 0]. The 
coml)lonality among all direct search methods is that the 
directions of movement for the sets of design variables 
toward their optimal values are determined by comparing 
the successive values of the objective function. The main 
disadvantage of direct search methods is that they require 
excessive number of function evaluations. As a result, its 
use renders the optimization process impracticable for 
many engineering synthesis problems. 

A preferred approach is to use gradient-based 
optimization methods, also known as optimality criteria 
methods, that makes use of the gradient information. 
Gradient methods are based on the fact that the negative 
gradient at a point represents the direction of steepest 
descent of the function in the neighborhood of that point. 
Thus, in these methods, a descent direction is identified 
using the current gradient information, and a new 
improved design is achieved by performing a line search 
in that direction. Newton methods, sequential 
unconstrained mm1m1zation techniques [ 11-13], · 
conjugate gradient methods [14], feasible directions 
methods [15-17], gradient projection methods [18-20] are 
some of the many gradient-based optimization 
techniques. 

The central requirement of all gradient-based 
optimization methods is the availability of partial 
derivatives (gradient information) of the objective 
function with respect to all the design variables. There 
are several approaches that can be used to obtain the 
gradient information necessary for optimization. One 
approach is to defme the objective function explicitly, and 
differentiating this function using analytical methods to 
obtain the expressions for partial derivatives. However, 
explicit definitions of objective functions are extremely 
difficult to develop for generic engineering problems. 
Objective functions in typical problems involve several 
design and dependent variables. Therefore, it will be 
necessary to perform the complex task of finding the 
relationship of dependent variables with respect to design 
variables, in order to obtain the gradient information. As a 
result, this procedure is feasible only for simple problems, 



and it becomes highly time-consuming and error-prone 
for complex problems. 

An alternate approach is to use automatic 
differentiation techniques [21-22] or symbolic software 
such as Mathematica [23]. Although these methods 
eliminate much of the tedious work associated with 
manual procedures, they require closed-form analytical 
expressions of objective functions. In general, such 
expressions obtained using symbolic methods are 
typically of unmanageable sizes even for simple 
problems. In addition, developing such explicit 
expressions can become computationally prohibitive, 
especially for complex problems. Furthermore, this 
process is not general and it has to be repeated for each 
type of the problem. 

Another approach is to employ finite difference 
methods to approximate the gradient values. These 
methods are widely used in engineering design because 
they are simple, straightforward, and easy to implement. 
However, finite difference methods require excessive 
number of function evaluations, produce inaccurate 
solutions, and may even fail to converge. This paper 
presents a detailed study into the application of finite 
difference methods in synthesis problems and the various 
sources of error associated with these methods. In 
addition, this paper introduces the concept of propagation 
error and discusses its significance in design problems. A 
comparative study using exact gradients and finite 
difference methods is presented, and the advantages of 
using exact gradients are discussed. 

FINITE DIFFERENCE METHODS 

Almost all the optimization methods use forward 
difference approximation or, central difference 
approximation for estimating gradients. These techniques 
are based on the assumption that the function can be 
approximated reasonably well by an interpolating 
polynomial; and as such, the slope of the function can 
also be approximated ·by the slope of the polynomial. 
Using this assumption, the partial derivative of a 
multivariable function with respect to a variable xi using 
forward difference is defmed as follows: 

of(Xt , .. , Xi , .. Xn) 

Oxi 

f(XJ , .. Xi + h, .. , Xn) - f(XJ , .. , Xi , .. Xn) (I) 
h 

where, parameter h is a suitable step length. The 
accuracy of the forward difference can be increased by 
using a central difference approximation as given below: 

Of{Xt, .. , Xj , .. Xn) 

Oxi 
f(XJ , ... Xj +h ... Xn)- f{XJ, .. , Xi -h, .. Xn)(2) 

2h 

As can be seen, forward difference requires one 
additional function evaluation and central difference 
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needs two additional function evaluations for determining 
the gradient of each design variable. 

While additional function evaluations may be 
acceptable in some simple design problems, this becomes 
a major computational burden in most of the engineering 
problems. Typical design problems involve several design 
variables and using forward difference will require as 
many (twice as many for central difference) additional 
function evaluations as the number of design variables 
during each iteration. This means that the most complex 
task of engineering analysis needs to be performed that 
many additional times, just for obtaining the approximate 
values of gradients during each iteration. Since nonlinear 
problems will involve several such iterations, use of finite 
difference methods that will require excessive number of 
function evaluations can render the optimization process 
computationally very inefficient. 

Besides high computational inefficiency, 
application of finite difference has several sources of 
error associated with the selection of step length, such as 
truncation error, round-off error and propagation error. 
These errors can lead to unpredictable numerical 
difficulties during optimization. This is particularly true 
for highly nonlinear problems, where a small error in 
gradient approximation can lead to bad search directions, 
and even, algorithmic failures. 

Truncation error consists of the neglected terms 
in the Taylor series and can be represented by a nth
degree interpolating polynomial [24]. Round-off error 
occurs when a decimal fraction is either rounded-off or 
chopped after the final digits due to the fixed world 
length in computers. It can be shown that the truncation 
error can be reduced by decreasing the step length, and 
better accuracy in gradients can be obtained. Conversely, 
decreasing the step length increases the round-off error. 

PROPAGATION ERROR 

Although the problems due to truncation error 
and round-off error have been addressed by investigators 
in the past, the . effect of propagation error has largely 
been ignored. Propagation error is the cumulative effect 
of the local errors associated with the various steps in the 
evaluation of the objective function. Propagation error 
can significantly influence the optimization process, 
especially in highly nonlinear synthesis situations that 
involves a complex sequence of arithmetic and iterative 
computations for evaluating the objective function. 
Mathematically, this propagation error can be represented 
as: 

(3) 



where, fc(x) represents the computed value of the 
function, fe(x) denotes the exact value of the function, 
and E is the total absolute error. 

This error due to a series of computations is 
usually unavoidable. If this error is very small, 
optimization algorithm may not experience any major 
difficulties. However, when finite difference 
approximation is employed, propagation error becomes a 
function of step length and can significantly influence the 
accuracy of resulting gradients. This error can be 
expressed as follows: 

Eh -E 
Propagation Error = h ( 4) 

where, are E and Eh the errors introduced while evaluating 
the functions f(x) and f(x+h) in Equation 1 respectively. 
Equation 4 indicates that, unlike truncation error, 
propagation error increases when the step length 
decreases. 

From the above discussions, it is apparent that 
the step length is a critical parameter in using finite 
difference methods. The proper choice of the step length 
is not only of academic interest, but it is also a very 
practical concern. For example, too small a step length 
results in loss of accuracy due to larger round-off and 
propagation error. On the other hand, truncation error 
increases if the step length is large, resulting in inaccurate 
solutions. Furthermore, there exists no method that can 
be used to predict the proper choice for step length, or to 
determine the various errors associated with a selected 
step length a priori. The selection of step length is both 
machine and problem dependent, and the designer has to 
experiment with different fmite difference parameters to 
determine its effect for each individual problem. Clearly, 
this is an unnecessary, time consuming step for the 
designer. Hence, any type of fmite difference 
approximation method used is likely to be inaccurate as 
well as computationally expensive. This problem will be 
more pronounced in highly nonlinear problems. In such 
problems, it is not uncommon for line search during 
optimization to not achieve any significant progress due 
to gradient approximations producing a bad search 
direction. 

EXACT GRADIENTS IN KINEMATIC SYNTHESIS 

The efficiency, reliability, and accuracy of 
optimization process will improve significantly if the 
values of gradients can be obtained directly instead of 
estimating them using fmite difference methods. In 
addition, direct determination of gradients will eliminate 
the time consuming process of finding proper step length 
sizes as required in fmite difference methods. These 
improvements will be more significant if the direct 
determination of gradients can result in their exact values. 
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The advantages of using such exact gradients 
over finite difference methods are illustrated with the aid 
of a typical four-bar mechanism example (Fig. 1 ). Here, 
exact gradients are obtained using the generalized exact 
gradient method [25] . The synthesis problem is 
formulated as a path generation problem with prescribed 
timing. The numerical values for this problem are given 
in Table 1. The objective, which is to minimize the 
structural error (F), is formulated based on the least
square formulation as follows: 

Min F= fcp*. _ ps. )2 + (P*. _ ps. )2 
i=l XI XI Yl Yl 

where, i indicates a particular position of the 

mechanism, p represents the number of design points, P; 

and P; generated point, and P: and P; specified design 

point. Constraints for this problem include bounds on 
link sizes, Grashof criteria, and branching condition. 
Position analysis is carried out using matrix notation, and 
the generalized reduced gradient (GRG) algorithm [26] is 
utilized in optimization. 

p 

I x4 , 

_j 
x5 I e 

I~ I . 

!Xo,Yo 

. /)/7//// 
Design Variables: 
Xo, Yo, s, q>, X1, X2, X3, X4, Xs, a. 
Dependent Variables: 8, 'tf, J3 

Fig. 1: A Typical Four-Bar Mechanism 

Table 1: Design Points and the Crank Angles 
p 1 2 3 4 5 6 7 8 

pxi 0.9 0.9 0.6 0.1 -0.3 -0.5 -0.4 -0.1 

Pyi 2.4 1.9 1.3 1.0 1.1 1.5 2.1 2.6 

q> 40 80 120 160 200 240 280 320 

9 

0.5 

2.7 

360 



DISCUSSION OF RESULTS 

The four-bar mechanism problem is solved using 
finite difference methods and exact gradients with 
identical initial guesses, termination criteria, scaling 
parameters, bound tightness and other optimization 
parameters. The results clearly show the overall 
superiority of using exact gradients over finite difference 
methods. Fig. 2 shows a summary of function evaluations 
required when using forward difference, central 
difference, and exact gradients in each iteration. Fig. 3 
shows the resulting mechanism solution obtained using 
exact gradients. The optimization process terminated 
prematurely when using forward difference method. 
Though central difference method did converge, it 
required 12 times more function evaluations than when 
using exact gradients. Of these, more than half were 
made necessary due to gradient estimation. Fig. 4 shows 
the changes in the objective function values after each 
function evaluation. As expected, using finite difference 
methods results in poor convergence with many peaks. 
This is possibly due to inaccuracies in gradient values 
leading to poor search directions. Conversely, the 
optimization process converges rapidly without any peak 
when using exact gradients. 

NFI 

No. of Iterations 

2!.3 Forward ~ Central ~ Exact 

NFI -No. of function evaluations in each iteration 

Fig. 2: Summary of Function Evaluations 

It is particularly significant that the exact 
gradient approach required a minimal number of (3-4) 
function evaluations in each iteration during the line 
search. On the other hand, using central forward 
difference method required on an average 17 function 
evaluations in each iteration during line search. This is in 
addition to the several function evaluations that were 
made necessary due to gradient estimation. 
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Fig. 3: Solution for Nine-Point Synthesis Problem 

To investigate the reason for the failure 
of forward difference, gradients of all design variables 
with respect to the objective function were obtained at the 
moment the optimization algorithm failed. These results 
were compared with the exact values of gradients at that 
position. Since gradient of the input angle ( <p) was 
significantly different from the exact value, a detailed 
study was conducted for this variable. Keeping all other 
variables constant, gradient of input angle for different 
step lengths was estimated using forward difference. Fig. 
5 shows the variations in this gradient value as a function 
of step length. While forward difference failed for every 
step length, central difference was successful within a 
range of . step lengths. Central difference failed below a 
certain vaiue of step length due to large propagation error, 
and it failed above a certain value due to truncation error. 
These values correspond to a floor value for gradients 
(Fig. 5). Forward difference always produced a gradient 
value that exceeded the floor limit leading to bad search 
directions, and ultimately, to the premature termination of 
algorithm. This explains the reason for the failure of 
forward difference method. Since the floor value 
depends on the curvature of the objective function, there 
is no direct way of establishing this floor value a priori 
for a given problem. 

4.5,_----------------- ---

4.0 I I ! 
f(x) 'il I J 

3.5 t ,lJ I 

3.0 , I_,; I I : 
: : ( 

2.5 , '-li] / I 
2.0 11 ~ il l 
1.5 ~ -l_l I 

1.0 ! 1 ;; 1 ; 1 ! j Ll .~Central 
0.5 ! ~~·~~ I~, .. u 
0 -- -- : ~---.~ , 

.-Forward Difference Failed 

0 : 50 100 150 200 250 300 350 400 450 500 550 600 

Function Evaluations 
Exact 

Fig. 4: Changes in the Objective Function Values 
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Fig. 5: Gradient Value Using Different Step Lengths 
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Fig. 6 Error in Forward Difference Approximation 

Since truncation and propagation errors are 
typically more significant than round-off errors, these two 
error components are estimated for forward difference at 
the moment when it failed. The results are shown in Fig. 
6. As expected, truncation error increases and 
propagation error decreases for larger step lengths. The 
usual strategy of using smaller step lengths to reduce 
truncation error, actually, increases the total error due to 
high propagation error. The results show the significance 
of propagation error, and how ignoring its effect in 
mechanism problems can lead to algorithmic failures. 

Errors due to incorrect step lengths in finite 
difference methods can also significantly influence a 
number of other parameters in optimization such as 
gradient convergence criteria, design variable 
convergence criteria, line search criteria, and scale 
factors. Our investigation of several synthesis problems 
indicates that, while changing the values of other 
parameters for better results did not create numerical 
difficulties when using exact gradients, using fmite 
difference methods frequently failed [27]. In such 
situations, the only way to obtain an optimal solution is to 
change the initial guesses. But, when it is known that 
there could be a possible solution somewhere in the 
neighborhood of the initial guess, it would be frustrating 
for the designer to arbitrarily specify different initial 
guesses instead of the ones that is meaningful. 
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CONCLUSIONS 

In this paper, a fundamental investigation on the 
application of finite difference methods in engineering 
synthesis is presented. Currently, gradient-based 
optimization methods employ finite difference methods to 
estimate the gradient information. However, using finite 
difference methods in highly nonlinear problems results 
in excessive number of function evaluations, poor 
convergence, and even algorithmic failures. In addition, 
its utilization in gradient estimation requires a time 
consuming trial and error process of selecting the 
machine and problem dependent step size parameter. 
Alternatively, using exact gradients eliminates the errors 
associated with fmite difference methods, and 
significantly enhances the efficiency and reliability of the 
optimization process. 
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Abstract 

In this paper we present an innovative method for de
signing spherical mechanisms for general spatial mo
tion. This is accomplished with a new methodology 
for determining the optimal design sphere and the 
orientations on this design sphere for a finite set of 
desired spatial positions. In addition, we include a 
modification to the method which enables the de
signer to require that one of the n desired spatial 
positions be exactly preserved. The result is that en
gineers can now design spherical mechanisms for any 
finite set of general spatial positions. The application 
of this new spherical mechanism design technique is 
discussed in a design case study. 

1 Introduction 

Spherical and spatial mechanisms are linkages which 
provide spatial motion. In contrast, planar mecha
nisms only generate two-dimensional motion. How
ever planar mechanism links are usually fiat and their 

· joints have only one degree of freedom. For these 
reasons it is not hard to design useful planar mech
anisms. A useful mechanism is a mechanism that 
smoothly moves through all desired positions in the 
proper order and in one configuration. Spherical 
mechanisms are linkages which generate motion on 
concentric spheres and are the simplest mechanisms 
which provide spatial movement. Although it is not 
easy to design useful spherical mechanisms, practical 
spherical mechanisms still can be obtained. Unlike 
spherical and planar mechanisms, spatial mechanisms 
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can generate general three-dimensional motion. One 
type of spatial mechanism is the 4C mechanism. A 
spatial 4C mechanism consists of four links connected 
by cylidrical( C) joints. However designing useful spa
tial 4C mechamisms is difficult. The design difficul
ties are due to the fact that C joints have two degrees 
of freedom; translation and rotation. The link has to 
be long enough for the mechanism joint to translate 
along, but short enough so that the links do not col
lide. Spherical mechanisms are the only mechanisms 
which provide three-dimensional motion where usable 
designs are easily generated. Efforts have been made 
to create computer graphics based software pack
ages for spherical four-bar mechanism design. These 
computer-aided design( CAD) programs filter out un
usuable spherical mechanism designs for a finite set 
of positions. 

SPHINx was the first spherical mechanism CAD pro
gram written by Larochelle et al 1993 for use on Sil
icon Graphics workstations. SPHINx has filters which 
enable the designer to only consider useful designs for 
a finite set of positions. However, SPHINx does not let 
the designer use any spatial position for the spherical 
mechanism design. The designer must place all posi
tions on a design sphere. The design sphere defines 
the surface in space upon which the workpiece is to be 
moved. The relative displacements between the posi
tions on the design sphere are purely rotational and 
are called orientations. Orientations are defined by 
their longitude, latitude, and roll angles(Larochelle 
and McCarthy 1995). In SPHINx orientations are dis
played to the designer as coordinate frames on the 
surface of the design sphere, see Fig. 1. The current 
version of SPHINx has modules for performing synthe-



Figure 1: SPHINx Design Sphere 

sis for three or four position rigid body guidance. It 
is important to note that in SPHINx the design sphere 
is of arbitrary radius and its location in space is un
defined. 

To synthesize a spherical mechanism, the designer 
must first define the task to be accomplished. Here 
we are concerned with task specification for moving 
a workpiece through a sequence of prescribed orien
tations in space. This task is referred to as rigid-body 
guidance by Suh and Radcliffe 1978 and as motion 
generation by Erdman and Sandor 1997. An exam
ple of a rigid body guidance task is shown in Fig. 2. 
The desired positions of the workpiece are defined in 
space. A coordinate frame is attached to the work
piece and its location, in each of the desired posi
tions, is recorded. To date, when designing spherical 
mechanisms for a finite set of general spatial positions 
the designer must determine an appropriate design 
sphere, i.e. its center and radius, from the desired spa
tial positions. Moreover, the sets of angles which de
fine the orientations of the body with respect to that 
design sphere must also be determined. Currently, 
no methodologies exist to facilitate this process. It 
is only after determining the design sphere and the 
orientations that the designer can utilize CAD tools 
such as SPHINx. 

In this paper, one method of determining the op
timal design sphere and orientations from a desired 
set of spatial positions is presented. First, the spatial 
positions are approximated with orientations in four
dimensional Euclidean space(E4

). Biquaternions are 
then used to represent these orientations. Next, the 
distance between the spatial positions and the orien-

~--

Figure 2: A Desired Task 

tations on a candidate design sphere are calculated 
using a hi-invariant metric on biquaternions. Finally, 
an optimization method is used to minimize the dis
tances between the spherical orientations on the can
didate design sphere and the spatial positions. The 
r·esult is a procedure which provides the engineer with 
the necessary information, i.e. the design sphere and 
orientations, to design a spherical mechanism for a 
finite set of desired spatial positions. 

2 Orientations in E4 and Bi
quaternions 

In 1995 Larochelle and McCarthy presented an algo
rithm for approximating a set of n positions in planar 
Euclidean space (E2 ) with n spherical orientations in 
three-dimensional Euclidean space (E3). By utilizing 
a hi-invariant metric on the image space of spheri
cal displacements they arrived at an approximate hi
invariant metric for planar positions in which the er
ror induced by the spherical approximation is of the 
order b, where R is the radius of the approximating 
sphere. In this paper we extend their methodology to 
the general spatial case and utilize the results to pro
vide a novel method of specifying motion generation 
tasks for spherical mechanisms. 

It was shown in Larochelle and McCarthy 1995 that 
orientations in E 3 may be used to approximate posi
tions in a bounded region of a two-dimensional plane. 
We utilize the contributions of Etzel and McCarthy 
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1996 and extend that idea by using orientations in 
E4 to approximate positions in a bounded region of 
three-dimensional space. This can be done by using 
a small portion of a four-dimensional hypersphere, 
a wedge, to approximate a bounded region of space. 
Orientations on the surface of this wedge, which we 
represent with biquaternions, can be used to approx
imate the spatial positions. See Ge 1994 in which he 
examines the theory of biquaternions as representa
tions of orientations on a hypersphere. 

We proceed by briefly reviewing quaternions and 
biquaternions. Recall that an orientation in E 3 can 
be represented by a quaternion q = [q1 q2 q3 q4]r. 
The four components of the quaternion q, sometimes 
referred to as Euler parameters are, 

(} (} 
q1 Sx Sin 2 = SxS2 

(} (} 
q2 = Sy sin 2 = Sys

2 
(} (} 

q3 Sz sin 2 = SzS2 

(} (} 
(1) q4 cos-= c-

2 2 

where s and (} are the rotation axis and the angle of 
rotation associated with the orientation, respectively. 
Note that the components of q satisfy the following 
constraint equation, 

(2) 

and lie on a unit hypersphere which we denote as the 
image space of spherical displacements. 

Recall that the position of a body in E 3 has six 
degrees of freedom (three to define orientation and 
three to define location) and can be represented by a 
4x4 homogeneous transform(Paul1981): 

T = [ ... ~~~~·-~: ~?! ...... : .. -~ l 
0 0 0 : 1 

with [R(B, ¢, ¢)] = Roty(B)Rotx( -¢)Rotz(¢) being a 
3x3 rotation matrix and d being a 3x1 translation 
vector. The angles (}, ¢, and 'ljJ are the longitude, 
latitude, and roll angles respectively (see Larochelle 
and McCarthy 1995). In 1996 Etzel and McCarthy 
showed that a 4x4 homogeneous transform in E 3 can 
be represented by a pure rotation in, E 4 • This four
dimensional rotation matrix is: 

[D] = [J(a, /3, !)][K(B, ¢, ¢)] (3) 
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where, 

J(a, ,8, r)] = [ 

ca 0 0 
sa l -sf3sa c/3 0 sf3ca 

-s')'c/3sa -S')'S/3 C')' S')'c/3ca 
-C')'c/3sa -s/3C')' -S')' C')'c/3ca 

and, 

0 

[R(B,¢,¢)] 0 
K(B,¢,¢)] = 

0 

0 0 0 1 

The angles a, /3 and y are defined as follows: 
tan(a) = ~' tan(/3) = ~' and tan(')') = ~ where 
dx, dy, and dz are the components of d and R is the 
radius of the hypersphere. 

The bounded spatial workspace must represent a 
only small portion of the hypersphere (referred to as 
a wedge), hence we determine the radius of the hy
persphere as: 

R - 4£ 
- 1 

€2 
(4) 

where L is the largest component of the translation 
vectors from the set of spatial positions and E is the 
maximum allowable error in the approximation of the 
spatial positions with the orientations in E 4 • Next, 
we review how to determine the biquaternion associ
ated with the matrix [D]. 

Recall that biquaternions have the following form: 

(5) 

where G and H are quaternions and w is defined 
such that w 2 = 1, see Ge 1994. The biquater
nion can also be represented as an ordered pair of 
quaternions G = ( G, H). The quaternions G and H 
are determined by the following computations. The 
fourth components of G and Hare G4 = cos(J-t) and 
H4 = cos(v) respectively, with J-t and v being the real 
part of the eigenvalues from matrix [D]. The other 
three components of G and H are computed as fol-
lows: · 

G _ d2a-da2+d14-d41 
1 - 4H4 

G = -(da1-d13+d42-d24) 
2 4H4 

G _ d21-d12+da4-d43 
3- 4H4 

H _ da2-d2a-a14+d11 
1- 4G4 

H _ -(dat-d13-d12+d24) 
2- 4G4 

H _ d21-d12-da4+d4a 
3- 4G4 



where dij are the elements of [ D]. From the above re
lations, it is evident that there are three special cases 
which need to be addressed, see Etzel 1996. First, if 
G 4 = 0 then the first three elements of H are: 

Second, if H 4 = 0 then the first three components of 
G are: 

G _ du+d44 
1- 2H1 

G - d22+d44 
2- 2H 

G _ d33+a44 
3 - 2H3 . 

Finally, if G4 = 0 and H 4 = 0 then solve the following 
relations for Hi(i=1,2,3): 

and obtain Gi as in the H4 = 0 case above. 

2.1 The Metric 

There exist numerous useful metrics for defining the 
distance between two points in Euclidean space, how
ever, defining similar metrics for determining the dis
tance between two positions of a rigid body is still an 
area of ongoing research. In the case of two positions 
of a rigid body in E 3 any metric used to measure the 
distance between the positions yields a result which 
depends upon the chosen reference frames, see Mar
tinez and Duffy 1995. However, Ravani and Roth 
1983 define the distance between two orientations in 
E 3 as the magnitude of the difference between their 
associated quaternions, which is a hi-invariant met
ric. Recall that a hi-invariant metric is independent 
of choice of both the fixed and moving frames. Etzel 
and McCarthy 1996 extended this idea and presented 
a hi-invariant metric for orientations in E 4 . Here, we 
review their metric and present a methodology which 
employs the metric to determine the optimal design 
sphere associated with a finite set of spatial positions. 

The hi-invariant metric on biquaternions is defined 
as: 

d(Q, R) = V(Q- R)T(Q- R) + (S- T)T(S- T) 
(6) 

where Q = (Q, S) and R = (R, T) are both biquater
nions. For a proof that this metric is hi-invariant see 
Etzel and McCarthy 1996. 
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Figure 3: Optimal Design Sphere 

Optimizing 
Sphere 

the Design 

In Fig. 3 a spherical orientation on a design sphere is 
shown. The center of the sphere is defined by the 3x1 
vector c with respect to the fixed frame. The sphere's 
radius is the magnitude ofr, where r is the 3x1 vector, 
measured with respect to the moving frame, from the 
center of the design sphere to the origin of the moving 
frame. We now use c and r to define the 4x4 homo
geneous transforms which represent the orientations 
on this design sphere: 

Tspherical ( r, C) = [ .... [ ~] ...... ~ .. ~~!~ -~· ~ ] 
0 0 0 : 1 

where [R] is the 3x3 rotation matrix describing the 
spherical orientation with respect to the fixed frame. 
Let Tspatial be the 4x4 homogeneous transform rep
resentation of a desired position of the workpiece in 
space. To determine the optimal design sphere the 
distance between Tspatial and Tspherical must be min
imized for each of then desired positions in E 3 . The 
next section presents a method to minimize this dis
tance by utilizing the hi-invariant metric discussed 
above. 

3.1 Optimization 

Given a finite set of n desired positions in E 3 the task 
is to determine the optimal design sphere and the n 
orientations on that sphere. By examining the ho
mogeneous transform representation of Tspherical it 
is clear that the optimization variables are r and c 



q 

Figure 4: Common Normal of Two Screw Axes 

since [ R] may be extracted from Tspatial 1
. The opti

mization problem then becomes: 

Minimize: 

Subject to: 

where: 

f(r,c) 

II r II < 2L 

II c II < 2L 

n 

f(r, c)= L d(Q, R). 
i=l 

We utilize the simplex method for function mini
mization to find r and c that minimize f ( r, c), see 
Neider and Mead 1965. This method was selected 
since it does not require analytical gradients and it is 
a direct multidimensional minimization algorithm. 

3.2 Initialization 

In the case that the n spatial positions are in fact 
spherical orientations, the center of the design sphere 
is located at the intersection of the relative screw axes 
associated with the positions. However, with general 
spatial positions these relative screw axes will not in
tersect. Hence, we find the point nearest all of the 

1 Note that by extracting [ R] in this manner we guarantee 
that the orientations of the n Tspherical will be identical to 
that of their associated Tspatial· 
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relative screw axes and use it as the initial center of 
the optimal design sphere. In Fig. 4 the common nor
mal associated with two relative screw axes is shown. 
The intersections of the common normal with the two 
screw axes are p and q . Note that if the screw axes 
intersect then p = q and the point in space near
est the screw axes is the midpint of the segment pq. 
The initial estimation of the center c is selected as the 
point nearest all of the relative screw axes associated 
with the spatial positions: 

l l 

l:P+l:q 
i=l i=l 

Cinitial = ---=:......_-~::.___ 
2l 

(7) 

where l = C;) and m = (;) is the number of relative 
screw axes2 • . 

The initialization of r is obtained by equating the 
translation vectors of Tspatial and Tspherical . For any 
given spatial position the radial vector r of the design 
sphere is then, 

r = [R]T(dspatial- c) . 

Substituting Cinitial into Eq. 8 we obtain: 

r = [R]T ( dspatial - Cinitial). 

(8) 

(9) 

Using Eq. 9 we we compute r for each spatial posi
tion. The initial estimation of the radial vector is the 
average radial vector, 

n 

I:r 
i=l 

r initial = --. 
n 

3.3 Preserving One Position 

(10) 

It may be necessary for the designer to require that 
one of the desired Tspatial be preserved. In this case 
the design sphere is constrained to exactly preserve 
this one spatial position(referred to as Texact). The 
design sphere is then optimized to minimize the dis
tance between the remaining Tspatial 's and their as
sociated Tspherical 's. Let us label the elements of the 
4x4 homogeneous transform representation of Texact 

as, 

2 Note that (;) denotes the binomial coefficient, often re
ferred to as "n choose r'. 
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Figure 5: Spatial 4C Mechanism for Desired Task 

By equating the translation vectors of Texact and 
Tspherical we obtain: 

dexact = [Rexact]r +C. (11) 

We note that Eq. 11 is a linear system of three equa
tions in the six unknown components of r and c. 
The simplex method for function minimization is em
ployed to optimize the location of the center of the 
design sphere c and Eq. 11 is used to determine r at 
each iteration, 

(12) 

4 Case Study 

The longitude, latitude, and roll angles(in degrees) 
and translation vectors for the motion generation task 
shown in Fig. 2 are found in Tbl. 1. A spatial 4C 
mechanism, as displayed by SPAoEs

3
, for this desired 

spatial task is shown in Fig. 5. As previously stated, 
designing a useful spatial mechanism is difficult. We 
now design a spherical mechanism for this same task. 
The initial center and radial vector for the optimiza
tion are Cinitial = (0.2227 0.2218 - 0.1629]T and 
rinitial = [ -0.1084 0.2114 5.1736]T. In Fig. 6 the op
timal design sphere and orientations4 are shown. The 

3 SPADEs is a CAD program for designing spatial 4C mech
anisms for a finite set of spatial positions, see Larochelle 1998. 

4Note the radius of the hypersphere is R = 2080, with € = 
0.0001 and L = 5.2. 

spherical orientations are the position frames with 
thicker lines. The optimal center and radial vector 
for this design sphere are c = (0.1571 0.0895 0.0207]T 
and r = [ -0.0966 0.0651 5.0828]T. The optimal ori
entations(!' ,2' ,3' ,4') and their distance from the orig
inal spatial positions are found in Tbl. 1. 

Having now determined the orientations which best 
approximate the original spatial positions we can now 
use SPHINx to design a spherical four-bar mechanism 
to generate the desired spatial motion. The result
ing mechanism, as displayed by SPHINx, is shown in 
Fig. 7. In order to employ this design to generate the 
desired motion manufacture the coupler for a radius 
of II r II, manufacture the remaining links at appropri
ate radii, mount the mechanism such that the center 
of its associated sphere is located at c, and attach the 
workpiece to the coupler. 

5 Summary 

In this paper we have presented a novel method for 
designing spherical mechanisms for general spatial 
motion. This was accomplished with a new method
ology for determining the optimal design sphere and 
the orientations on this design sphere for a finite set of 
desired spatial positions. Moreover, we have included 
a modification to the algorithm such that one of the 
desired spatial positions is exactly preserved. The 
result is that mechanism designers can now specify 
spherical mechanism motion generation tasks with
out having to introduce into the design space an arti
ficial design sphere. They will now be able synthesize 
useful mechanism designs · for a greater number of de
sired tasks. 

We have tried to narrow the gap between real world 
ta.Sk specification problems and the design of usable 
spherical mechanisms. Our hope is that this will ben
efit future spherical mechanism CAD programs. In 
particular, we anticipate that it will be an asset to 
the new Isxs virtual reality spherical mechanism de
sign environment currently being created in a collab
oration effort lead by Dr. J.M. Vance at Iowa State 
and Dr. P.M. Larochelle at Florida Tech. 
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Pos. I Long. I Lat. Roll II dx dz II Distance I 
1 0.0 -90.0 0.0 0.0 -5.0 0.0 N/A 
1' 0.0 -90.0 0.0 0.06 -4.99 0.08 5.658E-5 
2 14.12 -38.41 51.48 0.92 -2.98 3.65 N/A 
2' 14.12 -38.41 51.48 1.01 -3.09 3.89 2.828E-5 
3 47.23 -7.46 108.55 4.00 -0.71 3.70 N/A 
3' 47.23 -7.46 108.55 3.82 -0.68 3.45 5.658E-6 
4 90.0 0.0 180.0 5.2 0.0 0.0 NjA 
4' 90.0 0.0 180.0 5.24 0.02 -0.07 8.485E-6 

I TOTAL I II 11 4.8o8E-5 1 

Table 1: Desired Spatial Positions and their Associated Optimal Orientations 

Figure 6: Optimal Design Sphere and Orientations for the Desired Task 
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Figure 7: Spherical Mechanism for the Desired Task 
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Abstract 

The octahedral manipulator is a fully in-parallel 
"3-3" device. Six legs connect an equilateral platform
triangle to a similar base-triangle and each of the six legs 
contains a linear actuator which can vary leg length. In 
this paper, variable screw motions are investigated for 
which the moving platform rotates about and moves 
parallel to a central axis. This is accomplished using the 
transpose of the six-by-six Jacobian matrix. The rows of 
this matrix are the line coordinates of the six leg-lines. 
A special screw motion is investigated and is illustrated 
by a numerical example. 

1. Introduction 
Research and development of in-parallel devices 

(often called Stewart Platforms) is currently the most 
popular topic in the area of robot manipulators. Parallel 
mechanisms are the subject of much investigation due to 
their inherent advantages of load carrying capacity and 
spatial rigidity compared to serial manipulators. Al
though many publications have appeared over the past 
ten years, there is at this time virtually no design meth
odology available to enable the designer to choose the 
geometric parameters such as the relative dimensions of 
the fixed and moving platforms, the location of the six 
connecting points in the fixed and moving platforms, and 
the location of the center of the workspace around which 
the platform will operate with maximum rigidity. 

The authors have counted some 200 relatively 
recent papers and quotes in text books on the subject of 
parallel devices. These cover the areas of: 
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Lin, Crane, and Duffy [1994], Lin, Griffis, and 
Duffy [1992]. 

(ii) forward and reverse static analysis, 
Fichter [1986], Merlet [1987]. 

(iii) forward and reverse dynamic analysis, 
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Do and Yang [1988], Liu et. al. [1993], Ji [1994], 
Dasgupta and Mruthyunjaya [1995]. 

(iv) analysis of compliant platforms, 
Dimentberg [1965], Griffis and Duffy 
[1990][1991], Loncaric [1985]. 

(v) workspace and dexterity analysis, 
Yang and Lee [1984], Merlet [1987][1994] [1995], 
Jo and Haug [1989], Haug et. al. [1992], Yang and 
Haug [1994], Masory and Wang [1995]. 

(vi) determination and analysis of special configura
tions when the Jacobian is singular, commonly 
called singularities, 
Hunt [1983], Fichter [1986], Merlet [1988][1989], 
McAree and Hunt [ 1997]. 

(vii) calibration, 
Zhuang and Roth [1991], Wang and Masory 
[1993], Masory et. al [1993], Masory and Jiahua 
[1995], Zhuang et. al. [1995], Bhattacharya et. al. 
[1997]. 

(viii) platform devices for manufacturing. 
Ziegert [1997], Liu, Lebret, Lowe and Lewis 
[1992], Clinton, Zhang, and Wavering [1997], El
Khasawneh and Ferreira [1997], Patel and 
Ehmann [1997], Soons [1997], Tajbakhsh and 
Ferreira [1997], Abbasi, Ridgeway, Adsit, Crane, 
and Duffy [ 1997]. 



It should be noted that due to space limitations, 

only a selection of references are listed and excluded are 
papers in the areas of forward and reverse static and 
dynamic analysis, compliant platforms, and platforms in 

manufacturing. 
In this paper the authors investigate for the first 

time simple screwing motions for the octahedral fully in
parallel 3-3 device. The moving equilateral triangular 
platform is .located at a central symmetrical configuration 
as illustrated in Figure 1. The moving platform ABC 
always moves parallel to the xy plane and the vertices 
ABC move on a circular cylinder. The result is a vari
able screwing motion on the z axis. Three different types 
of screwing motion are investigated. 

2. The Jacobian Matrix 
The columns of the 6x6 Jacobian matrix r of an 

octahedral in-parallel manipulator (see Figures 1 and 2) 

are the normalized coordinates of the leg lines. This 
.-~mcrix enables us to determine the resultant wrench 
::.=[f; c0]T produced by six linearly independent actuator 

~orces generated in the legs, i.e. l = [fit f2, f3, f4, f5, f6]T, 

as 

w=fl (1) 

where 

rs· s· ·- s; l 
= s;, 2 j. (2) 

8~2 ... s· 06 

and where ~·T = [St, S0t]T, i=l,2, ... 6, are the normalized 
coordinates or' the line along each leg. The magnitude of 

each line bound vectgor tStl= 1 and its moment about a 

z 

y 

Figure 1: Octahedral 3-3 Platform 
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point of reference is given by Sm* =rixsi· where ri is a 

vector drawn from the reference point to each line. 
The transpose of the Jacobian matrix relates the six 

linearly independent infinitesimal linear displacements 

oQi in each leg to the infinitesimal displacement twist o:D 

of the platform and 

(3) 

Where Of= (OQlt 0~2• ... , 0~6]T and OD =(OX, Oy, OZ; O<f>x 

' o<t>y, o<f>z]T. Further ox, oy, oz are the infinitesimal 
displacements of a point in the moving platform coinci
dent with a reference point 0 which is chosen here to be 

at the center of the equilateral base triangle of side b. 

