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Foreword

We are delighted to present a select compilation of papers that represent recent ad-
vances in kinematics, mechanisms, design and robotics research and education. The
papers celebrate the achievements of Professor Kenneth Waldron who has made im-
measurable contributions to these fields in the last fifty years. His leadership and his
pioneering work have influenced thousands of people in our community. During this
period, he has mentored over 35 doctoral and 30 masters students, all of who owe
their success to Professor Waldron’s tutelage and mentorship. In addition, Profes-
sor Waldron’s doctoral students themselves have advised more than 50 of their own
doctoral students, who have in turn gone on to mentor nearly 20 of their own doc-
toral students to date. Therefore, his influence continues to grow and spread through
the ongoing work of these “academic grandchildren” and great-grandchildren of his,
with more generations to come.

The book has four categories of papers that serve to illustrate the impact of Pro-
fessor Waldron’s work. In Historical Perspectives, Waldron and Waldron, Chase
et al., Vohnout, and Velinsky offer retrospectives on Professor Waldron’s life, re-
search, and service to the community. Davidson, Su et al., Ananthasuresh, Midha et
al., Sugar and Holgate, Meissl et al., Ge et al., Brassitos and Mavroidis, and Ragha-
van all describe novel contributions to mechanisms and machine theory in Kinemat-
ics and Mechanisms. The section on Robotic Systems consists of papers by Flores
and Kecskeméthy, Mulgaonkar et al., Long and Cappelleri, Zhou et al., Rovetta,
Vertechy et al., and Notash that provide insight into fundamental research prob-
lems in robotics. In Legged Locomotion, Wensing and Orin, Abdallah and Waldron,
Schmiedeler and Funke, Tsai et al., and Schache et al. present recent advances in
research on legged robot and human locomotion. Finally, in the Design Engineering
Education section, Srinivasan, Zielinska and Kedzior, Lilly, Hirose et al., and Yan
describe new exciting efforts to invigorate our educational programs.

We thank the authors for their contributions and the editorial staff at Springer
for their assistance in compiling and editing this monograph. Finally, without the
support of the Department of Mechanical and Aerospace Engineering at The Ohio
State University, this book would not have been possible.
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My Professional Career: A Summary

Kenneth J. Waldron

In 1964 1 was studying for the degree of Master of Engineering Science in the
Department of Mechanical Engineering of the University of Sydney. This was a
course work plus thesis master’s degree. I took a class from Associate Professor
Jack Phillips on kinematics of mechanisms. Like many others before, and since, I
was fascinated by the proposition that one could predict the movability of an assem-
blage of rigid links connected by joints by simply counting the numbers of members
and joints, and noting the number of degrees of freedom of each joint. I was further
fascinated to learn that there were anomalous mechanisms that had more mobility
than predicted by the constraint criteria. I wrote up some ideas that really amounted
to treating each closure separately. Abe Soni had recently published a paper about
constraint analysis in ASME Transactions, I think it would have been J. Engineering
for Industry. In those days journals published discussions on the papers they pub-
lished. Ken Hunt came to visit Jack in this time frame, so the three of us wrote a
discussion on Abe’s paper. That was my introduction to research in this technical
area. At Ken’s suggestion I contacted Bernie Roth, and a couple of others in the
U.S. about doing a Ph.D. Bernie came up with a Research Assistantship, so I took
myself off to Stanford in the middle of 1965.

At Stanford I took classes on kinematic synthesis and spatial mechanism theory.
However, I had the constraint analysis problem in my back pocket, and that wound
up being the path I followed in my doctoral thesis. Bernie supported me throughout
on his grant. I don’t know how that worked. I was still very naive about such things.

I had the idea of applying screw system theory, as re-formulated by Phillips and
Hunt, to the constraint analysis problem [1]. That worked, and I was able to gen-
erate a number of new instances of overconstrained mechanisms, more or less by
inspection based on the geometries of the relevant loop screw systems [2, 3, 4].

The limitations of applying screw system theory to elucidating overconstrained
linkage geometry soon became apparent. Observing that the axes of all joints lie
within a given screw system only proves instantaneous mobility, unless one can also
prove that the screw system is invariant to motion about the linkage joints. Also,
for some linkages, like the Bennett mechanism, the relationship between the screw
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system geometry and the linkage geometry is so deep that it cannot be understood
without extensive analysis.

At Bernie’s suggestion, I developed a method of formulating closure equations
for a spatial loop. He had introduced me to the concept of representing a position
of a body in space by the coordinate transformation relating positions of points in
the body to a reference frame embedded in it to their positions relative to a fixed
frame. I used a version of the Hartenberg and Denavit specification of kinematic
members and joints. The original H&D formulation focused on the joints, logically
enough. However, that meant that one of the parameters characterizing the geom-
etry of a link was numbered differently to the others. I found that annoying and
modified the notation so that all the parameters that characterized a link were num-
bered synonymously with that link: effectively shifting the focus from the joints to
the link. Anyway, I was able to demonstrate that the order of the screw system of
a loop corresponded to the number of independent closure equations that could be
written for that loop, and that overconstraint implied dependency among the closure
equations [5, 6].

I have continued to use that version of the H&D parameters throughout my career
without further thought. Relatively recently I was accused of originating the version
of H&D that most people now use for robotic position equations. This is an exam-
ple of something I regarded as a minor issue that has turned out to have enduring
significance.

After marrying Manjula in 1968, I taught Bernie’s courses during the 1968-69
year while he was on sabbatical. My thesis sat on the corner of the desk mostly
untouched during the year. I then had to scramble to finish it up since I had an offer
of alecturer position at the University of New South Wales, starting at the beginning
of the 1970 academic year.

During that year, I was the nominal supervisor of Vic Scheinman, who was de-
signing the Stanford Arm. That was my first formal involvement with robotics.

At U.N.S.W. I made a foray into biomechanics with Barry Seeger, and Boon Ping
Yeo. This was my first attempt at understanding the mechanics of legged locomo-
tion.

With Eddie Baker, I took up the overconstrained mechanism issue again. We de-
veloped an approach to including screw joints in the closure equations that rested
on the transcendental characteristics that this introduced into the equations. In hind-
sight we should have presented this work in the language of set theory. Our col-
leagues still would not have understood it, but maybe they wouldn’t have said that it
was “not real mathematics”. Eddie continued with this work throughout his career,
demonstrating the existence of many new types of overconstrained linkage [7].

In 1973 Manjula and I took a mini sabbatical, travelling in Europe and the U.S.
I visited my former roommate, Fazle Hussain, at the University of Houston, and
discovered I was being interviewed for a job. For multiple reasons Manjula and
I decided to take up this opportunity to move back to the U.S., so we moved to
Houston in 1974.

At Houston I picked up a problem that had been in my mind since being intro-
duced to rational synthesis in one of Bernie’s courses at Stanford. Burmester theory
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had been implemented in computer software through the work of George Sandor
with Ferdinand Freudenstein. Bernie had batch processing code that plotted circle
point and center point curves given a set of four discrete design positions of a lam-
ina. I had noticed that, although picking points on the curves gave cranks of invariant
length in the design positions, combining those cranks into a four bar linkage sel-
dom gave a usable solution linkage. There were several reasons for that, in fact there
were three major ways things could go wrong.

One of these was that, if the linkage was to be driven by a crank rotating in a
uniform direction, the coupler might move through four, or five design positions in
the wrong order. This problem related only to the choice of driving crank. I was
able to demonstrate that the circle point curve could be considered to be divided
into segments. Choices of circle points on the same segment would yield driving
cranks that would move the coupler through the design positions in the same order.
The segments were bounded by the six image poles associated with pairs of the
four positions. Thus, it was possible to define which segments of the curve would
yield driving cranks that would move the coupler through the design positions in the
desired order [8].

The next issue is that for a given position of the driving crank of a four bar link-
age there are two possible positions of the coupler and driven crank. For a Grashof
Type I linkage, there is no way to get from one of these configurations to the other
without disconnecting and reconnecting one of the joints. Thus, if the solution link-
age passes through some design positions in one of these configurations, and the
others in the other one, it is not a valid solution. I noticed that it is possible to dis-
criminate between the solution configurations by looking at the sign of the angle
between the driven crank and coupler. Based on this, I worked out a graphical con-
struction that could be used when selecting a circle point for the driven crank to
ensure a solution linkage passed through all design positions in the same configura-
tion. Unfortunately, I soon discovered that Elizabeth Filemon had preceded me on
this.

There is another part to this problem: the so-called change of branch problem.
Depending on the choice of the driving crank circle point, there may be no available
choices of the driven crank circle point for which the angle of rotation of the coupler
relative to the crank is less than 180°. In that case, it is not possible to find a solution
that doesn’t change branch. Thus, it is necessary to restrict the choices of driving
crank circle point even further, beyond that needed to avoid the order problem. We
worked out a graphically based method to do that [9].

There is yet another problem that constrains the solution space for finitely sep-
arated position problems. We usually want to drive the mechanism by means of
continuous rotation about one of the joints, usually, but not always, a center point of
one of the two cranks. That means the linkage has to have at least one joint that can
be rotated continuously. That means it must be a Grashof Type I linkage. Although
the Grashof inequality is simple, it does not lend itself to reduction to a graphical
method like the solutions for the order and branch problems. Robert Strong worked
with me on an algebraic solution to this and on ways to implement the branch solu-
tion numerically [10]. By this stage we had a pretty complete theory for problems
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with two, three or four design positions. Jo Chuang took a look at the implications
for five positions, in which case only a small number of discrete solutions are pos-
sible.