The quantities o<f>x, o<f>y, o<f>z are infinitesimal rotations 
of the equilateral moving platform of side a about the 
axes of the fixed reference coordinate system xyz. 

3. Determination of the Jacobian Matrix 
Figure 3 illustrates the plan view of the moving 

platform ABC (see Figure 2) rotated <Pz about the z axis 
which is drawn through the reference point 0 normal to 
ABC. The x and y coordinates of the vertices A, B, and 
Care 

XA = r cos(<f>z+30°), 
XB = -r cos( <Pz-30°), 

Xc = r sin<f>z, 

where r =...!.... From ( 4) 
{3 

YA = r sin(<f>z+30°), 
Ya = -r sin( <Pz-30°), 

Yc = -r cos<f>z 

XA + X8 + Xc = 0 , 

(4) 

YA + Ys + Yc = 0 · (5) 
The complete set of coordinates of points A, B, C 

Figure 2: Octahedron 3-3 Platform (plan view) 



y 

A 

Figure 3: Upper Platform Rotated through <f>z 
from Initial Position 

and D, E, F are therefore 
A(xA YA• z), B(xs. Ys. z), C(xc, Yc· z) , 

n( t· ~ 2~ , o )· E( o, ~,o), F( + ~ 2~ , o) (6) 

where z is the height of the moving triangle ABC above 
the base triangle DEF. 

Now the coordinates of a line joining two finite 
points with coordinates (x1, y1, z1) and (x2 , y2, z2) are 
given by the six second-order determinants of the array 

(7) 

The direction ratios of the line are 

L = M= N = (8) 

and the moments of the line segment about the three 
coordinate axes are 

Yt zt zt xt xt Yt 
p = Q R = (9) 

Yz Zz Zz Xz Xz Yz 
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The coordinates of the line $1 are obtained using 
the coordinates of points D and A in (7) to yield 

1 b 
2 

b 

2{3 

Similarly from points E and A, 

From points E and B, 

From points F and B, 

0 
(10) 

(12) 

(13) 

s; = [(xB +l),(yB +_£_),z; -~.~.l(~-yB)]. (14) 
2 2/3 2{3 2 2 f3 

From points F and C, 

S T [ b b b Z b Z b Xc l s = (xc+2),(yc+ 2{3),z;- 2[3'2'2([3 -yc) . (15) 

From points D and C, 

~;; = [<xc ~ t),(yc + 2~),z; ~ 2b~, ~ b2z + ~ +yc) l (16) 

It should be noted that the notation SiT = [Si ; Sm] has 
been introduced. The above coordinates are not normal-



S! S! A•T I I 
ized. Now \) i = - = - where Qi is the length of 

ISil Qi 

leg i and therefore any row of (3) can be expressed as 

A•T A Si A 

o Q
1
• = \)· on = -on 

I Q. 
I 

(17) 

where the coordinates of SiT are given by (11) through 
(16). Hence (3) can be expressed in the alternative form 

(18) 

which will be used from here on, and 

(19) 

Further, 

Lt Mt Nt PI Ql Rt 

jT = L2 M2 N2 p2 Q2 ~ 
(20) 

L6 M6 N6 p6 ~ R6 

Any row Lit Mit Ni, Pit Q, R in (20) is an abbreviation for 
the coordinates SiT in (11) through (16). 

4. Screw Motions on the z Axis 
We are to move the platform from a symmetric 

initial position as illustrated in Figure 2. The vertices A, 
B, and C will move on a circular cylinder with axis z and 

radius r = ~, and remain parallel to the xy plane (see 
{3 . 

Figure 3). For such motions it is apparent that symmetry 
conditions cause the line coordinates of the legs to fall 
naturally into two groups of three, the odd numbered legs 
Q1=Q3=Q5 (=~0)and the even numbered legs Q2=Q4=Q6 (=Qe). 
The length of a leg may be calculated as 

~i = (L/ + M/ + N/)~ (21) 
and from (11), (13), and (15) for i=1, 3, 5 

10 = ~{a 2 
+ 2ab sin(<J>,- 30°) + b2 

+ 3 z 2}" • (22) 
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From (12), (14), and (16) and (21), for i=2, 4, 6 

(23) 

It is interesting to note that when the platform is in its 

symmetrical position <l>z=O for which z=z0• All leg 
lengths are equal and from (22) and (23) 

1 { 2 2 2\Yl Q0 = Qe = - a - ab + b + 3 z0 f . 
/3 

This result was first obtained in Lee, Duffy, and Hunt 
[1997]. 

(24) 

It can be easily verified using (11), (13), and (16) 
with (5) and then (12), (14), and (16) with (5) that 

and 

Lt +~ +L5 =0, 

P1 + P3 + Ps = 0, 
M1 + M3 + M5 = 0 , 

Ql + ~ + Qs = 0 (25) 

~ + L4 + L6 = 0 , M2 + M4 + M6 = 0 , 
p 2 + p 4 + p 6 = 0 ' ~ + Q4 + Q6 = 0 . (26) 

For example, from (11), (13), (15), and (5), L1+~+L5 = 

XA+Xs+Xc = 0. 
We are to consider symmetrical motions of ABC 

for Which 0~ 1 = QQ3 = oe5 = QQO and 0~2 = 0~4 = 0~6 = QQe• 
Adding the first, third, and fifth rows of (18) and substi
tuting the expressions of (25) yields 

3~0 0Q0 = (N1 + N3 + N5) oz + (R1 + R3 + R5) o<f>z . (27) 

Dividing by three and using (11); (13), and (15) together 
with (4) yields 

Similarly, adding the second, fourth, and sixth rows of 
(18) yields 

It is interesting to note that squaring (22) and then (23) 
and differentiating yields (28) and (29) respectively. 

Before proceeding, it is necessary to prove for the 
proposed motion that the small displacements ox and oy 

and the infinitesimal rotations o<Plt and o<Py are indeed 



zero. Now the first, third, and fifth rows of (18) can be 

expressed in the abbreviated form 

Ql>Qo = Liox + Mioy + Nioz + Piocf>x + Qiocpy + Riocf>z (30) 

where (i=1,3,5), Ni = z, and~= ab cos(¢ -30°). Sub-
3 z 

tracting (28) from each of the three equations, set (30) 

yields 

o = Liox + Mioy + Piocf>x + Qo<f:>y (31) 
where (i=1,3,5). Clearly the set (31) are not linearly 

independent since from (25) L1+~+L5 = M1+M3+M5 = 

P1+P3+Ps = Q1+Q3+Qs = 0. 
Analogously, the second, fourth, and sixth rows of 

(18) can be expressed in the abbreviated form 

Qeoee = Liox + Mioy + Nioz + Pio<f:>x + Qo<f:>y + ~o<f:>z (32) 

where (i=2,4, 6), Ni=z, and ~= - a b cos ( cp + 30 o) . Sub-
3 z 

tracting (29) from each of the equations in (32) yields 

o = Liox + Mioy + Piocf>x + Qo<f:>y (33) 
where (i=2,4,6). Further the set (33) are not linearly 

independent since from (26) ~+L4+L6 = M2+M4+M6 = 
P2+P4+P6 = ~+Q4+Q6 = 0. We can therefore write down 
only a set of four linearly independent equations, any two 

from each of the sets (31) and (33). For example 

o = L1ox + M1oy + P1ocf>x + Q1o<f:>y, 

0 = ~ox + M2oy + P2ocf>x + Qzo<f:>Y , 
o =~ox+ M3oy + P3ocf>x + ~o<f:>y , 

o = L4ox + M4oy + P4ocf>x + Q4o<Py . (34) 
These equations constitute a set of four homogenous 

equations in ox, oy, o<f:>x, and o<f:>y· It can easily be shown 

that 

Ll Ml PI Ql 

L2 M2 p2 Q2 

L3 M3 P3 Q3 

L4 M4 p4 <4 

(35) 

Clearly .ti=O only when z=O and the system is degenerate, 

i.e. the moving platform lies on the base platform in the 
xy plane. Therefore, in general the only solution for set 

(35) is ox = oy = o<f:>x = o<f:>y = 0. 

5. Special Motions 
Consider that the platform ABC is to move parallel 

to the base on a screw of constant pitch p on the z axis. 
It is required to compute the command displacements 
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oQ,=OQ3=0Qs=OQ0 and OQ 2=0Q4=0Q6=0Qe for the specified 
motion. For constant p, 

oz = p o<f:>z . (36) 
Hence, 

Z <Pz 

J oz = p J ocpz (37) 
Zo 0 

or 

Z = P <f:>z + Zo . (38) 
Therefore equations (22) and (23) can be expressed in the 

form 

and further (28) and (29) can be expressed in the form 

oQo 1 { ab } - = - (p<f:> +z0)p + -cos(¢ -30°) o,t.,. Q z 3 z , 
'+'z o 

OQe 1 { ab } - = - (p<f:> +z0) p - -cos(<f:> +30°) . o,t.,. Q z 3 z 
'+'z e 

oQ 
Figure 4 illustrates the variation of Q0 , -

0
-, Qe, 

o¢z 

(41) 

(42) 

OQe 
and-- as functions of <f:>z for an octahedral platform 

o<f:>z 

with optimum quality index (b=2a, Zo=a) for the case 

where a=10" and p=0.796 in/rad (5 in/rev). It also shows 
the value of the quality index for the platform as a func

tion of <f>z· The quality index was defined by Lee, Duffy, 
and Hunt [1997] as the ratio of the determinant of the 

6x6 Jacobian matrix formed from the normalized Plucker 

line coordinates of the lines along the six legs of the 

platform divided by the maximum possible value of this 



determinant for the particular platform geometry. In this 
reference it was shown that the magnitude of the deter
minant of the Jacobian, ldet j*l, is given by 

(43) 

where Qj, i= 1..6, are the leg lengths. For the special 
motion Q1=Q3=Q5=Qo and Q2=Q4=Q6=Qe· Hence (43) reduces to 

3 {3 a 3 b 3 z 3 1cos <P zl 

4(QoQei 
(44) 

where z, Q0 , and Qe are given as functions of <Pz by (38) 
through (40) respectively. 

From (44), the maximum value of the determinant 
will occur when lcos<Pzl=1 and 

where for lcos<Pzl=1 all leg lengths are equal, i.e. 

Qo=Qe=Qq,o. and 

Qcj>o = _1_ (a 2 - a b + b 2 + 3 zg) Y2 

13 

Further, from Lee, Duffy, and Hunt [1997], 

(45) 

(46) 

(47) 

is the value of z at the symmetrical position C<Pz=O) which 
yields the maximum value of ldet j*l. From ( 44) and ( 45) 
the quality index, A, is given by 

(48) 

From (47) and (46), for b=2a, z0=a and Qq,0={2a. 

Hence from ( 48) 
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(49) 

From (47) and (46), for b=a, z0=~ and Qq,0= f2 a. For 
. 13 ~3 

this case, from (48) 

(50) 

· oQ
0 

oQ 
Figure 5 shows the variation of Q0 , --, Qe, and--e as 

o<Pz o<Pz 

functions of <Pz for an octahedral platform with b=a, 

z0=~. and p=0.796 in/rad (5 in/rev). This figure also 
{3 

shows the quality index A as a function of <Pz-
lt is interesting to note that ldet j*l = 0 when 

<Pz=90° or 270°. This singularity has been discussed in 
detail by Hunt and McAree [1997]. They explain that at 
these positions when all six leg actuators are locked the 
connectivity between the base and moving platform is 
one. The moving platform can move instantaneously on 
a screw reciprocal to the six leg forces on the z axis with 

pitch h=- ab. This is because for cos<Pz=O, from (11) 
6z 

through (16), the component of moments about the z axis 

for each of the six legs are all equal to a b . 
6 



20 
"0 

~ 15 .. 
.s 

.s 5 .. 

0 .. 

)( 
Q) 

. ··0.6 ~ 

2!-
0.4 ~ 

CT 

0.2 

-5+----+~~+-~~~--~~~----+. o 

0 60 120 180 240 300 360 
phi_z 

Figure 4: Case 1, b=2a 

6. Conclusion 
This paper has provided the equations required to 

control a platfm;m manipulator (i.e. to generate the nec
essary incremental leg lengths) for the class of special 
motions for which the equiangular triangular platform 
ABC moves parallel to its base on any screw located on 
the z axis. Numerical examples of the continuous motion 
of the platform on a screw of constant pitch have been 
presented. 
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Abstract 

This paper proposes a data fusion and control distri
bution technique in fully decentralized systems. Non
fully connected control topologies based on internodal 
transformations are formulated. This is achieved by 
distributing the state models, observation spaces and 
control vectors in an Information filter based, decen
tralized control configuration. There is no central pro
cessing site and distribution reduces the computational 
burden at each node. Communication, just as connect
edness, is based on internodal transformations and is 
dynamically defined. Consequently, only relevant in
formation is exchanged between nodes and there is no 
need for inter-nodal {Channel) filters. The result is 
a flexible, robust, parallel, scalable and globally opti
mal control network. The design is implemented using 
transputer based parallel hardware. Application en
visaged is distributed intelligent control for a modu
lar mobile robot 1 . This is composed of independent 
driven and steered modules, each with its own sen
sors, communication and control. 

1 Introduction 

The need to build and control larger and more so
phisticated systems has rendered the orthodox con
cept of a high performance system, driven by a central 
processor, obsolete. Self-organization and distributed 
intelligence characterized by distribution of process
ing, decentralization of control and sensing tasks and 
modularization of components, have become essential 
control paradigms. The use of multiple sensors and ac
tuators has become increasingly important in a variety 
of applications; robotics, surveillance, manufacturing 

1This is part of the OxNav project which is supported by 
SERC-ACME grant GR/G 38375 
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and aerospace. Having achieved the use of multiple 
sensors, the next task involves multisensor integration 
and fusion [9]. A fully decentralized data fusion sys
tem entails a data processing system in which all infor
mation is processed locally [6]. There is no central pro
cessing site, no central communication facility and no 
global decision making. Such systems have a number 
of characteristics which overcome some of the limita
tions of centralized or hierarchical systems. This data 
fusion strategy has been successfully extended to fully 
decentralized control [10], [8], [7]. The contributions 
of this paper start with the identification and analysis 
of the limitations of a fully connected, fully decentral
ized control configuration. These are then removed by 
employing information space and model distribution. 
The resulting design is further developed into generic, 
automated Distributed Decentralized Control. 

In Section 2 a fully connected, fully decentralized con
trol is developed and evaluated. Section 3 introduces 
model distribution and derives distributed and decen
tralized control. In Section 4 the prope~.es of the pro
posed system are discussed. A test implementation, 
presentation and analysis of results constitute Section 
5. Finally, the work is appraised and further research 
envisaged in Section 6. 

2 Fully Decentralized Control 

In this section the system description and notation 
are presented. The Information filter is introduced, 
decentralized and extended to fully connected, fully 
decentralized control. The limitations of such a net
work are described. 

2.1 The Information Filter 

Consider a system represented by a global state vec
tor, x(k), at time of interest k, whose' ,ifynamics are 



represented by the state transition equation; 

x(k + 1) = F(k)x(k) + B(k)u(k) + D(k)w(k) (1) 

F ( k) is the state transition matrix from time k to 
(k + 1) and w(k) "'N(O, Q(k)) is the associated pro
cess noise modeled as an uncorrelated white sequence 
with E[w(i)wT(j)] = 8ijQ(i). The system is observed 
according to the linear equation 

z(k) = H(k)x(k) + v(k) (2) 

v(~) "' N(O, R(k)) is the associated observation 
nmse modeled as an uncorrelated white sequence 
with E[v(i)vT(j)] = 8ijR(i). It is assumed that 
E[v(i)wT (j)] = 0. The estimate (conditional mean) 
of the state x(j) at time i, given infor~ation ~p to 
and including time j, and its corresponding variance 
(mean-squared error) are given by 

x(i I j) = E[x(i) I z(1),···z(j)] 

P(i 1 j) = E [ (x(i) - x(i I j)) (x(i)- x(i I j))T I z(1), · · · z(j)] 

The Information fil~er is s~ply a K~m~ filter 
expressed in terms of 'tnformatt.on-analytz_c varmb~es, 
which are measures of the amount of InformatiOn 
about the parameter(state) of interest [6],. [3]. These 
are the information state vector and matnx: 

y(i 1 J) ~ p-1 (i 1 J)x(i I J) (3) 

Y(i I j) ~ p-l(i I j). (4) 

Y(k I k) = Y(k I k- 1) + HT(k)R- 1 (k)H(k). (5) 

where, 
i(k) ~ HT(k)R- 1 (k)z(k) (6) 

is the information-state contribution from an obser
vation z(k) and 

I(k) ~ HT (k)R - 1(k)H(k) (7) 

its associated information matrix. 

• Filter Action 
Prediction: 

y(k I k- 1) = L(k I k- 1)y(k- 1 I k- 1) (8) 

Y(k I k- 1) = [F(k)Y-1(k- II k- 1)FT(k) + Q(k)] -l 
(9) 

Estimate: 

y(k 1 k) = y(k I k- I)+ i(k) (10) 

Y(k I k) = Y(k I k- 1) + I(k) (11) 

2.2 Decentralized Control Algorithm 

Taking this filter and replicating it at each node, af
ter partitioning both the observation and information 
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variables among the different nodes, with communica
tion between them, leads to a decentralized informa
tion filter (6], [9]. Decoupling the corresponding LQG 
control law, employing both Separation and Certainty 
equivalence principles and cascading the result to the 
new filter, gives fully decentralized control (8]. The 
algorithm is outlined below. 

• State transition 

x(k + 1) = F(k)x(k) + B(k)ui (k) + D(k)w(k) (12) 

• Filter Action 

Prediction: 

Yi (k I k- 1) = Li (k I k- 1)Yi (k- 1 I k- 1) (13) 

Yj(k I k- 1) = [F(k)Yj 1(k- 1 I k- 1)FT(k) + Q(k)] -l 
(14) 

where 

Lj(k I k- 1) = Yj(k I k- 1)F(k)Yj 1(k- 1 I k- 1) 
(15) 

0 bservation: 

Estimate: 

Yi(k I k) = Yi(k I k- 1) + ij(k) 

Yj(k I k) = Yj(k I k -1) + Ij(k). 

• Communication & Assimilation 

N 

(16) 

(17) 

(18) 

Yi(k I k) = Yi(k I k -1) + L [Yj(k I k)- Yj(k I k- 1)] 
j=l 

(19) 
N 

Yi(k I k) = Yi(k I k -1)+ L [Yj(k I k)- Yj(k I k- 1)] 
j=l 

(20) 

• Control Generation 
The global state estimate and control vector are 
then calculated locally:- ~ 

Xi(k I k) = Yi(k I k)-IYitk I k) (21) 

' -· 

ui(k) = -Gi(k)[xi(k I k) - xr{k I k)] (22) 

Control law:-

Gi(k) = [U(k) + B(k)TKi(k)B(k)]- 1 [B(k)TKi(k)F(k)J 
(23) 

Ki(k) = X(k) + [F(k)TKi (k + 1))[F(k)- B(k)Gi(k)] 
(24) 



Figure 1: Fully Connected Network 

X(k) is a state cost weighting matrix, U(k) a con
trol cost weighting matrix and Ki ( k) the decentralized 
Backward Riccati difference matrix. This derivation 
assumes that each local control node has a state space 
model and information space identical to correspond
ing centralized (global) descriptions. For this system 
to be equivalent to the centralized one, all the nodes 
must communicate, defining a fully connected network 
of control nodes. Figure 1 illustrates nine nodes in 
such a network. The advantages of this design include; 
modularity, robustness and flexibility. The asso
ciated limitations, however, are significantly problem
atic. 

• Fully Connectedness: The assumption of a 
fully connected topology is, in general, unrealis
tic. This is because as the number of nodes, N, 
increases the number of links required by each
node, N - 1, and the overall number of links, 
N!/[2! * (N - 2)!], increases. In addition there 
is excessive redundant communication 

• Computation: The local models, information 
and control vectors/matrices are the same size as 
those of the central version, hence there is no sig
nificant reduction of memory requirements and 
computation load. There is a lot of redundant 
processing. 

The motivation of the work presented here, is to erad
icate these problems while retaining the system at
tributes. 
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3 Distributed Decentralized Control 

Here model distribution in a decentralized multi
sensor system is carried out and extended to dis
tributed control. The general distribution approach 
is due to [2]. 

3.1 Data Fusion 

The distributed observation equation is as defined 
in Equation 16. The nodal state vector, Xj(k) is re
lated to the global state vector as follows: 

(25) 

where T j ( k) is a linear Nodal transformation matrix. 
The observation model partition Hj ( k) is then related 
to local observation matrix Cj(k); 

(26) 

Substituting Equation 26 into Equation 16 gives the 
distributed nodal observation equation: 

As a result the new local state transition equation be
comes, 

Xj(k + 1) = Fj(k)xj(k) + Bj(k)uj(k) + Dj(k)wi(k) 
(28) 

where wj(k) is assumed to be uncorrelated. The global 
models are then distributed as follows. Multiply the 
global state transition Equation 1 by T i ( k + 1). Sub
stitute the state distribution Equation 25 in the nodal 
transition Equation 28. Then equate the two results 
and solve for Nodal state model, noise model and con
trol gain~ 

Fj(k) = Ti(k + 1)F(k)Tj(k) (29) 

Dj(k) = Tj(k + l)D(k)Tj.(k) (30) 

Bj(k)Gi(k) = Ti(k + l)[B(k)G(k)]Tj(k)(3l) 

[Bi(k)Gj(k)] and [B(k)G(k)] are the effective nodal 
and global control gains respectively. Tj ( k) is the 
Moore-Penrose generalized inverse of Ti(k). The In
ternodal transformation matrix Tji(k) maps informa
tion and parameters from the jth information sub
space to the ith subspace. Expressions for the Gener
alized inverse and the Internodal transformation ma
trix depend on the constraints imposed on T i ( k) and 
T i ( k). Elaborate derivations and discussion of generic 
and special-case Internodal Transformation Matrices 
in Information Space is given in [7]. Considering 



the case where T i ( k) and T i ( k) are full rank and 
(ni ::; n)&(nj ::; n); where n, ni and nj are the number 
of rows in x(k), Tj(k) and Ti(k) respectively, then; 

Tj(k) = Tj(k)[Ti(k)Tj(k)]+ (32) 

Applying this result to the estimation and communi
cation Equations, 19 and 20 gives; 

N 

Yi(k I k) = Yi(k I k- 1) + L [Tji(k)ij(Zj[k])] (34) 
j=l 

N 

Yi(k I k) = Yi(k I k- 1)+ L [Tji(k)Ij(Zj[k])T~(k)] 
j=l 

3.2 Control 

Consider local control vector ui ( k), 

ui(k) = -Gi(k)[xi(k I k)- xri (k I k)] 

<=> ui(k) = ni(k 1 k)Ji(k 1 k) 

(35) 

This is the distributed and decentralized Information 
Control law where, 

• 
(36) 

defines the Local information error. 

• 

gives the Local control information gain. 

• 
Gi(k) 

<=> Bi(k)Gi(k) 

{B+i(k)Ti(k + l)[B(k)G(k)]Ti(k)} 

Ti(k + t)[B(k)G(k)]Ti(k) 

Gi(k) and [Bi(k)Gi(k)] are the correspond
ing Local state-space control and effective control 
gains respectively. 

• Since [B(k)G(k)] can be decoupled, its locally rel
evant components are locally computed by 

B(k)G(k) = T+i(k + l)[Bi(k)Gi(k)]Ti(k) 
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Figure 2: Scalable Control Network 

• Computation of Gi(k) 

Gi(k) = [Ui(k) + BTi(k)Ki(k)Bi(k)]-1 * 
(B T i ( k) Ki ( k) F i ( k)] 

where; 

Bi(k) = {Ti(k + l)[B(k)G(k)]T£(k)}G+i(k) 

G(k) = B+(k){T+ i(k + l)[Bi(k)Gi(k)]Ti(k)} 

Ki(k) = Xi(k) + [FT i(k)Ki(k + 1)] * 
[Fi(k)- Bi(k)Gi(k)] 

Xi ( k) is a local state cost weighting matrix and 
U i ( k) a local control cost weighting matrix. Ki ( k) 
is the distributed and decentralized Backward 
Riccati difference matrix. All computation is car
ried out locally. B(k) is available locally. H 
B(k) is equal to the identity matrix I(k) (i.e all 
states are directly controlled), then the computa
tion simplifies to; 

Bi(k) 

Gi(k) 

Ki(k) 

Ii(k) 

= [Ui(k) + Ki(k)]- 1 [Ki(k)Fi(k)] 

= Xi(k) + [FTi(k)Ki(k + 1)] * 
[Fi(k)- Gi(k)] 

4 System Characteristics 

• Information Space: All the variables are -ma
nipulated in information space. Consequently 
they are easily decoupled, distributed and decen
tralized. Local information control gain, ni ( k I k) 



and local information error signal, Ji ( k I k) are or
thogonal, hence they are computationally simpler 
to manipulate and augment. 

• Topology: The system is not necessarily fully 
connected.Arbitrary tree and ring/loop con
nected topologies based on internodal transfor
mations are achieved. A possible topology is 
shown in Figure 2. In fact, the fully connected 
control (decentralized), the hierarchical and the 
centralized control configurations are simply spe
cial cases of the Distributed Decentralized Con
trol network where, for all nodes, {Tij(k) = 1}, 
{Tij(k) = Tia(k)} and {Tij(k) = 0} respec
tively. 

• Computation: Reduced order models, vectors 
and matrices are used at each node. Only rele
vant local, globally informed, computation is car
ried out. The optimal control gain, control law 
and backward Riccati difference equation are par
titioned into locally relevant components of re
duced order. Consequently, the memory required 
and computational load are significantly reduced. 

• Communication: This depends on connect
edness, which in turn depends on intern
odal transformations. Consequently, only rel
evant communication takes place. Two nodes 
i and j will communicate if, and only if, 
they have an overlapping information space, i.e 
{Tij(k) i= O}&{Tji(k) i= 0}. Figure 3 shows 
how this is effected. Also, when communication 
does take place only the relevant information sig
nals are transmitted. As a result, communication 
is specific and efficient. 

• Channel Filter: This is an additional internodal 
information filter Yii ( l I m) used to propagate 
information common to two non-communicating 
nodes i and j in non-fully connected topologies. 
Non-fully connected topologies based on Intern
odal transformations, such as the one in Figure 
2, do not need this filter. This is because any un
connected nodes, i.e Tij(k) = Tji(k) = 0, have 
no common states of interest. Hence, there is no 
need to propagate information from node i to j 
and vice versa. This distinguishes this result from 
non-fully connected topologies in literatures [6]. 

• Distribution Optimization & Automation: 
The information space, model and control distri
bution is neither random nor ad hoc, but depen
dent on T ij ( k). This creates scope for system
atically maximizing the benefits of distribution, 
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Figure 3: Communicating Control Process 

while minimizing redundancy. For example, for a 
chain mass system, the optimum tree connected 
topology can be derived. All local models, vec
tors and matrices are significantly smaller than 
the global ones. The act of distribution itself is 
not precomputed but automated. 

• Dynamic Control Topology: This derives 
from the fact that communication and connect
edness are dynamically defined and implemented 
as the system runs. This leads to a control topol
ogy that does not have to be predefined. Conse
quently, the design is easily adaptable to different 
applications and time-varying systems. 

• Scalable Control Network: The use of a few 
links per node, facilitates unbounded network 
growth and network meshing. Figure 2 illustrates 
a scalable control network. 

5 Implementation and Performance 

In this section a test implementation is described, 
results analyzed and application presented. The de
signed network is implemented for an interconnected 
eight trolley-mass system with sixteen states. This 
is formulated as a multi-sensor, multi-actuator LQG 
control problem. The distribution is as indicated in 
Figure 2. Any unconnected two nodes have no com
mon information space. Nine non-fully connected 
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Figure 4: Innovations 

nodes are used and the generic Communicating Con
trol Process (CCP) is shown in Figure 3. Commu
nication is dynamically defined by the connecting sig
nal, con[i,j] send by process CONTROL to processes 
OUT PUT and IN PUT. The fully connected, decen
tralized network in Figure 1 and the centralized design 
are also implemented for the 16 state system. All the 
software is written in parallel ANSI C and run on 
transputer based parallel hardware. 

The results from the three systems are exactly the 
same, for all parameters and variables analyzed. Fig
ure 4 compares the three innovations, J.Lnv(k), J.Ln(k) 
and J.L 0 ( k) for one particular state. Innovation is the 
difference between the observation and predicted ob
servation. It is the most practical measure of de
viations between filter estimates and observation se
quences. From the curves about 6% of the points are 
outside the confidence region, hence reasonable filter 
matching and consistency is manifested. The innova
tions are also unbiased. The innovations are exactly 
the same for the three cases, which gives demonstrable 
validation of the designed system. 

Application considered is distributed intelligent 
control of a modular mobile navigating robot. Fig
ure 6 shows one such vehicle built at Oxford. This 
vehicle is composed of independent driven and steered 
modules, each with its own sensors, communication 
and control. One such module is shown in Figure 5. 
The modular units can be divided into two categories 
- active and passive. Passive units contain batteries 
and load carrying areas, whilst active units contain 
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Figure 5: Robot Module: A Driven and Steered Unit 

communication, drive and sensor systems [5]. Each 
drive or sensor system performs its computation on 
a local processor; an Inmos T805 transputer. There 
is no central processor on the vehicle. The vehicle in 
Figure 6 consists of three communicating independent 
modules (Figure 5) and mounted sonar sensors. The 
number of modules can be scaled up or down without 
design changes. This is illustrated in Figure 7. The 
kinematics and control of the vehicle are fully decen
tralized· and distributed. 

6 Conclusion 

From the performance analysis, the Distributed De
centralized Control gives the same results as the de
centralized and centralized systems. The design re
tains all the advantages of fully connected decentral
ization while resolving the negative aspects. The re
sult is generic, flexible, efficient and extensible. Its 
major novelty is non-fully connectedness with no need 
for channel filters. Effective distribution of control 
in a fully decentralized data fusion is achieved. This 
work has extensive applications in such areas as dis
tributed navigation systems, processing plants, dis
tributed surveillance and modular robotics. In partic
ular, the results described here allow a flexible modu
lar mobile robot to be constructed and controlled by 
processors distributed at each module. 



Figure 6: A Modular Mobile Robot 

Figure 7: Two Coupled WMRs: illustration of Design 
Scalability 
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Abstract 

Research on the development of advanced 
control methodologies and dynamic per
formance for hexapod machine tools has 
been initiated with funding provided 
under the National Science Founda
tion/Grant Opportunities for Academic 
Liaison with Industry: Faculty and Stu
dents in Industry Program. This paper 
presents the work-in-progress which in
volves both theoretical and experimen
tal analyses. The theoretical analysis 
will mostly be conducted at the Univer
sity of Florida, while the experimental 
validation will be conducted at both 
the National Institute of Standards and 
Technology and the Sandia National 
Laboratories during the Summer of 1998. 

1 Introduction 

1.1 Technical Problem Being Addressed 

In an effort to achieve a distinct com
petitive edge in today's international 
manufacturing community, companies, 
such as Ingersoll Milling Machine Co., 
Giddings and Lewis, and Geodetics, have 
recently developed advanced CNC machine 
tools named hexapods. These machine 
tools are versions of the Stewart plat
form that until recently have received 
little attention as a viable architec
ture for machining applications. Since 
these machines are still early in de
velopment, the control systems of them 
have been minimally looked at, while 
the dynamic performance is yet to be 
formally studied. These areas of re
search must be addressed before accep
tance of these new machine tools by the 
manufacturing industry will be seen. 

To respond to the above need, a col
laborative research effort between re
searchers at the University of Florida, 
National Institute of Standards and 
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Technology (NIST) and Sandia National 
Laboratories (SNL) has been initiated. 
At the University of Florida in the 
System Automation and Mobility in Manu
facturing (SAMM) Laboratory, theoreti
cal modeling, analysis, and simulation 
studies are being conducted where the 
results will be then validated using 
the micro-manipulator hexapod in the 
SAMM laboratory and the hexapod machine 
tools at NIST and SNL. The research 
activities are segmented into two major 
areas: controls and dynamics. Results 
of each segmented area will supplement 
the other, which in turn will provide a 
better comprehension of the controls 
and dynamics of hexapod machine tool 
performance. 

2 Background 

2.1 Platforms 

A "platform" or "parallel mechanism" is 
defined as any mechanical device that 
has multiple legs that connect a moving 
platform to a base. The desirable 
characteristics that this type of 
mechanism possesses are high accuracy, 
high payload-to-weight ratio, and good 
static stability. Accurate compliance 
models can be readily determined for 
parallel mechanisms once the position 
and orientation of the moving platform 
are known relative to the base. The. 
determination of the position and ori
entation of the moving platform is ob
tained from the sensed lengths of the 
legs. The ability to measure the leg 
lengths and to determine the moving 
platform's motion is an important as
pect for the control of parallel mecha
nisms. This aspect is often called the 
forward kinematic analysis of the sys
tem and for which the simplest solution 
for a six-legged parallel mechanism is 
in the form of an eighth-degree polyno
mial in a single variable. 



As the six-legged parallel mechanism 
goes from the simplest arrangement, 
which is designated as a "3-3" platform 
having double connecting joints, to 
more complicated arrangements, where 
the double connecting joints are sepa
rated, the complexity of the forward 
kinematic solution also increases. Due 
to the high-degree of the solution 
polynomial, there are multiple solu
tions, which leads to multiple closures 
of the mechanism and thus, there are a 
number of ways the mechanism may be as
sembled. It is also possible to obtain 
the position and orientation of the 
moving platform from numerical itera
tions, but this often leads to "jumps" 
from one closure, or position and ori
entation, to another which is undesir
able for practical purposes. Thus, it 
is more practical to solve a single 
polynomial in a single variable, which 
produces all possible solutions from 
which the desired one can be selected. 
This type of solution is also called 
the "closed-form" solution. 

The closed-form forward solution for 
the simplest 3-3 platform was solved by 
Griffis and Duffy [1]. There is a spe
cial 6-6-platform design for which 
Duffy is a co-inventor and is being 
used as a model in the SAMM laboratory. 
The NIST hexapod machining cell is a 
general 6-6 platform which could be 
modeled as a 3-6 platform, but this 
would also increase the kinematic mod
eling errors which have been cited as 
possible reasons for tool position er
rors. For this reason, the researchers 
at NIST have indicated the solution for 
the forward kinematic solution is de
termined numerically using a recursive 
algorithm. 

2.2 Dynamics and Controls 

The dynamics of a Stewart platform ma
nipulator and its potential applica
tions in the manufacturing industry 
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were studied by Lebert et. al. [ 2] . 
They presented a step-by-step computa
tional algorithm and some insight into 
the structure and properties of the dy
namics, but were not able to obtain ex
plicit dynamic formulations due to the 
high non-linearities that are inherent 
in the kinematics and strong coupling 
among the legs. Liu et. al. presented 
a possible computed-torque controller 
for Stewart platform manipulators that 
used assumptions of low velocity that 
eliminate the Coriolis-centrifugal 
terms [ 3] . 

2.3 Error Sources 

As reported at a Hexapod Machine Tool 
Users Group [ 4], sources of errors in 
the kinematic model are attributed to 
uncertainties in the theoretically con
stant parameters such as strut (leg) 
lengths at the initial and home posi
tions, the coordinates of the joint 

· centers on the base and moving plat
form, along with the location of the 
spindle axis and tool length. Errors 
are also associated with variable pa
rameters, such as leg length, which is 
affect,ed by localized heat generation 
from the screw/nut assembly and the 
joints. Another is that the controller 
does not have perfect knowledge of the 
absolute values of the input parameters 
for the kinematic model. Additional 
errors are as follows: axis errors, 
joint reversal errors, and non-linear 
kinematic mapping errors. Various stud
ies have been conducted by NIST and 
other members of the Hexapod Machine 
Tool Users Group regarding the hexapod 
volumetric performance on hexapods as 
machine tools. Ongoing research ef
forts of the NIST hexapod group are fo
cussed on error modeling, error assess
ment, trajectory planning, workpiece 
placement, workspace analysis, stiff
ness analysis and controller develop
ment [5-8]. 
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Figure 2. Feed-Forward Controller 
3 Current Scope of Research 

3.1 Development of control systems 

In parallel with NIST researchers, pro
cess parameters are being identified 
and characterized in terms of their ef
fects on part orientation and location 
within the machine tool's workspace, 
kinematic errors, temperature varia
tions of the machine tool during opera
tion, and the type of cut or path being 
performed. These results form the ba
sis for preliminary development of a 
predictive model-based feed-forward 
controller algorithm that will compen
sate for errors produced from these ef
fects, as shown in Figures 1 and 2. As 
depicted by these figures, the control 
system will involve a feed-forward con
troller. The feed-forward action will 
help enhance a more accurate result 
based on process models to compensate 
for the errors due to various sources. 
The legs are independently controlled 
using standard PID control for each 
leg. The feed-forward controller ac
tion is enhanced using an adaptive con-
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troller that receives input from an ad
aptation mechanism. The adaptation al
gorithm modifies input based on the 
sensor data and corresponding error 
models similar to the feed-forward con
troller error models. The adaptive 
controller resolves the difference be
tween the inputs from the feed-forward 
and adaptation mechanisms to ensure a 
stable, accurate response. Various 
methodologies for integrating the in
formation collected from force, tem
perature, and position sensors are be
ing used. This will be done in three 
phases. The first is by simulation 
studies to develop the control algo
rithms, the second is to apply these 
algori thrns through experiments on the 
micro-manipulator hexapod at the Uni
versity of Florida and the actual hexa
pod at NIST, and the third is to cor
rect for experimental errors. 