Yet another variation was to look at the implications for spatial linkages. Bernie
Roth had developed a spatial version of the Burmester theory while I was a student
at Stanford. Working with John Sun we took a look at applying our theories for the
order and branch problems to spatial linkages, with partial success [11].

Finally, we took a look at the implications for synthesis of adjustable planar link-
ages. That was the work of Anees Ahmad [12].

While at Houston I also picked up my interest in manipulator design again. I
worked with Alok Kumar on characterizing serial chain workspaces. One idea we
formulated was the dexterous workspace. This is the set of positions that the hand
reference point can assume in which the hand can be placed in any orientation, if
one ignores joint motion limits. This did not make much in the way of a ripple at the
time: it was only an ASME conference paper, but I notice the concept is alive and
well in recent literature [13].

By 1979 things were not going so well in Houston so I did a little looking around.
There was a vacancy at Ohio State University. We moved to Columbus in Fall 1979.

I had met Bob McGhee at the first RoManSy conference in Udine in 1973, where
he presented a paper on the work he had done with Andy Frank on the Phony Pony,
the first computer coordinated walking machine. I hoped that I might have an op-
portunity to work with him at OSU, and quickly became involved with the OSU
Hexapod project group. In 1980 DARPA came to Bob with an interest in pursuing
a practical scale walking machine, and in 1981 we took up the initial contract in
what was to become the Adaptive Suspension Vehicle project. Bob was the prin-
cipal investigator, and I was co-principal investigator responsible for mechanical
engineering work. David Orin and Charles Klein from the electrical engineering de-
partment were also co-investigators. At various times during the ten year course of
the project quite a number of other faculty members participated. These included
Said Koozekenani, William Olsen, and Fusun and Umit Ozguner from electrical en-
gineering, Gary Kinzel, Krishnaswamy Srinivasan, and Necip Berme from mechan-
ical engineering, and Bruce Weide and Karsten Schwann from computer science.

I also continued my work on linkage synthesis after moving to OSU, in collab-
oration with Gary Kinzel, and his students. We put together the RECSYN program
that integrated the theories I had developed on partitioning the solution space to
eliminate the order and branch problems, with software to generate circle and cen-
ter point curves, etc. The initial implementation was on a Vax mini-computer with
Tektronix storage tube displays — very primitive by modern standards. The program
actually worked well, and it evolved over several generations, adding new features.
However, as computers became rapidly more powerful it became practical to simply
generate solutions throughout the solution space, test them, and eliminate those that
were of the wrong Grashof type, or had order or branch problems, thereby eliminat-
ing the need for our approach. It also became apparent that the precision position
approach was too inflexible to be a practical design tool.
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Given the size of the walking machine project, that became my primary research
focus over the next nine years. I started with Shin-Min Song trying to apply our
linkage synthesis techniques to the design of walking machine legs. We decided
that we needed to generate a straight-line ankle path relative to the body of the
machine, so we could walk on the level without raising and lowering the center of
mass of the machine. It was necessary to be able to do this at a variety of leg lengths
to accommodate walking over obstacles [14]. While we did generate some viable
looking designs, it became apparent that the seven bar and above solutions we were
looking at were too complex to be practical, so we changed our focus to the two
dimensional pantograph rotating about a longitudinal swing axis, which was the
design we ultimately used. By this time Vince Vohnout was on board as a research
associate, after completing his MS. He had a big influence by finding practicable
ways to implement slides and integrate hydraulic actuation cylinders, as well as
leading the structural design of the machine [15].

Working with Simon Song, we developed the overall dimensions of the machine,
and critically, the working volumes of its legs [16]. Shih-Liang Wang also con-
tributed to this work as part of his master’s thesis. We also developed a theoretical
proof of the proposition that wave gaits maximize velocity for a given minimum lon-
gitudinal stability margin [17]. This had been postulated by Bessonov and Umnoyv,
and validated by a numerical search. Our work on this was immensely complex, and
conceptually difficult, and ultimately nobody cared. Simon and I reworked his doc-
toral dissertation with additional material that I wrote into the monograph Machines
that Walk [18].

In my original conceptualization of the machine, presented at the first project re-
view meeting in 1981, I had realized that we would need to use hydraulic actuation,
but that a conventional, valve controlled hydraulic system would be very wasteful
of energy. For this reason I thought about using a hydrostatic actuation system with
each actuator directly coupled to a variable displacement pump: what is now referred
to as displacement control. After thinking some more about this, and after we had
settled on a six legged configuration with eighteen degrees of freedom I went cold
on this concept because of the weight implications of eighteen variable displace-
ment pumps. We looked at dual pressure hydraulic systems, rather like the concept
Boston Dynamics is now using on Alpha Dog, before becoming discouraged by that
complex horror. Fortunately, Vince and his brains trust did a comparative analysis,
and concluded that the displacement control concept was workable, and we decided
to go with it. Despite its success, the fluid power industry has been very slow to
take advantage. I can report that displacement control is now on the cusp of com-
mercialization. Direct comparison tests conducted by Professor Monika Ivantysova
at Purdue University have demonstrated fuel savings of the order of 40% for typical
construction equipment tasks.

Around this time, in late 1983, we were under contract to build a full-scale pro-
totype. It became apparent that it would be extremely difficult to deliver on this
working through the established university shop facilities. Bob and I discussed the
situation and were in agreement that it would be better to work through a com-
pany outside the university for this purpose. We discussed it with Clint Kelley, the
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DARPA project monitor, and it was apparent there would be no obstacles from that
end. At the time, as noted above, Vince Vohnout was a research associate in mechan-
ical engineering committed full time to the project. Dennis Pugh and Eric Ribble
were in similar situations in electrical engineering. We sat down with them and sug-
gested they incorporate themselves, and we would give them a subcontract to cover
construction and testing of the machine. In due course that came to pass creating
Adaptive Machine Technologies Inc. The company is still doing business under the
name AMT Systems.

Around the same time, it became very apparent that we did not have suitable
space to embark on such an ambitious construction and testing program. I had se-
cured laboratory space in back of the north wing of Robinson Laboratory, which
was the largest space available within the then department facilities. We had built
a full-scale prototype leg, and operated it on a test stand in that laboratory. It had
the two-dimensional pantograph geometry, and slides implemented as roller guides
that we later used on the ASV, after redesign to improve integration. We learnt a lot
from that prototype, such as the importance of having a means of controlling the
foot attitude, and how to shape the shank.

Anyway, assisted by the College of Engineering we embarked on a search
throughout campus for more space. We were rather apologetically shown a large
shed on West Campus. The interior of this was rather sad. It was unoccupied, and
very decrepit. It was just what we needed! The interior had been partitioned into
cubicle type offices. We needed to get rid of the partitions and clear the main part
of the building for use as high bay space. To do this playing by the rules and going
through the campus facility office would have taken forever, and probably cost a
lot. Fortunately, in our decrepit building on West Campus we were not very visible
to the university bureaucracy, and I adopted the philosophy that what they didn’t
know would not hurt them. We hired a gang of undergraduates for a few days and
equipped them with sledge-hammers and pry bars, and had the unwanted partitions
cleared out in no time. The AMT people were more than capable of setting up the
electrical system so that no codes were grossly violated. They also had to do some
roof repairs, and other maintenance to get the building in shape, but it subsequently
served us well.

In 1985 Bob McGhee went on sabbatical leave at the Naval Postgraduate School
in Monterey, and I became, effectively, the director of the project. In 1986 he for-
mally retired from Ohio State University to take up a permanent position in the
Department of Computer Science at the Naval Postgraduate School, and I became,
officially, the principal investigator of the project. Three years later, in 1989, we
had a new contract form DARPA and were planning the work to be done. I was
on vacation in North Queensland, when I was contacted because things were going
amiss with the contract. It took some time to work out what was going on, but a new
director had taken over at DARPA and deemed our contract to be a waste of money.
He wanted to void it in its entirety. We called in the cavalry in the form of Senator
John Glenn’s office and were able to keep the first year’s funding, but the project
had to be moved into shutdown mode. I remember standing at a public telephone
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in the middle of the night in Cairns, Queensland to talk to someone from the OSU
research office about the situation with the contract.

Discussions in project meetings were vigorous and productive. One issue was
allocating contact force among the feet in contact with the ground. We knew, after
earlier work with the OSU Hexapod, that we had to control the feet in stance in
force, but the question was what force should be commanded at each stance foot
when there could be anywhere from three to six on the ground at any given time.
Chuck Klein and David Orin figured that this could be formulated as a linear pro-
gramming problem with a relatively minor approximation. The approximation is
that the limiting friction force is directly proportional to normal force when pro-
jected into the xz and yz planes. In other words the friction cone became a friction
pyramid. Chuck successfully pursued this approach with one of his students.