3.2 Dynamic performance analysis 

In collaboration with SNL researchers, 
method(s) for evaluating the dynamic 
performance of hexapod machine tools 



through modeling and identification 
will be established. The dynamic re
sponse errors in the nominal tool tra
jectory are not easily determined and 
can not be considered constant over the 
machine tool's workspace because of the 
highly non-linear kinematics and dynam
ics of hexapods. Therefore a three 
prong iterative approach is being used: 
modeling, experimentation, and recon
ciliation. Both finite element model
ing techniques and rigid body models 
will be utilized. 

3 .3 SAMM Laboratory Experimental Test
bed 

For current research, the SAMM back
driveable micro-manipulator hexapod 
testbed will be used for concept vali
dation. The testbed's micro
manipulator is a special 6-6 based de
sign of a hexapod which has inherent 
simplified kinematics without requiring 
concentric, or double, joint arrange
ments. The special 6-6 design has a 
triangular formation for its joint lo
cations that is illustrated in Figure 
3 . In order to achieve maximum dexter
ity and to minimize possible interfer
ence of the spindle with the struts of 
the platform to be used for automated 
edge and surface finishing applica
tions, the original design was modified 
to use ball screw actuated struts, or 
legs, with voice-coil actuation of the 
spindle in the plane of the moving 
platform. This approach facilitates 
the control of complex nominal spindle 
trajectories along the part's edge 
while meeting the finishing application 
requirement of back drivability at the 
tool with a high bandwidth. A Dec Al
pha 333 MHz motherboard, UNIX-based 
computer with DSP cards is the main 
controller. The current available feed
back to the controller is the change in 
strut length and forces on the spindle. 
The legs are similar to those of the 
hexapod at NIST. The underlying impe
tus for choosing the strut 
joint/actuation arrangement was to 
achieve actuation similar to existing 
hexapod machine tools as well as meet 
system requirements of automated fin
ishing. 

4 Summary 

In summary, this paper represents a 
work-in-progress concerning the control 

-, 
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system deve lopment and dynamic perform
ance of hexapod machine tools. Further 
results will be published at a later 
date. 
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Abstract 

A dynamically-evaluated, priority-based, multiple
command queue supervisory control structure is 
implemented in the Ocean Explorer series 
autonomous underwater robots in order to achieve a 
fault-tolerant command execution architecture and 
ensure a maximum probability of mission success. 
This structure allows for asynchronous command 
over-ride and interruption from a variety of 
supervisory control blocks, while providing for 
dynamic re-assignment of command queue 
priorities, thus ensuring maximal flexibility in 
command path alternatives. The command 
architecture design is presented, along with data 
demonstrating the utility of the implemented system. 

I. INTRODUCTION 

Robust operational performance of a truly 
autonomous robot capable of executing complex tasks 
in a hostile environment requires precise control of 
command information. This control should be 
implemented without any loss of flexibility to 
incorporate new command information which may arise 
in response to changing environmental conditions or 
supervisory control goals. 

- , 
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In particular, operation of an autonomous vehicle in 
the open ocean presents some unique, and quite severe 
constraints on the reliability and robustness of the 
command-control structure to insure successful mission 
completion. In contrast to the typical situation faced by 
terrestrial robots, wherein a mission failure may result in 
loss of data, an unanticipated control response in the 
ocean will most likely result i~ loss of the robot itself, 
with minimal chances for recovery. In addition to the 
risk of loss, logistical and economic expenditures of at
sea operations are inherently more intensive than those 
of land-based operations, thus the opportunity to 
conduct mission operations, let alone search and 
recovery procedures can be prohibitively expensive. 
Further, the at-sea operations are not afforded the luxury 
of secure shelter from inclement weather, compounded 
by the fact that heavy-weather operations on the sea
surface are dangerous to personnel and equipment. 

Coupled with these general operational concerns, 
are the non-trivial challenges faced by an autonomous 
robot operating in the unique undeiWater environment. 
One of the major 4ifficulties is that navigational 
precision of a robot which is devoid of external 
positional updates is subject to positional dilution, or 
'drift'. In the terrestrial scenario, frequent GPS updates, 
RF beacons, ultrasonic landmarking, and RF positional 
telemetry are used to ensure a high degree of positional 
accuracy. In the sub-sea environment, propagation of 
electromagnetic energy with usable bandwidth is limited 
to several meters. Therefore, acoustic communications, 
which are relatively low-bandwidth are the only viable 
means of external telemetry. In addition, the subsea 
topography is a dynamically changing variable, 



complicating the use of sonar landmarking. Another 
factor which places a premium on the robustness of the 
control implementation is the limited range of a typical 
sonar communication system. While RF svstems 
typically allow a minimum of line-of-sight (to the 
horizon) communications ranges, the refractive and 
dissipative characteristics of sonar in the ocean typically 
limits effective range to one or two kilometers. 

The Advanced Nfarine Systems (AMS) group at 
Florida Atlantic University has developed a command
control architecture in the Ocean Explorer (OEX) class 
autonomous underwater vehicles (AUVs) designed to 
address the aforementioned constraints. The OEX is a 
modular, free-swimming autonomous robot designed to 
accommodate a vari~ty of scientific and mission
specific payloads for commercial, oceanographic, and 
military applications [2,3 ,4]. The supervisory control is 
implemented on a VNfE based single board computer, 
while distributed control of individual servos and 
sensors is achieved through an interconnected network 
of dedicated mic~oprocessors through the LONTalk 
protocol. This paper will describe aspects of the OEX 
control architecture which provide the robot with a 
robust command-control structure. It employs a priority
based multiple-command-queue to control command 
information flow from the supervisory to execution 
layers. This feature allows for asynchronous processing 
of mission control commands from a remote source 
such as a mother ship using a sonar telemetry link, or ~ 
RF link when on the surface, as well as emergency 
handling command over-rides in the event of hardware/ 
software failure. 

The paper is organized as follows: First, section II 
will provide a brief introduction of the OEX is outlined 
ensued by a description of the multiple-command-queu~ 

architecture in section III. Section IV will present at-sea 
data demonstrating use of the command structure in 
section III . Concluding remarks and suggestions for the 
scope of further enhancements are presented in section 
v. 

II. OCEAN EXPLOEER AUV 

The OEX AUV is a highly modular design, 
featuring a M C68060 VME computer operating with the 
VxWorks real-time kernel as the supervisory control 
structure, a distributed communication and control 
network based on the open LONTalk [1] network 
protocol, a modular power system, and modular payload 
capability [2,3]. The modular design results in a field
reconfigurable vehicle, well-suited to the continuous 
duty-cycle demands stipulated by logistical and 
economic constraints of at-sea operations. The 
distributed communication/control network is based on 
a 1.25 Mbps twisted-pair channel, with a dedicated 
dual-ported RAM interface allowing transparent data 
access between the supervisory and distributed 
microprocessors. The LONTalk interface complements 
the modularity of the hardware systems ·allowing 
arbitrary sensor/servo/actuator attachments to the 
network without re-wiring or significant software 
changes. 

The vehicle can be generally classified as 
consisting of a forward payload section, and an aft 
propulsion I control I navigation section. The hull shape 
is a hydrodynamically efficient modified Gertler shape, 
with a maximum diameter of 21 inches. The standard 
hull configuration is 7ft in length, with optional hull 
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Figure 1. OEX functional schematic. 
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extensions for increased pay load capacity that can 
increase the overall vehicle length to in excess of l 0 ft. 
Fig. 1 depicts the major functional components of the 
OEX. 

A sonar telemetry system is a standard pay load 
option, and is referred to as an Acoustic Modem (AM) 
[5]. The design is based on a Multi-Frequency Shift
Keying (WSK) signaling format. The standard 
configuration utilizes 56 frequencies for transmission of 
24 bits simultaneously. Each bit is represented by the 
customary two frequencies for FSK signaling, thus 
requiring 48 frequencies. Another 4 frequencies for 
packet counting and parity are used, along with 4 
unused frequencies reserved for future use. The MSFK 
modulation is implemep.ted via a dedicated digital signal 
processor (DSP) chip, interfaced to an embedded single 
board Intel 80486 computer. · 

In order to communicate through the water to other 
telemetry units, the AM ·employs a priority-based 
Carrier Sense Multiple Access I Collision Avoidance 
(CSMA/CA) protocol that is adapted to the acoustic 
conditions found in the underwater environment. 
Further, to optimize the performance of the AM to the 
prevalent shallow-water waveguide boundary 
conditions, the AM was tested with various 
combinations of the available 56 frequencies to identify 
the frequencies that are best suited to combating the 
effects of mode-stripping or amplitude fading, and 
ambient noise contamination. The result is that a subset 
of 20 frequencies were selected from the available 56 
for data transmission channels. Furthermore, the 
reliability of the data transmission was increased by 
introducing a spectral redundancy in the data 
transmission format. The 20 frequencies were used 4 at 
a time, to transmit 1 bit at a time. Additionally, 
frequency -hopping was introduced to provide 5 
different channel combinations in order to avoid 
reverberation. Therefore, the current implementation is 
a frequency-agility MFSK system [5]. 

III. MULTIPLE COMMAND QUEUES 

Truly autonomous operation in the open ocean is a 
risky proposition. Redundancy remains one of the most 
robust tactics to . combat failures and ensure fault
tolerance. However, when viewed under the constraints 
of limited power-budgets and fmite economic 
expenditure, it is a luxury that is often forfeited in the 
world of undersea autonomous robots. It then falls upon 
reliability of a fault-detection and exception-handling 
netwmk to ensure vehicle survivability. The OEX 

implements such a structure through a dynamically
evaluated, priority -based, multiple-command-queue 
architecture. 

The OEX supervisory control algorithms consist of 
a group of function controllers, termed managers, which 
are responsible for synchronous/asynchronous 
scheduling and monitoring of individual functions, 
texmed behaviors. There also exist a set of low-level 
daemons responsible for basic input/output and 
regulatory functions. All of these concurrent processes 
have access to the shared memory database, which is a 
semaphore controlled database consisting of structures 
which contains all significant data assets (see figure 2). 
Through this facility, the OEX operates as an 
asynchronous data-driven architecture, in contrast to a 
messaging-driven system which can entail considerable 
system bandwidth resources, as well as imposing 
serious constraints on software expandability and 
flexibility. 

Figure 2. Asynchronous inter-process communication 
structure in the OEX is achieved through a shared-mem
ory data-driven architecture. 

The navigation manager (NavMgr) is responsible 
for executing supervisory control of vehicle positioning 
in order to complete the mission commands. This is 
primarily achieved through the Navigator behavior. The 
Planner behavior is tasked with conversion of the text 
based mission comniands into the binary format 
recognized by the Navigator. The Navigator is 
essentially a state-machine operating on the active 
command queue . and has the job of determining which 
command to execute, then deciding when the command 
has been completed. The Navigator has three distinct 
sources of command instructions: the planner queue, the 
modem queue, and the error queue. The planner queue 
holds commands from the pre-programmed mission 
command file. These commands are entered to an 

·' 71 I 



ASCII text file prior to mission execution, and loaded 
onto the system hard-disk for subsequent processing by 
the planner and navigator. The modem queue receives 
commands from either an acoustic modem, or an RF 
ethernet modem, thereby providing a remote control and 
mission intervention capability from an exterior 
supervisory control. The error queue handles eml.:!rgency 
action commands generated by system monitoring 
daemons and behaviors. A graphical depiction of the 
supervisory to execution control flow through the 
navigator behavior is shown in figure 3. 

Supervisory Control Layer 

Execution Layer 

Figure 3. Supervisory to execution control flow in the 
OEX utilizes three independent command queues, as 
well as state feedback from the execution to supervisory 
layers. 

The navigator works in concert with a collection of 
other managers and their associated behaviors to fulfill 
the mission criteria (see figure 4). Associated with each 
navigation control command, are various 'features' 
which control specific aspects of a behavior's operation. 
For instance, the navigator passes on the current 
command to the Guidance Manager (GuidanceMgr). 
The GuidanceMgr has control over the Homing 
Controller, the Tracking Controller, the Crabing 
Controller and the Docking Controller, each of which is 
responsible for commanding a navigation command in 
accordance with the selected feature (Homing, 
Tracking, Crabing, Docking). The selected behavior 
then writes the appropriate command settings to the 
AutoPilot, which is a structure of possible commands in 
the shared memory database. These AutoPilot 
commands are read by the lower-level managers, such 
as the Heading Controller, the Depth/ Altitude 
Controller, etc., which also read current vehicle state 
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information from the AuvState section of shared 
memory in order to effect feedback control of the 
appropriate vehicle response. 
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Figure 4. Navigator interaction with other managers. 

The AuvState section is a collection of structures 
contammg current sensor-based and computed 
information about the state of the robot. For example, 
the Position structure contains positional estimates in 
both earth-centered earth-fixed coordinates and geodetic 
latitude I longitude, as well as 3D coordinates relative to 
a fixed or translating local origin. The PositionMgr 
controls the position estimator, a behavior which 
performs asynchronous data fusion [6] from the host a 



available navigation sensors (GPS, doppler velocity 
sensors, fluxgate compasses, fiber-optic gyros, acoustic 
tracking systems, etc.) The navigator reads the current 
position estimate, coupled with the command 
completion criteria passed in through the active 
command queue in order to decide if the current 
command is finished. A schematic representation of the 
navigator control flow is depicted in figure 5. 

Process Cmd: 
Update AutoPilot 
Select Features 

'4---y~~ 
No 

Figure 5. Navigator behavior state-point logic. 

A main feature of the navigator's architecture is the 
facility for dynamic assessment of the supervisory 
command queue based on a priority queue selection. At 
system boot time, each command queue is assigned a 
default priority, the error queue has the highest priority, 
followed by the modem queue, and lastly the planner 
queue. The priority is simply an integer value in the 
shar~d memory queue structure. At the initiation of each 
run-cycle of the navigator, the queues are sorted in order 
of ascending priority. This allows for dynamic 
reassignment of queue priorities, for example, a remote 
command could be sent by the modem to assign the 
planner queue as a higher priority than the modem 
queue to ensure that all pre-planned mission functions 
are not interrupted. The queues are then scanned in 
priority order for commands to be executed. The 

currently selected queue is used to update a queue status 
structure, which contains a pointer to the currently 
active queue, the queue priority, command start time and 
position, and other data relevant to the navigator. The 
navigator then access just the queue status structure in 
order to fetch the current command information. 

The availability of three independent command 
queues adds a level of redundancy from the supervisory 
to execution control layers. This is demonstrated by the 
fact that the modem queue may be used to intervene or 
abort a mission under control of the planner queue. If 
however, the commands in the modem queue are 
exhausted, then control is passed back to the lower 
priority planner queue, thereby allowing a dynamic 
mission monitoring and state control capability. The 
default configuration also stipulates that once the error 
queue has been activated, the planner queue is disabled. 
In this manner commands from the error queue would 
supercede the other two by virtue of the priority 
assignments for ultimate control functionality in the 
event of a remotely un-managable system crisis. The 
modem queue is left enabled at the lower priority in 
order to allow for remote monitoring of vehicle status, 
and to provide the alternative of remote supervisory 
control. 

IV DATA AND COMMAND I CONTROL TELEMETRY IN 

THE OCEAN 

One of the most useful facilities of the multiple
command queue architecture is the mission intervention 
capability. Without this crucial command over-ride 
ability, operation of a truly autonomous robot in the 
open ocean would be a much riskier endeavor. There 

· have been several cases over the past year where the 
OEX has exhibited unexpected behavior as a result of 
hardware malfunctions or software incapabilities. The 
acoustic modem has been used to send an abort mission 
command, which by virtue of entering the navigation 
behavior with a higher priority than the planner 
commands, is able to suspend the pre-planned mission 
function and execute a .mission recovery. 
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In a more general 'sense, the dynamically -evaluated 
priority -based multiple-command queue structure 
allows for real-time mission restructuring and remote
control. Shown in figures 6 and 7 is an example of a 
mission which was conducted through use of the 
modem command queue to dynamically vector the 
vehicle on an oceanographic sampling mission. This run 
was conducted on August 31, 1997, approximately 2 
nautical miles NE of Port Everglades, Florida, in an 
average ocean depth of 15 m. The planner mission 



contained a series of quiescent commands, directing the 
vehicle to remain motionless, and therefore drift · with 
the prevailing currents. The acoustic modem was then 
used to intermpt these quiet states, and command the 
vehicle in heading, speed, and depth or altitude. A 
salient feature of the multiple-command queue 
implementation is that even though supervisory control 
was passed from the planner to the remote modem 
commands, the emergency handling command path via 
the error queue was still intact and capable of 
superceding either of the other two command states at 
any time, without software restructuring, while still 
retaining dynamic queue re-prioritization flexibility. 
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Figure 6. OEX oceanographic mission conducted by 
both planner and remote modem command queue paths. 

V CONCLUSION 

Fully autonomous vehicles operating in 
dynamically changing and environmentally hostile 
environments must implement robust command/control 
supervisory information dissemination structures in 
order to achieve acceptable survivability, and therefore 
return on investment. The typical approach consists of 
introducing hardware redundancy as a means of 
increasing fault-tolerance, however, in underwater 
autonomous systems additional hardware severely 
escalates the economic constraints, power-expenditure 
loads, and therefore mission envelope performance 
capabilities. The Ocean Explorer series autonomous 

underwater robots are fully autonomous, free
swtmmmg, robots which implement a dynamically 
evaluated, priority-based, multiple-command queue 
architecture to facilitate command information flow
control from various supervisory level control blocks 
down through the execution layer. The command-queue 
selection is dynamically reprogrammable based on a 
priority assignment associated with each command
queue. 

The OEX vehicles currently implement three 
distinct command-queues: an error-queue, modem
queue, and planner-queue. The default priority 
assignment descends trom highest to lowest in the order 
specified above, and provides a robust method of 
emergency handling, mtsswn intervention and 
restructuring, without loss of flexibility or the impact of 
additional software configuration. The multiple-queue 
structure has been tested in at-sea operations, and has 
demonstrated it's utility through a variety of mission 
interruption, remote control, and status monitoring 
operations. 
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Figure 7. Depth/altitude from the OEX oceanographic 
mission conducted by both planner and remote modem 
command queue paths. 

74 



VI. REFERENCES 

[ 1) Samuel M. Smith, K. Ganesan, Tom Flanigan, Larry Marquis, 
"The Intelligent Distributed Control System Architecture in the 
Ocean Voyage II and Ocean Explorer Vehicles. '' 9th Interna
tional Symposium on Untethered Submersible Tl!chnology, 
Durham N.H. Sept. 2.5-27, 199.5 pp. 39.5-40.5. 

[2) Samuel M. Smith, Karl Heeb, Nelson Frolund, Tom Pantelakis. 
"The Ocean Explorer AUV: A Modular Platform for Coastal 
Oceanography," 9th International Symposium on Untethered 
Submersible Technology, Durham N.H., Sept. 2.5-27, 199.5 pp. 
67-76. 

[3) Samuel M. Smith, Stanley E. Dunn, Thomas L. Hopkins, Karl 
Heeb, Tom Pantelakis, ''1be Application of a Modular AUV to 
Coastal Oceanography: Case Study on the Ocean Explorer". 
IEEE Oceans '9.5 Conference, San Diego California October 9-
12, 199.5, pp. 1423-1432. 

[4) Samuel M. Smith, Stanley E. Dunn, Edgar An, "Data Collec
tion with Multiple AUVs for Coastal Oceanography," Oceanol
ogy '96, Brighton UK, March 5-8, 1996. 

[.5) Samuel M. Smith, Joseph C. Park, "A Peer-to-Peer Communi
cation Protocol for Underwater Acoustic Communication", 
IEEE Oceans '97, October 6-9, 1997, Halifax, Nova Scotia, 
ISBN 0-7803-4108-2, p268-272 

[6) P. E. An, A. J. Healy, S. M. Smith, J. C. Park, "Asynchronous 
Data Fusion for AUV Navigation via Heuristic Fuzzy Filtering 
Techniques", IEEE Oceans '97, October 6-9, 1997, Halifax, 
Nova Scotia, ISBN 0-7803-4108-2, p397-402 

75 



Determination of the Orientation of Two Bodies Connected by a 
Ball-and-Socket Joint from Three Measured Displacements 

Yu Zhang, Carl D. Crane ill, Joseph Duffy 

Center for Intelligent Machines and Robotics 
University of Florida 

Gainesville, Florida 32611 

Abstract 
This paper details how the relative orientation of 

two bodies connected by a ball-and-socket joint can 
be determined by measuring the distance between 
three pairs of points. It is shown that a maximum of 
8 orientations exist for a given set of three 
displacements. 

Introduction 
This work was motivated by the desire to 

determine the orientation of a trailer relative to a 
vehicle. One solution to this problem that has been 
implemented is shown in Figure 1. The connection 
between the vehicle and the trailer has been replaced 
by an instrumented hitch which is comprised of three 
revolute joints. - Optical encoders measure the 
rotation of each revolute joint and the determination 
of the orientation of the trailer is readily calculated. 

It is desired, however, to determine a solution to 
the problem without having to modify the connection 
between the vehicle and the trailer. The proposed 
solution is to insert three rods (whose length can be 
measured) between points on the vehicle and trailer 
using ball-and-socket joints at the ends of the rods. 
Figure 2 shows such a configuration. Points 1, 2, and 
3 are attached to the vehicle and points 1 ', 2 ', and 3' 
are attached to the trailer. 

The device depicted in Figure 2 is a parallel 
mechanism. The analysis of these types of 
mechanisms has been the focus of much recent 
research. Stewart1 introduced his platform 
mechanism in 1965 as an aircraft simulator. Hunt2•

3
, 

Mohamed and Duffy4
, Fichte~, Sugimoto6

·
7

, Rees
J ones8

, and Kerr all suggest use of platform 
mechanisms. The forward analysis of various parallel 
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mechanisms has been investigated by Griffis and 
Duffy10

, Raghavan 11
, Wampler12

, and Innocenti13
• 

This paper will focus on the forward analysis problem 
for the specific geometry shown in Figure 2. It will 
be shown that a maximum of 8 orientations of the top 
platform can be obtained for the given set of three 
displacements. 

Figure 1: Instrumented Trailer Hitch 

Problem Statement 
In Figure 2, coordinate systems A and B have 

been attached to the lower body (the vehicle) and the 
upper body (the trailer) respectively. The origin of 
both of these coordinate systems is located at the 
center of the ball-and-socket joint which connects the 
two bodies. The coordinates of points 1, 2, and 3 
are known in terms of the A coordinate system while 
the coordinates of points 1 ', 2 ', and 3' are known in 
terms of the B coordinate system. The distances 
between the points 1-1 ', 2-2', and 3-3', i.e. Q1, Q2, and 
Q3 are also known. The objective is to determine the 
rotation matrix, ~R, which defines the orientation of 
the B coordinate system relative to the A coordinate 
system. ~R is a 3x3 matrix whose columns are the 



unit vectors of the B coordinate system as measured 
in the A coordinate system. 

Figure 2: Trailer Hitch with 
Three Measurement Sensors 

Problem Formulation 
It is apparent that the distances of the points 1, 

2, and 3 from the origin of the coordinate systems, 
i.e. r1, r2, and r3 are known (see Figure 3). Also the 
distances of the points 1 ', 2 ', and 3 'from the origin 
are known and are labeled qb <b, and q3. Lastly, the 
distances between the points 1-2, 2-3, and 3-1 are 
known and are labeled r12, r23, and r31 and the 
distances between the points 1'-2', 2'-3', and 3'-1' 
are known and are labeled q12, q23 , and q31 
respectively. 

Two new coordinate systems, labeled C and D, 
are attached respectively to the lower body and 
upper body. The origin points of both coordinate 
systems are located at the center of the ball and 
socket joint. The C coordinate system (see Figure 4) 
is oriented such that its X axis is along S 1, its Y axis 
is along S1xS2, and its Z axis is along S1x(S 1xS2) 
where Sb S2, and S3 are unit vectors from point 0 
through points 1, 2, and 3. The D coordinate system 
is oriented such that its X axis is along S1 ., its Y axis 
is along S1.xS2., and its Z axis is along S1.x(Sl.xs2.). 

Since the vectors Sb S2, and S3 are known in 
the A coordinate system, the directions of unit vectors 
along the coordinate axes of the C coordinate system 
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may be calculated in terms of the A coordinate 
system and are written as Axe, Aye' and Aze. The 
3x3 rotation matrix which transforms a point from the 
C coordinate system to the A system may be written 
as 

~R =[Axe AYe Aze] . (1) 
Similarly, the vectors S1., S2., and S3. are known in 
the B coordinate system and the directions of unit 
vectors along the coordinate axes of the D coordinate 
system may be calculated in terms of the B 
coordinate system and are written as Bx0, By0, and 
BzD. The 3x3 rotation matrix which transforms a 
point from the D coordinate system to the B system 
may be written as 

gR = [Bxn BYn Bzo] . (2) 
The rotation matrix which transforms a point 

from the B coordinate system to the A coordinate 
system, i.e. ~R may be written as 

~R = ~R §R gRT. (3) 
The matrix §R must yet be determined. Once this is 
accomplished, then the solution will be completed. 

1 

Figure 3: Distance 
Parameters Labeled 

Definition of §R 
The D coordinate system may be obtained by 

initially aligning it with the C coordinate system and 
then rotating it by an angle 81 about the X axis until 
theY axis is in the plane defined by points 0, 1, and 



3' 

Figure 4: Coordinate Systems C and D 

1 'and the scalar product of the Y axis with the vector 
S1.is positive. The coordinate system is next rotated 
by an angle a about its current Z axis which causes 
the X axis to point along the vectorS 1 •• Finally, the 
coordinate system is rotated about its X axis by an 
angle e2. The transformation 6R may thus be written 
as 

1 0 0 cos a -sina 0 

CR = 0 cosel -sine 
1 sin a cos a 0 

D 

0 sine1 cosel 0 0 1 

(4) 
1 0 0 

0 cose2 -sine 2 

0 sine2 cose2 

Expanding (4) gives 

ca -sac2 sas2 

CR= sacl - sl 52 + cl c2 ca - sl c2 -cl s2ca (5) 
D 

sa sl cl s2 + st c2 ca c1 c2 - s1 s2 ca 

where sa and Ca represent the sine and cosine of a, 
and si, ci, (i=1 ,2) represent the sine and cosine ofei. 
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The angle a is shown in Figure 5 as the angle 
between the vectors sl and SI'· Since the first 
rotation of angle 81 about the X axis caused the Y 
axis to be in the plane formed by the points 0, 1, and 
1 'and the scalarproductofthe Y axis with the vector 
sl.is positive, the angle a is constrained to lie in the 
range of 0 to 1t. The cosine of a may be determined 
from a planar cosine law as 

2 2 2 
qt + rl - Ql 

cosa = (6) 
2qt ri 

and the value of a is determined as the inverse cosine 
value in the range of 0 to 1t. 

/ 
3' 

1 

Figure 5: Angle a 

The matrix §R has been written as a function of 
the parameters 91 and 92 • The objective now is to 
determine pairs of values for these parameters that 
will locate points 1 ', 2 ', and 3' such that they are 
respectively a distance of Q17 Q2 , and Q3 away from 
points 1, 2, and 3. 

Determination of 91 and 92 

The coordinates of points 2' and 3' are known in 
terms of the B coordinate system and may be written 
as 8P 2• and 8 P 3 •• The coordinates of these points may 
be 'expressed in the D coordinate system as 

Dp - BRT Bp (7) 
2'- D 2'' 



Dp - BRTBp 
3'- D 3' (8) 

where the matrix gR is defined in (2). The 
coordinates of points 2' and 3' as measured in the D 
coordinate system may be written as 

JS'n 

Dp2, = Y2 1D (9) 

Zz'n 

X:3'n 

Dp3, = y3 1D 

Z:3'n 

where the values x2n through z3n are known. 
Similarly, the coordinates of points 2 and 3 are 
known in terms of the A coordinate system and may 
be calculated in terms of the C coordinate system as 

Cp2 = ~RT Ap2' (11) 

Cp _ARTAp 
3-c 3 (12) 

where ~R is defined in ( 1 ). The coordinates of points 
2 and 3 as measured in the C coordinate system may 
be written as 

JSc 
Cp = Y2c 2 (13) 

Zzc 

JSc 
Cp = Y3c 3 (14) 

Z:3c 
where the values of x2c through z3c are known. 

The coordinates of points 2' and 3' may be 
expressed in the C coordinate system as 

cp2, = 6R Dp2,' (15) 

Cp _CROP 
3'- D 3' • (16) 

Substituting (5) and (9) into (15) and (5) and (10) 
into (16) and expanding gives 
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(17) 

(18) 

The distance between points 2 and 2' and points 
3 and 3' must be Q2 and Q3 respectively. The 
coordinates of points 2, 2 ', 3, and 3' have all been 
expressed in terms of the C coordinate system (see 
equations (13), (14), (17), and (18)) and the 
distances between these points may be expressed in 
the C coordinate system as 

[X2nCa-Y2DSaC2+Z2nSaS2-X2c]2+[X2DSaCt+Y2n( -S1S2+ 
c1c2cJ+z2D( -slc2-cts2cJ-Y2c]2+[x2nSaSt+ Y2n( C1S2+ 
s1c2cJ+z2u(c1c2-s1s2ca)-z2c]2 = Q2

2 , (19) 

[X3nCa-Y3DSaC2+z3DSaSrX3c]2+[X3nSaCt+Y3n(-StS2+ 
C1 C2CJ+z3D( -StCrCt S2Ca)-Y3c]2+[X3nSaSt+Y3n( C1 S2+ 
S1C2CJ + Z3n(C1C2-S1S2Ca)-z3c]2 = Q/ . (20) 

Note that a constraint equation is not written for the 
distance between points 1 and 1 '. The distance 
between these points will be equal to Q 1 since the 
coordinate system transformation which relates the D 
and C coordinate systems included a rotation by the 
angle a about an axis that is perpendicular to the 
plane formed by points 0, 1, and 1 '. 

Equations ( 19) and (20) may be expanded and 
factored into the form 

(Aiel + Bisl + DDc2 + (Eicl +Fist + Gi)s2 + 



(Hict +list +Ji)=O, i= 1,2 (21) 
after recognizing that s1

2+c 1
2=1, s/+c/=1, and 

Sa 2+ca2= 1 and where 

Ai = -2 Czrozjc + YroYjcca) , 
Bi = 2 CzroYjc- Yj'oZjcca) , 
Di = 2 Yj'oXjcSa , 
Ei = 2 (zj'oYjcCa - Yj·oZjc) ' 
Fi = 2 (ZyoZjcCa + YfDYjc) , (22) 
Gi = -2 ZyoXjcsa, 
H- = -2 X··oY·cS 1 J J a ' 

Ii = -2 Xj'oZjcSa , 
J - 2 2 2 2 i - Xyo + Yro + Zyo + Xjc + 

2 2 2 n 2 Yjc + Zjc - XroXjcCa- ~j 

and where j = i+ 1. 
At this point the trigonometric identities 

sine. = 2x./(1 + x?) and cos e . = (1- x?)/(1 + x?) 
1 1 1 1 1 1 

are introduced where x. = tan(8. /2) and i = 1, 2. 
1 1 

Substituting these identities into equation set (21), 
multiplyingthroughoutby(1+x1

2)(1+x/), and then 
regrouping gives 

(3.jx1
2 + bix1 + ~)x/ + (eix1

2 + fix 1 + gi)x2 + 
(hix1

2 + iix1 + ji) = 0, i = 1, 2 (23) 
where 

d-= -A· - D· + H-+ J. 1 1 1 1 1 ' 

ei = 2 (Gi- Ei), 
fi = 4 Fi, 
gi = 2 (Gi +Ei), 
h· =-A· + D-- H- + J. 1 1 1 1 1 ' 

ii = 2 (Ii + Bi) , 

J. · = A· + D· + H- + J. 1 1 1 1 1 • 

Equation set (23) may be rearranged as 

where 
Lix2 

2 + Mix2 + Ni = 0, i = 1, 2 

L· = ~ -x 1 2 + b-x 1 + d-1 ...,. 1 1' 

Mi = eixl2 + fixl + gi, 
Ni = hixl2 + iixl + ji. 

(24) 

(25) 

(26) 

Solving equation set (25) for x1 by using Bezout's 
method14 gives 

LI Ml MI NI 
= 0 

L N 
2 

1 1 
(27) 
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which is an eighth degree polynomial in the variable 
x 1. Corresponding values for x2 may be determined 
from either 

~ = 

or 

~ = 

Mt Nt 

M2 N2 

Lt Nl 

L2 N2 

Lt Nl 

L2 N2 

Ll Ml 

L2 M2 

(28) 

(29) 

Corresponding values of ei may be obtained from xi 
as 

ei = 2 tan-1CxD, i = 1, 2 . (30) 
Once values for 81 and 82 are obtained, the 

rotation matrix §R may be obtained from ( 5) and the 
matrix ~R may then be obtained from (3). 

Numerical Example 
The coordinates of three points on the lower 

body are specified in the A coordinate system as 

-2.3 19.5 -13.4 

Apl = 16.1 , AP2= -8.9 , Ap
3
= -16.9 .(31) 

-8.3 -16.1 -14.9 

The coordinates of three points on the upper body 
are specified in the B coordinate system as 

12.5 -13.3 2.2 
8P1,= 5.2 , 8P2,= -10.2 , 8P3,= 17.7 . (32) 

4.1 19.6 14.6 

Figure 6 shows the upper and lower points when the 
A and B coordinate systems are aligned. The 
distances between points 1 and 1', 2 and 2', and 3 
and 3' are measured as 

Q1 = 26.3 em, Q2 = 39.9 em, Q3 = 37.9 em .(33) 
The objective is to determine all the real orientations 



of the upper body relative to the lower body, i.e. ~R. 
The numerical results are presented in Table 1 and 
the eight configurations for this case are drawn in 

Figure 6: Numerical Example 

Conclusion 
The relative orientation of two bodies which are 

connected by a ball-and-socket joint has been 
determined from three measured displacements 
between the two bodies. It has been shown that a 
maximum of eight real orientations will exist. 
Numerous applications exist for a mechanism of this 
type and this kinematic analysis provides a first level 
of understanding of this device. 
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Table 1: Numerical Results 

eb deg. 82, deg. Apt., em. Apz·, em. Ap3., em. 

13.48 -16.37 10.93 

A -119.12 130.38 -3.91 -19.78 -14.62 

-1.79 -2.42 14.07 

7.81 14.43 14.84 

B -76.57 0.19 -8.18 13.80 8.37 

-8.50 16.32 -15.52 

3.14 10.93 21.38 

c -54.86 59.23 -9.58 -5.44 -3.63 

-9.92 22.72 -7.80 

-12.66 -1.60 -16.70 

D 37.63 -97.09 -6.25 24.18 7.22 

0.92 -8.83 14.15 

-12.18 13.66 -1.13 

E 64.06 -169.00 -3.38 17.23 -10.65 

6.35 13.49 20.41 

0.28 -18.54 -17.28 

F 135.21 32.43 2.32 -16.57 9.97 

13.95 -6.83 11.55 

12.82 -5.20 19.61 

G -156.94 -89.41 0.01 22.18 1.49 

5.99 -12.09 -12.02 

-0.17 -18.86 -17.33 

H 133.28 29.42 2.26 -15.85 10.56 

13.96 -7.61 10.93 
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~R 

0.866 0.500 0.013 

0.017 -0.004 -0.999 

-0.500 0.866 -0.011 

0.306 0.015 0.952 

-0.893 0.352 0.281 

-0.330 -0.936 0.121 

-0.253 0.645 0.721 

-0.727 0.365 -0.581 

-0.638 -0.672 0.376 

-0.665 -0.295 -0.686 

-0.695 -0.094 0.713 

-0.275 0.951 -0.142 

-0.999 0.031 0.035 

-0.015 -0.921 0.389 

0.044 0.388 0.920 

0.439 -0.347 -0.829 

-0.058 0.910 -0.411 

0.897 0.228 0.379 

0.603 0.640 0.477 

-0.024 -0.583 0.812 

0.798 -0.501 -0.336 

0.402 -0.322 -0.857 

-0.077 0.921 -0.382 

0.913 0.219 0.345 
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ADVANCED LIFE SUPPORT AUTOMATED REMOTE MANIPULATOR 
(ALSARM) 

Michael D. Hogue 
Advanced Systems & Analysis Division 

DM-ASD 
Kennedy Space Center, FL 

ABSTRACT 

The objective of the ALSARM project phase I 
is to develop a prototype system to gather 
environmental measurements inside the 
Advanced Life Support (ALS) project office 
Biomass Production Chamber (BPC) at 
Kennedy Space Center (KSC). The ALSARM 
project is being performed by NASA KSC in 
conjunction with the University of Central 
Florida (UCF). A two semester design course 
at UCF resulted in the basic ALSARM. KSC 
engineers developed a final design that would 
meet the ALS scientific and engineering 
requirements. The ALSARM is complete and 
is installed in the BPC. 

The BPC · consists of two separate . levels 
which are used to grow crops in a closed 
environment. During the course of study, 
technicians enter the chamber to measure 
environmental parameters. Entry of 
personnel into the BPC disturbs the 
environment in several ways. ALSARM will 
be an automated method of taking these 
measurements and will eliminate the 
personnel entry, reduce the chamber leak rate, 
and allow more consistent measurements. 

The ALSARM will integrate state-of-the-art 
systems in control, mobility, manipulation, 
information management, and sensor 
technologies to perform the BPC 
environmental measurements. The ALSARM 
is a three Degree-of-Freedom (OOF) robotic 
system. The ALSARM can operate manually 
or automatically, moving to preprogrammed 
points in the BPC. In phase II of the 
ALSARM project, (starting Fall 1997), the 
system will be expanded to include a three 
OOF End Effector (EE) that will incorporate 
the existing sensors and be able to take plant 
samples. 
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1.0 PROJECT BACKGROUND 

The Life Sciences Support Facility (LSSF) at 
Hangar Lon the Cape Canaveral Air Station 
(CCAS) uses an enclosed chamber to study 
the growth of food plants using hydroponics 
technology. The Biomass Production 
Chamber (BPC) as it is called, is an upright 
cylindrical structure approximately seven 
meters tall and three meters in diameter. The 
BPC is divided into two separate 
levels. Each level has two shelves where 
plant trays are placed. Nutrient solution is 
cycled through the trays in a closed system. 
The BPC gas mixture(~, GN2, C02, etc.) 
is monitored and controlled by a .gas system. 
Each level uses high pressure Sodium lighting 
to simulate sunlight (see figure 1). 

Air Handlers 

Nutrient system 

Biomass Production Chamber (BPC) 
Figure 11 

In studying the plant growth cycle, BPC 
scientists take five basic environmental 
measurements inside the BPC. These 
measurements are: Air temperature, % 
Relative Humidity (%RH}, Infrared 
temperature, wind speed, and 



Photosynthetically Active Radiation (PAR). 
Until the ALSARM project, these 
measurements had to be taken using hand 
held sensors. This manual process was 
lengthy, and labor intensive. Opening the 
BPC air lock accounted for 50% of the daily 
BPC leak rate. Also, the respiration of the 
technicians contaminated the BPC by exhaled 
C02 and other organic products. 

In 1994, the Advanced Life Support Project 
Office (JJ-G) at the LSSF, in conjunction with 
UCF and the Advanced Systems & Analysis 
Division (DM-ASD), started the ALSARM 
project. This project would be to design, 
develop, and implement the ALSARM as a 
operational 3 OOF automated system. The 
UCF Mechanical and Aerospace Engineering 
(MAE) senior design class, with DM-ASD 
support, would do the design and 
procurement. The NASA developmental 
testing laboratory (DM-DTL) would provide 
the project with fabrication support. 

2.0 THE ALSARM 

The ALSARM consists of five major 
subsystems. They are: the Vertical 
Telescoping Assembly (VT A), the Rotational 
Assembly (RA), the Horizontal Telescoping 
Assembly (Hf A), The Sensor Array (SA), and 
the PC based control system. The ALSARM 
is a two link, 3 DOF robot with a SA to take 
environmental measurements either 
automatically or remotely (see figure 2). The 
ALSARM has two Charged Coupled Device 
(CCD) color cameras for plant inspection. 
The first is a pan/tilt unit located 9n the HT A 
and the other.is a fixed focal length unit in the 
SA electronics housing. Eventually, the 
ALSARM EE will be used to take biomass 
samples (leaves, stems, fruit, etc.) for analysis. 

2.1 VTA 
The VT A provides the vertical positioning of 
the ALSARM. It uses a rigid chain/servo 
motor (with encoder) drive system · to 
vertically move the HTA/SA in the BPC. The 
VT A is attached to a IA inch steel hatch plate 
in the top of the upper level of the BPC. The 
VT A consists of : attachment brackets, 
telescoping links, a worm gear, a rigid chain 
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plus magazine, a servo motor, limit switches, 
and cabling (see figure 3). 

Control 
System 

ALSARM 
Figure 21 

2.1.1 Telescoping Assembly 

RA 

I 
SA 

The telescoping assembly is an anodized 
Aluminum, six link, square tube set 
manufactured by the Magnetic Corporation. 
Each of the links is 600 mm in length with 
internal stops to give each link a stroke of 488 
mm2

• When fully extended, the VTA has a 
stroke of 2,438 mm which allows it to reach 
the bottom of the iower plant shelf in the 
BPC upper level. 

2.1.2 Rigid Chain 
The rigid chain is a 40 mm link steel chain 
that can bend in only one direction so it has 
pulling and pushing capability, yet can be 
coiled up into a small volume when retracted. 
The chain is housed in a magazine attached to 
the BPC hatch plate. The chain is attached to 
the end of link 6 by a NASAIUCF designed 
pinned coupling. The rigid chain and its 
magazine are manufactured by Serapid USA. 

2.1.3 Worm Gear 
The VTA worm gear, manufactured by Sew 
Eurodrive, is a 90 degree gear with a ratio of 
104: 1. The worm gear is attached to the BPC 
hatch plate by a stainless steel bracket. The 
output shaft of the worm gear is attached to 
the rigid chain magazine shaft via a flexible 
coupling. 



2.1.4 Servo Motor 
The VT A is driven by a DC brush less servo 
motor by Kollmorgen and is rated for 120 oz
in continuous torque and 400 oz-in peak 
torque. The motor interfaces with the worm 
gear via a flexible coupling. 

2.1.5 Limit Switches 
The VTA is oriented by means of three reed 
type limit switches mounted to the rigid chain 
and chain housing. The switches provide for 
locating home, full extend, and full retract 
positions of the VT A. 

2.1. 7 Cabling 
The VT A cabling consists of a power cable, a 
signal cable, and two coax video cables. 
These cables are routed from bulkhead 
connectors on the BPC hatch plate to 
bulkhead connectors on the HT A starboard 
side plate. 

Rigid Chain 
Magazine 

Magnetic 
Telescoping 
Links 

Figure 31 

VTA 
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2.2 RA 
The RA provides the angular positioning of 
the ALSARM. It uses a DC brushless servo 
motor/harmonic drive to rotate the HT A/SA 
in the BPC. The RA joins the VT A to the 
HTA by attachment plates on top (VTA) and 
bottom (HT A). The RA consists of: housing, 
servo motor/harmonic drive, and limit 
switches (see figure 4 ). 

2.2.1 Housing 
The RA housing was a NASAIUCF design 
that was fabricated at KSC. The housing is 
made from anodized 6061 Aluminum and is 
200 mm in diameter by 179 mm in height. 
The housing contains the harmonic drive, its 
connection to the servo motor, a stainless steel 
upper split shaft, and the limit switches. 

2.2.2 Servo Motor 
The RA is driven by a DC brush less servo 
motor by Kollmorgen that is rated for 86 oz-in 
continuous torque. It interfaces with the 
harmonic drive via a NASAIUCF designed 
bushing that adapts the output shaft of the 
motor to the wave generator of the harmonic 
drive. 

Housing 
Assembly 

Servo Motor ___.-
& Encoder 

Figure 4 1 

RA 

2.2.3 Harmonic Drive 
The RA harmonic drive is manufactured by 
Harmonic Drive Technologies and provides a 
160:1 gear reduction. The drive consists of 
dynamic and static circular splines, flexspline, 
elliptical wave generator, and wear washers. 
The static spline is bolted to the RA upper 
split shaft and the dynamic spline is bolted to 
the RA housing. 



2.2.4 Limit Switches 
The RA limit switches are of the mechanical 
lever arm with roller type and are located in 
the RA housing. The switches locate home, 
full counter clockwise, and full clockwise 
rotation limits. 

2.3 HTA 
The HT A provides the horizontal extension of 
the ALSARM. It uses a rigid chain/servo 
motor system to horizontally move the SA in 
the BPC. The HT A is attached to the lower 
flange of the RA by an attachment plate. The 
HT A consists of: attachment plate and base 
link structure, telescoping links, a servo 
gearmotor, a rigid chain and magazine, chain 
guides, power board, a CCD color camera, 
limit switches, and cabling (see figures 5 and 
6). 

RA 1/F Plate 

Starboard Side Plate I 
Magnetic Sections 

Figure 5 1 

liT A Base Link 

Figure 6 
ALSARM in the BPC 
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2.3.1 Attachment Plate/Base Link Structure 
The anodized Aluminum base link of the 
HT A is a NASAIUCF design that incorporates 
the servo motor/rigid chain, SA power board, 
and the pan/tilt HT A CCD camera. The base 
link structure is covered by l/8 inch anodized 
6061 Aluminum skins designed and 
fabricated by NASAIUCF. 

2.3.2 Telescoping Assembly 
The telescoping assembly is an anodized 
Aluminum, four link, square tube set 
manufactured by the Magnetic Corporation. 

. Each of the links is 593 mm in length2
• When 

fully extended the HfA has a stroke of 1,575 
mm which allows it to reach to the back 
portion of the plant trays in the BPC. Link 1 
of the set is statically fixed to the base link 
and acts as a housing for the remaining three 
links. An interface plate is attached to the 
end of link 4 to attach the SA electronics 
housing and cabling. 

2.3.3 Servo Geannotor 
The HT A is driven by a DC brushless servo 
gearmotor with an internal gear ratio of 80: 1. 
The motor, manufactured by PMI Motion 
Technologies, has a continuous torque of 17.5 
N-m. The output shaft of the motor 
interfaces with the rigid chain sprocket via a 
NASA/UCF designed coupling. 

2.3 .4 Rigid Chain, Magazine, and Chain 
Guides 
The rigid chain is a 25 mm version of the 
VT A chain. The chain is housed in a 
NASA/UCF designed magazine attached to 
the base link front and vertical plates. The 
chain is routed between the magazine and the 
telescoping links by two 90 degree chain 
guides designed and fabricated by 
NASAIUCF. The fixed end of the rigid chain 
is attached to the rear of link 4 to minimize 
the length of chain required. The chain is 
driven via a sprocket attached to the output 
shaft of the 12FG gearmotor. The chain and 
sprocket are manufactured by Serapid USA. 

2.3.5 CCD Camera 
The liT A camera is a Toshiba CCD color 
camera with 6X motor zoom capability 



mounted on a Pelco pan/tilt unit. The camera 
is located on the starboard side of the RA 
interface plate on the HT A. The camera will 
be used to monitor ALSARM positioning in 
the BPC and perform plant inspections. 

2.3.6 Limit Switches 
The HT A is oriented by three reed type limit 
switches mounted to the rigid chain and chain 
guides. The switches provide for locating 
home, full retract, and full extend positions of 
the HTA. 

2.3.7 HTA Moving Cable 
The HT A moving cable consists of power, 
signal, and video cabling for the SA. These 
wires are housed in a Y2 inch diameter 
corrugated plastic sheath and are attached to 
bulkhead connectors on the horizontal plate in 
the base link and to bulkhead connectors in 
the rear plate of the SA. As the HT A extends 
and retracts the Y2 inch cable slides in and out 
of the base link through a 1-1/2 inch 90 
degree PVC elbow that has been modified to 
act as a cable guide. To insure proper cable 
tension upon retraction, a one pound 
Aluminum weight has been attached to the , 
cable with a slider eyelet. 

2.4 SA 
The ALSARM SA consists of two 
subassemblies. One is the electronics housing 
and the other is the sensor bracket which 
holds the sensors. The electronics housing is 
a NASA design to contain the microcontroller 
and sensor circuit boards and is attached to 
the end of IITA link 4 (see figure 7). The 
sensor suite of the ALSARM is as follows: 

• Air Temperature, (Range: 0 - 50 degrees 
C) 

• Percent Relative Humidity, (Range: 0-
100%) 

• PAR (Range: 400 - 700 nm; 0 -
2000 J..Ullollm2/s) 

• Air Speed (hot needle anemometer), 
(Range: 0- 5 m/s) 

• Infrared Radiation, (Range: 0 - 100 
degrees C) 

• CCD Color Camera 
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Figure 7 
Sensor Array 

2.5 Control System 
The ALSARM is controlled using Lab 
Windows CVI. NASA developed most of the 
ALSARM operating software in-house. 
Operation of the ASLARM was made user 
friendly by the use of Graphical User 
Interfaces (GUI' s). An example of an 
ALSARM GUI is shown in figure 8. The 
ALSARM can be operated in two modes: 
manual and automatic. Before either mode is 
accessed, the ALSARM must be calibrated. 
Calibration allows the ALSARM to home 
itself using the encoders on the three servo 
motors. An emergency stop or E-Stop circuit 
is provided to stop ALSARM motion if a 
collision or . other error condition is 
encountered. The E-Stop circuit allows for 
manual recovery, automatic recovery and 
continue, automatic recovery and shutdown, 
or emergency shutdown in place functions. 

2.5.1 Manual Mode 
In manual mode the ALSARM can be moved 
manually using a teach pendant. This 
pendant has controls for moving the three 
axes, storing a location into a file, and taking 
a measurement. The teach pendant can be 
plugged into the ALSARM control panel in 
the BPC control room or into an electronics 
box located just outside the BPC. 

2.5.2 Automatic Mode 
In the Automatic mode the ALSARM can 
autonomously operate, moving to pre
programmed locations in the BPC to take 



measurements. All measurement data IS 

stored in a data file for analysis. 

3.0 Conclusion 
The ALSARM has been installed in the BPC 
and as of the writing of this paper is finishing 
activation testing. There are still issues 
pending on the sensor array dealing with 
sensor drift. However, the ALSARM is 
expected to be operational by the end of 
September, 1997. The NASAIUCF EE phase 
of the project is awaiting funding approval. 

Figure 8 

Working this joint project with a university 
has presented its share of problems as well as 
rewards. Typical NASA project scheduling 
was difficult to mesh with the semester 
schedule of UCF. The design process was long 
due to student turnover and unfamiliarity with 
NASA design and documentation 
requirements. Yet, in the end, a functioning 
robot was developed that provided many UCF 
students (and NASA engineers) with 
invaluable knowledge on the development of 
automated systems. 

ALSARM Automatic Mode GUI 
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Abstract - The present paper focuses on the development of 
a hands-on project-based evaluation procedure for a senior 
level university course in Robotics. 

In essence, the evaluation procedure involved dividing the 
class into small teams. Then a universal task was given to all 
the teams, which required the design and construction of a 
robot to complete. The objective of the task was to develop an 
autonomous machine that could climb a lamp pole and swop 
out a burnt-out light bulb with a new one. The lamp pole was 
5 feet tall and constructed from PVC pipe and fittings The 
pole featured a stepped configuration whose diameter 
diminished in increments from 2" at ground level to 1" at the 
top. The pole had two standard 60W incandescent bulbs 
installed into downward hanging medium screw bases 
positioned at each end of an upper "T" cross-member. The 
burnt-out light bulb could be either of the two, and so the 
robot had to recognize the bulb that needed changing. Once 
the robot had been placed at the bottom of the pole and 
activated, no further human intervention was pennitted. The 
robot had to climb the pole, swop out the burnt-out bulb with 
a new one, and descend back to the ground while safely 
carrying the burnt-out bulb. A set of rules were issued to 
explicitly define the task and pennit judgments of success or 
failure to be made. 

Having successfully applied this concept to the Spring 
1997 Robotic Systems class at USF, a number of unique 
solutions were observed amongst the eight robots created. 
Although all eight robots were genuine efforts, only three 
were judged as totally successful. These were featured on the 
ABC 28 Tampa Bay News at 5o' clock, in an article called "A 
Bright Idea". 

Introduction 

University level courses in Robotics [1] are becoming more 
numerous across the country as educators recognize the 
importance of interdisciplinary high-tech systems to the 
economic well being of the nation. 

One such course is currently offered by the Mechanical 
Engineering Dept. at USF designated by: EGR EML 6801 
Robotic Systems. The class is offered at the graduate level but 
is open as a technical elective to· undergraduates. 

The class is very popular and typically attracts 40+ 
students when offered approximately once a year. 

The class takes the form of an overview of the systems and 
technologies that are involved in all forms of modem robots. 
It also serves to make students aware of the latest emerging 

technologies that impact robotics research and design. A 
syllabus is available from the author. 

The present paper focuses on the development of a hands
on project-based evaluation procedure for the course. 

Project Rationale 

One of the problems with teaching robotics courses is how to 
appropriately grade the students. Traditional examinations on 
the lecture material and on-paper surveys/designs have their 
merits, but few would argue that involving the students in a 
competition requiring the physical construction of an actual 
robot would hold vastly more educational value. The idea of 
using project based evaluation methods has received much 
attention recently [2,3,4]. Such a concept is attractive since the 
students must learn to work successfully in a team, they learn 
to source and acquire the hardware needed, they learn about 
the cost of components, they get to physically interact with 
machines and develop trouble-shooting skills. The professor 
benefits in a number of ways, not the least of which is that this 
method avoids the drudgery of reading through piles of exam 
papers or project documents. 

The problem of logistics however is often cited as a 
stumbling-block to this approach. 

How can the department afford to provide the cost of robot 
construction? 
What space needs to be provided for the construction? 
-How can a class of 40 people be organized into building a 
robot? 
How can the robot be finally judged as successful or not? 
How can an individual student be graded appropriately? 
When are the students going to build the robot? 
Who is going to supervise the construction? 

These type of arguments usually conspire to get the 
concept labeled as impractical. However, a formula for 
success has been developed at USF that negates most of the 
problems while retaining the main educational benefits. 

Project Concept 

The concept initially involves dividing the class into small 
groups (typically consisting of no less than 3 and no more than 
5 students), for a class size of 40 this would create 8 groups of 
5 students. Usually the students are able to quickly form these 
groups without much imposition by the professor. 
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A specific task is defined for the whole class and each 
group is given the job of constructing its own robot which 
will successfully complete this common task. 

This task assignment is given at the very beginning of the 
semester, and a final completion dead-line is established for 
the end of the semester. 

No specific space is provided or meeting times specified 
for the robot development. Each group establishes its own 
schedule and work habits. These hours are above and beyond 
any catalogue defined lecture attendance, and therefore can 
be considered as homework. 

An out-of-pocket expense limit is set at $150 per group. In 
other classes a student is typically asked to buy a text book 
costing $70 or so. Should the student opt to trade this book in 
later he or she can expect to lose $30 on the deal. Five 
students could therefor expect to realize a net loss of $150. 
Since no text book is required for the Robotics Systems class 
it is not unreasonable to ask students to pay up to $30 each for 
any hardware that they decide to purchase. This teaches the 
students fiscal responsibility, forces them to look at lower 
cost solutions, and frees the department from any fmancial 
obligations. 

Since the class is at the graduate level students would 
normally expect to gain either an A or B grade. Grades of C 
or lower would indicate failure to participate or some other 
gross deficiency. The grading therefore becomes a simple 
procedure: All5 members of a group would receive the same 
grade; the grade would be A if the fmished robot successfully 
accomplishes the defmed task, or B if the robot is 
unsuccessful but a genuine attempt has been made. It is 
inevitable that certain individuals will surface as the driving 
force in any group while others will tend to slack. Since each 
team member will end up getting the same team grade, one 
might receive a better or worse grade than his efforts deserve. 
This is however reflective of real-life team situations, and 
therefore acts as a learning experience in itself. 

Project Description 
I 

By applying the concept principles described above, a project 
was devised and run with great success during the spring 1997 
semester. The students were asked to develop a robot which 
successfully completed the. required task as defined by the 
following official rules: 

(1) The class will be divided into groups of 5 students each 
(2) Each group will ·be given plans for constructing a PVC 
lamp pole, with concrete base and two bulb fittings. 
(3) On the day of the exam (last week of semester), the pole 
will be inspected to conf1m1 that it conforms to the standard 
plans. No non-standard modifications are permitted (i.e. 
track-ways, sticky tape, grip holes, etc.) 
( 4) Over the course of the 16 week semester each group 
should have designed and built a robot device that will 
autonomously climb the pole, swop the burnt-out bulb for a 
new one, and safely descend back down the pole. 

(5) The robot can be no taller than 12". 
(6) The particular bulb which will be "burnt-out" (left or right) 
for each group will be randomly selected at the time of the 
exam. The robot cannot be "set" to change a particular bulb, 
but instead has to autonomously "decide" which requires 
changing. 
(7) The robot out-of-pocket cost is limited to $150 ($30 per 
student in leu of the lack of text book needed for the class). 
However, borrowed hardware at no cost is permitted 
(8) The student group will position their robot at the base of 
the pole, and make all fmal preparations for a "live run" before 
the burnt-out bulb position is selected. 
(9) Once the burnt-out bulb position has been selected (by 
throwing a die), the instructor will issue the "start" signal to 
the robot. No further human control or intervention will be 
permitted. 
10) The pole must not be damaged during the run (i.e. no 
spiked traction wheels, etc.). 
11) The robot must climb the pole. Robots that simple rise up 
from the ground (such as a telescope, scissor-jack, etc.) are not 
permitted. 
12) Muiti-Stage Systems are permitted. 
13) Three attempts will be allowed (@5 min time limit each). 
14) Robots must run off of a low voltage power source. 
15) A successful operation will end when the robot is back at 
the bottom of the pole, both bulbs are lit, and the burnt-out 
bulb is safely held on or within the robot. 

Project Solutions 

Out of 8 student groups that attempted the project task only 
three completed it, and of these only one was fully 
autonomous (one being umbilical controlled and another 
requiring a "helping hand"). The reason for this high failure 
rate was the shear complexity of the task. Although changing 
a burnt-out bulb is a trivial task for a healthy adult person, it 
is a formidable challenge for a robot. Even though only three 
robots completed the task, many of the others were "near 
misses" and all were serious attempts. The students learnt 
many hard lessons about cwrent robotics topics such as: vision 
(light) sensing, controls, grippers, and tactile feedback; as well 
as: motor sizing, gear reducers, transmissions, traction devices 
and structure, etc. 

From the educational viewpoint, even the task failures 
were actually learning successes, as there is much more to be 
gained by attempting and perhaps failing in a demanding 
project than by easily succeeding in a trivial one. 

The three successful groups produced uniquely ~erent 
looking robots. These machines were given descriptive names 
as follows: Green Machine, Kool Koolers, Fantastic Funnels. 
These three robots will be described in the following sections, 
but that is not to say that many innovative and elegant features 
were not present in the other unsuccessful five machines. 

The Green Machine: 
This robot was relatively large and was painted a green color 
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(hence the name). It essentially used only two rubber wheels 
to scale the pole and negotiate the stepped diameter changes. 
This was possible by placing the pole between the two 
wheels, and then applying a torque to the entire vehicle by 
making the robot structure very long and placing a dead 
weight at the extreme end. Neither the dead weight nor the 
overall robot weight were particularly large since the long 
lever arm produced high torque and thus excellent traction 
forces between pole and wheels. The robot easily negotiated 
the pole steps with a minor rocking motion. No complex 
sprung loaded suspension system was required, and axles and 
transmission could be fixed relative to each other. 

The bulb changing system used two motor driven counter
rotating cups. One was used to unscrew the burnt-out bulb, 
and the other carried the new bulb and screwed it into place. 
An ingenious sliding mechanism positioned each cup under 
the fitting in the appropriate sequence. 

Unfortunately the control system burnt out on the day of 
the exam, but the group was able to show off their hardware 
capability and complete the task using an umbilical and 
manual switch pad. 

The Kool Koolers: 
This robot was perhaps the "ugliest" and most "Rube
Goldberg" machine of the three. It got its name from the drink 
can coolers used to grip and turn the bulbs during removal 

and replacement. The robot used a three wheeled 
configuration with the wheels positioned radially around the 
pole. Only one wheel was hinged and sprung loaded to 
accommodate the stepped pole, while the other two wheels 
were fixed to a solid transmission. All wheels were from in
line skates. The robot featured a "rats nest" of a bread-boarded 
control circuit, but one that operated very well. The robot 
almost functioned perfectly save for unscrewing the burnt-out 
bulb when slippage prevented complete bulb removal. At this 
point a group member stepped in and lent a human hand by 
giving the bulb an extra twist to release it. 

The Fantastic Funnels: 
This robot was without doubt the best machine built. Not only 
did it look good~ with its aerospace-type aluminum structure, 
but it functioned flawlessly and autonomously. It was however 
the most complex robot in the class, employing a PLC 
controller, pneumatic actuators, three sprung floating- axle 
wheels, and numerous advanced feedback sensors. The name 
came from the bright yellow plastic funnels used in bulb 

handling operations. This robot was also the fastest in terms of 
pole climbing, taking about 5 seconds from ground to top. In 
addition the robot was repeatable, performing the task several. 
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times over in quick succession. 

Project Outcomes Assessment 

The project based evaluation procedure described turned out 
to be very well received by the students involved. The formal 
student evaluation of teaching surveys for the course showed 
it to be the highest rated course in the entire mechanical 
curriculum for that semester. Part of the success related to a 
"hunger" among students for more hands-on design or 
laboratory type education experience, as communicated 
through written surveys and during exit interviews. Students 
at USF have for some time been asking for all courses to 
contain a laboratory component along with lectures, rather 
than the common practice of lumping all experimental work 
into one or two dedicated laboratory courses. 

The project concept went smoothly with good enthusiasm 
and participation from the students. There were some 
inevitable complaints, with these mostly related to the lack of 
any department money and personality conflicts within groups. 

Procrastination was observed with a few groups, and so a 
progress report session was organized during one of the 
scheduled lecture times. The implied threat of potential 
embarrassment at having "nothing to report" in front of their 
class peers gave the necessary incentive for all groups to 
address the project challenge early in the semester. 

Observation indicated that valuable social lessons were 
learned through working in groups. Also fiscal responsibility 
was driven by the necessity to spend their own money, 
thereby challenging the students to consider low cost 
solutions. 

Another positive incentive was to tell the class that the 
media would be invited to a post-exam session with just the 
most successful groups. Positive newspaper or local news 
coverage is good for the professor and university, as well as 
giving the students the prospect of appearing in print or on 
t.v. The successful robots were featured on the ABC 28 
Tampa Bay News at 5 o'clock, in an article called "A Bright 
Idea". 

Conclusion 

A project based evaluation procedure for use in robotics 
courses has been presented. The project only requires that 
students are supplied with plans for a PVC lamp pole (as 
below). The list of rules presented should make the project 
immediately adoptable by any interested faculty. 

24" 

6" 

H 
Outdoor Light 

Fitting 

....-J 
Dia PVC 

1.25" Dia PVC 
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3" Toilel 
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Abstract 

In this paper we explore the use of mobile 
autonomous agents to introduce elementary 
and middle school students to fundamental 
concepts in engineering, mathematics, 
physics, and experimental biology. This 
work is based on several experiments 
performed in local schools using educational 
material developed at the University of 
Florida. 

Introduction 

The universal appeal of robots allows even 
very young children to explore engineering 
and the sciences from a unique and exciting 
perspective. This research involves the 
development of a curriculum to be used in 
middle and elementary schools to teach and 
illustrate many of the fundamental concepts 
of engineering, physics, electronics, 
programming and simple machine 
intelligence. The motivation for this 
research comes from a need to introduce 
children, especially females and minorities, 
to technology at a young age [Mills, 1996]. 
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Current research suggests that young 
women and minority students tend to lose 
interest in science curriculum during the 
middle school years [Greenfield, 1997]. The 
TJ robot provides a fun and interesting 
platform through which these young 
students can be inspired to continue their 
education in the sciences. 

The robots provide the students with 
hands-on experience in math and science 
concepts. They also gain an understanding 
of biological sciences through experiments 
with artificial creatures. These experiments 
are essentially an exercise in synthetic 
ethology. 

Experimental Platform 

TJ Robot 
We used a small robotic platform provided 
by Mekatronix called Talrik Junior, or TJ 
(Figure 1). A completed TJ has a 7-inch 
radius and 3.5 inch height. It is constructed 
from 5-ply Birch model aircraft plywood 
and rides on wheels and a rear skid. Two 
gearhead motors mounted underneath the 
platform drive the wheels, one motor per 
wheel. The microprocessor controlling T J is 



a Motorola 68HC11. TJ has 256 bytes of 
RAM and 2 Kbytes of EEPROM. 

Most of TJ's electronics fit under a 
removable top plate that hinges in front and 
locks down in the back with a wooden key. 
TJ possess two IR detectors and two IR 
emitter headlights in the front. An IR emitter 
taillight mounts in the back underneath the 
plate. A plastic bumper encircles TJ's waist. 
Four contact switches, three in front and one 
in back, allow TJ to detect front or rear 
collisions. 

Figure 1. Talrik Junior Robot 

TJ can support more sensors to help it 
detect more about its environment, but these 
were not needed for our experimentation. 
Programming TJ requires additional 
hardware and a personal computer. A serial 
communication link allows the user to 
upload and download TJ data and programs 
from a PC. 

The preprogrammed avoidance and 
following behaviors used by the students 
were written in ICC 11, while the Logo byte
code compiler was written in Java. 

Pogo 
We designed a Logo byte-code compiler, 
named Pogo, to meet the following criteria: 
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• simple~ consistent, and complete 
syntax modeled after Logo 

• direct constructs for intuitive 
control of robot' s actuators and 
sensors 

• point-and-click user interface 
• retain platform independence on 

the PC side 

These design goals, and the severe 
restrictions placed on us by the robotic 
platform (only 256 bytes of RAM!), led us 
to the following architecture. The TJ robot 
runs a byte-code virtual machine that takes 
advantage of the space efficiency possible in 
interpreters. Yet it is small since it 
implements a small set of robot specific 
instructions, (i.e., go forward, tum right) 
plus the necessary constructs to ins~e 

completeness (subroutines, if s, loops, etc.) 
in byte-code format. The compiling to byte
code is handled in a graphical, integrated 
development environment that is written in 
Java to take advantage of the Java Virtual 
Machine's architectural neutrality. Finally, 
the byte-codes are downloaded to the robot. 
The compilation and downloading are all 
handled transparently; the user simply clicks 
a single on-screen button and the robot is 
ready to run their program. 

Case Studies 

Monday, October 27, 1997 
Professors Keith L. Doty and Antonio A. 
Arroyo and graduate students Scott Jantz 
and Aamir Qaiyumi visited a seventh grade 
class taught by Terry Baushard at Lincoln 
Middle School in Gainesville, Florida. This 
was a first attempt at introducing middle 
school aged children to robots. 

We developed the course packet (excerpt 
shown in Appendix) to guide them in their 



robot explorations. They started with some 
experiments to determine the robot's 
response to certain stimuli, specifically 
collisions and response to different colored 
obstacles. They were led to explore briefly 
the robot's response to each other and to a 
comer. 

Figure 2. Seventh grade Students at 
Lincoln Middle School experiment 

The students were then introduced to the 
methods behind the programming of the 
robots. We showed the students how a 
computer could be used to transmit data to 
the TJ robots. The children started their 
experiments with robots programmed to 
avoid obstacles using infrared (IR) light, 
then reprogrammed the robots to follow the 
IR light. The students were able to observe 
the different behavior of the robot with the 
new program. By exposing the students to 
programming, they are able to gain a better 
insight into the underlying functioning of 
computers and robots. This reduces the 
mystery and fear some young students have 
of computer technology. · 

We then introduced the students to the 
electromagnetic spectrum. They studied the 
TJ's response to the IR radiation with both 
the avoidance programs and the IR 
following programs. They used infrared 
remote controls to affect the robots, and then 
were able to see the infrared light by shining 
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the T J' s IR eminers into a black and white 
CCD camera. This "seeing-is-believing" 
approach to demonstrating difficult physics 
concepts served as an introduction to ideas 
that will be explored in more detail in the 
eighth grade. 

Wednesday, November 19, 1997 
Professors Keith L. Doty and Antonio A. 
Arroyo and graduate students Aamir 
Qaiyumi, Scott Jantz, Ian Arroyo and 
Elizabeth Thiel, all from the Machine 
Intelligence Laboratory at the University of 
Florida, visited the eighth grade science 
classes taught by Gigi Umphrey at Lincoln 
Middle School. The students interacted with 
the TJ robots, and performed a variety of 
experiments using a reworked version of the 
workbook. Student response to the program 
was extremely enthusiastic. 

Figure 3. Eighth grade students at Lincoln 
Middle School experiment with T J. 

We introduced this group of students to 
the details of programming robots. Using a 
newly developed Logo byte-code compiler, 
we asked the students to program their 
robots to move forward a specific distance. 
Then we asked them to program the robots 
to spin in place. This was their first use of 
robots to explore simple geometry concepts. 

After making the robot do a 360° tum, the 
students were then asked to make the robots 



go forward a specific distance, turn around, 
and return to the starting point. At this point 
several groups of students discovered a flaw 
in their thinking: they programmed the 
robots to go forward, do a 360° turn, then go 
forward for the same distance again. What 
they didn't realize was that this would cause 
the robot to go further away, instead of 
returning. Almost all of the students quickly 
realized their mistake and reprogrammed the 
robots to perform a 180° turn instead of a 
360° turn. In addition to the practical 
geometry lesson, the students learned a little 
about programming a robot. They learned 
that they must be careful about what they 
tell the robots to do. It will do exactly what 
they tell it to do, and not what they are 
thinking. 

Figure 4. Eighth grade students at Lincoln 
Middle School experiment with T J. 

Monday, November 24, 1997 
We visited a sixth grade class taught by 
Nancy Loeper at Howard Bishop Middle 
School in Gainesville, Florida. This class 
was run in much the same way as the eighth 
grade class, except that we shortened the 
workbook in order to allow the students 
more time to work with the Logo compiler. 

Many of the sixth grade students made the 
same mistakes involving the difference 

98 

between 360° and 180° as the eighth grade 
students. They also were able to quickly 
realize the source of their error and correct 
it. Because we allowed more time for 
programming the robots, the students were 
able to write more complex routines for the 
robots to perform than did the eighth 
graders. 

The sixth graders started with the simple 
forward, turn around, and return routine, but 
quickly continued to program the robot to 
move in a square, then a hexagon, followed 
by an octagon. One group of students built a 
maze out of the barriers we provided, and 
programmed the TJs to navigate the maze. 
While writing this particular program, the 
students learned that the robots do not 
respond perfectly to commands programmed 
into them. Their unexpected behaviors ~ere 
due to the error inherent in the robot 
components. 

Results 

The key to sparking the interest of young 
students, especially females and minorities, 
in science and engineering is to provide an 
exciting way to expose them to the concepts 
of engineering, mathematics, physics, and 
experimental biology. Because the TJ is 
small and cute, the robot appeals to middle 
school aged children. Several area schools 
have "technology centers" where children 
can experiment with the scientific principles 
learned in their classrooms. These centers 
contain such items as wind tunnels, remote 
controlled vehicles, robotic arms, and 
computers connected to the internet. While 
most of the equipment in the technology 
centers is oriented towards large scale, 
single goal projects, TJ is a small platform 
that can be used by many students to 
perform many experiments. Essentially, TJ 



is a tool that can introduce students to high 
technology in a non-threatening way. 

Conclusions 

Robots such as TJ can be effectively used to 
introduce young children to fundamental 
principles of physics, mathematics, biology 
and engineering. At the completion of the 
educational program using TJs, the students 
have gained hands-on experience 1n 
programming robots and have been 
introduced to the electromagnetic spectrum. 
Due to their low cost, T J s can be used by 
disadvantaged school districts to allow 
students to gain the technological experience 
needed to succeed in their future education. 

Future work 

We are currently developing a robot to 
replace the TJ as the robot platform upon 
which the educational packages are based. 
This new robot, named T J Pro, provides 
more memory for applications, thus 
allowing more complex programs. 

We plan to install Pogo in several of the 
technology centers in the Gainesville area. 
We also hope to expand the implementation 
of Pogo to the point were it can be used to 
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program many robots in more sophisticated 
ways. 

If the introduction of Pogo and TJ into local 
schools generates the enthusiastic response 
to technology in the classroom that we 
anticipate, we will expand the program to 
include more local schools. 
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7th Grade T J Robot WorkBook 
http://www.mil.ufl.edu/novasoft Copyright 1997, Mekatronix 1-888-MR-ROBOT 

Biology of Robots 

T J EXPERIMENTS: 

Experiment 1 

If the robot bumps into something, what does it do? 

-You need: 
A TJ Robot 
Construction Paper 

White Black 
Red Yellow 
Blue Green 

A Pencil 
. This Worksheet 

When you hold a piece of paper slightly to the right of the robot, what does it do? 
Approximately how close to the paper does TJ get before it does this? 

Color Action Approximate Distance 
White 
Black 
Red 

Green 
Blue 

Yellow 

When you hold a piece of paper slightly to the left of the robot, what does it do? Approximately 
how close to the paper does TJ get before it does this? 

Color Action Approximate Distance 
White 
Black 
Red 

Green 
Blue 

Yellow 

If you hold paper on both sides of the robot, what happens? 

If you put two TJs facing each other, how do they react? 

When TJ sees something to the left, it turns ______ _ 
When TJ sees something to the right, it turns ______ _ 

7th Grade Workbook 
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3-D COlVIPLEX COIL WINDING USING ADVANCED ROBOTICS 

Rainer Meinke 
Advanced Magnet Lab, Inc. 