I thought about another approach: I thought that it would not be productive for
the feet to work against each other. This meant that the components of the contact
forces at any pair of feet along the line joining the contact points should be the same.
I recognized that this condition was similar to that enforced on the velocities of any
two points in a rigid body. Since that condition resulted in a helically symmetric
field of velocity vectors, it seemed that the contact forces should also be distributed
in a helically symmetric field, which would make it easy, and efficient to calculate
them if one knew the field axis and its intensity. Vijay Kumar and I took this up [19].
We were able to work out a way to find the field axis and intensity given the resul-
tant wrench that the contact forces were to equilibrate. This meant we had a very
efficient, closed form algorithm for computing the force to be commanded at each
foot in stance, given the wrench acting on the machine that was to be equilibrated.
That was, itself, not so straightforward. The machine was massive enough, and fast
enough, that we had to model its inertia and estimate the inertia wrench in each
computation cycle. Rather than using the basic idea of maintaining static stability
by keeping the projection of the center of mass within the support pattern we used
the simple scheme of computing the wrench to be equilibrated: inertia wrench plus
weight, computing the force allocation and checking that none of the commanded
contact forces were less than zero, or actually a minimum threshold value.

There were a number of other theses that came from the ASV project. John Gard-
ner took a more control oriented look at the force allocation problem. His work was
co-supervised by Cheena Srinivasan [20]. Working with Mingzen Huang, we took
a look at the relationship between speed and load carrying capacity in walking ve-
hicles [21]. In contrast to wheeled vehicles, larger loads can be carried at slower
speeds because the average number of legs in support increases. Satish Nair took
a look at energy flows in the actuation system of a walking vehicle. His work was
co-supervised by Raj Singh.

During the decade in which we were working on the ASV project we were also
still pursuing research on serial manipulators. Indeed, it is notable that people who
did their master’s theses on manipulator work moved onto the walking machine
project, and vice-versa. Thus, Vijay Kumar did his master’s work on manipulator
workspaces, before moving on to the multi-limbed force allocation problem cited
above. Shi Liang Wang worked on obstacle crossing gaits for six-legged walking
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machines for his MS before shifting to workspaces and singularities of serial ma-
nipulators for his doctoral work. Others who produced doctoral dissertations on
various aspects of serial manipulators during this period included Ming June Tsai
and John Reidy. Another paper that seemed to make little impact at the time, but has
lived on was Waldron, Wang and Bolin: “A Study of the Jacobian Matrix of Serial
Manipulators” that introduced a compact formulation of the algebra that has been
widely adapted [22].

During this period I also had another whack at the muscle recruitment problem in
human walking with Ralph Cope. Marcus Pandy looked at biological quadrupedal
locomotion with support from the ASV project under Necip Berme’s supervision
[23]. We were interested in how animals cross obstacles, particularly how they do it
without looking at their feet.

While on sabbatical at Stanford I worked on Oussama Khatib’s Artisan manipu-
lator system, including the macro and mini manipulator wrist system. Together with
Bernie’s student Madhu Raghavan we explored the kinematics and coordination of
mixed serial-parallel manipulation systems. That resulted in a paper in the ASME
Transactions on Dynamic Systems Measurement and Control that is the only journal
article I have co-authored with Bernie [24]!

On January first 1988 I began a five year term as technical editor of the ASME
Transactions Journal of Mechanisms, Transmissions and Automation in Design.
This was one of the two daughter journals that had resulted from the fission of
the Journal of Mechanical Design. The other was the journal of Vibrations, Acous-
tics, Stress and Reliability in Design. The laundry list titles reflected the technical
committee structure of the ASME Design Engineering Division at the time. JMTAD
was struggling, with a weak subscription base. Tom Conry was the technical editor
of JVASRD at the time. We talked about ways to improve both journals. He felt the
stress and reliability in design material was a poor fit with vibrations and acoustics,
and that it should be moved to my journal. I was apprehensive about this because
the page number limits imposed by the ASME publications committee were tight.
Tom told me that he was, in fact getting very few papers in these areas, which turned
out to be true. We realigned the journals and I proposed that the name of my jour-
nal revert to Journal of Mechanical Design. The changes were approved effective
January 1% 1990. The change of name solved the subscriber base problem!

Despite the name of the journal we were neither receiving nor accepting papers
on design theory or methodology. There was growing interest in that area, but au-
thors felt they had nowhere to publish, because papers in these topics fared badly
in the review process in traditional engineering journals, including JMD. 1 tried to
create a climate in which quality papers would be welcomed and published by ap-
pointing Erik Antonsson as associate editor with a brief to handle papers in design
theory and methodology.

Around this time I also was active in research in design methodology myself in
collaboration with Manjula. That resulted in the book Mechanical Design: Theory
and Methodology [25] that we co-edited, and in which we co-authored several
chapters.
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Shortly after the end of the ASV project, Ken Hunt came to spend a part of a
sabbatical leave at OSU. I had been tinkering with some theoretical ideas emanat-
ing from screw system theory, and my experience with the problem of coordinating
multi-limbed systems, and found him to be a helpful sounding board. This collabora-
tion resulted in the paper entitled “Series-Parallel Dualities in Actively Coordinated
Mechanisms” that explored the duality between screw systems and wrench systems,
and the mechanical consequences of that relationship [26]. It implied that, for any
serial chain there was a dual parallel chain such that the screw systems of the one
were isomorphic with the wrench systems of the other, and vice-versa. Further ex-
ploration of such relationships was to form the basis of much of my research over
the next few years. The works of Vasudeva Murthy [27], Muqtada Husain [28], and
Pie-Chieh Chin, in particular, followed this line of research.

I was also interested in applying what we had learned about coordinating multi-
limbed systems to other types of system, notably multi-fingered hands. Vijay Kumar
had already done some work on that problem. Sudipto Mukherjee [29]and Wen-
Yeuan Chung [30] took the idea further. At about the same time I made my first
foray into dynamically stable locomotion with Prabjot Nanua [31].

In 1993 I took up the responsibility of chairing the department. That did divert
much of my energy and attention, but I did continue to work on research prob-
lems. I thought that the ideas we had developed for coordinating multi-legged,
statically stable robotic systems could also be useful for wheeled systems with inde-
pendently driven wheels. Those ideas were taken up by Shankar Venkateraman and
S.V. Sreenivasan [32].

Another idea I was very fond of at that time (and still am) was trying to em-
ulate nature and do force control of actuator arrays by recruitment. Successfully
implemented, it would finesse the issue of wasting energy through control devices
like hydraulic valves. That was the inspiration for Pohua Yang’s work [33], and was
continued at Stanford by Rocco Vertechy, where we attempted to use arrays of poly-
mer actuators. Unfortunately, it is extremely hard to construct large arrays of simple
actuators using currently available technologies.

I also got involved in design for manufacturability issues, co-advising Jason Yu
with Kos Ishii. His work was on an alternative approach to design for robustness
(rather than Taguchi’s methodology). The central idea is that true optima often do
not give good designs because they may be very sensitive to variations in the design
parameters. It is better to seek an area of the design space that gives good perfor-
mance but is not very sensitive to parameter variation.

Finally, David Orin and I received funding to pursue a dynamically stable
quadruped design. This ultimately became KOLT. We started by trying to develop
an appropriate compliant leg design. That was the core of Jim Schmiedeler’s work
[34].

I had been active in IFToOMM: The International Federation for Promotion of
Mechanism and Machine Science for many years. At the World Congress in 1999
I was elected to be President effective January 1°¢, 2000. I served two terms as
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president until December 315 1997. That activity created professional relationships,
and friendships with people throughout the world.

In 2000 I was completing my second term as department chair at Ohio State
University and decided that it was time for me to step down. I decided that I wanted
to focus on doing research, and working with postgraduate students for what was
left of my career. I felt that a change of institution might be beneficial. I talked with
my many friends in the design group at Stanford. It took a while, but they were able
to set up an appointment as professor (research). Consequently, I left Ohio State
University at the end of the 1999-2000 academic year and headed west.

The grant for the dynamic quadruped project was still in place, so I moved part
of the money to Stanford. David and I continued to collaborate on the project using
video-conferencing, and exchanging students. We also got a successor grant. Jim
finished his work, and Jamie Nichol and Surya Singh came on board. Jamie did
much of the mechanical design of KOLT, while Surya focused on sensing and data
fusion issues [35]. David’s students Darren Krasny and Luther Palmer worked on
control. During this period Joaquin Estremera came for a year as a visiting scholar
from Spain. He actually led most of the testing and data collection [36].

Muhammad Abdallah had been working with me on an actively suspended
wheeled vehicle problem, but chose to do his doctoral work on dynamic legged
locomotion, and developed a powerful design approach [37]. His work actually rep-
resented a transition to dynamic bipedal locomotion, that became the TRIP project.
Alex Perkins pursued the dynamic behavior and control strategies for this device,
primarily using simulation [38]. Paul Csonka pursued the hardware design, includ-
ing a novel hybrid actuator [39].

I had also been working with the SUMMIT unit in the School of Medicine on a
large NIH supported project with a focus on applications of virtual reality techniques
in surgical training and diagnosis [40]. A project aimed at using haptic feedback for
dermatological diagnosis grew out of that collaboration. Chris Enedah pursued this
project. We were able to demonstrate an ability to detect and transmit skin texture
information, but the overall project was multifaceted and much more challenging
than initially meets the eye.