ABSTRACT: The "Direct Conductor Placement 
System" (DCPS) was developed to provide a cost
effective, high-precisio~ computer-aided manufacturing 
process for 3 -dimensional coils and wire forms made 
from a large variety of conductors. The system provides 
computer-aided design and manufacture of complex, 
multi-layer, and splice free coils. Through the use of 
sophisticated software design tools and state-of-the-art 
robotics, the DCPS drastically reduces R&D and product 
development cycles. The end result is a flexible, cost 
effective and high quality product. 

The DCPS system enables engineers to place conductors 
in complex patterns with great efficiency and accuracy, 
and without the need for hard tooling. It also allows new 
types of coils and patterns that were never practical 
before. The system even permits the implementation of 
design changes at almost any time during the production 
process. The DCPS includes a custom designed eight
axis robot, patented end effector, CoilCAD™ design 
software, Robo Wire ™ control software, and automated 
quality control. 

Mark W. Senti 
GSMA Systems, Inc. 

I. INTRODUCTION 

The "Direct Conductor Placement System" (DCPS) was 
developed to provide a low-cost and high precision 
computer-aided manufacturing process for 3-dimensional 
coils and wire forms. A large variety of conductors, like 
superconducting and normal conducting wires and cables 
of different diameter can be used. The system provides 
CAD/CAM design and manufacture of complex, multi
layer, and splice free coils. Through the use of 
sophisticated software design tools and state-of-the-art 
robotics, the DCPS can drastically reduce R&D and 
product development cycles. The end result is flexible, 
cost effective, and high quality products. 

The robotic winding system eliminates winding mandrels 
and other expensive tooling. Another major benefit 
from the DCPS is that scientist and engineers have 
greater freedom to design and prototype complex coil and 
conductor devices. The technology even permits the 
implementation of design changes at almost any time 
during the production process since no hard tooling is 
required. 

Figure 1. Coil Winding Robot 
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II. BACKGROUND 

The concept of this automated winding process, called 
"Direct Wire" technology was developed at the 
Superconducting SuperCollider Lab (SSCL). The many 
thousand wire-wound magnets needed for this project 
required the development of novel, cost -effective 
manufacturing technologies. The SSC tested the concept 
utilizing a CNC mill that was retrofitted with a special 
"wiring head" to position and bond adhesive-coated wire. 
A 2.5-tesla magnet, built with this system, showed 
excellent performance and proved the feasibility of the 
automated coil winding. 

The patented "Direct Wire" technology was exclusively 
licensed to the Advanced Magnet Lab, Inc. (AML). In 
collaboration with GSMA Systems, Inc. , a 
robotics/automation company, the AML has advanced the 
sse coil-winding concept to a mature automated 
manufacturing process. In addition, a new patent 
pending technology called "Direct Adhesive" has also 
been developed to take full advantage of arbitrary 
conductors and faster coil winding speeds. 

ill. DIRECT CONDUCTOR PLACEMENT 
SYSTEM 

The complete DCPS portfolio, developed at the AML, 
includes a custom designed nine-axis robot, patented end 
effector, CoilCAD™ design software, RoboWire™ control 
software, and vision inspection. The system is the result 
of a collaboration between experts in superconducting 
magnet design, materials and manufacturing processes, 
and automation. 

A. Direct Conductor Technology 

The "Direct Conductor" technique allows manufacturing 
of precise 2- and 3-dimensional conductor forms. In this 
assembly process a multi-axes Cartesian robot is used to 
accurately position the conductor along the computed 3-
dimensional conductor path. The conductor is 
instantaneously bonded on to a support structure or an 
already existing conductor layer. The process is ideally 
suited to the manufacturing of complex magnet coils like 
high-homogeneity multipole accelerator and light source 
magnets. In particular, superconducting magnets benefit 
from this assembly process since the field quality and 
performance of these magnets requires high precision 
conductor placement. 

Figure 2. CoilCAD™ Software Interface 
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Figure 3. Robotic 3-D coil winding 

In order to accurately position the conductor, the 3-
dimensional space curve of the conductor path of the coil 
has to be known by the robot. Even for simple dipole 
magnets these space curves are rather complex due to the 
coil ends where the conductor has to cross from one side 
to the other. A special software program, called 
CoilCAD™ has been developed to generate the space 
curVes for a large variety of magnet types. These 
coordinate files are loaded into the DCPS controller and 
executed by Robo Wire ™ control software. 

B. Computer Aided Coil Design 
CoilCAD™ is a complete coil design package, with an 
easy to use Graphical User Interface (GUI) that runs 

under the Microsoft® Windows™ 95 environment (Figure 
2). Running on an inexpensive PC, CoilCAD™ can 
create 3-dimensional spatial paths for complex and 
multi-layered conductor forms. Output from CoilCAD™ 
provides the complete set of robot coordinates and 
associated control variables for the DCPS robot. 

CoilCAD™ is a menu driven computer program with a 
powerful GUI. The user specifies the standard 
parameters of the conductor form to be created, like coil 
type (magnet, motor or other winding), coil length and 
diameter, conductor dimensions, and conductor spacing. 
The user can choose various shapes of coil ends to meet 
the special requirements of the application. The program 
generates the 3-dimensional space curve describing the 
coil geometry. For multi-layer coils the conductors are 
perfectly nested which is of particular importance for the 
performance of superconducting magnets. 

The complete knowledge of the space curve describing 
the conductor path in the coil enables a precise 
calculation of the magnetic field of the coil. Even small 
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effects like layer-to-layer crossings of the conductor and 
coil lead wires, which are normally neglected in field 
calculations, are automatically taken into account in this 
method of field calculation. CoilCAD™ is therefore not 
only a powerful tool to design magnets for the Direct 
Conductor process, but also to optimize the field of 
magnets with various goals like overall field 
homogeneity or avoidance of field strength enhancements 
in the coil ends. 

C. Direct Conductor Placement System Robot 

1. System Flexibility 

The system can be configured to produce round, square, 
rectangular, hexagonal, or other geometric coils. Flat 
conductor patterns utilize a vacuum frame for fixturing 
the coil substrate during the winding process. 3-
dimensional patterns are achieved by the use of an 
additional robot axis for coordinated rotation of the coil 
support structure. Robo Wire rM control software provides 
a means for changing or offsetting conductor patterns 
real-time during the manufacturing process. 

2. Cartesian Robot 

The DCPS is designed to manufacture a broad range of 
3-dimensional or spatial patterns. The system features 
include (a) nine axis coordinated Robot Manipulator, (b) 
patented end effector, (c) RoboWire™ softWare, (d) 
vacuum frame table top for flat patterns, (e) rotation for 
3-dimensional patterns, and (f) real-time vision/video 
feedback option. 

Figure 4. CoilCAD™ coil design 



The DCPS robot incorporates nine axes of coordinated 
movement and is capable of placing conductors over a 
large envelope. The current Cartesian work area allows 
placement of conductor over an area of 2m x 0. 4 m. The 
nine axes are X, Y, Z, A (Theta), support tube rotation 
(B), conductor feed (C), pressure feedback (U), drum 
rotation (V) and reel rotation (W). 

a. End Effector 
The end effector is the most critical part of the robot 
and the manufacturing process. The DCPS end 
effector provides for continuous rotation and real-time · 
feedback of the placement process. The theta axis 
provides unlimited rotation for the conductor feed 
allowing the system to follow circular paths. The feed 
axis controls the amount of conductor to pay out during 
the conductor placement process. The adaptive control 
allows real-time process control of the bonding 
process. During conductor placement, the specially 
designed feedback system monitors the conductor 
tension. This is of particular importance in the coil
ends to assure precise conductor placement. 

While it is of great importance for some processes to 
position and bond the conductor without any stress or 
tension, others require a rather large, well-controlled 
tension on conductor. An example of the latter is the 
winding of solenoids. Both requirements can be met 
by the DCPS. 

b. Vision Inspection 
Live magnified video is used to monitor the process 
real-time. This can be especially helpful during the 
initial set -up and debug of coil patterns. Vision 
feedback can be used to inspect newly completed runs. 
The camera rides behind the placement head and looks 
at the conductor placement real-time. The vision tools 
assure proper robot positioning and conductor nesting. 

The vision system also allows quality analysis of coil 
patterns. For example, image analysis could be 
performed after placement of each conductor 
layer/pattern. This would prevent the operator from 
covering a "poor'' or defective pattern with the next 
conductor layer. 

3. RoboWireTM Controller 

The DCPS controller is built around a standard PC, 
advanced motion controller board, and Micro-PLC 
machine-I/O control. This provides three levels of 
dedicated control working asynchronously and 
simultaneously. Essentially, we have divided up robot 
control into three dedicated controllers - each with their 
own processor and firmware. The result is a powerful 
multi-tasking controller. While Robo Wire ™ is managing 
the "system" control, the motion controller can 
concentrate on motion control and the PLC handles I/0 
operation. 

Figure 5. RoboWire™ Control Software Interface. 
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Figure 6. Vision Inspection of Coil. 

4. Robo Wire ™ Software 

Robo Wire TM provides the overall management of the 
robot control and includes numerous features for setup, 
programming, security, peripheral control, factory 
networking, and program execution. Robo Wire ™ is used 
as the front -end interface and provides transparent 
control of the conductor placement process and machine 
control. 

RoboWire™ with its easy-to-use Graphical User Interface 
(GUI) is a complete motion control package that runs 
under the Microsoft® Windows™ environment. Running 
on a low-cost PC, Robo Wire TM is capable of controlling 
robots with multiple axes using a powerful set of motion 
control tools. The user interface is fully menu and icon 
driven and includes full on-line help and documentation. 
In addition to motion control, Robo Wire ™ also provides 
full support for CoilCADn.l, binary 1/0 and serial 
communications. Robo Wiren.A also includes capabilities 
for perfonning other robotics related functions, such as 
axis calibration, vision-based inspection and laser 
calibration. 

1. Bonding Technologies 

The adhesive coated onto the conductor has to be 
activated to bond the conductor when the end effector 
positions it. Different techniques can be used for this 
purpose. 

a. Direct Adhesive 
The "Direct Adhesive" technology, developed at the 
~. is the most advanced process that enables the 

105 

use of conductor without adhesive coating. The 
process provides significant cost benefits to the DCPS 
technology. This patent pending technology is based 
upon advanced polymeric materials and process 
techniques. It also reduces process variables and end 
effector requirements. 

b. Heat Transfer 
The heat transfer method originally developed at the 
sse has been successfully used on 3-dimensional coils. 
It can handle a large variety of conductor types and 
diameters. This process requires a pre-coated 
conductor. 

c. Ultrasonic Heating 
The ultrasonic heating has been success:fully 
implemented for use in manufacturing single layer and 
2-dimensional coils. This ultrasonic stylus requires 
optimization for each conductor size and type. 

IV. CASE STUDY: JIELICAL DIPOLE MAGNETS 

For planned spin physics experiments such as the 
Relativistic Heavy Ion Collider (RHIC), currently under 
construction at Brookhaven National Laboratory, 
polarized proton beams are required. To enable 
polarization, high-field wire wound helical twisted dipole 
magnets are needed. 

A. Helical Challenge 

The complexity of these magnets is further enhanced by 
the requirement to operate at 400-500 A, a current much 
lower than normally used for magnets of such field 
strength. This requirement creates a major technical 
difficulty and such magnets have never been built with 
wire or mini-cable anywhere in the world. Traditionally, 
magnets such as main dipoles can sustain the Lorentz 
forces at high fields because their large, flat Rutherford
type cables support each other inside the collared coils 
and the whole coil assembly is under a large 
compression. Significant conductor movements are 
therefore prevented and the magnets operate at high 
fields without quenching. 

Superconductors for currents of about 400 A are much 
smaller than typical Rutherford-type cables, many more 
turns are needed to achieve comparable field strengths, 
and it is far more difficult to prevent conductor 
movements causing quenching of the magnet. The 
complex, helical path of the conductor in these magnets 
makes it even more challenging to support the 
conductors. 



Furthermore, due to the large number of turns of these 
magnets, their inductance is much higher than that of a 
high current cable magnet and the energy released during 
a quench can more easily damage the magnet. 

B. Test Results 

The first prototype was tested at BNL in a liquid helium 
bath cryostat at a temperature of about 4.35 Kelvin (K). 
The magnet reached a stable plateau at a field strength 
slightly above 4-tesla. The peak field in the 
superconducting cable at this field is about 10% higher. 
The magnet was then tested at a reduced temperature of 
3.5 K where the magnet reached a field strength of close 
to 4. 3 -tesla. The increased field strength at the lower 
temperature indicates that the magnet is not limited by 
mechanical stability at the nominal temperature of 4.35 
K, but rather by the critical current of the conductor. 

The successful test proved that DCPS technology has 
been sufficiently advanced to enable the manufacturing of 
the helical dipoles for high-energy physics projects. 

V. APPLICATIONS FOR DCPS 

The DCPS has been successfully used to manufacture 
normal and superconducting magnets for major high
energy physics laboratories in the US and Japan. A 
variety of" industries will benefit from the DCPS 
technology. This includes a broad range of applications 
such as superconducting magnets, solenoid magnets, 
linear induction motors, medical MRI and several 
proprietary developments. 

A. Accelerator Magnets 

Benefits of the DCPS design approach for accelerator 
magnets include: (a) high field homogeneity, (b) 
compact coil design to optimize mechanical stability of 
the conductor matrix, (c) optimized coil-end design keeps 
peak field in magnet to a minimum, (d) experiences from 
prototype testing can be easily incorporated. 

B. MRI Coils 

The DCPS is very adaptable to 11RI applications 
providing precise placement of coil. Benefits include 
greater accuracy in coil placement, higher field qualities, 
reduced labor costs, reduced tooling, and greater 
flexibility between product variations. 

Next generation gradient coils can benefit from the 
DCPS which can directly wind almost any coil type 
regardless of geometry. This allows higher magnetic 
fields in less space and a reduced 11RI costs. 

C. High Temperature Superconducting Devices 

DCPS is well suited for the placement of the new 
conductors currently under development. Such 
conductors include thin tape conductors and PIT (powder 
in tube) conductors. 

D. Robotic Coil Winding 

The DCPS Cartesian robot is truly a breakthrough in coil 
winding automation. It is an enabling technology that 

Figure 7. Cross-section of helical dipole superconducting magnet 
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provides precisely wound coils, elimination of tooling, 
rapid prototype and reliable manufacturing. 

E. Spin-off Technologies 

The DCPS technology encompasses several patented and 
patent pending processes, materials~ and applications. 
Although the DCPS was designed for very complex 
superconducting applications there are many pieces of 
the technology that may be beneficial for even the most 
simple solenoid coils. 

Some of these new advancements include: 
1. Insulating and bonding materials 
2. No-mess winding 
3. Coil stabilization 
4. Coil design 
5. Automatic Robotic Winding 

VL CONCLUSIONS 

The advancement of robotics and software design tools 
has resulted in a reliable computer-aided manufacturing 
process. Construction of complex superconducting 
magnets proved that direct placement of conductors is 
not only a desirable manufacturing process, but in the 
end provides a robust product. 

The ability to design and assembly 2-D and 3-D coils 
using a computer-aided design and manufacturing 
process provides many benefits for new product 
developments. 
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The following list summarizes the essential benefits: 
1. Rapid design and prototyping of coils and magnets 
2. Flexibility in coil design 
3. Cost effectiveness 
4. No coil or magnet specific tooling 
5. Use of a variety of conductor types 
6. Precise placement of complex 3-D patterns 
7. Quality control during the manufacturing process 
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Abstract - After conducting an extensive literature 
survey, it was possible to make a critical evaluation of 
the latest tendencies in robot design and integrate the 
technology surveyed into a modular robot end
effector design that introduces new and innovative 
approaches in this field. The result was a 
multifunctional three-degree-of-freedom gripper, 
conceived with the modular design principle, which is 
currently one of the emerging trends in the robot 
design field. This is the first stage of a work that will 
cover in the future the detailed design of the gripper 
and further configurations allowing to increase its 
operating range and versatility. 

INTRODUCTION 

The hands are one of the most important parts of the 
human body. In fact the physical and biological 
mechanisms that govern them are extremely 
complicated. 

One of the characteristics that set humans apart from all 
other animals is that we make and use tools. Without 
doubt the human's hands are the most versatile tools 
used by all human beings through the ages. They are 
capable of countless movements, positions, combinations 
and sensitivities. By comparison even to the humanoid 
ancestors, a robot hand is a primitive device. 

As the name suggests, the end-effector is located at the 
work end of the robot, just where the job is performed 
and as a consequence of its action, the robot 
accomplishes its assignment. Gripper, robot hand or end
effector are names used interchangeably in the technical 
literature to describe a device mounted at the distal robot, 
enabling to pick up workpieces and hold, manipulate, 
transfer, place and release them a~curately in a certain 
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position. Therefore, this device is the all-important 
mechanical interface between the robot and its 
environment. 

For all these characteristics the end-effector or robot's 
hand is an extremely important part of the robot 
structure. Regardless the importance of the gripper, 
present gripper technology is under developed compared 
to the modern industrial robot, which is a computerized 
versatile machine intrinsically capable of being 
reprogrammed for different tasks. However, the gripper 
is generally a rudimentary mechanical device whose 
ability for the accurate placement of complex geometries 
is only suitable for one kind of component. 

Even though it is common to find the words gripper and 
end-effector employed indistinctly in textbooks and 
technical reports, in this paper it is not an exception. 
Actually, grippers may be viewed as a particular kind of 
end-effector. Among all end-effectors, grippers have a 
particular importance. The grippers can be classified as 
movable active tools that usually constrain all six 
degrees of freedom of the workpiece in the grasp process 
[3, 8]. The active movable tools are all those that the 
manipulator can move from place to place and either 
require control signal or produce information. Tooling in 
this class may perform its function while the manipulator 
carries it. 

CLASSIFICATION OF GRIPPERS 

Over the years, very diverse gripper designs that span a 
large spectrum have emerged in the literature. Although 
a significant portion of the designs attempted to produce 
human fingers and hands in mechanical form, others 
concentrated on specific applications and developed 
unique gripper concepts for specific tasks. The actuation 



of these systems typically employ electrical motors, 
pneumatic actuation or electromagnets. A general 
classification for grippers may be given as follows: 

Mechanical finger type: This represents the largest area 
of classification. According to the number of fingers in 
the gripper, there are two-finger, three-finger, and multi
finger type grippers. The majority of the existing 
grippers are the two-finger type. 

According to the number of hands mounted on the wrist 
of the robot arm, there are single gripper and multiple 
gripper types. The installation of double grippers on the 
same robot arm enables execution of two different jobs 
efficiently. 

According to the mode of grabbing, grippers are 
classified either as external or internal grippers. For 
instance, a gripper holding on to a pipe represents an 
external gripper, whereas a gripper inserted into a pipe to 
carry out an operation qualifies as an internal gripper. 
The contact areas of these grippers vary from inside to 
outside whether a gripper is internal or external. 

According to the movement of fingers, there are 
translational finger type grippers and swinging finger 
type grippers. Kinematically, a translational finger 
represents the movement of a prismatic joint, and a 
swinging finger displays a movement similar to that of a 
revolute joint. 

Finally, a kinematic classification according to the pair 
elements used in constructing the device may be 
established. These may be listed as linkage type, gear
and-rack type, cam type, screw type, rope-and-pulley 
type, and other miscellaneous implementations. 

Vacuum and magnetic type: This class includes those 
fitted with suction cups or electromagnets as force 
exerting elements. 

Universal grippers: This class consists of inflatable 
fingers, soft fingers, three-fingered grippers and fingers 
that are constructed by using more moldable materials. 
Many grippers in this category have resulted from new 
developments. 

Mechanical grippers 

The kinematic classification is the most systematic way 
to classify all mechanical grippers; therefore, it is 
important to analyze some of this type of mechanisms. 

A typical example of a linkage type gripper is one that 
uses the slider-crank mechanism. The device consists of 
a pair of symmetrically-arranged slider-crank 
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mechanism, powered by a hydraulic actuator to move the 
system and produce the grasping force. Another good 
example is a gripper using a swinging block mechanism. 
Basically this device includes a sliding rod, actuated by a 
hydraulic piston, which transmits motion via the two 
symmetrically-arranged swinging block linkages to grasp 
or release the workpiece by means of the subsequent 
swinging motions of the links about their pivots. 
Frequently a spring is used to guarantee automatic 
release action. The spring-loaded linkage type gripper 
considerably simplifies the design of the pneumatic 
network and its associated control system. 

Other finger designs use four-bar mechanisms where one 
of the joints is actuated. Serial mechanism concept is 
also employed where a link is connected to the next via a 
revolute joint. The major drawback in such an approach 
is the difficulty of mounting motors at each joint. Hence, 
serially-structured fingers are limited in the number of 
linkages to avoid installing many actuators. 

A gear-and-rack type gripper is illustrated in Figure 2. 
This design has the advantage of producing rather a large 
clamping force. 

There are a variety of grippers contammg cam and 
follower pairs. Wedge mechanisms, such as those used in 
presses for conversion of a horizontal motion to a 
vertical motion, may be included in this class. Different 
cam profiles can be employed such as circular arcs, 
harmonic curves, etc. 

Several grippers of the screw-driven type have also been 
developed. Typically, they are operated by turning the 
screw uniformly through a motor with a speed reducer. 
In all of these grippers, the screw may be designed with a 
single thread or double threads with a specified lead. 

Tractive mechanisms, sometimes called band 
mechanisms, contain at least one tension link. In general, 
the rope and pulley mechanisms are uniformly 
transmitting tractive mechanisms. However, if 
noncircular pulleys or sprocket wheels (to be engaged 
with chains) are used, these mechanisms become 
irregularly transmitting. 

In addition to those describe above, there are different 
types of gripper designs for special tasks with particular 
requirements (miscellaneous types). These grippers can 
not be placed in the previous classification and it is 
impossible to describe all of them. Some examples of 
these devices can be listed as follows: Three-point 
concentric plunger gripper, which is suitable for internal 
grasping; Expandable ring gripper, used for gripping 
plastic bottles; Grippers for handling long stocks that is 
widely used in the paper industry to handle paper in rolls. 



Very often the gripping pressure is caused by the 
gravitational weight of the stock. The actual design of 
the gripper itself is determined not only by the weight of 
the object to be lifted but also by the material of which 
the load is composed, by its form and its dimensions. 

Vacuum and magnetic grippers 

For non-ferrous components with flat and smooth 
surfaces, grippers can be built using standard vacuum 
cups or pads made with rubber-like materials. The 
number of cups will depend upon the size and weight of 
the workpiece. The vacuum grippers are unsuitable to 
handle objects with many components, curved surfaces 
or with holes and cavities. For small, light workpieces, a 
vacuum pump is not required. Negative pressure created 
by expelling the compressed air may be used to 
advantage to produce the suction. To handle heavy 
workpieces, the cup gripper is connected by hose to a 
pipe header, which in turn, is connected to an exhauster 
or suction pump. The pump removes the air and creates 
the necessary vacuum in the cup. 

Magnetic grippers use a magnetic head to attract ferrous 
materials, such as steel plates. The magnetic head is 
simply constructed with a ferromagnetic core and 
conducting coils. These kinds of grippers usually have 
great efficiency and reliability, but there is a problem of 
residual magnetism left behind in the workpiece. 

Universal grippers 

Universal grippers are related with the latest 
advancements of industrial robot technology. Most of 
these grippers presented so far have been based on 
studies of the human hand. Those studies analyze in 
detail the human hand architecture and movement to 
provide a theoretical method and a mathematical model 
in the field of multi-fingered grasp. Among others, soft 
fingers, moldable fingers, intelligent, and biomechanical 
grippers represent noteworthy examples of more recent 
developments. Some of these grippers are briefly 
reviewed below. 

Inflatable grippers: They offer a good solution for 
picking up irregular objects without concentrated 
loading. They are also useful for grasping fragile objects. 
However, as might be suspected, their precision level is 
not as high as the designs that use more conventional 
approaches. 

Soft fingers: This relatively new gripping mechanism 
consists of multi-links and a series of pulleys actuated by 
a pair of wires. The soft gripper can conform to the 
periphery of objects of any shape and hold them with a 
uniform pressure. 
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Three-fingered gripper: The clamping movement of the 
two-fingered type gripper normally executes three steps: 

1. Beak movement 
2. Bite movement 
3. Parallel movement of the jaw 

Therefore, it is capable only of grasping or releasing 
movement. 

Based on the anthropomorphic hand model, the three
finger gripper has the ability to pick an object and draw it 
into a nested grip against the palm; it also has the ability 
to hold a tool with a firm encircling grasp while exerting 
the torque. 

Moldable grippers: The utilization of a well-planned 
fast molding technique using moldable polymer 
materials such as high strength silicon rubber, 
polyurethane, epoxy, etc. gives a new dimension to the 
gripper design. With this technique functional grippers 
can be produced which are quickly made for a variety of 
entirely different components. 

Latest Tendencies in End-Effector Design 

In general it is possible to state that in industrial robots, 
at the present time, the major effort in the field of end
effectors is directed to improve the following parameters: 

• Retention pressure 
• Energy efficiency 
• Response time 

More unconventional gripper designs, dexterous hands, 
human-like multi-fingered grippers, etc., are also carried 
out at some laboratories for research purposes [9]. 
Recently, biomechanical grippers, intelligent grippers 
and microgrippers have also emerged. 

Biomechanical Grippers: The performance of these 
devices is based on the human hand architecture and 
movements. They try to emulate its characteristics, 
topology and possibilities [6]. They are classified in the 
multi-finger gripper family with each finger having 
multiple degrees of freedom. As mentioned earlier, the 
challenges of this approach lie in the development of 
miniaturized electric motors, whose output torque 
capacities remain high. Also required is the development 
of miniaturized sensors and other electronic components. 

Intelligent Grippers: This is referred to as end-effectors 
that can handle objects of different weight, area, and 
surface conditions with the most suitable force. 
Additionally, they can adapt the grasping force to the 
most suitable value for the object, even if these 



parameters change with time. Also, these grippers can 
detect the presence of any obstacle in their path and can 
avoid it, returning to the original path later on [2]. 

Microgrippers: Due to the tremendous advancements in 
the field of the micromanipulation, this type of grippers 
is being considered more and more important [ 4, 11]. 

Actually, this class of grippers has become multi-degree
of-freedom mini-robots by themselves, performing many 
tasks with a great precision [1, 5, 10]. 

Another important and emerging concept used at present 
is the modular design philosophy. The possibility to 
implement several configurations for a main design, and 
to obtain modules that can be interchangeable, converts a 
simple design to a powerful tool that not only performs a 
variety of tasks with just substitution of a module, but 
also reduces dramatically the total cost of the device, 
because it is not necessary to construct a gripper for each 
specific task [7, 12]. 

In general the latest tendencies in the end-effector design 
are summarized as follows: 

• 
• 

• 

• 

• 

• 
• 

Drastic reduction in the overall dimensions 
Use of lighter materials that can perform a good job 
even in hostile conditions 
More efficient source of power (actuators); high 
output torque-to-weight quotient 
Employment of recent and sophisticated mechanical 
components such as harmonic drives 
Utilization of the latest advancements in the 
computer-based control technology 
Use of advanced sensor systems 
Interchangeability of the designed parts (modular 
design philosophy) 

AN OVERVIEW OF MODULAR 
DESIGN PRINCIPLE 

The concept of a module may be related to a 
manufacturing "cell." Manufacturing cells represent the 
full integration of all components and system 
technologies to form a self-contained system capable of 
process control, configuration management, and rapid 
product change over; and to do so at reduced costs and 
enhanced performance. The utilization of modular 
subsystems that can be rapidly interfaced to a 
reconfigurable and parametrically accurate 
manufacturing cell, will allow a means to assemble 
flexible systems on-demand to meet a customer's 
production requirements. Therefore, using this 
technology, the system would be able to change from 
one configuration to another without "pain" and in a 
short period of time [ 12, 14]. 
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To achieve this goal all modules have to be fully 
identified (standardized measurement and metrology 
procedures) and they should work as a single part, 
maintaining precision even under process disturbances 
(force, temperature, etc). Also the mounting system 
becomes an important aspect in the design process, 
because all these modules should be assembled and 
substituted easily and accurately. It may be necessary to 
use couplings to attach the different modules. 

To design with this principle in mind, it is necessary to 
know what kind of operations will be performed, degree 
of flexibility desired in the tooling, and the role of the 
end-effector within the system [7, 8]. 

With these premises, it is possible to create a basic 
design, which will provide the basis for all other modules 
in the system. The design process will then move around 
this basic module having all other alternative modules 
as possible options in the assembly process. 

The basic or principal module will be selected 
considering the most critical function of the system. This 
may be, for instance, the magnitude of grasping force, 
speed of operation, cost or weight of the system. The 
principal module will appear frequently in the 
configurations, but not necessarily will it be present in all 
of them. Figure 3 (d) illustrates this case. 

electrical nu~'lllr 

Figure 1. Rotational Jaw Module 

·The altemati ve modules, as the name suggests, are 
devices that can be added to the basic module, to work in 
conjunction with it and in that way enhance the 
possibilities and reliability of the system. Each 
alternative module attached, will represent new features, 
the increment of the system's degrees of freedom (DOF) 
and probably better performance. 

Theoretically, ·there is no limit to the number of modules 
to be added; however, the degree of flexibility desired, 
and the role of this device within the total configuration 



will determine the number of modules. But it is not 
necessary to use all alternative modules at the same time. 
Their utilization is going to be related to the kind of 
operation that the system will execute. For instance, a 
rotational movement of the end-effector requires the 
addition of a rotational module for this specific 
configuration. 

MULTIFUNCTIONAL 3-DOF 
GRIPPER DESIGN 

The goal of this work is to present a 3-DOF modular 
gripper that can be used efficiently in a variety of 
mechanical operations such as assembling and drilling, 
where a certain workpiece rotation is required 
simultaneously with grasping. 

This gripper will be designed in four independent 
modules, used indistinctly in each configuration. These 
four modules are listed below. 

Rotational jaw module: Allows the workpiece rotations 
either clockwise or counterclockwise about the grasping 
axis. Kinematically it represents a revolute joint. 

Parallel gripper module: Permits the grasp of the 
workpiece by using the rotational jaws attached to it. 

Pneumatic actuator module: Lets a 180° rotation of the 
complete set. 

Linear actuator module: This module is utilized to 
perform the linear displacement of the system. 
Kinematically it is equivalent to a prismatic joint. 

This design is convenient because of its portability, easy 
construction, and repairing. It will be possible to change 
the pneumatic actuator by a linear actuator or the 
rotational jaws by any of the universal jaws; thus, 
converting this 3-DOF gripper to a multifunctional end
effector [ 13]. 

Figure 1 illustrates a rotating jaw. The jaw is driven by 
an electrical motor via a toothed belt and pinion. A stop 
lever is used for continuous adjustment of the rotation 
angle. The jaws are interchangeable, which allows more 
flexibility. For instance, rubber jaws increase the holding 
force and protect the gripper and the part being handled. 
The silicon jaws are heat-resistant to 200 °C. 

The parallel gripper module (basic module) is a solid 
unit, which consists basically of a pneumatic motor and a 
double rack and pinion mechanism to convert the vertical 
movement of the pn~umatic piston in a horizontal back 
and forth movement of the jaws. 
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The jaws are synchronized in their movement with 
respect to each other by a double rack and pinion 
mechanism. The movement is transmitted by a double 
rack at the end of the pneumatic motor rod to each 
pinion, which at the same time are connected to another 
rack system supponing the jaws. In this way the grasp 
movement is obtained. 

':th T-dot guide and 

~====~~=2====~~k 

toothed 
key 
shaft 

ra.c:k and pinion mechanism 

Figure 2. Parallel Gripper Module 

Each pinion is mounted in a toothed key shaft, supported 
at both ends by single-row deep groove bearings. T -slot 
guide jaws are incorporated to produce excellent 
guidance properties due to an increment in the contact 
surface. Figure 2 represents these features. 

The linear and rotational actuators add more flexibility to 
the gripper and they can be used for a specific task 
depending on the need for specific force and torque 
characteristics. Pneumatic rotor and double-guide linear 
actuators are excellent candidates for this application. 
Figure 4, shows four different configurations for this 3-
DOF gripper, using the modular design principle. 

In Figures 3 (d) and Figure 4, it is possible to see a 
helpful assembly option for this gripper. A lateral fitting 
of a rotational jaw to a linear actuator can be used in a 
drilling process, where holes separated by certain angles 
are required. The stop lever is utilized to adjust this angle 
between 0° and 180°. 

CONCLUSIONS 

The end-effectors represent the interface between a 
workpiece and the robot. For that reason a good 
performance of the robot is directly proportional to the 
good performance and reliability of the arm end tooling. 
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Figure 3. Different Configurations of the Multifunctional 3-DOF Gripper 
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Generally, the gripper for industrial robots is a 
specialized device that is used to manipulate only one 
type of object of similar shape, size and weight in a 
repetitive operation which requires minimum grasping 
dexterity. But in fact in modem industry, versatile 
grippers are required to perform a variety of tasks, 
handling different objects of varying weights, shapes and 
surface conditions. 

Figure 4. A Gripper Configuration for the 
Drilling Process 

A modular gripper design is proposed in terms of four 
modules. By using different modules, construction of 
multi-degree-of-freedom grippers with varying 
capabilities becomes possible. This approach promises to 
overcome obsolescence and enable integration of 
emerging technologies into new designs without 
redesigning the entire system. 
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ABSTRACT 

The development of a an aerial vehicle research 
platform allows a software developer to safely test 
control or learning algorithms on an actual flying 
agent. The platform is designed to accept sensor 
values and to relay directives to the servos 
maneuvering the flight surfaces of the vehicle. A 
stabilizing structure prevents the air vehicle from 
crashing by providing a limited range of motion in 
all directions. Also, a general algorithm for the 
learning of an autonomous hover and later flight of a 
particular flying vehicle using the research platform 
is proposed. 

INTRODUCTION 

Successful sustained flight of a completely 
autonomous aerial vehicle is a challenging and 
complicated problem. The testing of different 
control methodologies is usually performed with 
computationally extensive simulations involving the 
control environment on a workstation. The 
proposed alternative is an inexpensive and feasible 
testbed which simulations can only approximate. 
The actual programming code that would be used on 
the final agent is used on the platform since the 
embodiment of the final vehicle is an integral part of 
the research platform. The key features of the 
research system are the two processing units used to 
control the movement of the vehicle. They may be 
attached to any type of servo controlled flight 
vehicle, and thus, the agent is arbitrary. 

PHYSICAL SYSTEM 

Vehicular Subsystem 

The research platform consists of three modular 
components. The first component is the flight 
vehicle. Any servo controlled aerial vehicle may be 
used as the flight agent since the core processor 
interfaces directly to the servos and the motor of the 
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vehicle. The vehicle used in the current testing 
platform before modification is a KYOSHO EP 
CONCEPT radio controlled, electric powered 
helicopter with the dimensions of32.7in x 3.5in x 
8.3 in or 83.058cm x 8.89cm x 21.082cm. Four 
servos are responsible for the motion of the 
helicopter (Figure 1). A servo can be thought of as 
two discrete electrical systems. The logic system 
converts the pulse-width-modulated (PWM) input 
signal supplied by the user to an analog voltage 
representing a desired position of the servo arm and 
instigates motor action until that desired position is 
reached. The physical range is typically around 180 
degrees. 

Figure 1. Aerial Vehicle 

The drive system of the vehicle consists of the motor 
and the motor driver circuit. Both systems share the 
same supply voltage of between 4.8 and 6 volts. 



The servos in this application are Futaba S3l 0 l 
precision microservos. They incite the small blade 
position differentials necessary for smooth control of 
an unstable flying machine. Each one has an output 
torque of approximately 30 oz-in, a transit time of 
0.24 seconds per 60 degrees, and a weight of 0. 6 
ounces. The minimum and maximum pulse widths 
of the servo signals are 1 ms and 2 ms respectively, 
and the period of the signals is 20ms. 

The servo connected to one of the output 1 of the 
receiver directs the left/right cyclic and controls side 
to side movement. The servo connected to output 2 
of the receiver directs the fore/aft cyclic and controls 
forward and backward movements. The servo 
connected to output 6 of the receiver directs the 
collective pitch which controls the height of the 
helicopter, and the servo connected to output 4 of the 
receiver directs the tail rotor and controls the 
rotation of the helicopter about its center of gravity. 
The motor controller is connected to output 3 of the 
receiver. It supplies power and ground to the 
receiver and consequently to the servos through this 
channel by stepping down the voltage supplied to 
the processors. Power in this case is between 4.8 
and 6 volts and ground is 0 volts. Furthermore, the 
receiver generates a PWM signal to the motor 
controller through output 3. The duty cycle of the 

Figure 2. MC68HC11E2 

PWM signal is proportional to the amount of current 
drawn by the main motor i.e. the power consumed 
by the motor. The main motor drives both the main 
blades and the tail blades. · 
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Electr ical Subsystem 

The second subsystem consists of electrical devices 
necessary to actuate a flight vehicle. Space is 
limited on the helicopter, and excessive weight and 
imbalance due to the improper positioning of 
additional items \Yould burden the already 
complicated control algorithm. The lightest possible 
secondary devices are selected. Two serially linked 
microprocessors are placed on board the flight 
vehicle. One processor is an MC68HC 11E2 
microcontroller IC carrying a lOMHz crystal within 
a Novasoft MSCCll single chip board (Figure 2) 
which actuates the servos. It generates PWM 
waveforms using parameters transferred serially to it 
by the secondary processor. The MC68HC 11E2 
also obtains sensor values via the AID 

Figure 3. PPC403GC 

A secondary processor on board the aerial vehicle is 
the 33MHz ffiM PPC403GC microprocessor within 
the Neucom evaluation board (Figure 3). It 
processes the serially transmitted sensor values from 
the servo actuator to generate PWM magnitudes for 
all servos and the motor of the flight vehicle. These 
parameters are then transmitted serially to the 
primary controller to actuate the servos. 