In March 2009, my close colleague Professor Kosuke Ishii unexpectedly passed
away. I was best situated to supervise his advanced doctoral students through the
remainder of their projects. Thus, I acquired four additional doctoral students work-
ing in various areas of design for manufacturability. Sun Kim and Whit Fowler were
close to finishing, but Karthik Manohar and Jenny Wong would take a year or two
to finish up. Karthik developed a design decision support system, including market
feedback, for very complex products. Jenny worked on the evaluation and reduction
of manufacturability risks arising from use of new manufacturing technologies. 1
also have my own design for manufacturability project. Kioumars Najmabadi, who
works for Boeing Commercial Aircraft, has been working with me on evaluating
and managing design risks in very complex products, with equally complex manu-
facturing environments.
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Around 2006 Jim Schmiedeler and I were approached by Oussama Khatib and
Bruno Siciliano to contribute a chapter to the Handbook of Robotics. David Orin
was to be the sectional editor for what turned out to be the opening chapter of this
award winning publication [41]. We recently revised the chapter for inclusion in the
second edition.

One of the things we learned from the KOLT and TRIP projects was the impor-
tance of the foot, and of understanding the mechanics of its impact with the ground.
We can run over very diverse substrates with no significant change in our gross run-
ning action, and without bouncing and slipping between the foot and the ground.
Dan Jacobs recently completed his dissertation on modeling foot impact. Follow-
ing on from his work, Linus Park is completing a study of the mechanics of the
metatarsal joint, and of the effects of tendons connecting the foot segments to the
thigh and shank.

Starting in 2007, I have been spending half of each year in Sydney, Australia. I
have a half time appointment at the University of Technology, Sydney. I am actively
participating in several projects there. One of these is the development of a robot
to perform inspection of steel bridges and other ferrous infrastructure. Older steel
bridges can be very complex in structure, and were protected by lead based paints.
It is very difficult to comprehensively assess the condition of the paint, and the
presence or absence of corrosion. The device we are exploring for this purpose is a
seven-degree of freedom inchworm robot with magnetic feet on both ends.

We are also working on exoskeletons both for rehabilitation and for industrial
applications. Marc Carmichael is finishing his dissertation on the use of a biome-
chanical model of the torso and arm in the control of an upper limb exoskeleton. I
am co-advisor of his project with Professor Dikai Liu.

One important project that doesn’t fit into the above, roughly chronological ac-
count is the text Kinematics, Dynamics and Design of Machinery that Gary Kinzel
and I co-authored [42]. This was a multi-year effort for the first edition that ap-
peared in 1998, not to mention the second edition that appeared in 2003. We are
now working on a third edition with Sunil Agrawal joining us as third author.

This is a necessarily brief summary of a satisfying and eventful career; one that
is still in progress, although at a reduced level of activity. There are many things
that I have consciously, or inadvertently left out. In compiling an account like this
one looks for landmarks around which to organize it. I have used the many doctoral
projects that I have supervised, or co-supervised as those landmarks, together with
other significant efforts such as books, and major projects. Likewise, by and large,
I have chosen to cite only journal articles and books. There were many masters’
theses that I do not have space to mention, and many conference papers, some at
least as important as the items cited.

As I look back on all this, there is one essential truth: an academic career is about
the students. The greatest reward is to see them progressing in productive careers of
them own. I have been blessed to work with a great many very able people, and I
appreciate the honor of having contributed to their lives in even a small way.
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1 Design for Inclusivity:
Meaningful Collaboration with Differences

Manjula and Kenneth J. Waldron

Abstract. The ubiquitous availability of the internet for global networking has
made collaborating by differences necessary. This is challenging because of the
human history of tribal organizations. In this paper we draw from our 45 years
of personal and professional journey together to elicit the skills that have helped
us to successfully engage across racial, cultural, and academic differences. It
required designing new rules of social and academic engagement that changed
how we related with the “other”. We rely on these techniques daily to inform us
on how to facilitate collaboration in any situation capitalizing on the diversity of
thought, body, experience, belief, and/or training while focusing on the similarity
of our journey.

1 Introduction

"Differences in religious beliefs, politics, social status, and position are all
secondary. When we look at someone with compassion, we are able to see
beyond these secondary differences and connect to the primary essence that
binds all humans together as one.''--- Dalai Lama

The late and important techno-social change agent, Steve Jobs, said in his 2005
commencement address at Stanford [1]. “...You can’t connect the dots looking
forward. You can only connect them looking backwards, so you have to trust that
the dots will somehow connect in your future. You have to trust in something—
your gut, destiny, life, karma, whatever—because believing that the dots will
connect down the road will give you the confidence to follow your heart, even
when it leads you off the well-worn path, and that will make all the difference.”
He was talking to graduates, and using his unique life journey as an example to
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make the point that one cannot predict the future. We must seek and allow our
faith in our destiny to guide us knowing that we have the capacity to rise should
we fall, finding sustenance should we be needy, and willing to be vulnerable and
foolish should we become full of ourselves [2]. This is a profound human ability:
to connect and engage something beyond ourselves to liberate us by unlearning
beliefs that are not serving us and engaging differently with those around us, thus
changing the very fabric of the social structure of which we are part of.

That we, an Australian white male and an Indian dark skinned female, chose to
marry in 1968 was sheer foolishness in the eyes of many of those who knew us. It
was Ken’s personal integrity and Manjula’s courage to be different that held us
together thus far through our social vulnerability [3]. As we look back over the
forty-five years of our collaborations both personally and professionally, there
were lessons learned from the wisdom of our folly that have guided us to
collaborate in a meaningful way with people who are different in status,
nationality, disciplines, styles, gender, age, thoughts, values, race, and ethnicity. It
has been a wild journey, but the essential process is tractable, trainable, and lends
itself to redesigning collaborations from an unusual and whole life perspective.

It is this knowledge that helped Manjula to create and offer an undergraduate
design course called Design for Diversity with the Associate Dean for diversity
and “first gen”, Tommy Woon, at Stanford.

Perhaps we have been closet social designers throughout our lives. We
contributed to the social change of the sixties, and in our sixties we continue to
affect it. What do we mean by that?

Both of us have lived off the beaten path, following our hearts even though the
paths we took before we met were as different as night and day. However, there
was something enduringly human in our life engagement that brought us, and has
kept us together even when social curve balls were thrown at us. These issues had
the effect of amplifying our differences and testing our resolve and commitment
for a meaningful social coexistence.

As designers [4] we have used our design and networked thinking to devise
durable products and collaborative relationships that are inherently inclusive. Did
we know it consciously going forward? Of course not! But as we connect the dots
backwards, the dots that seemed random and disconnected form a perfectly
designed and orchestrated wonderful, unique, and strong tapestry of life that we
were crafting.

In our paper, we will retrospectively use the design process wisdom from our
personal and professional journey to draw out basic human qualities that make
collaboration across differences meaningful and productive. As engineering
designers, we examine these qualities and abilities deeper and not fall prey to
resorting to the social clichés of “it was just blind love”. We introduce and use the
term “rules of engagement” to mean how we relate to those who we encounter in
our social environment. Some of those rules are given to us unquestioned in our
upbringing. They form part of our unconscious personality. Others we acquire
through conscious reasoning.
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This article therefore complements Ken’s professional career summary also
presented in this book. We hope that it will be engaging and useful reading, and
provide a guide in designing deep, lasting, and inclusive collaborative alliances in
a globally diverse and digitally networked world.

We organize this paper by first setting the stage, then following a brief journey
of personal, professional collaborations across differences, and eliciting the
lessons we have learned as keys for design for diversity, creating rules of
engagement that facilitate collaboration across differences in academic and social
settings.

We conclude by crowd-sourcing our readers: extending an invitation to
contribute their thoughts on what would it take to design a Collaboratorium where
robust and creative collaborations can emerge capitalizing on the diversity of
thought, body, mind, social experiences and belief, and/or training in a globally
networked digital world.

2 Foundations: The First Quarters of Our Lives

2.1 Manjula — From Sukker to Stanford

One could say I have been a closet diversity engineer most of my life, engaged in
designing a world that empowers those who were socially marginalized and
different to find their voice on the table [5].

My grandparents and parents were freedom fighters and committed Gandhi
followers. They consciously rejected the Indian caste system, religious
differences, and social violence to win India’s freedom. As the family legend goes
my grandfather in the naming ceremony “havan” for his daughter, put Allah,
Raam, God, Prabhu on its four corners. This offended the Hindu priest. He wanted
Allah removed. When my grandfather refused, the landlord threatened to evict
them. My grandfather, not to be deterred, found a house for sale nearby, found
someone who will loan him the money, and then bicycled 50 miles that night to
purchase the house. Next day they moved their meager belongings into it and then,
true to his Gandhian beliefs that all religions represented the same truth,
performed the ceremony as he had wanted to the night before.

I was born in 1943. My parents lived in Sukker then, in what is now Pakistan.
India’s freedom was being negotiated. Mahatma Gandhi had rejected Bose’s
suggestion that they use violence against the British. In 1947, The India-Pakistan
partition was the price that was paid for it. Its violence was a tremendous blow to
our family tenet of nonviolence. Our family fled what is now Pakistan as refugees,
to escape the carnage [6]. In independent democratic India policies were created
and enforced for a secular modern India, despite recurrent episodes of communal
violence that would, ultimately, cost Gandhi his life. Legal safeguards were
provided for the socially deprived. For the first time they could find educational
opportunities and thus become part of the larger dialog.
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I had friends from different castes and all parts of India. Their first language
was often different from mine. I had Hindu, Muslim, Christian, and atheist friends.
Because of my father’s work with the Indian Railways we moved a lot, and lived
in different parts of India exposing me to many of the diverse languages and
cultures represented within India. In fact the first language I learned to read and
write was Gurmukhi, and not Hindi. This experience helped me to learn to
befriend those different than I at many levels.

Nevertheless, independent behaviors of young women were socially restricted.
This attitude curbed the growing feminist expressions of the younger, post
freedom, set. For example, I was coerced into wearing a sari; into pleasing and not
openly questioning those with higher social status (no matter how they violated
my personal value system). Contact with the opposite gender outside the family
was “verboten”. Women’s sexuality could not be expressed openly and freely.
Those in power strictly enforced their authority. It gave me plenty of fodder to
protest and be angry about the gender unfairness, inconsistencies, and to question
its legality. It got me into trouble at home and in school. Nevertheless, fear of
punishment was not sufficient to quench my internal fire of seeking to be an
independent educated professional woman.

Diversity was in the very air I breathed. My parents, who were themselves,
both university graduates, were committed to educate me alongside my brothers.
At the time, women were few and far between in science. In 1962, I was the only
woman in a class of about one hundred to graduate in Physics Honors at the
University of Delhi. However, since I enjoyed design and technology, the appeal
of theoretical physics had diminished by the time I graduated. I applied and was
selected on national merit as one of three women to attend and graduate in
electrical (communication) engineering from the Indian Institute of Science,
Bangalore. After graduation, IBM rejected me for employment because of my
gender. I worked as an engineer in Bombay (now Mumbai) for Tata Hydroelectric
Power Company. I was accepted to attend Stanford in the Fall of 1966. Until then
I had never been out of India.

My family was probably relieved to get me off their hands. In fact they were
very progressive to allow me to leave India as an unmarried woman, despite the
protests of many in their community that this transgression on their part would
reduce my prospects of an arranged marriage.

In 1966 the Stanford campus was very white, and the engineering student body
was all men. In January 1967, around 200 students took the Ph.D. qualifying
examination in electrical engineering. I was the only woman who passed it, along
with about 100 men. Engineering at Stanford was a bleak and lonely place for me
as a woman [7]. The rules of engagement that people around me used appeared to
be different to those I had encountered in India. Of course, they were unwritten
social rules to which I had no access. It made for a difficult journey. But for the
support from my parents and advisor, I would probably have left.

Over the course of my college career I clandestinely dated many men from
different walks of life. It was not easy and there was constant tension between
what was sanctioned, and what I desired. It seriously challenged my personal
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integrity. To set it in perspective, within my extended family most people had
arranged marriages within our caste, with very few exceptions. At some level I
knew that was what was expected of me. Therefore the dating scene at Stanford,
although exhilarating, was very disorienting for me.

2.2 Ken: From Sydney to Stanford

I grew up in paradise! When I was six years old, my parents moved to a new
house on the headland between Freshwater and Curl Curl beaches. Freshwater
beach is the next one north of Manly on the north side of Sydney Harbor. It was,
and is, a gorgeous little beach with good, relatively safe, surfing conditions.

Of course, I didn’t appreciate the marvelous setting in which I was living until
much later. Initially, I did not know how to swim, and the surf could be pretty
intimidating when the wind was propelling big waves on shore. Other times the
conditions were such that the waves were breaking very close to shore and, if you
were a little kid, they would pick you up and drive you into the hard wet sand.

Harbord, which is what the area was called, was in transition from being an
impoverished fishing village to a suburb of Sydney. There were quite a few rough
boys who came to school without shoes. It was relatively remote from the city of
Sydney. When I finally got to university I had a prolonged trek each morning by
bus to Manly wharf, ferry to Circular Quay, and another bus up town to the
University of Sydney, with the reverse in the evening. I got a second hand, beat
up, VW beetle in my second year and would commute by road, but that was not
any better since the only reasonable way from Manly to the city was over the Spit
Bridge. That road became thoroughly choked with cars in peak hour, so I reverted
to commuting by ferry most days. However the car taught me a lot about practical
mechanical engineering.

Growing up so close to the ocean, I did develop a fascination with the prolific
marine life I could explore just by hopping around the rocks on the headland near
my house. That fascination is with me to this day. I sometimes wonder why I
didn’t become a marine biologist. I don’t think it ever occurred to me that one
could do that for a living.

I don’t really know where I got the idea of becoming an engineer. Most likely it
was the vocational guidance counselor in high school. They gave us all a battery
of tests to indicate what we were best suited to pursue. I did well in all of them
and was told I could do whatever I wanted, but that maybe I should consider
engineering. I was a little primed for that anyway since my grandfather was
working as a draftsman at the Water Board in those days, and he would give me
the company journal that was full of technical articles on construction of dams and
pipelines.

Someone at school gave me an application form for a Steel Industries
Traineeship, which I filled out. Then, as now, there was a public examination
administered by the state of New South Wales at the end of high school. The exam
was administered at the school, but was centrally graded, and the results were
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published in the newspaper. It was a tense time since university admissions and
scholarships rode on that result. When the results were published I had come
eighty-fourth in the state. I would attend the University of Sydney with a
Commonwealth Scholarship, meaning my tuition would be covered. I had also
won a Steel Industries Traineeship, which meant that I would work at the Port
Kembla steelworks in my vacations, and earn a little money. I must have put either
mechanical or electrical engineering on the form, because when I showed up for
interview by an officer of the personnel department he asked me to decide then
and there which it was to be. I felt more comfortable with the visible cause and
effect of mechanical systems, so I said mechanical engineering.

I would be the first member of my family on either side to attend university, so
I had to find my own way. In fact, to this day I’'m the only one (other than our own
children) who holds a postgraduate degree. My sister is four years younger than I
am, and I guess she wasn’t prepared to cope with undergraduate life. A talented
musician, she dropped out after one year and focused on playing the cello.

Australia at that time was a very homogeneous society. We were under the
sway of the, now infamous, white Australia policy. There was an influx of white
immigrants from war-devastated Europe. There were Dutch and Italian boys at my
high school. They had a rough go of it. I remember the Dutch boys did not
understand any English, at least initially. The Italians were not so linguistically
challenged, but because of their darker skin, they were called derogatory names. 1
had very little experience with people of other ethnicities. In first year chemistry at
Sydney University we had laboratory in a huge room with rows and rows of
benches. There were one or two students from Nigeria, and a few Indian students
from Fiji, including girls, who stood out in their colorful flowing saris. I didn’t
interact with any of them, choosing to stick with my friends, who were mostly
boys from my high school.

After completing the bachelor of engineering degree with first class honors, and
a stint working at the steel works, I was awarded a Commonwealth Scholarship to
pursue the degree of Master of Engineering Science. This was unusual for
Australia at the time by virtue of being a course work plus thesis degree. While
pursuing that degree I took a course on mechanism kinematics with Jack Phillips
and became fascinated by the problem of mobility in linkages. I wrote up some of
my ideas. Jack introduced me to Ken Hunt, so that when I decided to come to the
U.S. to pursue a Ph.D. Ken advised me to contact several universities, one of
which was Stanford. Bernie Roth offered me a research assistantship, and I came
to Stanford in Summer of 1965.

At the time, most Australian students who wanted to go overseas to complete
their education headed to the U.K. That included most of my peers at the University
of Sydney. A few stayed on to do doctorates in Australian universities. Looking to
the U.S. was a bit radical. My parents always had a subscription to National
Geographic magazine. I read them voraciously. Probably I had read so much about
places in the U.S. that I wanted to go see for myself. It was just as well because there
was very little going on in mechanism theory in Britain at that time.
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I think I was well informed about the diversity of people in the world through
my reading of many issues of the National Geographic. The civil rights movement
was in the news, so I was aware of the racial inequality issues in the U.S.A.
However, to me all this was “theoretical”. I did not think that it did, or could ever
apply to me.

At Stanford I was sharing a room in Crothers Memorial Hall. There were quite
a few other international students in the dormitory. I also attended some functions
at the International Center, and was interacting with other international students.
Sultan Bhimjee and Fazle Hussain were sharing a room nearby. They were both
Muslims from Pakistan but were, in fact, from very different cultural backgrounds.
Sultan was from West Pakistan. Fazle was from what was then called East
Pakistan, now Bangladesh. After the academic year ended I rented an apartment
off campus shared with Fazle, Sultan and Scott Williamson, who was from
Edinburgh. That was summer 1966. Manjula arrived on campus for the start of
classes in Fall. We had a party in our apartment, and she came. We danced
together and I drove her home, but we did not start to date until January 1968.

3 Collaborating Globally

3.1 Summer of Love

In January 1968 we took the same Modern Algebra class. We had seen each other
around, and attended functions as international students. At some level we were
both aware of our social differences and neither of us was equipped to learn how
to bridge them. Yet, close proximity had a magical effect as we realized that at
some deep level we were not all that different. Before we knew it we had
committed to live the rest of our lives together. Thus, the Australia-India-US
triangle of negotiations commenced. In those days snail mail was the only means
of affordable communication. Sending a letter and receiving a reply took two or
three weeks. Finally, we convinced our families that giving us their blessings was
the only sane thing to do. At a human level we could get them all to see that our
family values were common human values and therefore in perfect alignment. We
were married in a California style Christian ceremony in our friend’s house, vows
that were reiterated in a Hindu ceremony at my grandfather’s house in India and a
reception in Ken’s parents’ place in Sydney in the Summer of 1968.