Power is supplied to the processor boards, the 
servos, and the receiver unit by a sequence of 
batteries and electrical circuitry. A 9.6V NiCd 
battery pack supplies power to the two processors, 
the receiver, and the servos. The 12 V marine 

Figure 4. Transient Suppressant Circuitry 

battery supplies power to the main motor. The 
optoisolator circuit isolates the 12 volt marine 
battery ground from the NiCd battery pack ground. 
As the servos are actuated, voltage transients on the 
power rails may cause the battery voltage to drop 
below the required 5 volt supply for the IC' s. Such 
a condition might cause a microprocessor-based 
system to reset with disastrous effects on the 
controlled agent. To maintain the required voltage, a 
voltage regulator (e.g. 7805, 2930, 2931) must be 
constantly supplied with a voltage greater than 5 
volts. During times when the battery voltage drops 
below the required level, transient suppressant 
circuitry must provide an alternate source of power. 
The desired system is composed of a forward biased 
PNP transistor and base resistor instead of a diode 
because of its lower voltage drop and better 
dissipation properties. Figure 4 shows the circuit 
diagram for the power module used to regulate the 
voltage to the HCll microcontroller. 

Stabilizing Base 

The third subsystem in the platform is the stabilizing 
base (Figure 5) which consists of four PVC 
structures each incorporating a three foot tower and' 
a base. A pulley is attached to the top of each 
tower/base combination, and a string runs along the 
pulley. One end of the string terminates inside the 
PVC tower with a spring and a mass of 12 oz, and 
the other end terminates outside of the PVC tower 
with one leg of the vehicle training pad. Thus~ each 
of the four strings is connected to a leg of the vehicle 
ttaining pad. The aerial vehicle rotates freely on the 
training pad by use of a screw and bushing. The 
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principle of the stabilizing unit is to dampen the 
effects of a hard vehicle impact. Each spring 
absorbs some of the energy of the fall, slowing the 

Figure 5. General structure of Research Platform 

Figure 6. View of masses and spring inside 
tower/base combination 

vehicle, until the force of the vehicle that is exerted 
on the springs overcomes the force of gravity on the 
masses. Then, the masses rise up into the air, and 

the vehicle lands with a slower terminal velocity 
than if the vehicle had landed from a free fall (Figure 
6). All lateral movements and rotations are possible 
by the vehicle for a limited range with minimal 
external forces. 

SOFTWARE SUBSYSTEM 

The control algorithm is written in HC 11 assembly 
language, and is executed on the MC68HC11E2 
microcontroller unit. The helicopter system exhibits 
two non coexisting behaviors: manual operation and 
autonomous operation. The vehicle switches 
between the two behaviors based on the position of a 
switch on the transmitter. When the helicopter 
system is in autonomous mode, the secondary 



processor supplies the PWM parameters to actuate 
the servos. 

POTENTIAL LEARNING ALGORITHM 

Our proposed learning algorithm builds on previous 
research results where we attempted to teach an RC 
electric helicopter to fly autonomously. The first 
vehicle was controlled by mimicking the signals 
from the receiver with an on-board microprocessor. 

The helicopter will have two modes of operation. In 
the first mode or "training mode", a processor will 
dynamically develop parameters by which a hover 
rna y be attained. In other words, the helicopter will 
be trained to hover by observing a human operating 
the helicopter in a hover maneuver. The hovering 
behavior will be the steady state condition for the 

Figure 7. Emergent behaviors 

vehicle system. In the second mode of operation, 
"learning mode", minute, independent perturbations 
of the steady state parameters will cause emergent 
behaviors such a.S forward, backward, and side to 
side flight to evolve (Figure 7). A combination of 
sonar transducers and accelerometers are the sensors 
that might be used for this purpose. 
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RESULTS/CONCLUSIONS 

Current approaches to solve the problem of 
autonomous flight are inadequate, expensive, and 
bulky. The aforementioned solution would be smalL 
cheap, and easily implemented on different aerial 
vehicles. It should be stressed that the research · 
platform provides a means to conduct learning 
experiments without physical damage to the vehicle 
or to the circuitry. Applications for the proposed 
platform and learning scheme are endless, but in 
particular it could be implemented on autonomous 
micromachined or model-sized air vehicles which 
could both search or spy for people or objects in a 
hazardous site. 
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Abstract 

This paper describes the implementation of a 
docking strategy for autonomous mobile robots. 
Our goal is to show that this strategy for docking 
is time-efficient, accurate, simple, robust, 
reliable, cost-effective, and that its usefulness 
applies to all of the primary goals of docking. 

Introduction 

This paper proposes a docking strategy for 
mobile autonomous robots that was developed 
for the autonomous robot, Val-see Figure 1. 

Val is a valet robot whose purpose is to carry 
candy (or other small objects) from its docking 
station to different possible locations, and then 
return to recharge and wait to again be of 
service. Val records instructions (given via 
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remote control) which describe how to get to 
these locations. Then, the recorded instructions 
are saved on a PC computer through an electrical 
connection made with the docking station. 
Later, the PC can request Val to return to that 
location and Val will autonomously go there and 
return. Val serves as a good platform for the 
testing of this docking scheme for two reasons. 
First, this docking strategy was part of Val's 
design-they were developed together. 
Therefore, Val's requirements drove the need to 
fmd a design for docking which would be 
simple, robust; reliable, accurate, and cost
effective: 

• Simple because docking was only one of 
many behaviors to be realized in one 
semester. 

• Robust to allow for some error in Val's 
dead-reckoning system. 

• Reliable so that Val seldom needs human 
assistance. 

• Accurate because Val makes electrical 
connections when docked which require a 
positional accuracy to within about 1116 
inch. 

• Cost-effective because that is always an 
issue. 

Second, Val's needs for docking apply to four 
primary goals for docking: positioning, 
calibration, recharging, and communication. 



Background 

Docking has been important to robots for several 
reasons. 

• Positioning-Robots often need to be in a 
very specific location. This could be for 
storage, or to unload or be loaded with 
something [VanAken and Doty, 1993.] In 
Val's case, it is both. The docking station is 
a place for Val to be out of the way while 
not in use, and also a place to be loaded with 
requested items. 

• Calibration-Robots may use the docking 
station as a point-of-reference. Val uses this 
point-of-refetence from which to base all 
other distance measurements. 

• Recharging-Self-recharging robots are a 
big proponent of docking. Through 
docking, electrical connections may be 
made which allow a robot to recharge itself. 
This allows the robot to run longer without 
human intervention [Jantz and Doty, 1996.] 
When Val docks, five electrical connections 
are made-two of which are used for 
recharging. 

• Communication-Again, with an electrical 
connection made through the docking 
station, robots may communicate with other 
robots or computers. They may give or 
receive instructions and exchange data. Val 
connects to a PC to store and retrieve data as 
well as receive instructions from a voice 
recognition program. 

In developing a docking design and strategy, we 
were influenced by the philosophy of Rodney 
Brooks [Brooks, 1991] which suggests an 
emphasis on the low levels of sensory input and 
actuation before building a complex system of 
artificial intelligence. We wanted a design 
whose mechanical structure and sensory system 
would lend itself to doing most of the work. 
Then, upon this system, we would add 
intelligence to be the gentle counselor used to 
bring robot and docking station together. 
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Mechanical Design 

The Robot 

Wheu fmally docked, we wanted Val to make a 
tight fit with the docking station that would 
provide for the accuracy required to make five 
electrical connections. These electrical 
connections are made with two mono 
headphone-type connectors and one probe-type 
connector between them (see Figure 2). 

Figure 2: Docking Electrical Connectors. 
Val (Left) and Docking Station ~ight) 

To make a tight fit, we chose to mount two 
rolling lever switches on each side of Val (see 
Figures 3 and 4) 

25.6 8 .4 

Figure 3: Rolling Lever Microswitch 

Figure 4: Val's Rolling Lever Switches 



These switches serve several purposes. 

• The rollers enable Val to tightly squeeze 
into narrow spaces, and reduce the friction 
that would otherwise restrict the robot. 

• Since the rollers are attached to switches, 
they provide Val with lots of information. 
For example, when all the switches are 
closed, Val knows it has made it into the 
narrow section on the docking station. 

• When Val bumps sideways into one of the 
docking station's extended arms, the 
switches lead it down the arm toward the 
narrow opening of the station. 

To aid Val in detecting forward and backward 
bumps, four momentary tactile switches were 
added-two in front and back. A "clothes 
hanger" bumper was then epoxied to the 
switches (see Figures 5 and 6) 

Figure 5: Momentary Tactile Switch 

Figure 6: Val's Back Bumper 

The Docking Station 

Since the docking station has no intelligence, its 
mechanical design is all that it contributes to the 
docking effort. We built the docking station 
with pressure treated wood. It features a "Y" 
type configuration to help guide Val to its 
narrow opening where Val snuggly docks (see 
Figure. 7). 
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The "Y" type arms are hinged so that they can be 
folded back-making the docking station a 
convenient carrying case for Val. The arms are 
the primary means the station provides to guide 
Val to the back where its electrical connectors 
attach to those of the station. Working with the 
rolling lever switches, Val is carefully guided 
into place. 

Software Design 

When Val begins to dock, it assumes the docking 
station is somewhere close behind it. Because the 
docking station is shaped in a "Y," it slowly 
leads Val to the connectors in an iterative trial
and-error process. Val begins with moving 
backward, and continues backward until either 
the back left or right bumper is hit, all four side 
switches are closed, or a timeout occurs. If the 
back left bumper is hit, then Val moves a little 
forward, turns right, and tries again. Likewise, if 
the back right bumper is hit, then Val moves 
forward, turns left, and starts backing again. If 
all four side-switches close, then Val has worked 
its way into the narrow part of the docking 
station and is almost connected. When this 
happens, Val continues backing until both back
bumper switches close. This signifies that Val is 
connected-docking is complete. If, however, a 
timeout occurs in any of these steps, then Val 
assumes it is stuck and moves forward, turns a 
little, and tries again. Obviously, this is not a 
complicated software design, but that is what we 
intended-a simple design that would not 
depend heavily on a complex algorithm. 

Experimental Setup 

To test the docking strategy, we set up the 
following experiment-see Figure 8: 



• We divided the area in front of the docking 
station into three vertical areas: Left, Front, 
and Right. 

• We also divided the docking area by 
horizontal sections in increments on 10 
inches. 

• Then, we determined three different 
orientations for Val: Straight, Left 30°, and 
Right 30°. 

• Finally, we released Val to begin docking 
from a permutation of the above locations 
and orientations, and recorded the time and 
success of its docking. 

Figure 8: Experimental Setup 

We designed this experiment to try and quantify 
the reliability, robustness, and average time-to
dock of this docking strategy. 

Results 

Time':.. Efficiency 

Of all successful docks, the total average time 
was found to be 32.3 seconds. A more intricate 
breakdown of the average times is shown below 
in Figures 9 and 10. Figure 9 shows that there is 
not much difference in starting from the left, 
right, or front area except that the forward area is 
slightly favored. This demonstrates the 
robustness of the design. Figure 10 shows the 
expected trend of time as Val is moved further 
from the docking station. 
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Figure 10: Average Docking Time Vs Position 

Reliability 

Figure 11 below shows that for all trials within 
about 1 yard from the docking station, the 
docking strategy proved perfect-1 00% success. 
The success rate then begins to drop off as it 
approaches two yards. 
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Figure 11: Percent Success Vs Distance 

Robustness 
Due to the high success rate shown in the 
reliability study, and the positional independence 

·shown in Figure 9, this docking scheme shows a 
good measure of robustness. 

Simplicity 
This design requires bump switches, a little 
carpentry, and some simple code. 

Cost-Effectiveness 
The cost breakdown for the implementation of 
this docking strategy is shown below in Figure 
12. 

Part Quantity Cost Total 
(each) · Cost 

Roller Lever 4 $3.00 $12.00 
Microswitch 
Momentary 4 $1.00 $4.00 
Tactile Switch 
Wood 1 $12.00 $12.00 
Hinges 1 $2.00 $7.00 
Electrical ~ $1.00 $3.00 .) 

Connectors 

Total Cost- $33.00 

Figure 12: Cost Breakdown 

Conclusions 

The docking strategy presented here has been 
shown to be a simple, time-efficient, cost-
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effective, accurate and robust design useful for 
land-mobile autonomous robots seeking a place 
to dock. The way in which the mechanical, 
sensor, and code designs complement each other 
form the key to the strategy's success. Although 
there are several reasons why a robot might need 
to dock, this strategy offers some help to all 
those who wish to give their robot a place to 
dock. 
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Abstract - Manipulators and mobile platforms are 
often used to perform operations in hazardous envi
ronments such as nuclear reactors, outer space, deep 
sea and other sites that may represent a potential 
danger for human beings. A failure of any mechanical 
system while operating in any of these environments 
may result in the abortion of the mission if the system 
bas not been designed to tolerate failures. Fault toler
ance is a key factor in achieving the high degree of 
safety and reliability required from robotic systems 
operating in such environments. Since 1950s many 
research results have been published on the introduc
tion of fault tolerance into the design of robotic sys
tems. ~orks in this area were in great degree initi
ated by the computer industry, the military and the 
aerospace community [1 ]. This paper introduces fault 
tolerance design methodologies that can be imple
mented on mechanical system design. Their applica
tion is specifically demonstrated on the design of a 
fault-tolerant mobile platform. 

Introduction 

Generally, robotic systems are used in opera
tions under extreme environmental conditions. In such 
cases, they are provided with a high degree of autonomy. 
Often, they are required to travel on unknown surfaces 
and around obstacles of unknown shape. 'These uncer
tainties would be easily overcome by a human being. 
However, for a robot, operations like this would mean 
the integration of quite a complicated system. For exam
ple, it would have to have some kind of a mobile plat
form on which one or more manipulators as well as tools 
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and materials can be transported. The platform should be 
provided with a highly maneuverable steering system. 
This is done through actuation of several degrees of 
freedom for each wheel. 

Another complicated task is the design of a 
navigation system capable of detecting and avoiding the 
obstacles encountered. Previous work in this topic may 
be reviewed in [4]. Here, the use of position, velocity 
and vision sensors becomes absolutely indispensable. As 
one can see, in order for a robotic system to perform the 
simple task of avoiding an obstacle, a great number of 
components and complicated system designs is needed. 

When operating in hazardous environments, a 
partial or total failure of mechanical components of a 
robotics system could be disastrous for the end result of 
the task. This may represent an unaffordable loss of time 
and money. Furthermore, trying to retrieve a robot from 
such an environment could be dangerous or even impos
sible for human beings. Therefore, safety and reliability 
have to be primary concerns for designers. 

In general, a fault tolerant system is designed to 
provide the mechanical architecture with a backup sub
system that enables the entire system to undergo a failure 
and continue to work With minimum or no adverse con
sequences on its performance [2, 5, 12]. 

Fault tolerance in mechanical systems repre
sents an emerging technology that promises new possi
bilities in the design of next generation systems. These 



systems will be smarter, more reliable than the existing 
as well as less expensive and easy to operate [ 10, 15]. 

The focus of this paper is to introduce general, 
basic schemes for implementation of fault-tolerant sys
tem architectures through hardware redundancy. In ad
dition, a practical application of some of these schemes 
to the actuation of a mobile platform is presented in this 
work. 

Fault Tolerance Design Philosophy 

Fault tolerance is achieved through redundancy 
at different levels (i.e., component, module, subsystem 
and system levels) [13, 16]. However, such a redundancy 
may be introduced at each level in four different do
mains. These domains are listed as: 

• Hardware 
• Software 
• Information 
• Time 

Module 1 

Module 2 

Module 3 

Module 
Outputs 

j 

Figure I. Voter System 

Voted 
Output 

Three different types of hardware redundancy 
schemes can be used to provide fault tolerance in the 
hardware domain. These are divided into three catego
ries: 

• Passive 
• Active 
• Hybrid 

The design of a fault-tolerant system· generally 
includes three commonly used approaches in which dif
ferent types of hardware redundancy are used. The fault 
avoidance is regarded as preliminary step. Here, design-
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ers make sure that more reliable parts for the task are 
selected. In doing so, several reliability tests may be per
formed to determine the extent to which a critical com
ponent may influence the overall reliability R(t) of the 
system. For example, as explained in [1], after a "bum 
in" period, electronic components usually fail at a con
stant rate that is modeled by 

R(t) = e·A.t 

where 'A is the sum of all of the failure rate of the com
ponent of the system being analyzed and t is the desired 
failure-free time period. Design and methodology review 
as well as quality control inspections are also performed 
at this design stage. 
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Figure 2. Standby Sparing Scheme 

The second approach is the introduction of pas
sive hardware redundancy techniques such as fault de
tection and fault masking methods to prevent errors from 
propagating throughout the entire system. This technique 
is called passive because a scheme is developed such that 
the faulty unit continues operational as its output is iso
lated and therefore it causes no effect on the system out
put. Several fault detection and fault masking schemes 
have been developed in the past. Voting systems are 
good examples of this approach. They are useful in sys
tems with high degree of parallel hardware redundancy. 



In general, the system shown in Figure I would 
have an odd number (at least 3) of the same devices 
(force sensors, encoders, etc.). Decisions are made based 
on simple logic: if two inputs agree and the third is sub
stantially different, the latter input is disregarded. In 
(11], Willsky presents different approaches to the failure 
detection system design, their advantages and disadvan
tages. 

The third design approach is to introduce fault 
containment/recovery capabilities to the system. This is 
achieved by applying active hardware redundancy tech
niques. Unlike passive hardware redundancy schemes, 
this approach gives the system the ability to detect faults, 
identify the faulty component(s) and recover the sys
tem's normal functioning through reconfiguration. 

Standby sparing (Figure 2) is one of the active 
hardware redundancy techniques that use n modules to 
produce system output. The module n+ 1 is used as spare 
unit. When an error is detected, the faulty unit is identi
fied by the error detection unit and disabled by the 
switch mechanism. Then, the spare unit is put to work as 
the system goes through a recovery phase. This scheme 
is found in two modes: hot standby and cold standby 
mode. In the first mode, all modules are powered at once 
including the spare one. This provides the system with a 
faster response and reconfiguration period. However, 
this operation mode is not suitable for applications in 
which power source is limited due to the high power 
consumption. This scheme is suitable for systems that 
require high precision such as robots and aircraft. 

Unlike this mode, in the cold standby sparing 
mode, the spare module is not powered until a failure is 
detected. This slows down the system response. Here, 
the power consumption is lower than the former mode. 
Typically, space applications are most suitable for cold 
standby technique due to scarcity of power. 

Another active hardware redundancy technique 
is called spare-and-a-pare (Figure 3). Here, only two 
modules are required to work at a time. The system out
put is generated from one of the two module outputs. 
Then, the outputs are compared in a comparison unit. If 
an agreement is reached, the system remains unchanged. 
Otherwise, the module initially assumed to be fully 
functional is disabled and the spare module is enabled. 

Hybrid hardware redundancy techniques are a 
combination of the techniques previously explained. 
Therefore, they are another way of providing fault toler
ance to the system design. One of these techniques is the 
N-Modular redundancy with spares. Here, n active mod-
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ules and m spare modules are used. The technique incor
porates a voting system (Figure 1) that decides upon the 
system output. The system output is then used to detect 
the faulty module in the disagreement detection unit. 
Then, this unit will disable the faulty unit and enable one 
of the spares. 

Self-Purging (S-P) is another hybrid scheme 
that similar to theN-Modular redundancy technique ex
plained above. The only difference is that in S-P 
schemes all modules are used at once. Then, the voted 
output is used to compare the different module outputs. 
The disagreeing module is then disabled. 
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Figure 3. Spare-and-a-Pare Scheme 

In the following sections, different alternatives 
for the design of fault-tolerant driving and steering sys
tems for mobile platforms are considered. In addition, an 
explanation on the application of the schemes described 
above is presented. The designs were developed around 
the idea of a general-purpose mobile platform. This gen
eral-purpose equipment can be seen as a car-like vehicle 
with three or four . wheels and a base. The size, shape, 
and capability of the platform may vary according to the 
task to be performed. 



Basic Platform Design 

Figure 4 shows a basic mechanical architecture 
of a car-like vehicle. The base is designed to support the 
weight of the different equipment, materials, tools and/or 
manipulators required for the task. Also, it may carry 
most of the navigation sensors and feedback electronic 
devices. Since this paper focuses on introducing fault 
tolerance into the actuation systems, the base structure is 
not shown in Figure 4. 

The drive system powers the rear wheels of the 
platform. The system is composed of two brushless ac
tuator-brake-clutch mechanisms that transmit torque 
from the actuator(s) to the rear wheels through a differ
ential mechanism as demonstrated in Figure 5. The dual 
actuator-brake-clutch mechanism gives the driving sys
tem the capability to continue to operate after a failure 
on any of its components. For_ example, if any failure 
occurs at the actuator while generating torque, this sub
system can be disconnected from the entire system by 
disengaging the clutch. Then, the operation may resume 
after actuating the other subsystem by engaging the 
clutch. In this case, the entire system will continue to 
perform its task under the same torque requirements. The 
previous work concerning this type of mechanism can be 
found in [3], [7] and [8]. · 
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Figure 4. Basic Structure of a Mobile Platform 
(Base not shown) 

This mechanical architecture also tolerates a 
failure in the braking device. Since robot platforms gen
erally operate in constrained, unknown sites, they are 
designed to run at a low speed. Therefore, if the brakes 
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fail, the other subsystem will take over. Providing torque 
in the opposite sense can also solve this problem. 

This driving system features a standby sparing 
hardware redundancy scheme. As explained earlier, n 
modules provide system output while the n+ l'st module 
is in standby mode. In this particular arrangement, there 
is only one activated module (n = 1 ). This is the simplest 
version of this scheme. Higher degree of redundancy can 
be introduced by adding more modules (i.e., increasing 
n). 

This dual driving system not only guarantees 
tolerance to failure of any of its individual components 
but also increases the load-carrying capacity of the plat
form. In addition, backlash of the differential mechanism 
at starting motion can be corrected when accurate posi
tioning is to be achieved. This can be done by simultane
ously providing a large torque required to move the plat
form through one subsystem and a small torque for a 
very short period of time, in the reverse sense with the 
other subsystem. 

The steering system of this design consists of 
two direct drive actuators with a clutch/brake system 
connected to the vertical shaft of the forkstand of the 
front wheels. The actuators provide torque to the shafts, 
and make the wheels spin around their imaginary, verti
cal axes. The required wheel orientation may be 
achieved for any given angle. 

Output Torque 
to the Wheel 

...... #.....---....... 

r---S) 
j I 

I ! ··,. / 

Input Torqu~· ·-
from the \ 
Actuators 

Driving Mechanism 

Figure 5. A dual actuator/clutch/brake with a differential 
mechanism generates the required torque 

Although this system is very simple as far as 
mechanical arrangement, the steering system has not 



been designed for fau lt tolerance. It is obvious that a 
failure of one of the actuators would prevent the plat
form from changing its current trajectory. Another 
problem in this design is the achievement of parallel ori
entation of the wheels. Despite current development in 
the position control device technology, achieving identi
cal wheel orientation may be constrained by mechanical 
factors such as mechanism backlash and material wear. 
A misalignment of the wheels would provoke slippage, 
loss of positioning, and orientation accuracy. 

An Alternate Design 

Car-like vehicles with front-wheel steering have 
been studied and developed in the past (See [11], [14] 
and [ 17]). This section is dedicated to present an alterna
tive to the conventional design. This approach features a 
different arrangement in the driving mechanism such that 
the rear wheels may have an a~ditional degree of free
dom to improve maneuverability and fault tolerance ca
pability to the driving system (see Figure 6). The torque 
is provided at each wheel by a brushless actuator and a 
gearhead. The actuator is supported in vertical position. 
Therefore, the gearhead used has a 90° input/output re
lationship. Each motor should be designed to generate 
enough torque to drive the platform. With such an ar
rangement, one motor is used to drive the platform and 
the others as back-ups. 

Brushless actuators rather than brush de servo 
motors are used in this design. Brushes are subject to 
wear due to the friction produced by their contact with 
the rotor surface. This problem is not present in brush
less motors because they do not use brushes. The selec
tion of more reliable components (i.e., brush less motors) 
complies with the fault avoidance concept earlier men
tioned in section "Fault Tolerance Design Philosophy". 

Different hardware redundancy schemes can be 
implemented in this design according to the task, torque 
requirements and power availability. For example, if the 
system is set up such that all actuators are used at once to 
drive the platform, a self purging scheme may be imple
mented to isolate the faulty actuator in case of a failure. 
In a three-wheel platform, if two actuators are in charge 
of driving the platform, they can be controlled using a 
spare-and-a-pare technique. · 

For applications requiring .higher degree of re
dundancy, platforms with four or more wheels can be 
designed. This would lead to the implementation of 
standby sparing or N-Modular schemes. The chosen 
scheme may vary according to the task, power source 
and torque requirement. 
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In order to achieve a simultaneous, parallel ori
entation of the platform, the vertical shaft of the wheels 
are connected through a spur gear set. In a three-wheel 
platform, up to four actuators may be in charge of the 
steering by connecting one to each of the wheels vertical 
shafts and one to the central gear as shown in Figure 6. 
Individually, they should produce enough torque to de
feat the load created by the friction of the four wheels 
with the ground, make them spin around the vertical 
axis, overcome the friction generated by the gears and 
make the four wheels spin simultaneously. In this design, 
the steering and driving systems can tolerate multiple 
failures while showing high maneuverability. It is im
portant to point out that the platform can reach any point 
of its surrounding in a straight trajectory. Hence, this 
design eliminates complicated maneuvering. Due to the 
high level of fault tolerance of this design, any of the 
schemes presented above can be implemented depending 
on the needs of a given application. 

Connecting 
Gear 

Figure 6. Simultaneous steering of the three wheels 
eliminates complicated maneuvering 

Many good featUres have been introduced with 
this alternative. However, the design is suitable for rela
tively small size platforms. In larger platforms, the gears 
will have to be very large or require more complicated 
setups in order to connect the four shafts. 



Conclusions 

The first part of this paper is dedicated to re
view some basic fault-tolerant design schemes. These 
schemes have been developed for and implemented 
mainly lty the electronic and computer industry. In fact, 
there are several other schemes that were not mentioned 
in this paper because they are not relevant in domains 
other than electronic devices. 

The rest of this work was dedicated to show the 
application of these schemes to the design of mechanical 
systems (in particular, a mobile platform). The initial 
design was used as the starting point in the search for an 
optimal design of a fault-tolerant mobile platform. 

The first design alternative proposes to use a 
simple, double actuation througp the differential mecha
nism. This is a simple and compact design that gives the 
platform the ability to undergo failure of one of the ac
tuators and still be able to return to safety. Other features 
of this arrangement are the possibility of correcting me
chanical backlash and increase in payload carrying ca
pacity when both motors simultaneously actuate the plat
form. 

The major drawback of this design is its limited 
maneuverability. The fact that the rear wheels have only 
one degree of freedom (rotation about their central axis) 
limits the steering operation to front-wheel steering only. 
Also, as mentioned before, it is clear that a failure of one 
ofthe actuators disables the steering mechanism. 

The change in the arrangement of the driving 
system gives the platform steering independence to each 
wheel. There are two main advantages to this wheel in
dependence. First of all, maneuverability is greatly in
creased as any point in the horizontal plane can be 
reached in a straight trajectory provided that no obstacles 
are run into. Secondly, this driving system design can 
carry as many redundant actuators as the number of 
wheels allow. This makes the design more flexible and 
modular. For example, a platform can be designed to 
carry six actuators (and six wheels). Then, one should be 
able to remove them up to a minimum of three according 
to the task's safety and reliability requirements. This 
makes the proposed design more maneuverable and fault 
tolerant than the other alternative presented in this work. 
This also provides a highly flexible testbed for testing 
different fault-tolerant schemes and alternatives. Also, as 
stated earlier, the use of direct-drive brushless actuators 
increases the reliability of each individual motor and 
eliminates the need for differentiaf mechanisms. 

129 

References 

[1] 

[2] 

[3] 

[4] 

[5] 

[6] 

[7] 

[8] 

[9] 

Anderson, T. , and Lee, P. A., Fault Tolerance 
Principles and Practice, Prince-Hall Interna
tional, Inc., 1981. 

Caccavale, F., and Walker, I. , "Observer-Based 
Fault Detection for Robot manipulators," Pro
ceedings of the 1997 IEEE Conference on Ro
botics and Automation, Albuquerque, New 
Mexico, pp. 2881-2887, April 1997. 

Chladek, J. T., "Fault Tolerance for Space 
Based Manipulator Mechanisms and Control 
Systems," Proceeding of the First Int. Sympo
sium. on Measurement and Control in Robotics, 
Vol. 1, Houston, Texas, June 1990. 

Horak, D. T., System Failure Isolation in Dy
namic Systems, Allied-Signal Aerospace Com
pany, Columbia, Maryland. 

Lewis, C. L., and Maciejewski, A. A., "Fault 
Tolerant Operation of Kinematically Redundant 
Manipulators for Locked Joint Failures," IEEE 
Trans. on Robotics and Automation, Vol. 13, 
pp. 622-629, August 1997. 

Maciejewski, A. A., and Klein, C. A., "Obstacle 
A voidance for Kinematically Redundant Ma
nipulators in Dynamically Varying Environ
ments, " International Journal of Robotics Re
search, Vol. 4, No.3, pp. 109-117, Fall1985. 

Monteverde, V., and Tosunoglu, S., "A Meas
ure of Fault Tolerance for Robotic Manipula
tors," The 5 'th IEEE International Workshop on 
Robotics in Alpe-Adria-Danube Region, IEEE 
RAAD'96, Budapest, Hungary, pp. 463-468, 
June 10-13, 1996. 

Monteverde, V., and Tosunoglu, S., "Fault Tol
erance in Robotics and Mechanical Systems: An 
Introductory Survey", The Third ASME Bien
nial Joint Conference on Engineering Systems 
Design & Analysis-ASME ESDA'96, Montpel
lier, France, Vol. 2, pp. 259-264, July 1-4, 
1996. 

Monteverde, V., and Tosunoglu, S., "Effect of 
Kinematic Structure and Dual Actuation on 
Fault Tolerance of Robot Manipulators," Pro-



ceedings of the IEEE International Conference 
on Robotics and Automation, IEEE ICRA'97, 
Albuquerque Convention Center, Albuquerque, 
New Mexico. pp. 2902-2907, April 20-25, 
1997. 

[10] Paredis, C. , Au, W. , and Khosla, P. , " Kinematic 
Design of Fault Tolerant Manipulators," Com
puters and Electrical Engineering, Vol. 20, pp. 
211-220, 1994. 

[11] Pin, F. G., and Killough, S. M., "A New Family 
of Omnidirectional and Holonomic Wheeled 
Platforms for Mobile Robots," IEEE Transac
tions on Robotics and Automation, Vol. 10, No. 
4, pp. 480-489, August 1994. 

[12] Roberts, R. G., "Enhancing the Fault Tolerance 
of a Robotic System Through Kinematic Re
dundancy," Robotic and Manufacturing Sys
tems, Volume 3, pp. 671-676, TSI Press, Albu
querque, New Mexico, 1996. 

(13] Sreevijayan, D., Tosunoglu, S., and Tesar, D., 
"Architectures for Fault Tolerant Mechanical 
Systems," Proceedings of the IEEE Mediterra
nean Electrotechnical Conference-IEEE ME-

. LECON'94, Antalya, Turkey, Vol. 3, pp. 1029-
1033, April 12-14, 1994. 

[14] 

[15] 

[16] 

[ 17] 

[18] 

130 

Sitharama, S., and Elfes, A., "Autonomous Mo
bile Robots: Control, Planning, and Ar.chitec
ture", Vol. 2, IEEE Computer Society Press, 
1991. 

Ting, Y. , and Tosunoglu, S., "A Comparison of 
Three Robot Control Algorithms in Fault Re
covery," Robotics and Manufacturing, Vol. 6, 
ASME Press, New York, pp. 819-824, 1996. 

Tosunoglu, S., and Monteverde, V., "Kinematic 
and Structural Design Assessment in the Devel
opment of Fault-Tolerant Manipulators," in 
print, International Journal of Automation and 
Soft Computing, 1998. 

Vasseur, H. A., Pin, F. G., and Taylor, Jack R. 
Navigation of Car-like Robots in Obstructed 
Environments Using Convex Polygonal Cells", 
Oak Ridge National Laboratory, Center for En
gineering Systems Advanced Research, Oak 
Ridge, Tennessee. 

Willlsky, A. S., "A Survey of Design Methods 
for Failure Detection in Dynamic System", 
Automatica, Vol. 12, pp. 601-611, Pergamon 
Press, 1976. 



An Autonomous Micro-Submarine Swarm 
and Miniature Submarine Delivery System Concept 

by 
Keith L. Doty, A. Antonio Arroyo, Carl Crane 

Scott Jantz, David Novick, Robert Pitzer, Aamir Qaiyumi 
Machine Intelligence Laboratory 

Department of Electrical and Computer Engineering 
University ofFlorida, USA 

Tel. (352) 392-6605 
Email: doty@mil.ufl.edu 

URL: http://www.mil.ufl.edu 

1998 Florida Conference on Recent Advances in Robotics FIT March 26-27 1998 
' ' ' 

Abstract 
We outline the design of an autonomous 
underwater vehicle swarm and swarm 
delivery system. The proposed system will 
generate many underwater "eyes" and 
"ears" for information gathering and 
ordinance, or product delivery, over a wide 
area. A highly maneuverable, inexpensive, 
battery powered miniature autonomous 
submarine that fits into a right-circular 
cylinder about one meter in diameter and 
0. 5 meters in height will distribute a swarm 
of battery powered, highly maneuverable, 
autonomous, intelligent, micro-submarines 
less than 5cm in any dimension. The mini
sub, capable of transporting the micro-subs 
over a long distance, will search for and 
identify potential targets: mines, surface 
ships, submarines, or other metallic objects. 
The mini-sub will then dispense a swarm of 
inexpensive micro-submarines to attach 
themselves to the targets and neutralize 
them. 

1 Introduction 
Moored mine detection tn shallow surf 
zones is of critical importance for 
amphibious assaults. To reliably find and 
destroy these obstacles before a beach 
assault can take place presents a formidable 

131 

problem. Innovative systems to solve this 
problem have been in development for 
years, but they consist of relatively 
expensive solutions. The Machine 
Intelligence Laboratory (MIL) in 
conjunction with :rviEKATRONIX, a Florida 
corporation, have developed a concept that 
. may lead to a solution. Our approach is 
similar to the Tomahawk cruise missile anti
airfield system with blute dispenser. In the 
Tomahawk system the missile calculates 
wind speed, direction and altitude of the 
missile to make course adjustments before it 
dispenses its lethal cargo to ensure 
destruction of runways. Similarly, our idea 
is to build a highly maneuverable, powerful, 
inexpensive, small autonomous miniature 
submarine system (the mini-sub) that will 
distribute (Figure 1) a swarm of 
autonomous, semi-intelligent, semi
maneuverable, micro-submarines (less than 
Scm in any dimension). The micro-subs will 
work in concert with each other to 
accomplish the goal of destroying floating, 
moored surf zone mines without any 
interaction from humans. 

At present, autonomous Underwater 
Vehicles (AUVs) technology1 does not 

1 Refer to 
http://www. csd uu.se!--robnil/A UVIA UV_lin 



adequately address this problem. Current 
AUVs range in length from the one meter 
Sea Squirt (1988) produced at MIT, to over 
6 meters, ARCS (1988) produced by ISE in 
Canada. The European Community's AUV, 
Marius (1995) measures 4.5 meters and has 
a dual hull. For hydrodynamic reasons most 
hull structures possess the classical teardrop 
or torpedo shape. While efficient for 
forward motion, this shape limits 
maneuverability in tight quarters. 

The AUV s over 4 meters in size appear 
to be designed for open ocean environments 
and are not suitable for small, crowded 
bodies of water such as harbors, beaches, 
and docking areas where high 
maneuverability plays a more important role 
than speed or depth capabilities. Some 
smaller AUVs, however, have been 
designed with this in mind (PURL, RAY 
and SUNFISH at Simon Fraser University in 
Canada). Even these smaller AUVs, 
however, cannot take full advantage of 
three-dimensional maneuvering permitted 
underwater. The ODIN vehicle at the 
University of Hawaii comes closes to 
providing the maneuvering capability we 
have realized at the Machine Intelligence 
Laboratory, but it is a tethered, cable system 
and not autonomous. Further, ODIN is not 
sensualized or programmed to contour 
underwater objects. 
1.1 Comparison with Ongoing Research 
While there is a great deal of work in AUV s, 
the system outlined in this paper is rather 
novel. Consequently, there is no extensive 
literature. We comment on several papers in 
the Proceedings of the Autonomous Vehicles 
in Mine Countermeasures Symposium to 
indicate how the reported research might 
impact our approach. 

ks.html to access various organizations 
doing research on autonomous underwater 
vehicles. 
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[McKinney, 1995] describes the 
development of acoustic sensors in mine 
hunting. Section V contains listings of 
potential merits for using small, unmanned 
mine hunting submersibles. 