3.2 Paradise Lost

Ken was on an exchange visa and had to leave after completing his degree, and a
one-year stint as acting assistant professor at Stanford. He had been offered a
position at the University of New South Wales. Manjula put completing her Ph.D.
on fast-forward and became ABD by the time we left to move to Sydney.
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At this time we encountered the difficulties of securing a visa for Manjula to be
a resident of Australia. Being of Asian birth, she was not then eligible to become
an Australian citizen, despite our relationship. What Ken didn’t understand was
that it was an open question that she would be able to live in Australia at all. We
filled out the application form, but one requirement was a copy of a police record
from the community she lived among in India. We knew that no such record
would be obtainable, she had no police record. After several telephone calls to the
consulate in San Francisco we were summoned for an interview. We must have
convinced the consular official that we were harmless, because the necessary visa
was provided, in the nick of time.

When in Sydney Ken introduced Manjula as his wife to some of his old
university friends and, at least in one case, was roundly snubbed. In others no
further interest was shown to continue the friendship.

Manjula was pregnant with Andrew [7]. He was born in December 15", 1969.
Both of us were full-time junior faculty members. With no childcare or support
available for working mothers it made for a rocky start.

A year or so later we found out that Andrew was profoundly deaf. Lalitha was
born on December 3™ 1971. It was a difficult time for us with the demands of
learning about educating a deaf son, engineering our parenthood, and with both of
us being ambitious, struggling young academics. To compound it all the white
Australia policy was still in place and that meant that there was strong institutional
prejudice against Manjula’s Asian heritage, and therefore against our mixed race
children. International travel for our young family became a nightmare. In the
early 70’s, for Manjula being a woman engineer, who was colored and a
conscientious working mother of a handicapped child was not socially acceptable
in Australia.

In 1972, the conservative federal government that had ruled Australia since the
Second World War, and had formulated and maintained the white Australia policy
was defeated. The new Labor government set about a program of reform, including
dismantling many of the provisions of the white Australia policy. By 1974 Manjula
was eligible for Australian citizenship. Ironically, we had already decided to leave.

Our social and academic life had taken on an international complexity that we
were ill-equipped to handle. The social diversity of our family was now on
steroids with no relief in sight within the local society. Like true academics we
took a sabbatical to see if there was somewhere else we could make our family life
more workable. Reluctantly, although of necessity, we decided to move to
Houston, Texas in 1974. When we arrived there it seemed that we had leapt from
the frying pan into the fire. It was hard to believe that Texas was part of the same
country as Northern California, which was our only other experience with the US.

Ken, as a white male, fitted the mainstreamed engineering scene in the US,
while Manjula’s career, as a colored female, was more precarious. We became
aware of social biases that existed in the engineering academe. This was further
compounded by our mixed-race marriage and our wanting to be and live together.
We barely survived as a family and decided to move once again when an
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opportunity came for Ken to move to Ohio State University in 1979. We decided
to try the Midwest. Paul Ravi was born on Aug 7™ only a month before we were
due to move to Columbus.

Once again Ken fitted the mold of an engineering professor and Manjula’s
career hiccupped along. The same factors that lay behind our professional/
personal difficulties in Houston seem to have followed us to Columbus. It did not
compute. Columbus was north of Mason Dixon line and not the south. It was
1980, fifteen years after the civil rights law was passed. Our commitment to stay
together was gravely tested. Manjula’s parents came to help us so she could work
towards restoring her career to become tenured. This was accomplished. However,
with no diversity tools to work with, and with international, intergenerational,
interracial, and disability issues under the same roof, our life together created its
own social toxicity. Out of necessity, Manjula became active in multicultural and
diversity issues at OSU.

We learned that changing the social structure is not easy, but is doable if one is
adaptable and willing to learn to change. The consequences of defying social
hierarchies that set the rules of engagement were never taught in our science and
engineering training. We began to realize that the game of life is played very
differently when you step out of the well-trodden paths laid out over centuries.
Thinking out-of-the-box through understanding social realities that surround us
becomes essential. It requires redesigning the rules of engagement that make the
society operational. In mid 90s Manjula attended a multicultural conference at
Stanford organized by Tommy Woon, then a multicultural director at Stanford.
Thus began a long collaboration to understand and address the issues of
collaboration by differences that continues to this day.

3.3 Paradise Gained

In the early eighties, with a grant from the newly established Design Theory and
Methodology program at NSF we began interdisciplinary research in design. At a
DTM conference that we organized in Berkeley in 1987, it was clear that there
was more commonality to engineering design methods than our silo existence led
us to believe. There was something inherently human in the process of designing
that transcended disciplinary boundaries. As Bernie Roth said, one learns design
by designing. It is inherently a human integrated experience. We realized that as
engineers, and bioengineers our knowledge of humans and their social interactions
was incomplete, and the assumptions on which it was founded needed re-
examination. The science for designing integrated dynamic systems, like that of
life-cycle design of biomedical products was complex, and reductionist science
was quite inadequate to solve the complex problems that confronted us. We
introduced concepts from the science of complexity in education and research.
Our design thinking research was showing us that designers were human first and
their design processes had human dimensions [8]. This work led us to actively
collaborate with our business, psychology, and humanity colleagues to create the



10 Manjula and K.J. Waldron

Center for Integrated Design (CID) at OSU in 1995 in which we engaged faculty
from the entire University, including Law and Medicine.

In 1996, our personal family medical crisis exposed us to the limitations of the
biomedical reductionist scientific paradigm and put it up close and personal. It
was our non-engineering colleagues from the humanities, business, and law who
exposed our blindness and opened our eyes to the dimensions we were missing in
our bioengineering understanding. We thus embarked on searching for the missing
cards in our playing deck. We both learned the tenets of holistic coaching and
have learned to practice and change our learned beliefs to now produce different
results in mind, body and spirit. We have acquired many tools that help us, and
those we interact with. As a result, Manjula has trained as a chaplain resident at
Stanford, she practices yoga and Chi-Gong, is certified in mind-body medicine,
holistic wisdom coaching, and energy medicine, and teaches resilient aging and
diversity classes based on holistic health.

In Yoga there is a concept of 5 koshas [9] or sheaths that hold our truth. These
are the Mental (M), Physical (P), Social-spiritual (S), Intuitive (I, integrative) and
our Emotional (E) and Life (L) forces are held together through this truth. The
acronym SIMPEL™ works well for us. We have access to which of these
principles are guiding us at any moment, if we take time to be mindful. We have
the capacity to change if we stay present in the information accessible to us
through acceptance of the moment. We have found the tools that allow us to
regain balance in our SIMPEL™ house are very beneficial to collaboration across
differences. Some of these tools like meditation (relaxation response), moderation
in food, movement, positive attitude, and in psycho-social interactions were
known a long time ago but were lost and distorted over time, and lost relevance.

In the last 20 years these principles have been researched and re-contextualized
through modern science and medicine [10]. Other tools have been developed
through necessity brought on by technology. To paraphrase Herbert Simon from
The Sciences of the Artificial [11]— many things may use natural components in
today’s world but what we have around us is not natural, it has all been designed.
None of us humans exist in our natural state. We inhabit a world that has been
created to suit our needs. We agree and believe that we can design a social system
of which we are part that facilitates positive interactions across diverse ways of
being. It requires giving up our habitual ways of being through mindfully
changing the beliefs instilled in us during our upbringing. Aggregating by
similarities is one of our natural neural traits [12] around which tribal societies
were created. Hence we have a long history of tribalism. Some may even argue
for it to be natural. However, social science is increasingly showing that this is not
so. Race, ethnicity, languages, cultures are all social constructs that foster
tribalism [21].

Network technology is increasingly challenging societies based on tribalism,
and our short, collective history of designing a caring diverse culture, is pointing
in the right direction to create a peaceful world. Even though the media may have
us believe otherwise—the world is much more peaceful now through social design
than ever before [13, 14]. Research is showing that peace is measurable,
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designable and executable if we are willing to change our rules of engagement to
be based on globally agreed upon values [15].

4 Key Learnings That Promote Collaboration across
Differences

As we reflect on the story narrated above of our extraordinary journey, here are
some key points that we have learned to successfully collaborate.

The human qualities we have found useful are: Active listening and
understanding, caring, sharing, trust, value, commitment, empathy, common
humanity, compassion, understanding, letting go of fear and negativity, forgiveness,
receiving and giving love, acceptance, safety, reframing, gratitude, faith, charity,
hope, open mind and heart, adaptive—willing to change the rules of engagement.

How do we design a life with such qualities so as to relate to the other
especially if they are different from us?

Here is a list that captures our learning based on our journey:

1. Connect to the breath

This is most important to bring calm in the moment. Take a deep and relaxing
breath, focus on it and be grateful for it (put a hand on the chest if needed). Breath
is the essence of life and it is given to us and connects us to the other
unconditionally. This awareness alone bridges the difference in the present.
Despite its simplicity it is not always easy to implement, especially if we have
grown up in a narrow tribal belief system because being with the other may evoke
a state of fear within us. Our body is the best indicator of fear and connecting with
it allows us to ground and center ourselves and harness its power by connecting to
our breath [16].

2. Develop personal integrity

Confront the real source of anger, so as to be present for the other who is different.
It requires that we can accept and actively understand our own feelings so that we
can be present for the other on an as-needed basis [17]. This means getting in
touch with the internal and external realities that we are encountering;
understanding the frustration and anger we are feeling within us by becoming
aware of it, its source, and committing to letting it go from within us. In other
words “fess up” to our own reality, diffuse it from within us. It is not about the
other and once the anger is understood it becomes innocuous. Our resolution to
never go to bed angry with the other helped. It requires time for reflection and
willingness to create a mutually understood environment of safety. Taking this
time helps us.
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3. Acknowledge and respect the other’s feelings with humility and honesty

Engage in active listening and understanding: to our inner self as well as the other
so that the situation can be explored more deeply to gain a better understanding of
the issues at hand. Mindfully examine the source of our own feelings. It requires
gaining calm so as to not retaliate mindlessly in the heat of the moment, but
embracing what is broken within us that we are projecting onto the other. It
requires respect and caring for the wellbeing of the other. Since emotions are
contagious it requires practice to learn to pause when aroused and examine the
situation. We are getting better at it.

4. Be willing to change our point of view and say sorry from the heart

This requires opening up to new possibilities. It is important to know what is due
to something we have no control over and something that is learned from our
environment growing up. It requires changing the story that takes over our mind
out of habit and telling it differently and seeing how it feels. However, the very
willingness to say sorry with genuine feeling gives us a window to pause, breathe,
accept, and self reflect on our own feelings for the other. This we find takes
reflection and requires patience, commitment, and caring.

5. Use power of commitment

When we feel the stress of different ways in which we engage with the other, it is
important to negotiate and design and implement a new functional rule of
engagement so we accommodate the other in a positive light. Be aware and
practice until this new engagement becomes a norm. Instead of perfection we have
developed a Pareto rule of successful engagement. If we succeed 80% of the time
we have done well and it deserves celebration. If the rule works 80% of the time
in the relationship then the rule of engagement is worth keeping and adapting
around. This has helped us most through our low points.

6. Build trust with the other

Build trust so that they can be who they are in our presence and vice versa. This is
the hardest when deep social prejudices are acculturated within us growing up that
create the mistrust of the other. The insidious part of this is that we are
consciously unaware of this tribalism within us. Building this bridge is essential
for meaningful collaborations. It requires cultivating a new belief system. The fast
emotional brain that jumps to older unconscious behavior patterns needs to change
so that the stories we tell ourselves change. This is a challenging but rewarding
achievement [18]. Understanding, caring, and empathy are essential for this. For
example the deep racial divide that we grew up with still stumps us at times and
by acknowledging its source and challenging its validity through breathing and
active understanding of its source helps.
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7. Create a common set of values

Common values are needed for daily living so meaningful relationships can
develop [19]. Fortunately for us our core values were mostly aligned. However,
there were many ways in which we mindlessly acted that did not square with
them. We had to negotiate to come to commonly held values. It is something we
still work on.

8. Have open dialog and communication

Establish communication through mutual acceptance and caring. It is willingness
to be open and to discuss what matters to us and discover and acknowledge the
positive qualities of the other [20]. This is challenging especially in a hierarchical
tribal system. Bringing it into the open in a thoughtful caring manner can be
difficult but is doable.

9. Be willing to bring the functional, relevant, and shared expectations from
the past

To create a meaningful future, be willing to recognize, let go of, and reframe past
behaviors or rules of engagement that are irrelevant. One way is to use
regenerative questioning, also known as killer questions, to reflect on what is
coming in the way of collaboration: what and who is important in this going
forward, what is the need here, why is it important to bring about the change, and
how will I achieve it going forward. We have found it very helpful especially in
sticky situations.

10. Connect to common humanity when differences are amplified

When the mind focuses on the differences that separate us, taking a moment to
connect to our common humanity of caring and sharing helps us to connect and
collaborate. “He/she is just like me” helps to connect and bridge the difference.
This is very useful in letting go of old grudges and historical wrongs and hurts.

11. Expose and let go of conscious or unconscious judgment

Let go of judgment and competition to level the playing field so that both can save
face and win. Acknowledge and embrace what is coming in the way and then
consciously let go of the past to create a new present. This is especially true in
hierarchies where there are status differences. It requires defocusing and looking
at the larger picture where both are active participants.

12. Make room for gratitude in the moment and for the moment

Suspend unnecessary criticism of self and others by letting go of grudges, regrets,
and resentments through compassion, care, and connecting to the underlying love
of humanity. Instead, appreciate what the other has done and accomplished. Focus
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on what works instead of being consumed with what doesn’t. It requires us to
connect to the larger picture and put the current interaction in perspective. Going
to bed and waking up with a gratitude list is very helpful. Above all enjoy the
moment for it is truly a gift.

5 Conclusions

Unbeknownst to us our decision to marry and create a family was a crucible for
learning about living with diversity and designing inclusivity.

To live our life in harmony, we consciously practice using these learned tools
that are applicable when our differences make it hard for us to include the other.
For example, when we feel stressed in approaching someone who is different in
status and it is hard for us to communicate openly with them. We become aware of
this stress in our body. We connect with the breath, know it is based on fear of
authority from the past. We reach out to the other. It helps us to be aware of it, feel
it and know that it is not real in the moment. It has nothing to do with the person
we are approaching in the moment, but is a learned rule of engagement from the
past that is not serving us in the now. By spending some time in this felt sense
and reframing it as the sense of safety that, in reality it is, we are able to let go of
misperception and relax. So when we actually encounter this person we can be
more present in our communication and engagement and enjoy the experience.

However, do we always succeed in relating when our differences make an
alliance difficult and it is difficult to include the other collegially in our endeavor?
No, especially if we approach the situation based on long standing behavior
patterns and rules of engagement or unconscious beliefs that have not yet been
reexamined. However, we get better at their use every day and succeed 80% of the
time. That brings peace in our relationship and suffices until further stressful
encounters occur such that we are not able to handle our differences collegially.
Hopefully these tools will be all we will need in the last quarter of our life.

Our children are grown and are professionals in their own right, doing well. We
can see that they and the course of their lives have been instrumental in teaching
us the twelve techniques listed above. Likewise the families and cultures we grew
up in, have informed us with their openness to adapt and change in response to
challenges. Our students, and international colleagues, have each one taught us
something about how to adapt our rules of engagement to include them. We take
this moment to express our gratitude to all that have contributed to our learning of
how to be inclusive.

5.1 Open Invitation

We have shared our experiences living with diversity that have helped us to live and
love through learning how to relate with each other by being inclusive. We would
like, you the readers, to reflect on your own journey and examine interactions in
diverse settings. Have you used any of the techniques we have identified yourselves
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and have they been helpful? Are there some techniques that work for you effectively
that we have not included that facilitate your collaboration across differences?
Please let us know at manjulawaldron@gmail.com. We will acknowledge your
response and add to our list for future use.
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2 Computer Aided Mechanism Synthesis:
A Historical Perspective

Thomas R. Chase, Gary L. Kinzel, and Arthur G. Erdman

Abstract. The age of computer aided mechanism synthesis began in the late 1950’s,
as Freudenstein & Sandor published the first paper on the topic [14]]. Many excit-
ing developments occurred over the next 60 years, resulting in the development of
multiple intriguing mechanism synthesis packages at several leading research insti-
tutions.

This paper provides an historical overview of the developments in computer aided
planar linkage synthesis in the time window of 1955 to the present. The origins and
legacies of those packages are reviewed. Key contributions to the field by Waldron
and his associates are recognized.

1 Introduction

The design of many machine elements is accomplished by developing the input-
output equations and solving for the design parameters by inverse methods. When
linkages are involved, however, the solution space is usually so nonlinear that it
is difficult to develop viable solutions simply with inverse techniques. Therefore,
special approaches to linkage synthesis problems which incorporate the constraints
directly into the synthesis equations have been developed.

The majority of linkage synthesis problems can be classified in one of four cate-
gories: function generation, motion generation, path generation, and crank-rocker
synthesis [43]. Of these four types of problems, function generation and crank-
rocker synthesis can usually be approached using relatively simple special purpose
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programs or they can be recast as special case motion generation problems. There-
fore, the most difficult problems tend to be motion generation and path generation,
and this is where much of the effort in developing robust computer-aided design
(CAD) programs has been concentrated.

Since computers became available in universities in the late 1950’s, much time
and effort has been expended by engineers and computer scientists to develop design
software that will simplify the linkage design process. Most of the early work was
done by relatively young faculty members who had an intense interest in kinematics
and were intrigued by the new tool that computers offered. A few of these efforts
led to the development of software packages that were relatively widely used and
even commercialized.

This paper will provide a historical overview of the development of computer
aided mechanism synthesis programs. The scope is limited to planar linkages. Al-
though path generation will be mentioned because it is covered by some of the
software packages, the main emphasis in the paper will be on CAD approaches to
motion synthesis.