The research reported in [Sun et al., 1995] 
applies the "remote-field eddy current: 
(RFEC) technique originally developed for 
nondestructive detection of conducting 
materials to detecting underwater targets 
with low frequency electromagnetic sensors. 
In the general configuration, a submerged 
transmitter is operated at sinusoidal steady 
state. The magnetic field generated by the 
transmitter induces current in the conducting 
target. The induced current, in turn, 
produces its own magnetic field, and 
subsequently perturbs the original field 
distribution. A separately deployed receiver 
picks up the perturbation that can be 
translated into the coordinates of the target. 

[Greiner et al., 1995] introduces sensor 
ideas that could be used in a micro-subs. For 
example, the AUVs could repel each other 
by emitting a short-range acoustical pinger, 
and veering away ·when this signal is 
detected from another robot. Metallic mines 
can be sensed using an eddy current metal 
detector, while mines and obstacles 
containing steel are easily detected using 
magnetic gradiometers. 

[Brotzman, 1995] discusses the problems 
with autonomous underwater robot design, 
integrating the capabilities of the robots, and 
proposes the use of a "virtual world" to test 
all aspects of the hardware and software 
design of the robots. 

2 Operational Scenario 
The mini-sub will search and identify 
potential targets for destruction using 
conventional off the shelf, low cost 3D sonar 
imaging and then proceed to calculate speed 
and direction of the current. Once a target 
has been verified, the· mini-sub will proceed 
up-current where it will use a dispenser to 



deploy an array of inexpensive micro
submarines that possess limited sensor and 
x-y-z direction capabilities, along with 
limited communication capabilities. The 
micro-subs will display flocking behavior 
allowing the mini-sub to track their progress 
toward the goal. The leftmost mini -sub in 
Figure 1 is shepherding a flock of micro
subs. Some micro-subs on the right have 
already attached to a moored mine. 

Using a simple communication system, the 
micro-subs will be able to track the each 
other's progress and receive simple course 
adjustments from the mini-sub. Once a robot 
has made contact with an object and verified 
that it is a viable target, it will be able to 
convey its proximity to its associates and 
bring more of the swarm to the target. Even 
if a few mi~ro-subs never make it to the 
designated target, the monetary loss should . 
be minimal, assuming a high-volume low
cost production schedule. After a number of 
micro-subs have attached themselves to the 
target, they will be able to signal to the mini
sub that mission has been accomplished and 
the mini-sub will be free to proceed to the 
next target. After dispersion of all micro
subs onboard, the mini-sub will be able to 
return to its point of deployment for a new 
cartridge of robots to disperse or the mini
sub could also be disposable. Mapping of 
the targets found can also be accomplished 
to determine the degree of certainty that all 
potential targets have been neutralized. 

The mini-sub, capable of transporting the 
micro-subs over a longer distance, could 
also disperse and command the micro-subs 
for attachment to ship hulls, submarines, or 
other metallic objects as well as underwater 
mines. Upon encountering and attaching to 
a target the micro-subs will send a tracking 
signal to allow the ship to be detected. As 
they attach to the hull, they can . emit a 
homing signal to recruit other micro-subs to 
the hull before exploding. A "friendly" hull 
can be marked by an encrypted signal 
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traveling down the hull in the form of a 
weak AM signal. A robot attached to the 
hull will read this signal, consider the hull 
friendly, then detach from the hull and 
signal robots en route to abandon that hull. 

We do not plan to develop the miniature 
submarine functionality beyond an 
intelligent delivery system for the micro-sub 
swarm. However, one can envision the 
miniature submarine system being able to 
serve in a diverse number of operational 
scenanos, from ship-hull inspection, 
reconnaissance and warning against 
underwater assault to actual seek and 
destroy missions against opposing robots 
and machines. 

3 Mini-Sub Implementation 
Many autonomous submarines have been 
developed over the years to try to come up 
with a practical solution to exploring the 
ocean environment quickly and cheaply with 
a minimum of intervention from a human 
operator. The ocean is a large place and 
trying to find small objects in it is a 
laborious and tedious expenence. 
Accomplishing these tasks has been 
expensive and frustrating due to the lack of 
practical instruments and fast computers. 
Now, due to the ever lowering cost and 
speed increase of microcomputers and the 
technology transfer of sonar systems and 
other ocean technologies to the open market, 
many of the items required to build a highly 
versatile, inexpensive autonomous 
submarine are available off the shelf 

Last year a group of undergraduate and 
graduate students in the Machine 
Intelligence Lab and CIMAR at the 
University of Florida designed, fabricated 
and tested the four degree of freedom 
submarine platform SubjuGator (Figure 2), a 
highly maneuverable underwater vehicle 
that can be operated remotely with computer 
assistance. SubjuGator proved that a low 
cost, highly maneuverable autonomous 



underwater vehicle useful in underwater 
diving, entertainment, research, exploration 
and inspection could be built today. 

Approximately 3 feet (0.9144 m) wide by 
3 feet (0.9144 m) long by 2 feet (0.6096 m) 
high, SubjuGator is highly maneuverable 
due to its small size and tight tum radius. 
Weighing about 90 pounds ( 40.82 kg) out of 
the water, it is close to neutrally buoyant in 
the water. Since buoyant forces are near the 
top of the sub, while the heavy weight is 
located at the bottom, it is also inherently 
stable. 

Subjugator incorporates many off-the
shelf components in order to minimize cost. 
The body is constructed with a foam core 
and a fiberglass/carbon fiber outer shell. 
Four trolling motors, two oriented 
horizontally and two vertically, provide 
forward/backward thrust, turning, and 
ascend/descend movement. An Exide, 12V 
gel-cell, wheelchair battery provides energy 
for the propulsion system. Attitude and 
heading are furnished by Precision 
Navigation's TCM2 digital compass. 
Vertical position in the water is sensed with 
a pressure gauge. Two valves are used to fill 
a buoyancy compensator with air from 
ballast tanks, or to operate an air -actuated 
valve to release the air and fill the buoyancy 
compensator with water. A 68HC 11 
microcontroller from :MEKATRONIX reads 
the sensors, and provide controlling signals 
to the motors. Approximately 3 feet (0.9144 
m) wide by 3 feet (0.9144 m) long by 2 feet 
(0.6096 m) high, the sub is highly 
maneuverable due to its small size and tight 
tum radius. Weighing about 90 pounds 
( 40.82 kg) out of the water, it is close to 
neutrally buoyant in the water. Since 
buoyant forces are near the top of the sub, 
while the heavy weight is located at the 
bottom, it is also inhere.ntly stable. 
3.1 Mini-Sub Mechanical Design 
The first design iteration of the new mini
sub will build on lessons learned from the 
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robot submarine SubjuGator. The new, 
highly maneuverable design will employ 
two horizontal motors for forward, reverse 
and turning, and two vertical motors for 
hovering, pitch control and altitude changes 
(Figure 1). Control surfaces were not 
incorporated on the SubjuGator to simplify 
the vehicle design. The next generation of 
SubjuGator will incorporate a V-tail to 
mtnttruze control surface drag while 
maintaining the advantages of high-speed 
maneuverability that elevators and rudders 
provide. 

We plan to encase the new submarine in 
an enclosing hull for better high-speed 
hydrodynamics and also to afford some 
protection for the sensitive instruments that 
may be susceptible to damage by running 
into underwater obstacles. The mint
submarine's main structure will be 
fabricated from square tube aluminum that 
will be sealed and hydrostatically tested to 
provide a degree of positive buoyancy for 
the frame. 

The mini-sub must contain enough 
computation power on board to process data 
from the 3D Imaging Sonar that will be 
place on its underside for weight 
distribution. The 3-D sonar ranging data will 
be used by the mini-sub to perform real time 
path planning and obstacle detection as well 
as swarm monitoring. Obstacle information 
will be relayed back to a shore or ship based 
personal computer by an underwater 
acoustic modem link. The mapping 
algorithm will be based on doctoral research 
that is being performed currently at the 
University ofFlorida. 

Position monitoring and path planning 
maneuvers of the mini-submarine will be 
monitored by on-board instrumentation. 
These measurements will independently 
ensure the proper motion is being 
performed. Pressure transducers will 
monitor mini-submarine depth. 



4 Micro-submarine 
In order to manufacture inexpensive, 
disposable, and highly maneuverable micro
submarines, their size should be small but 
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not too small to deliver an effective payload, 
either information or ordinance. In keeping 
with DOD interests, the micro-sub should fit 
into a cube, one inch on each side. The size 
specification places severe limits on the 
design. Figure 3 presents a graphics 
conceptualization of one possible micro
submarine structure and packaging. The 
drawing of the AA-sized battery in the right 
of the figure indicates scaling. 
4.1 Actuation and Motion 
Micro-sub actuation will be accomplished 
with four motors, two for depth control and 
two for horizontal motion. The motors under 
consideration weigh 2.2 grams and are one 
half inch long by a quarter inch in diameter. 
Prototyping will . determine if these motors 
meet the micro:..sub' s propulsion 
requirements. 

Actuation may also include a beacon or 
explosive device, depending on the 
deployment of a micro-sub. The robot will 
be spherical in design with the motors inside 
the hull and the propellers extending just 
outside the hull. This design will reduce the 
possibility that the robot will tangled or 
become stuck on an obstacle, including sea 
plants, nets, cables and other hazardous 
objects in the sea environments. The hull of 
the robot will also have rare earth 
Neodymium magnets to allow passive 
attachment to hulls. 

Our concept is to produce a neutrally 
buoyant, spherical micro-sub with lifting 
screws at the polar caps for depth control 
Figure 3. The blades -have opposite pitch and 
turn in opposite directions when working to 
generate the same motion. This enables the 
robot to ascend or descend without 
imparting angular momentum to the sphere. 
When working against each other, both 
polar motors impart angular velocity in th~ 

same direction to induce a net turning of the 
m~cr~-sub ' s spherical body while, in 
pnnctple, neither ascending nor descending. 
In practice, of course, there will be drift in 
the imparted angular velocity. 

Two pull screws, at the equator and at 
right angles to each other, drive the micro
sub forward. The equator screws can 
generate a net velocity vector anywhere in 
the forward ninety-degree cone defined by 
the angle between the screw axes. 

Other screw mounting geometry can 
easily be envisioned. For example, the 
screws could be mounted in the same 
fashion as on SubjuGator (Figure 2). The 
particular choice illustrated in Figure 3 
simplifies the hull design and provides more 
interior space for packaging electronic 
modules. · 
4.2 Micro-Sub Sensor Requirements 
A micro-sub will require a number of 
sensors in order to function in the 
operational scenario as envisioned 
previously. To reduce the number of 
sensors, hence, cost, size · and power 
consumption, each sensor will be used in 
multiple ways, whenever possible. Multi
modal sensors simplify construction and 
reduce the robot's cost by allowing one 
sensor to be used in more than one way. In 
the following paragraphs we discuss those 
sensors and the purpose behind them. 
Acoustic Sensor: An acoustic sensor allows 
the micro-sub to hear noises from the ship's 
hull or engines. The acoustic sensor will 
also serve as an impact sensor. If the robot 
collides with an object it will hear the 
impact. Coupled with a sonar emitter the . ' 
acoustic sensor can also range to objects. 
The acoustic sensor will also serve to detect 
the beacon signal of the mini-sub and the 
emissions of the other micro-subs to aid in 
swarming. 
EM-field Detector: This sensor detects metal 
and acts as a close proximity AM detector 
for friendly beacon reception. It can also 



engage in general EM field detection. In the 
metal detector mode, the EM field sensor 
can characterize the surface in terms of 
reluctance enabling the robot to distinguish a 
hardened steel hull from a cast-iron mine. 
Attitude Sensor: An acceleration sensor 
allows the micro-sub to determine its 
position, roll, pitch, and yaw, and correct for 
instabilities. In addition to this function, the 
acceleration sensor will allow the robot to 
sense collisions missed by the other sensors, 
since a collision results in rapid 
deceleration. This sensor also detects 
turbulence and vortices such as those caused 
by the wash of a propeller or the 
displacement· of a boat. This mode would 
allow for the detection of ship movement 
and the detection of previously undetectable 
submarines. 
IRDA Transceiver: The IRDA transceiver 
allows the microcontroller to communicate 
outside of the sealed micro-sub using high
speed infrared communication. As a sensor, 
the IRDA will detect close objects in a 
PWM digital mode, in which the IRDA 
sends out a signal that increases in energy 
until it receives an incoming signal reflected 
off the object. The IRDA can also perform 
micro-sub-to-micro-sub communications 
and last minute downloading of instructions 
from the mini-sub before departure. 
Micro-Sub Swarm Behaviors 
The micro-sub behaviors we plan to 
implement derive partly from previous 
research done on swarms of robots in our lab 
and in other labs. One micro-sub swarm 
scenario uses a dispersal search technique 
based upon our previous work with swarms 
[Doty and Van Aken, 1993] [Jantz et. al., 
1994] ] [Jantz et. · al., 1997] and robot 
cleaning strategies [Doty and Harrison, 
1993] which showed that a robot of 
minimum intelligence can effective! y search 
an area. We have also shown that the 
performance of a swarm can be statistically 
analyzed in much the same way as 
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molecular gases in chemistry. These insights 
should provide guidance to micro-sub 
behaviors. 

Elsewhere, researchers have explored 
robot flocking maneuvers. We plan to utilize 
these and other behaviors to micro-sub 
swarms to realize: 
1. Dispersion from the mini-sub. 
2. Efficient search of the area for mines 

and ships. 
2. Attachment and identification of non-
friendly hulls and signaling for swarm 
attachment. We have demonstrated in non 
published research that swarm recruitment 
using only sensor gradients is very efficient 
and we plan to use this technique which was 
derived from insect studies. 
3. Mass signaling or disabling of swarm hull 
attachment. This behavior takes advantage 
of the recruitment of many individuals to 
perform a task out of scale for a single 
micro-sub. 
4. Seeking the Mini-sub. If the search proves 
futile, the robots will seek the mini-sub and 
be transported to a new location. 

These behaviors take advantage of the 
distributed nature of the micro-subs. 
Searches are more efficient with multiple 
agents. The mission is more robust because 
of the distributed nature. The loss of one or 
more robots will not effect the mission. 

The micro-sub swarm delivery system 
could also perform other tasks besides 
weapons neutralization. The system could be 
used for undersea mineral exploration or for 
searching for multiple lost objects dispersed 
over a wide area, as required, for example, 
in the investigation of the crash of TWA 
Flight 800. The swarm technique permits 
exploring a wide sea-floor area very rapidly, 
depending on the number of disposable 
robots that are dumped into the water. This 
approach has the potential of limiting the 
number of actual man-hours that would be 
required for search and rescue and 
exploration. An important side effect is the 



reduction of danger and decompression 
threat to diving personnel. 

5 Conclusions 
A novel, conceptual autonomous underwater 
vehicle information gathering and weapons 
delivery system with wider commercial 
applicability is discussed. Conceptually, a 
miniature submarine less than a meter in 
length will carry twenty or more baseball 
sized micro-submarines in a dispenser. The 
mini-sub delivers the micro-subs swarm to a 
potential target, releases the swarm to attack 
the target. The micro-subs magnetically 
attach to the target's surface to monitor or 
destroy the target. 

Principle requirements and features of the 
mini-sub dispenser and micro-sub swarm 
indicate the feasibility of the design with 
commercial, off-the-shelf components. 
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Figure 1 Graphics conceptualization of mini-submarines deploying swarms of micro-submarines to latch onto sea 
mines. 
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Figure 2 
Photographs of 
SubjuGator (left) 
and a graphics 
rendering of 
SubjuGator 
deploying micro
subs (right). 

SUBruGATOR, an autonomous submarine built at 
the Machine Intelligence Laboratory. will serve as 
the basic design model for both the mini-and micro-

submarines. 

Figure 3 The objective is to make the micro
submarines fit into a cubic inch. The graphics 
rendering of a micro-submarine depicting the 
external appearance (left) and internal construction 
(right) indicates a possible packaging of the battery, 
motors, sensors and electronics. 
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Abstract - This paper presents ongoing work on the 
design of a portable Force-Reflecting Manual Control
ler (FRMC) for the teleoperation of hazardous material 
handling tasks, and is being jointly developed by the 
Robotics and Automation (R&A) Lab at Florida Inter
national University and the Human Sensory Feedback 
Laboratory, Wright Patterson Air Force Base. The 
paper concentrates on the system identification and 
model construction of a 1-DOF FRMC testbed. This 
prototype has been developed to demonstrate the prin
ciples of force-reflecting teleoperation system and to 
verify the system model experimentally. 

Introduction 

Teleoperation is mainly used in hazardous environments, 
such as nuclear reactors, space, and undersea operations. 
The main function is to operate and monitor remote system 
(robots, mobile platform, etc.) to conduct inspections, 
maintenance and general repair tasks [16, 19]. Because of 
the hazardous nature of the environment, the system is 
intentionally not designed to operate in an autonomous 
fashion, but rather an operator monitors the entire process 
at a remote site [1, 2]. To be effective, the operator should 
have adequate information of the actual process. This be
comes possible by feeding back video signais, position of 
the remote system, and possibly other physical measure
ments such as the radiation level and temperature of the 
environment. 
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Nowadays, advanced technologies enable engineers to 
design and develop teleoperation systems to the point 
where the human operator is able to perceive feelings as if 
he/she were in the actual environment [3, 4]. Feedback 
such as visual, aural, and force can enhance the perform
ance of systems significantly [15]. Such an advanced 
teleoperator system is also called a telesensation system 
[5]. 

The ultimate goal of a telesensation system is to fully inte
grate various hardware components to the computer via a 
graphical interface to provide the operator with sensational 
feedback by employing the five senses [ 6]. The telesensa
tion system also provides the operator with flexible pro
gramming, better task perception, planning, and control [7, 
8]. As a result, the efficiency, reliability, and safety of the 
system are greatly improved. 

A Virtual Reality (VR) unit is one of the components in a 
telesensation system that is now being used in many re
search projects [17, 18]. For example, at the Jet Propulsion 
Laboratory (JPL) the VR technology is implemented in the 
system to control remotely deployed robots [12], at the 
Johnson Space Center (JSC) for telepresence research [14] 
and at the Advanced Controls Manipulation Laboratory 
(ACML) at Sandia National Laboratories for waste reme
diation technologies [13]. A VR unit enables the operator 
to perceive and interact with a virtual environment as if it 
were real [ 11]. 

One of the biggest advantages of having a VR unit is th~t 
the actual manipulator can be removed from the training 



loop while the operator is being trained [ 11]. This training 
approach can be quite beneficial because the robot cannot 
be damaged by any mistreatment by an operator, and the 
operator should feel more comfortable during the training 
exercise. In addition, training scenarios can be set up eas
ily. These scenarios usually include emergency situation 
procedure training. Should the actual emergency occur, the 
operator would be much better in handling the situation. 

Currently, the development of a force-reflecting manual 
controller and telesensation system is being jointly con
ducted by the Robotics and Automation (R&A) Lab at 
Florida International University (FlU) and the Human Sen
sory Feedback Laboratory, Wright Patterson Air Force 
Base. The first phase of the project which includes the 
testbed construction, system integration, and testing have 
been completed. 

The 1-DOF FRMC testbed has been developed to demon
strate the basic principles of a force-reflecting teleopera
tion system. The setup of this system is shown in Figure 1, 
and the system components are shown in Figure 2. The 
actuator and controller systems which include a rare-earth 
permanent magnet brushless DC servomotor with 1000-
line encoder, PC bus-based controller with PID feedback, 
amplifier, and interface board, were purchased from 
Aerotech company. Other components comprised in the 1-
DOF FRMC include force/torque sensor and processor. 
The industrial robot PuMA 760 is used to simulate are
mote site. Table 1 provides a summary of the purchased 
hardware components and software for the 1-DOF FRMC. 

Table 1. Listing of Hardware/Software Components for 
1-DOF FRMC System 

Components Model Company 

Brushless DC BM200 Aero tech 
Servomotor 

Encoder MS-E1000H Aero tech 

Controller UNIDEX500 Aero tech 

Amplifier BA20 Aerotech 

Interface Board BB501 Aero tech 

Force/Torque Sensor 100M40A-U760 JR3 

!SA-Bus Pin 1523 JR3 
Receiver/Processor 

Control Software C++4.0 Borland 

Computer 
IBM Pentium 

Dell 166 MHz. 

Remote System PUMA 760 Unimation 
Industrial Robot 6-DOF Robot 

·-
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The system is direct-drive and able to provide a peak 
torque of 404 oz-in. With the length of the handgrip of 5 
in, the 1-DOF FRMC prototype can produce the maximum 
force reflection of 5 lb. The update rate of the system is 
approximately 0.002 sec or 500Hz. 
One of the main concerns of this experiment is the unfa
miliarity of the system. As a result, the testbed may be 
damaged from unexpected system response. To prevent 
this, a mathematical model is constructed so that it can be 
used as a tool to predict the output of the system. The re
sults of the system identification and model construction 
are presented in this paper. 

PC-IBM Pentium 166 MHz 

C ++ 

Control 1------t------>t 

Sottwore 

Figure 1. Setup of a 1-DOF FRMC Testbed 

Figure 2. 1-DOF FRMC Components 



System Identification 

The system identification is the process of estimating a 
model of a system based · on observed input-output data. 
According to Ljung, a mathematical model can never be 
used to represent the true description of the system, but 
rather it can be best regarded as a sufficient description of 
certain aspects that are of particular interest [9]. The 
choice of an identification method and the type of a model 
depend on the nature of the system and the purpose of 
identification. Parametric system models are usually more 
preferable than nonparametric models because modem 
control theory and system design techniques require the 
state variable description of the system dynamics [10]. As 
for the choices between discrete and continuous models, it 
is more practical to estimate the system as a discrete model 
since digital computers are commonly used to control and 
store the data in discrete forms. In addition, difference 
equations are easier to manipulate and identify than differ
ential equations. 

For a parametric, single-variable, linear, time-invariant 
discrete system, the input-output relationship can be repre
sented by an nth order linear difference equation: 

y(k )+ a1y(k -1) ... + any(k- n) = 

b0u(k )+ b1u(k -1)+ ... + bnu(k- n )+ e(k) (1) 

where y(k) and u(k) are the measured output and input 
data, respectively. 

Equation (1) can be written as: 

(2) 

where 

The transfer function of this system is defmed by: 

(3) 

Equation (1) is also referred to as the ARX model (AR 
refers to the autoregressive part A(q-1)y(k) and X to the 
extra input B(q-1)u(k)). 

The a; and b; terms of the ARX model are estimated using 
the least-squares estimation method. This method can be 
described as follows [ 1 0]. 

Equation (2) can be rewritten as: 

n n 

y(k)=-Ia;y(k-i)+ Lb;u(k-i)+e(k) (4) 
i=l i=O 

Defme the 2n+ 1 input-output vector x(t) as: 

!(k) = [-y(k -1), ..... ,-y(k-n),u(k), ..... , u(k- n)r 

the n parameter vector (}as: 

.Then, Equation (4) becomes: 

y( k) = ! T { k )fl + e( k) 

This can be set up as a system of N equations 
(fork= 1, ..... , (N+n)) as: 

where 

~ = [y(n + I),y(n + 2), ..... ,y(n + N)r 

~ = [e(n + l),e(n + 2), ..... ,e(n + N)]T 

xT(n+1) 

xT(n+2) 

X= xT(n+3) 

(5) 

(6) 

- y(n), ... , - y(1), u{n + l), ... ,u(l) 
- y(n + 11 ... , - y(2), u(n + 2 ), ... , u(2) 

= - y(n + 2), ... , - y(3), u(n + 3), ... , u(3) 

- y(n + N -11 ... , - y(N), u(n + N), ... , u(N) 



With the vector Equation (6), in which y and X are given, ~ 
can be estimated by means of least squares. This approach 
was first derived by Gauss. Below is the complete solution. 

The least-squares method states that the estimate fi (} , is 
chosen so that the value of~ minimizes the error function 
J: 

N+n. 

J = l:e2(k) = ~{ ~ 
k=n+l 

(7) 

Upon setting 

the least-squares estimate () can be obtained by: 

assuming that XTX is nonsingular. 

To obtain sufficiently rich output that contains the maxi
mum information about the dynamic modes of the system, 
the system must be excited with high frequencies. Under 
these conditions, the parameters can be estimated with 
high accuracy. For this particular system, the maximum 
input voltage that can be applied is limited between -10 to 
10 volts. To achieve these limits, the system was excited in 
the open-loop environment by a sinusoidal signal with a 
frequency of 7 Hz and sampling time of 0.001 second. 
Figure 3 shows the measured input-output data collected 
from the system. 

OUTPUT#1 

f: 
-5~·----~----~----~------~--~ 

0 200 400 600 800 1 000 
INPUT#1 

0 200 400 600 800 1000 
time (ms) 

Figure 3. Input-Output Data Collected from the System 
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Figure 4 shows the comparison of the output obtained from 
the actual system and from different models that is de
scribed by different order systems represented by transfer 
function in Table 2. 

Table 2. Models Represented by Various Order Systems 

Model Transfer Function 

· 2nd-Order G(s) = 
0.0296s + 0.042 

s 2 + 1.8944s + 0.8950 

3rd-Order G(s)= 
O.Ois 2 + O.OOis + 0.008 

s3 + 2.9438s2 + 2.9174s + 0.9736 

4th-Order G(s) = 0.02533s 3 + 0.0473s 2 + 0.0937s + 0.01336 
s~ + 3.366s3 + 4.1777s 2 + 2.2397s + 0.428 

As can be seen, the 2nd __ and 3rd-order models produce out
put that match the actual system output fairly well whereas 
the 4th-order model tails away at the end. Thus, either the 
2nd- or 3 rd -order system can be used as a model for this 
system. For simplicity, the 2nd-order model is used to rep
resent the system. 

Therefore, the selected model is· represented as: 

G(s) = 0.0296s + 0.042 
s2 + 1.8944s + 0.8950 

10~----~----~----~----~--~ 

8 

§: 
6 

c: ,g 4 
·;;; 
0 
c. 

time ms 

(8) 

-Output -··-·· 2 ""Order; ---- 3 nt Order ; ------4 111 Order 

Figure 4. Comparison of the Actual System Response with 
2nd_, 3rd_' and 4th-Order Model Outputs 



Acceleration 
Feedforward 

Position 
Command 

Position Loop 

Figure 5. Servo Loop ofU500 Controller 

Model Validation 

To verify the accuracy of the model, the servo loop of the 
U500 controller was implemented in the simulation. Figure 
5 illustrates the U500 servo loop'where 

Kp is Proportional Gain 
K1 is Integral Gain 
KD is Derivative Gain 
V.ffis Velocity Feedforward Gain 
A.ff is Acceleration Feedforward Gain 
Fs is Sampling Frequency 

The control method of the U500 controller is PID with 
velocity and acceleration feedforward loops. It uses a dual 
control loop having an inner velocity loop and an outer 
position loop. The block diagram was created using the 
SIMULINK program to represent the servo loop of the 
U500 controller. Figures 6, 7, and 8 compare the system 
response between the model and the actual system of dif
ferent gains represented in Table 3. The sampling time in 
this experiment is 0.001 second whereas the amplifier 
block can be modeled as a gain which is 100. 

Table 3. Gains Used in the System Identification Process 

Kp KI Ko 

ID1 4 10,000 20,000 

ID2 8 30,000 20,000 

ID3 10 20,000 40,000 
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~ 
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Figure 6. Comparison of the System Response between 
Model and Actual System for the Gain Set ID 1 

0.8 

c 
~ 0.6 
-;; 
0 
0. 0.4 

0.2 

0 200 400 600 800 1000 

Tlme(ms) 

..... . Model -Actual 

Figure 7. Comparison of the System Response between 
Model and Actual System for the Gain Set ID2 



1.2 ~----------------, 

0.8 g 
g 0.6 

'iii 
0 
0.. 0.4 

0.2 

0 ~0~--2~00---~~---soo----8-00--~1000 
Time(ms) 

I·· .... Model - Actual j 

Figure 8. Comparison of the System Response between 
the Model and Actual System Output for the Gain Set ID3 

In Figures 6 and 7, the model does not yield the output that 
matches exactly with the actual system response. However, 
it displays similar behaviors which are considered as the 
most important aspect when constructing the model. The 
discrepancy between the model response and the .ac~al 
system output can be explained by unmodelled fnct10n. 
Because the system is direct-drive and has only one degree 
of freedom, the friction is minimal and omitted in the 
model. With a better set of gains, ID3, Figure 8 shows that 
the model is able to produce the result that closely matches 
the actual system response. Therefore, it can be concluded 
that the model obtained in the previous section is suffi
ciently accurate to represent the actual system. 

Conclusions 

The 1-DOF FRMC testbed has been developed to demon
strate the basic principles of the force-reflecting teleopera
tion system. This testbed is a part of the development of a 
telesensation system which is being developed jointly by 
the R&A Lab at FlU and the Human Sensory Feedback 
Laboratory, Wright Patterson Air Force Base. The 1-DOF 
FRMC system parameters have been identified and con
structed as a mathematical model. The results were pre
sented in this paper as part of the progress on this project. 
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Identification of 2-D Discrete Systems Using Neural Network 

Dali Wang and Ali Zilouchian 
Dept. of Electrical Engineering, Florida Atlantic University, Boca Raton, FL 33431 

ABSTRACT 

A Neural Network (NN) architecture is proposed for 
identification of two-dimensional (2-D) recursive digital filters 
in spatial domain using arbitrary inputs and their corresponding 
output data. The method utilizes a recurrent neural network to 
obtain various parameters of a Local State-Space (LSS) 2-D 
model by solving the nonlinear optimization problem in h 
norm. The proposed identification technique could be applied to 
a general 2-D Roesser's LSS model as well as a particular class 
of 2-D digital filters such as separable-in-denominator 
structure. Simulation results indeed demonstrate the 
effectiveness of the proposed methods. 

1. INTRODUCTION & PROBLEM 
STATEMENT 

Recently, there has been an increasing interest in design and 
implementation of 2-D recursive digital filters due to their 
computation efficiency and memory reduction/ capabilities in 
comparison with non-recursive digital filters. Various spatial 
domain design techniques have been proposed for 2-D recursive 
digital filters during the last two decades [1-8]. However, most 
of these designs are for 2-D Causal Recursive Separable in 
Denominator filters (CRSD) as the extensions and 
modifications of corresponding 1-D techniques [2-6]. In the 
other hand, there are relative few techniques developed on 
identification and design of general 2-D recursive digital filter 
[1, 9, 10]. 

In this paper, the identification of general 2-D recursive digital 
filters in state-space using NN is developed. A NN architecture 
is proposed to solve the nonlinear optimization problem in h 
sense. The technique uses a NN model to approximate an 
arbitrary 2-D- system response and obtains the LSS model 
parameters from NN structure. The distinction of the proposed 
identification technique in comparison with existing methods 
lies in its flexibility in two folds. First, the filter's input and 
resulted output could be selected arbitrarily by the designer in 
spatial domain. In other words, the proposed technique can be 
uniformly applied for identification of a 2-D filter with an 
impulse response, a step response of response to a random 2-D 
input signal. Second, the method is applicable to a general 
Roesser's LSS model as well as specific classes of 2-D filters, 
such as separable in denominator filters. . · 

2. PROBLEM APPROACH 

Consider the general Roesser' s LSS model, 
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[xh(i+l~j)ll AI ~rxh(i,;")lr BJ.l /i . 

XV (iJ+l)_n_ A3 J4 XV (i,;")J1_ ~_r J) 

=AX" -fBI 

y(i ., r c c l[xh (i,;")l. rui ") 
,]11 2 XV (i,J')r,) 

=Cr+Th 

(1) 

where A, B, C, D are LSS model matrices with appropriate 
dimensions. The matrices reflect various interconnections 
between input, output and two kinds of internal states. A NN 
structure, which combines recurrent and feed-forward process 
similar to a LSS 2-D model, is shown in Fig. 1. The optional 
sigmoid fimctions which are not shown explicitly could be 
utilized to enhance the stability and reduce the influence of 
wild measurement noise [11]. Therein all the neurons are 
information processing units either as inputs (input neurons), 
outputs (output neurons) or internal states (hidden neurons). 
The relationships between these neurons are reflected by their 
weight connections which are similar to the coefficients of 
matrices A, B, C, D in (1 ). In order to correlate the proposed 
NN model with LSS model ( 1 ), a more explicit NN structure is 
shown in Fig. 2. Hidden neurons are classified into two 
different types related to the vertical and horizontal states with 
their self-feedback loops and connections. The relationships 
between these neurons are reflected by their weight 
connections. The correlation between various coefficients in 
model (1) and weight connections in Fig. 2 can be easily 
observed. Therefore, by obtaining the various weights in the 
proposed NN model, the identification of LSS model ( 1) could 
be achieved. Various neuron sets are defined as follows: 

input & internal 
connections (Wxu) 

input & outpl}t 
connections (W yu) 

input layer 
neurons 

hidden layer 
neurons 

self-feedback (Wxx) 

internal & output 
connections (Wyx) 

~internal 
interconnctions 

(WxX) 

output layer 
neurons 

Fig. 1 A general network structure 



hidden~~ 
neuron~ [ 

u(ij) 

.....,... 

input 
neurons 

output 
neurons 

Fig. 2 The network structure designed 
for 2-D system identification 

Fig. 3 A single ~euron 

The input neuron set ueRP is denoted as U. The output neuron 
set yeRq is denoted as Y. The two types of hidden neuron sets 
~eRn1 , xv eRn2 are denoted asH, V respectively and X=HuV. 
A single neuron m with connection to another neuron n is 
illustrated in Fig. 3. The corresponding activation values of 
neuron m can be obtained: 

rm(i,j)= L (J)mn(i,j}sn(i,j)-dy(i,j) (2-1) 
meY neXuU 

r m (i+ l,j)= L (J)mn (i ,j)-sn_ (i ,j) (2-2a) 
meH neXuU 

rm(i,j+l)= L (J)mn(i,j)-sn(i,j) (2-2b) 
meV neXuU 

where dy(ij) is the known desired output value. The output 
value of a neuron can be represented as: 

sm (i' j) = (/J k (rm (i, j)) (3) 
meYvX 

where <J>k(·) are the activation functions. 

The NN shown in Fig. 2 is fully connected structures. However 
specific representations of a 2-D filter, such as s~parable in 
denominator structure can be embedded into NN by selection of 
a NN with specified architecture. A common practice is to 
constrain the choice of weights between hidden neurons by 
eliminating one set of connection between neuron set H and V. 
This is equivalent to make A2NN=O or A3NN=O which results in 
a separable in denominator model. 
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3. NN TRAINING APPROACH 

The proposed 2-D identification algorithm using NN is 
summarized in this section. Most of the derivations are skipped. 
Due to the feedback loops of hidden neurons, the NN 
architecture is a recurrent one. In addition, there are feed
forward information process such as the direct path from input 
to hidden neurons and hidden to output neurons. The 
adjustments of the weights are based on the desired output 
values and NN actual outputs . 

Suppose the input I desired output pair data is given within a 
rectangular region A= { (i, j) I 0 ~ i ~ M, 0 ~ j ~ N}. The training 
ofNN is conducted by selection of an input I output pair within 
A, training the NN by updating the weights, and proceeding to 
the next sample within the region at a pre-defined order. The 
training objective is to minimize the following mean square 
error index for any point (i, j)e A, 

e(i,j) = ~Ls~(i,j) (4) 
yeY 

where sy{ i, j) are the difference between desired outputs and the 
actual output value at position (i, j). We use the steepest / 
descent method to adjust the weight ofNN, 

(J) mn (i' ,j') = (J) mn (i ,j) + Llm mn (i,j) 
mEHvVvY 
nEHvVvU 

A c· .) 08(i,j) 
LJ.{J) l J - -n· mn ' - 'I a c· .) 

W mn 1,] 

(5-1) 

(5-2) 

where 11 is a learning rate which should be selected sufficiently 
small to make weight change adiabatically and maintain the 
stability of the model. The coordinate (i', j')e A is the position 
next to (i, j)e A in the order of weight updating. The error 
gradient in (5-2) could be obtained based on (2), (3), and (4) as 
follows, 

The following equations can be obtained for weight gradients of 
output neurons: 

a: (i,j) 
y =8(y-m)·sn(i,j)+ 

om mn (i ,j) 
yeY 

a: c· .) L ·wyx (i,J)rp~ <r. (i,J)) a " '(! .) 
xeX wmn 1,] 

(7) 

where o(y-m) is the Kronecker delta function that equals to I 
when y=m and 0 otherwise. For neuron set ~eH, we can 
obtain the following equations: 



or" (i,J) 
x . . =b(xh-m)·sn(i-1,})+ 

om mn (1 ,J) 

"""" x" EH . . ' . . ) b}-x (i- 1,}) 
L..'(J)x"x(1-1,j)rpx(rx(1-1,j) a c·-1 .) 
xEX Wmn 1 ,} 

(8) 

Similarly, the weight derivative of the neuron set xv E Vis, 

orv(i,j) 
x . . =b(xv-m)·sn(i,j-1)+ om mn (1 ,J) 

Xv EV or (i • - 1) 
L ·al x.)i ,j -1)cp~ (rx (i,j- 1)) a X (! - 1) 
xEX W mn 1,] 

(9) 

Equations (8), (9) show that the gradient values of hidden 
neurons can be obtained recursively as training is proceeded. 

Eqs (4), (5), (6), (7), (8) and (9) complete the recursive training 
processing as summarized as follows: 

1. Select a set of random initial weight values. Set zero initial 
values for all gradients. 

2. Compute the output values of all neurons using the 
dynamic Eqs. (2) and (3) for each point (i, j). 

3. Calculate the gradient of hidden neurons using Eqs. (8) 
and (9) and the gradient of output neurons using Eq. (7). 

4. Compute the corresponding weight changes by Eq. (5-2) 
using the output error value, and the gradient of error verse 
weights as given in Eq. (6). 

5. Update the weights using Eq. (5-1). Repeat step 2 to 5 for 
a new set of input I output pair. 

4. Sil\'IULATION RESULTS. 

Two numerical examples are summarized herein. The L2 ( &2), 
Leo (&<X)) norm and Maximum Negative Ripple (MNR) are used 
as error criteria same as [1, 2, 4, 5]. 

Example 1: 1 - Q Gaussian filter design 

The prototype model is a frrst-quadrant Gaussian 2-D scalar 
filter used by Aly and Fahmy in [1] described by the following 
impulse response: 

2 2 
H(i,j) = 0.256322 exp{-0.103203 · [(i- 4) + (J- 4) ]} 

The selected region for identification and error norm calculation 
consists of A={(i,j) I 0:::; iS 10,0 :::;j:::; 10}. The' proposed NN 
consists of one input neuron, one output neUr-on, two groups of 
hidden neurons each with 3 neurons. The identified 2-D filter in 
Roesser's LSS model of order (3,3) is given at the bottom of the 
next page. Table I is presented to compare the error 
measurements of our design to that of [1]. Notice that the total 
realization order of our design is the same as in [1]. 
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Table 1. Results of Example 1 

&2% &"'% :MNR 

our des@ 3.71 5.16 Always positive 

desiQil injl_l 10.78 9.19 0.04479 

Example 2: 1 - Q Gaussian CR SO filter design 

The same prototype Gaussian filter with the same region is 
used to implement a separable in denominator filter as in [2, 4, 
5, 6]. The identified filter in Roesser' s LSS model of order 
(3,3) is given at the bottom of the next page. Table 2 is shown 
in order to compare the error analysis of our design to [2]. 
Although the proposed algorithm is not directly developed for a 
CRSD filter, its performance is still comparable to the 
algorithm designated for CRSD design. 

Table 2. Results of Example 2 

&2% &<X) o/o :MNR 

our design 5.41 5.29 -0.007330 

design in fll 2.92 3.87 always> 0 

5. CONCLUSIONS 

In this paper, a novel NN based method is proposed for the 
identification of a general 2-D recursive digital filter in the 
spatial domain. An attractive feature of the proposed algorithm 
is that the LSS model structure · to be identified could be pre
defmed in the design stage. This feature not only provides us 
with flexibility in selection of the structures of a 2-D filter, but 
also facilitates analyses on several implementation issues of 2-
D filter, such as computation efforts, memory requirement. 
Furthermore, the proposed method places no limitation on the 
type of response to be approximated. Namely, any type of 
responses with sufficient data points could be used as a training 
sample for filter identification. A response to the random inputs 
can also be used in order to achieve a result with sufficient 
fidelity to the original filters. 
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Abstract -As the level of sophistication of hardware and 
software rises, greater levels of fault-tolerance will be 
required especially when the robotic system is required 
to work with hazardous materials or in a hazardous 
environment. Fault-tolerant manipulators develop 
higher levels of reliability in critical robotic system ar
chitectures. With improved levels of fault tolerance, 
robotic maiiipulators operating in remote hazardous 
environments will be capable of continual-positive op
erations while having sustained sub-system failures. 
This paper utilizes the fault-tolerant capacity measure 
developed in [1, 2] to evaluate the possibility of inte
grating fault tolerance into the design of a three-axis, 
force-reflecting teleoperation system. For this purpose, 
fault-tolerant robot architectures and the fault-tolerant 
capacity measure are briefly reviewed. Serial and par
allel mechanisms with various levels of fault-tolerant 
architectures, which are suitable for teleoperation, are 
presented and evaluated by using the fault tolerance 
measure. The results are further evaluated for the in
clusion of a fault tolerance feature into the three-axis 
manual controller design. 

INTRODUCTION 

The major objective of this paper is to evaluate the possi
bility of implementing a fault-tolerant architecture in the 
design of a three-axis force-reflecting teleoperation system 
which is being developed jointly by the Florida Interna-
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tional University's Robotics and Automation Laboratory 
and the Air Force Research Laboratory, Wright Patterson 
Air Force Base. 

Recently, fault tolerance has received considerable atten
tion in view of the more and more demanding requirements 
on system reliability. Although this approach first received 
attention in the computer and aircraft industries, nuclear 
reactors, space exploration, more recently, robotic systems, 
and manufacturing areas continue to show an increasing 
interest in the implementation of fault tolerance [3-5]. 

As noted above, today' s robotic systems require greater 
levels of reliability, especially when working in remote 
hazardous environments. As the robotic architecture and 
software become inherently more complex, implementation 
of fault tolerance strategies becomes more crucial. Should 
a robotic system encounter difficulty in a hazardous envi
ronment, such as space, deep sea, or nuclear reactors, the 
robotic system may not be able to complete the required 
task or even return to safety, the physical and/or economi
cal losses in such a situation could be devastating. 

Hence, the need for higher reliability in robotic systems is 
answered by fault tolerance [ 6, 7]. The primary objective 
in fault tolerance is for the manipulator to sustain sub
system failures and continue the task with minimal possible 
performance degradation. This paper focuses on the im
plementation of a fault-tolerant strategy on three-axis ro-



botic mechanisms developed for use in force-reflecting 
teleoperation systems. 

FAULT-TOLERANT MANIPULATOR 
ARCHITECTURES 

Fault-tolerant manipulators require both hardware and 
software implementation in order to prove effective. The 
hardware has to include the capabilities for fault tolerance 
in its structural design, and the software in the form of a 
fault-tolerant controller enable the utilization of the innate 
fault-tolerant capabilities of the hardware. 

The fault-tolerant hardware, guardingagainst actuator fail
ure in particular, can be designed in four levels [8, 9]: 

1. Joint (Actuator) Level Fault Tolerance 
2. Link Level Fault Tolerance 
3. Subsystem (Manipulator) Level Fault Tolerance 
4. System Level Fault Tolerance 

The joint level of fault tolerance deals with the actuation 
systems of the individual joints. Single actuators are the 
simplest and most common means of driving a link. How
ever, a single actuator at a joint does not provide any fault 
tolerance for the robot at that particular joint. To add fault 
tolerance at the joint level, an actuator can be duplicated at 
the joint. This setup defines a dual actuator manipulator 
system. A dual actuator system incorporates two actuators 
to drive a single-degree-of-freedom of the robot as shown 
in Figure 1(a). During normal operation, the two actuators 
may compliment each other by applying torque in the same 
direction, which can increase the payload capacity of the 
robot, or one of the actuators may apply a small amount of 
counter-torque to reduce or eliminate joint backlash. 

The advantage of the dual actuator system is that a single 
actuator failure can be handled by disengaging the failed 
actuator with a clutch mechanism and allowing the second 
actuator to drive the joint. The remaining system may have 
to operate with a reduced load carrying capacity or in
creased backlash, depending on the normal operating con
dition strategy, but the operation will not have to be 
aborted. Thus, although some mechanical advantage is lost 
in the system with a single actuator failure, the task can still 
be completed successfully. 

Link level of fault tolerance involves the type of links used 
in the manipulator structure. The most common link type is 
the serial link. The serial link by itself does not ptovide any 
level of fault tolerance to the manipulator. Fault tolerance 
at this link level can be included by incorporating a set of 
parallel links, such as the manipulator in Figure 1, to con
trol one degree of freedom (DOF) of the robot. 

151 

Parallel mechanisms are inherently more stable structurally 
than serial links [2, 5]. The fault tolerance gained with a 
parallel mechanism is that upon failure, the added stability 
of the mechanism limits the error deterioration, and allows 
the manipulator to recover more rapidly than a serial con
figuration. Two actuators generally drive parallel fault
tolerant mechanisms at each of the ground joints, which 
also ad4s fault tolerance at the actuation or joint level act
ing similar to dual actuators. 

Redundant links can be used to add fault tolerance at the 
subsystem level [10]. Well-designed redundant manipula
tors allow for failure of any link of the system. The ma
nipulator will complete the given task regardless of any 
failed manipulator link. 

Subsystem level of fault tolerance is defined by the kine
matic redundancy of a robotic arm. Kinematic redundancy 
is achieved by the addition of degrees of freedom greater 
than the amount necessary for the robot to complete its task 
[8, 9]. 

Actuator 1 

1-DOF Serial 
Manipulator 

(a) 

(b) 

Actuator 2 

1-DOF Parallel 
Manipulator 

Figure 1. (a) Dual Actuator System, and 
(b) Serial and Parallel Manipulator 

For · instance, a three dimensional workspace requires a 6-
DOF robotic manipulator and any added links provide fault 
tolerance capabilities at this level. When a failure occurs at 
a joint of a 7-DOF manipulator, the robot loses its mobility 
by one DOF. The brake is applied to the failed link and the 
controller reconfigures the 7-DOF robot as a 6-DOF sys
tem. The robot may be able to maneuver itself around the 
workspace and complete the task even after failure. How-



ever, the full range of motions may be limited after failure 
if the redundancy of the robot is not well designed, and the 
robot may not be able to complete the task in the case of 
undesirable failure conditions. 

System level fault tolerance implies the use of multiple 
robots. If fault tolerance at link, joint, and subsystem levels 
fails to recover a faulty condition, then the failed manipu
lator may be shut down and a backup robot may take over 
the task from the failed robot. Such a scheme is most useful 
in a setting where multiple robots are used such as the car 
or computer assembly lines, or when dual arms are in
stalled as in space exploration or nuclear reactor mainte
nance operations. 

Hence, the selection of robot architecture can be used to 
advantage if fault tolerance is required. As reviewed above, 
these may be identified at four levels: from the lowest level 
of joints to the highest level of multiple robot usage. How
ever, the essential point in this hierarchical approach is that 
a fault will be masked at the lowest possible level. For in
stance, if a system design does not include the use of dual 
actuators, then the existence of parallel loops in the kine
matic design will be checked for possible switching of the 
input location. If this level does solve the faulty condition, 
then the redundant links will be used to isolate the fault. If 
this approach does not solve the problem, then the use of 
nearby robots will be required in order to continue the op
eration without any interruption. 

FAULT-TOLERANT CAPACITY MEASURE 

From the fault tolerance hierarchy, a relationship is devel
oped that gives a measure of the capacity of different ro
botic mechanical architectures to tolerate system faults [ 1, 
2]. The relationship is defined as 

!= 

4 

L wiai.base 
1 - __;_i=..:.l ____ _ 

4 

L wiai.actual 
i=l 

xlOO (1) 

where f is the fault tolerance measure of the manipulator in 
percentage, w; is the weighting of the i 'th component for 
the base or actual system, and a; is the total mrmber of the 
i 'th component included in the base or actual system. 

In general, the base system is the simplest system that can 
be used in accomplishing the required task and the actual 
system is the system being analyzed. The base system defi
nitions and the applied weights of the components will be 
discussed in the subsequent sections with more detail. 
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BASE SYSTEM DEFINITIONS 

The base system definition describes the simplest manipu
lator architecture relative to the manipulator being evalu
ated. The base system may be defined in two ways: 

Workspace Defined (WD ). If the manipulator is required to 
perform a certain task, then a minimum configuration ma
nipulator will be considered to be the base structure. The 
minimum configuration manipulator is defined by the least 
amount of DOFs necessary to complete the required task 
and represented by its mobility mb. For example, in the 
case of a planar robot, 3 DOFs will be necessary, and in the 
case of a spatial robot, 6 DOFs will be necessary. Various 
other possibilities also exist such as the 4-DOF necessity 
realized by pick-and-place SCARA robots. For these cases, 
mb = 3, 6, and 4, respectively. 

In the base system, each DOF is considered to be driven by 
a single actuator, and the system structure contains only 
serial links as this is the base on the hierarchical scale. 
Over-constrained robots (not enough DOFs for the work
space) automatically receive a score of 0 as they are insuf
ficient to carry out the operation when fully operational 
regardless of what structure they encompass. 

Robot Defined ( RD ). When a task is not specified, the ro
bot can be analyzed assuming the robot has the minimum 
configuration structure. In this. case, the base system will 
assume the number of DOFs of the actual system, mb = ma 
but with all single actuator, serial links for each DOF. In 
most cases, however, the WD method will be utilized, as it 
is more practical in applied situations. 

WEIGHTING SYSTEM 

This section provides numerical weights for the compo
nents according to their hierarchical standing. The values 
assigned to the different components are shown in Table 1. 

Table 1. Weighting used in 
fault tolerance measure 

i Component a; W; 

1 Actuator Total number of 1 
actuators 

2 Serial link Total number of 1 
serial links 

3 Parallel link Total number of 1.3 
Parallel links 

4 Redundant link Total number of m,j3 
Redundant links 



Figure 2. Serial Mechanism 

The summation for the base system is given by 

(2) 

but a3 = a4 = 0 and a1 = a2 = mb for the base system since it 
does not include any redundant links, parallel links, or dual 
actuators. Also, w 1 = w2 = 1 for the serial links and actua
tors so that the base system is described as 

4 

~w;a; =a1w 1 +a2w 2 =(w1 + w2 )mb =2 ·mb (3) 
i=l 

so that the final formulation for the fault-tolerant capacity 
measure is defined as 

[ 

2·m l j = 1- ( 4 b ) X 100 
Iw.a. 
i=l l l 

(4) 

The values of the weights ~n Table 1 indicate the relative 
advantages obtained from the different components when 
utilized in the design of a fault-tolerant robotic manipula
tor. From these values in Table 1, we can calculate the 
weights that the various combinations ~arry. One weight is 
given to the link type and a second weight is gfven to the 
actuation system. The weights applied to different 
link/actuator combination types are listed in Table 2. 
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Figure 3. Parallel Gimbal Mechanism 

FAULT TOLERANCE MEASURE FOR 3-DOF 
MANUAL CONTROLLER MECHANISMS 

For simplicity, we will first consider a force-reflecting 
teleoperation system that uses a serial mechanism. Figure 2 
shows the base system for such a mechanism. It consists of 
only three actuators arranged in a serial configuration. If 
the fault tolerance capacity measure is applied to this sys
tem, it yields a 0% fault tolerance measure. This is justified 
because a serial 3-DOF system does not offer any fault 
tolerance capability in any of the four architectural levels 
discussed above. 

The next logical level will be to use a dual actuation sys
tem for the serial structure. By using mb = 3, w1 = 2, w2 = 
2.3, w 3 = 3, w4 = 3.3, a 1 = 0, a 2 = 0, a 3 = 3, a4 = 0, the fault 
tolerance measure is computed from ( 4) as 

f = [1 - (6/9)] X 100 = 33.3% 

This is a significant gain in fault tolerance capability; how
ever, its implementation should also be taken into account 
before a final judgement is given. If the inclusion of three 
dual actuators proves to be troublesome, dual actuation 
may be implemented at only two of the base joints. In that 
case, various coefficients are specified as: mb = 3, w 1 = 2, 
w2 = 2.3, w3 = 3, w 4 = 3.3, a 1 = 1, a2 = 0, a3 = 2, a4 = 0. 
The fault tolerance measure is found to be 

f = [1 - (6/8)] X 100 = 25% 



The reduction in fault tolerance is relatively minor if the 
relative simplicity of the structural design is considered 
over the installation of three dual actuation systems. 

Although parallel subsystems may be ·inserted within the 
serial structure to yield hybrid systems, such possibilities 
are not entertained since they will not be very practical in 
the case of three-axis teleoperation systems under consid
eration in this work. 

Figure 3 displays a non-redundant, parallel-struCtured gim
bal mechanism, which uses a single actuation system (i.e., 
no dual actuators are used) [ 11]. The fault tolerance capac
ity measure again incorporates the same base system as for 
the serial systems; however, the actual system weight is 
now calculated as 

Figure 4. Parallel Gimbal Mechanism with 
Two Dual Actuation Systems at the Base 

LWactual = 3(actuators) + 2(parallellinks) = 6.9. 

Hence, the fault-tolerant capacity of this system is given by 

f = (1 - (5.6/5.6)] X 100 = 0% 

Mechanisms in Figures 2 and 3, analyzed similarly, yield 
0% fault tolerance capacities. However, the benefit of the 
gimbal assembly becomes apparent as fault tolerance ca
pacity can be incorporated into this system more easily. 

1"4 

The gimbal system with dual actuators only at two of the 
inputs (located at the base) increases the system fault toler
ance from 0 to 26.3 % in Figure 4. 

Table 2. Weighting applied to various 
link and actuation configurations 

Link type Weighting 

Single actuator, serial link 2 

Single actuator, parallel link 2.3 

Dual actuator, serial link 3 

Dual actuator, parallel link 3.3 

Redundant single actuator, serial link 1+(mz/3) 

l:wbase = 3(actuators) + 2(parallellinks) = 5.6 

LWactuai = 5(actuators) + 2(parallellinks) = 7.6 

f = (1 - (5.6/7.6)] X 100 = 26.3% 

Hence, the gimbal mechanism with two dual actuation units 
at the base yields a 26.3% fault tolerance. This is lower 
than the single-actuated, three-axis serial mechanism; how
ever, structural design of the gimbal will be definitely sim
pler than that of a serial system. The only contention is 
perhaps between the gimbal and the similarly-structured 
serial mechanism which has a slightly lower fault tolerance 
capability of 25%. The final decision will be based on the 
final system specifications such as compactness, weight, 
force reflection capability (which is a function of the kine
matics of the mechanism). 

The gimbal arcs {Figure 4) occupy minimal space and the 
design can accommodate fault tolerance more naturally 
than the serial mechanism. Note that in the serial case, all 
of the actuators towards the distal end of the arm must be 

· carried by the ones closer to the base. This causes the ac
tuator sizes to increase from the distal end towards the 
fixed base. However, such a situation is not observed for 
the gimbal case; the drivers mounted at the base are identi
cal actuators. The X- and Y -axis actuators located on the 
base will be dual and the Z-direction actuator maintains a 
single actuator configuration. Future enhancements may 
include a clutched dual serial actuator assembly which, if 
failure were to occur, the faulty actuator will be disengaged 
and allow the other actuator to continue to operate. This 
addition has its advantages and disadvantages. The addi
tion of the actuator-clutch assembly further complicates the 
overall design and the measure of fault tolerance increases 
marginally [12] . 



However, in general, the use of dual actuators per joint can 
potentially enhance the design in various aspects: 

• Use of smaller actuators becomes possible 
• In the case of the gimbal, the symmetric design allows 

uniform distribution of the weight and results m a 
more stable mechanism 

• Enhanced reliability under actuator failure 
• Reduced backlash in normal operating conditions if 

one actuator applies a small-magnitude counter-torque 
when higher precision is desired 

• Higher force reflecting capability when both actuators 
cooperate 

CONCLUSIONS 

Fault-tolerant manipulators develop higher levels of reli
ability in critical robotic systems. The fault-tolerant capac
ity measure from [1 , 2] was employed to develop and 
evaluate robotic mechanism designs for use in force
reflecting teleoperation systems. For this purpose, serial 
and parallel · mechanisms with and without dual actuation 
were evaluated. While 3-degree-of-freedom serial mecha
nisms with single actuation provide 0% fault tolerance ca
pacity, a dual actuated version yields 25%, and a three
axis, parallel-structured gimbal mechanism with dual ac
tuation provides 26.3% fault tolerance. Hence, either a 3-
axis serial mechanism or a parallel gimbal structure both 
with two dual actuation systems yield about the same 
amount of fault tolerance. The final decision in selection . 
will be based on the system specifications such as weight, 
compactness, workspace volume, singularity conditions, 
actuator siz~, and so on. 
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Abstract 

In this paper we explore the use of mobile 
autonomous agents as useful products for 
humanity--to provide a substitute for the 
majority of the work done by a person in the 
caring for a lawn. LawnNibbler (see Figure 
1) trims the grass in a defined perimeter 
while avoiding any obstacles in its 
environment such as trees, children, toys, or 
pets. The current version is the culmination 
of three years research and development and 
a master's thesis at the Machine Intelligence 
Laboratory at the University of Florida 

Figure 1 LawnNibbler Autonomous Lawnmower 

Introduction 

The expanding and popular area of research 
in autonomous mobile robotics has matured 
to the point that useful products are 
beginning to emerge from the laboratory. In 
the Machine Intelligence Laboratory at the 
University of Florida one such product has 
been developed. The LawnNibbler, an 
autonomous lawnmower, has been designed 
which draws from this research and 
demonstrates a possible product, a lawn 
maintainer. There have been other attempts 
to create autonomous lawnmowers [Rafaels, 
1990] and by manufacturers such as 
Poulan/Weed Eater® and Husqvarna®. 
LawnNibbler is an intelligent less expensive 
solution. 
Two navigation systems were developed for 
LawnNibbler: a Radio Fence to mark the 
perimeter of the area in which it will work, 
and an active beacon system, which allows 
LawnNibbler to calculate its location. 
Different cutting behaviors have been 
implemented and tested. The beacon 
navigation system and learning algorithms 
are expected to increase the yard's cutting 
efficiency in terms of time and coverage. 

LawnNibbler™ is a registered trademark ofMekatronix, a Florida Corporation. 
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Experimental Platform 

LawnNibbler has a aluminum body 23314 
inches long and 12314 inches wide. It has a 
ground clearance of 1314 inches. The 
maximum height of LawnNibbler' s platform 
is 24 inches. LawnNibbler has four 6-inch 
diameter wheels, which are the same size as 
those found on normal lawn mowers. 
LawnNibbler' s total weight is approximately 
35 pounds 

Control Electronics 

Navigation Sensors \ 
~ r Weed Eater Motor 

[ [ 

Infrared Emitters 

.,. Infrared Detectors 

Battery 

Figure 2 LawnNibbler Block Diagram 

Power is supplied by A 12-Volt, 34-
AmpHour Marine EverStart Deep Cycle 
Battery. The battery directly powers the 
drive motors, sonar and infrared emitters. It 
also provides regulated power supplies of ±5 
Volts for various subsystems. A separate 12-
Volt,.- 5-AmpHour gel cell battery directly 
powers the cutting motor. 

Two motors providing a minimum torque of 
210 lb.-in accomplish actuation. Each of 
these motors drives two wheels through a 
chain drive. The motors provide sufficient 
torque to propel the mower through rough 
terrain and can climb inclines up to 15 
degrees. LawnNibb~er travels at a top speed 
of approximately 1-foot per second. The 
cutting head is a spinning nylon cord cutting 
head from an electric Weed Eater®. The 
maximum cutting radius is approximately 6 
inches. LawnNibbler' s controller is a 
Motorola M68HC11 EVBU expanded with 
a Novasoft Mekatronix Expansion Board 
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(ME11) [Novasoft, 1995]. The expanded 
controller has 32k of RAM. Interactive C 
(IC), version 2.850 [Martin, 1992] is used to 
program the controller. 

Sensors and Behaviors 

The system uses six infrared emitter/detector 
pairs for obstacle avoidance. Modifications 
were made to enable the infrared proximity 
detection to be effective in the sunlight, e.g., 
the intensity of the infrared light was 
increased, the detectors were shaded, and the 
infrared emitters were collimated to focus 
their light. 
A perimeter boundary to keep LawnNibbler 
in or out of certain areas is defined using a 
buried Radio Fence®. Navigation is 
accomplished with an x-y positioning 
system, implemented using active beacons 
and sonar, to perform intelligence-based 
cutting. LawnNibbler obtains the distance to 
three environmentally placed beacons from 
its current location and uses trilateration to 
calculate its position 

Figure 3 Hierarchy of LawnNibbler's Behaviors 

Figure 3 shows a block diagram of 
LawnNibbler' s behaviors. The most basic 
level consists of sensory inputs. Sensors 
provide LawnNibbler information as to its 
proximity to obstacles and the Radio 
Fence.® Obstacle avoidance and Radio 
Fence® avoidance are basic survival 
behaviors (or "instincts") that allow the 



system to move about in the defined area 
without hurting itself or anything else 
At the next behavioral level are different 
cutting behaviors, such as random, plow, 
and Radio Fence® following. These 
behaviors use LawnNibbler' s "instincts" and 
information such as the direction 
LawnNibbler last turned, how long 
LawnNibbler takes to turn 90 degrees, etc. 
LawnNibbler' s random mowing behavior, 
Figure 4, involves randomly moving about 
in the defined area. LawnNibbler moves 
straight ahead until it senses an obstacle or 
the Radio Fence®. When an obstacle is 
seen, LawnNibbler avoids it by turning until 
it can no longer see the obstacle. If the 
Radio Fence® is detected, LawnNibbler 
turns at a random angle and continues 
moving in a straight line. 

Obstacle J ~...1 _R_ad_io_F_en_c_e®_....J 

LawnNibbler LawnNibbler' s 
Path 

Figure 4 Random Behavior. 

LawnNibbler's plowing behavior, Figure 5, 
is similar to the random behavior except that 
when LawnNibbler sees an obstacle or the 
Radio Fence® it turns 90 degiees, advances 
its own width, turns another 90 degrees, and 
again continues forward. In this manner, 
LawnNibbler will cover the entire yard if 
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there are no obstacles, but may miss areas if 
there are obstacles. 

Obstacle J ~-.I _R_ad_io_F_en_c_e.JY_-.J 

0 

LawnNibbler ' s 

. Path I LawnNibbler 

Figure 5. Plowing Behavior. 

The Radio Fence® following 
behavior, Figure 6, involves LawnNibbler 
moving randomly until it sees the Radio 
Fence®. When the Radio Fence® is detected, 
LawnNibbler moves forward staying in the 
warning area, and keeping the Radio Fence® 
on its right. 
In previous research, [Doty and Harrison, 
1993] analyzed different sweep strategies for 
their autonomous vacuum cleaning agent. 
They tested random, plowing, wall 
following beliaviors, and combinations of 
these behaviors. [Doty and Harrison, 1993] 
showed that for best coverage it was 
necessary to introduce some random motion 
into the plowing or wall following in order 
to increase the coverage efficiency of these 
behaviors and to avoid getting trapped. 
[Doty and Harrison, 1993] showed that 
without any randomness, when the plowing 
motion missed an area it rarely went back to 
it. The wall following behavior would also 
miss areas that it would never return to. 
Introducing randomness decreased the 



chances of not covering certain areas and 
therefore increased the coverage efficiency. 

I Shock Area 

LawnNibbler' s 
Path 

/ I Radio Fence• 

LawnNibbler 

Figure 6. Radio Fence® Following Behavior 

LawnNibbler is different than [Doty and 
Harrison, 1993], in that it has a navigation 
system that obtains its coordinate position in 
the environment. [Doty and Harrison, 
1993] 's agent did not posses a map of its 
environment. LawnNibbler keeps track of 
the areas in the yard that it has maintained. 
This gives LawnNibbler the ability to return 
to an· area that it did not cut. The beacon 
navigation system Increases coverage 
efficiency without adding randomness. 
Learning algorithms are used to increase the 
efficiency of LawnNibbler' s coverage. The 
Radio Fence® may also be placed in a 
backup role as system performance increases 
to allow an initial training session to learn 
the perimeter of the work area dynamically. 

Experimental Results 

In the first experiment LawnNibbler had 
four front-looking infrared sensors. 
LawnNibbler successfully cut grass, moved 
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up an incline, approached a tree and turned 
to avoid it. After about two minutes of 
cutting grass, LawnNibbler stopped 
avoiding obstacles. The problem was a bad 
·connection caused by vibrations. The bad 
connection was successfully redone to make 
it more robust. 
In a second experiment the intensity of the 
infrared sensors was increased to detect 
obstacles up to approximately 2 ft . . On a 
sunny day LawnNibbler was taken outside 
and operated. However, the amount of 
infrared light that was emitted was enough 
that tall weeds were seen as obstacles. 
LawnNibbler performed well and cut (short 
grass) for approximately 1 0 minutes. 
After additional modifications LawnNibbler 
was taken outside to test the random cutting 
behavior. LawnNibbler was successful in 
detecting and roaming about the designated 
work area. 
LawnNibbler' s plow cutting behavior was 
also tested using dead reckoning. 
LawnNibbler knows that it takes 
approximately 1 second to turn 90 degrees 
and approximately 1 second to move 
forward 1 ft, its width. Experiments showed 
that the plowing behavior is similar to the 
random behavior. Dead reckoning was not 
successful in keeping LawnNibbler on 
course. The slipping of the wheels due to 
rough terrain and the different time intervals 
required to either move a certain distance or 
turn vary according to battery power level 
thus making this type of navigation 
unreliable. 
Tests involving the beacon navigation 
system in conjunction with sonar are 

. planned in the coming months. 



Conclusions and Future Work 

Sonar is being added to the already existing 
infrared system to make the obstacle 
avoidance system more robust. In addition, 
as an emergency backup, a bump sensor 
could be added to let the LawnNibbler 
controller know that its obstacle avoidance 
system has failed. 
A recharging station is a necessity. 
LawnNibbler should be able to sense its 
power level so that it can ask to be recharged 
or can navigate to the recharging station and 
recharge itself. [Jantz 1996] 
Mechanical body design changes may be 
necessary. The chain drive should be 
covered to keep obstacles from becoming 
stuck in it and around the wheels. The 
cutting motor will be insulated further to 
decrease noise and electrical interference. 
The power supply for the cutting head 
should be modified to give it more than one 
hour of cutting time. However, it is 
important that this motor use a separate 
supply from the control electronics to avoid 
electrical noise problems. 
Indoors~ the beacon navigation system has 
been _,-shown to be an accurate means of 
positioning. After modification of the 
beacon navigation system for outdoor use 
the problems of dead reckoning may soon be 
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decreased. The integration of this beacon 
system with LawnNibbler' s behaviors are 
expected to give LawnNibbler the ability to 
do a number of cutting strategies and 
Improve the performance of learning 
algorithms. 
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W elcome to Melbourne for the 1998 Florida Conference on Recent Advances 
in Robotics. Florida Tech is pleased to have had the opportunity to host this 

years conference. 

During this two day conference we have organized all accepted papers into six 
technical sessions which cover subjects such as design, modeling, control, vision, 
and parallel mechanisms. 

A special thank you to this year's conference sponsors: Florida Institute of 
Technology's Office of the Vice President for Research and NASA-Kennedy Space 
Center's Automated Ground Support Systtems Laboratory. 

We would like to also thank all of the contributors and participants whose efforts 
. have made this conference a success. 

Finally, a special thanks goes to Ms. Vicki Borton· for all of her help in preparing 
and processing all of the correspondences for the conference. • 
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Thurday March 26, 1998 

8-8:30 

8:30-10 

10-10:15 

l{egistration and Continental Breakfast 

Session 1: DESIGN I 

1997 F.lR.S.T Robot Competition: Team 90 
by Ketchel and Larochelle (FIT) 

A Modular Wheeled Mobile Robot 
by Mutarnbara (F AMU-FSU) 

Srssion Chair: Dr. Crane 

Catastrophe Analysis of a Special Planar Three-Spring Syslem 
by Yin, Marsh, and Duffy (UF) 

On the Dynamic Manipulability Index of a Kinematically Redundant Robot 
by Roberts (F AMU-FSU) 

Welcome Address, Dean Robert L. Sullivan 

10:15-10:30 Break 

10:30-12 Session 2: KINEMATICS Session Chair: Prof. Stiles 

Some Studies on Screw Systems with Applications in Analysis of Singularity 
by Luo, Yang, and Duffy (UF) 

£tact Gradients vs. Finite Difference Methods in Kinematic Synthe.fis 
by Mariappan and Krishnamurty (Rowan) 

On Realizing Spolia/ Motion with Spherical Mechani.vm.f 
by Tse and Larochelle (Fil) 

An Investigation of Some Special Motions of an Octahedron .'"rfanipulalor Using 
Screw Theory 
by Duffy. Knight, Crane, and Rooney (UF & UCF!Harris) 

12-2 Luncheon with Keynote Speaker: "CyberKnife: Robotics in RadioSurgery", 
Mohan Bodduluri, Ph.D. 
Vice President, Research and Development, ACCURA Y Inc .• Sunnyvale CA 



2-3:30 
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Snsion 3: CONTROLS I 

ll.J=ier Interpolation of.\imtial Positions 
by Parouty and Larochelle (FIT) 

Se~sion Chair: Dr. Sharat:Eidecn 

Dynamic Performance and Controls of Hexapod 1\-lachine Tools 
by Roberts, Heger, Fletcher, and Wiens (UF & FAMU-FSU) 

Dynamically-evaluated. Priority-based, Multiple-command Queue and Control 
Structures for an A utononwus Underwater Robot 
by Smith, Ganesan, and Park (F AU) 

Determination of the Orieniation ofTwo Bodies Connected by a Ball-and-Socket 
Joint from Three Measured displacements 
by Zhang, Crane, and DutTy (UF) 

Identification of 1-D Discrete Systems U.ring Neural Network 
by Wang and Zilouchian (FAU) 

3:30-3:45 IJreak 

3:45-5:15 

5:15-5:30 

Session 4: DESIGN II Session Chair: Dr. Duffy 

Advanced Life Support Automated Remote 1\.-fanipulator (ALSARM) 
by Hogue (NASA-KSC) 

Pole-Climbing, Light Bulb-Swapping Robots: A Design Challenge 
by Wilkinson (USF) 

Robots in the Classroom: U.fing Mobile Autonomous Agents to Stimulate 
lmererest in Science and Engineering 
by Qaiyumi, Jantz., Arroyo, IJagnell, and O'Malley (UF) 

3-D Complex Coil Winding Using Adl•ancecl Robotics 
by Meinke and Senti (GSMA) 

On the Design of a Modular Three-Degree-of-Freedom Gripper 
by Martin. Cabrera. and Tosunoglu (FlU) 

Organizational Meeting 
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Friday March 27, 1998 

8-8:30 

8:30-10 

Regi5tration and Continental Dreakfa5t 

Session 5: MOBILE ROBOTS Session Chair: Dr. Roberts 

Development of an Autonomous Aerial Vehicle Research Platform 
by Laine, Novick, and Arroyo (UF) 

tl DesiKn and Straugy fi'r Docking a.f II Applies to Land-Mobile, A 11tonnmmts 
Robou 
by Copeland, and Arroyo (UF) 

Hardware Redundancy Techniques and Their Application to the Design of a 
Fault-Tolerant Mobile Platform 
by Espina. and Tosunoglu (FlU) 

An Autonomous Micro-Submarine Swarm and Miniature Submarine Delivery 
System Concept 
by Doty, Arroyo, Crane, Jantz, Novick, Pitzer, and Qaiyumi (UF) 

10-10:30 Break 

10:30-12 

12-t :30 

Senion 6: CONTROLS II Session Chair: Dr. Tosunoglu 

System Identification and Experiments an a One-Degree-of Freedom Force
Rejlecting Manual Controller Prototype 
by Batsomboon. Tosunoglu. and Repperger (FlU) 

Application of Fault Tolerance Tuhniques to the De.tign of Three-Axis Force
Rejlecting Telenperatinn Sy.ttem.f 
by Reye~. Tosunoglu. and Repperger (FlU) 

LawnNibh/er: An Autonomou.' Lawnmower and Navigation System 
by Arroyo. Doty. Hakala. Jantz. de Ia Iglesia (UF) 

Lunch Break (on your own) 
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Tour of Robotics and Automation Lab at NASA-KSC 

This is a vr:ry intr:rr:sting tour you don't wunt to miss it! 
This is a bc:hinJ the scenes tour of the inner workings of the 
Automated Ground Support Systems Laboratory at KSC. 
We will see demonstrations of KSC developed systems which 
include: 

HEPA Filter Inspection System, Automated Tile Processing System, 
Advanced Payload Transfer Measurement System, 
Payload Inspection and Processing System, 
Serpentine Truss Manipulator, 
and the Advanced Life Science Automated Remote Manipulator. 

Dus tunsportation from the Holiday lM Melbourne Oceanfront to the 
KeMedy 
Space Center will be provided- meet the bus in front of the hotel at I :30. 

In order to participate In the tour you must: 
l.bc: a U.S. citizen, 
2. wear long pants and closed toe shoes, and 
3.sign-up at the Conference registration table on Thursday March 26, 1998. 
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Conference Committee 

Conference Chair: 
Pierre Larochelle, FIT Melbourne 

Technical Committee: 
Carl Crane, UF Gainesville 
Joseph Duffy, UF Gainesville 
Ming Huang, FAU Boca Raton 
Oren Massory, FA U Boca Raton 
Arthur Mutambara, F AMU-FSU Tallahassee 
Rodney Roberts, F AMU-FSU Tallahassee 
Yahya Sharaf-Eldeen, FIT Melbourne 
Palmer Stiles, FIT Melbourne 
Sabri Tosunoglu, FlU Miami 

Conference Sponsors 

Sponsor: 
Florida Institute ofTechnology 

Co-Sponsor: 
NASA-Kennedy Space Center: 
Advanced Systems and Analysis Division 
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