The methodology of synthesizing linkages using precision precisions is con-
trasted with optimization methods in Section[2l Problems that can arise during pre-
cision position synthesis are also introduced. Early linkage synthesis programs were
all developed at research institutions; they are reviewed in approximately chrono-
logical order in Section[3l More recent efforts are typically developed as extensions
to existing commercial CAD software; they are described in Sectiondl Some spec-
ulations on the future of computer aided linkage synthesis programs are offered in
SectionBl Conclusions are in Section[6l

2 Technical Approaches Used in CAD Software

Motion generation has been approached using two fundamentally different ap-
proaches. In the first, a large number of positions of the moving plane (coupler)
are specified, and the best linkage which moves the coupler through the positions
in an approximate sense is determined through a mathematical optimization process
(for example, see [23]]). In this approach, the coupler is unlikely to pass through any
of the positions exactly. This approach is based more on optimization concepts than
on kinematic concepts.

The second approach, which is emphasized in this paper, is based on precision
position synthesis. In this approach, the linkage is designed such that the coupler
passes through a modest number of prescribed positions exactly. This approach usu-
ally results in multiple solutions. Optimization may be used ultimately to select the
best linkage from the domain of possible linkages; however, optimization consti-
tutes a secondary process.

In the precision position synthesis approach to motion generation, 2-5 positions
of the coupler relative to the reference link can be specified. The two position prob-
lem yields three infinities of solutions. Even with five positions, multiple solutions
can result.
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The definitions of circuits and branches of linkages proposed in will be
adopted in this paper: A circuit is defined as all possible orientations of the links
which can be realized without disconnecting any of the joints. If a circuit contains
stationary configurations, a branch is defined as a continuous series of positions on
the circuit between two stationary configurations. Using these definitions, four-bar
linkages satisfying the Grashof criteria have two circuits while those that do not
have one. The single circuit of a non-Grashof four-bar linkage has two branches.
A crank-rocker or double-crank has two circuits, but since they do not contain sta-
tionary configurations, branching is irrelevant. The two circuits of a rocker-crank or
Grashof double-rocker both contain two branches.

Solutions generated using precision position based synthesis methods are not use-
ful if the precision positions fall on different circuits. They are often not useful if the
precision positions fall on different branches. In addition, solutions may be defec-
tive because they pass through the precision positions in the incorrect order [39]. In
some situations, the designer is interested only in solutions that have fully rotatable
driving cranks (for example, [16]]). Basic precision position synthesis methods leave
it to the user to determine whether a solution suffers from any of the possible kine-
matic defects. Some of the sophisticated synthesis packages described in Section 3]
are programmed to automatically sort out desirable solutions from defective ones.

In the majority of cases, even after eliminating solutions with circuit, branch,
order, or crank rotatability defects, the designer must still choose among multiple
solutions. She may do this by explicitly identifying additional constraints or by us-
ing objective or subjective techniques for selecting among the various choices.

One of the main features of CAD software is to help the designer choose the
most desirable solutions. The main objective of all software that is to be used by
technician level designers is to provide an environment that will allow the designer
to obtain a good or near optimum solution quickly without needing an in-depth
knowledge of theoretical kinematics. As will be discussed when individual software
packages are described, programs provide this assistance by graphical interfaces that
guide the designer through the process, by incorporating sophisticated mathematical
optimization routines, or by incorporating pattern matching and/or knowledge based
systems that narrow down a large number of solutions to a small number (perhaps
one) that the user can easily evaluate.

3 The Early Years of Software Development

Freudenstein and Sandor were the first to publish a paper which utilized a
“digital computexEl” to synthesize a linkage. Their program was set up to design four-
bar linkages for path generation with prescribed timing for five precision positions.
Their program was written for a specific computer, the IBM 650, but it likely would
have been adaptable to any similar machine which used the same programming
language.

I At the time of publication, analog computers were commonplace.
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Freudenstein and Sandor’s pioneering synthesis program was also the first to
attempt to identify the best of multiple synthesis solutions. Up to four dyad solutions
exist for the five-point synthesis problem. These can be combined to create up to
six four-bar linkage solutions, which can be extended to twelve by constructing
cognates of these linkagesg. Their program automatically selected the best solution
based on a quality index comprised of the ratio of the shortest link length to the
longest link length times the range of the driving crank rotation. The program also
performed a displacement analysis of the solution for evenly spaced increments of
the driving crank, establishing a precedent that would be followed by several later
programs.

Freudenstein and Sandor [13] provide several examples of how the synthesis
program presented in [14]] can be utilized to solve several related synthesis prob-
lems. Specifically, they demonstrated the synthesis of a four-bar function genera-
tor, a geared five-bar linkage, and a two-degree-of-freedom seven-bar linkage. They
also provided a more detailed theoretical derivation of the five precision position
solution. They suggested generalizing Burmester theory to the case of observing the
motion of one moving plane relative to another, thereby anticipating the formulation
of triad synthesis methods [4]].

Kaufman pioneered mechanism synthesis using interactive computer systems
[26]. His “KINSYN” program was the first to utilize an interactive input device,
a data tablet, and an output display, a dynamic cathode ray tube (CRT), to enable a
user to interact with the program while it was running (see Fig.[I). The early ver-
sions of the program described in utilized a custom hardware system, so it was
only operable at its development site (MIT). It featured an impressive list of synthe-
sis capabilities, including motion generation for two, three, four and five precision
positions. The program was capable of designing linkages with slider joints in addi-
tion to revolute joints. It was capable of analyzing tentative solutions to determine
their Grashof type, circuit, branch, order of traveling through the prescribed posi-
tions, transmission angle, and acceleration. It could animate solutions on the display
device, including multi-loop extensions to the basic four-bar solution.

A later version of KINSYN, “Micro-Kinsyn”, was re-designed to run on an Apple
Ile personal computer augmented with a custom input module [[18]. Unfortunately,
it did not prove feasible to keep the program current with the rapid pace of computer
hardware development at that time.

Erdman and associates developed another early interactive mechanism
synthesis package, the Linkage Interactive Computer Analysis and Graphically
Enhanced Synthesis Package (LINCAGESﬁ LINCAGES overcame the need for
specialized hardware by utilizing either a commercially available “storage tube”

2 Up to 18 solutions were created if the user chose to release the prescribed timing constraint.

3 The third author recalls that the LINCAGES project was initiated only because KINSYN
was not available outside of MIT in its early days, so the creation of LINCAGES was
necessary to expose University of Minnesota students to Kaufman’s groundbreaking inter-
active synthesis strategy.
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Fig. 1 The KINSYN III hardware. The human user was utilized as an integral part of the
synthesis procedure. The user observed the current state of the design on the CRT screen
and input directions for continuing the synthesis by way of a data tablet. As such, KINSYN
may have constituted the first interactive computer aided engineering program. (Published by
ASME, FIGURE 1 from [26], Journal of Engineering for Industry, Vol. 99 No. 2, by Rubel,
A.J., and Kaufman, R. E., 1977.)

graphics displayﬂ or a teletype for both input and output to a mainframe computer
operating in time sharing mode. While the teletype option was slow and had poor
resolution, it made the program accessible to venues where linkage synthesis tools
had been previously unavailable. The early LINCAGES program had the capability
to synthesize four-bar motion, path and function generators for three, four or five
precision positions, although the four point capability was developed more exten-
sively than the other options.

Both the centerpoint curves and circlepoint curves were displayed for four point
solutions, and the user could interactively select from either one. Solution dyads were
parameterized according to the rotation of one of the dyad vectors between the first
and second precision positions, 3, (for example, 3,4 in Fig.2). While not ideal by
way of intuitive understandinéﬁ, this parameterization enabled the user to explore
the entire domain of solutions associated with four point synthesis. This was done by
creating a table of tentative solutions where a range of 3, values for driving dyads was

4 Storage tube displays were popular from about 1977-1987. They were relatively affordable
interactive displays. Once a line or character was written to the screen, it would remain on
the screen until the entire screen was erased, usually a matter of a minute or more.

5 The matter is further complicated by the fact that each B, value has two different dyads
associated with it; for example, see [3].
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Fig. 2 Four bar motion generators are synthesized by combining two dyads, (W4 +Z4) and
(Wp +Zp). Bra represents the rotation of vector W4 from precision position 1 to precision
position 2. LINCAGES utilized the 3, value of a dyad to parameterize all solutions to the
four precision position synthesis problem.

represented in the rows and a range of 3, values for follower dyads was represented in
the columns (see Fig.[3). The minimum transmission angle at the precision positions,
if the solution was free of the branch or circuit defect, and the maximum link length
ratio was calculated for each combination of two dyads. The user could then identify
an attractive solution by selecting a solution from this table.

Filemon [13]] authored a seminal paper on identifying portions of Burmester
curves for four precision position synthesis which would produce linkages which
have kinematic defects. Specifically, she identified sections of the curves where the
precision positions could be reached in the correct order by continuously rotating
a selected crank link, and where the follower link would not change position from
above the ground link to below the ground link. The latter would lead to either a
circuit or branch defect in the solution.

Filemon did not develop a computer based synthesis program. However, her pi-
oneering work inspired Waldron and his associates to greatly extend and refine her
work to the point that it could be utilized for computer assisted linkage synthesis.
Waldron coined the term “solution rectification” to describe methods to eliminate
spurious solutions in an a priori manner. Ultimately, he developed techniques for
solution rectification for four-bar and slider-crank linkages for 2-5 precision posi-
tions. Rectification of the circuit and branch problem is addressed in 144 [43]).
Identifying linkages that traverse the prescribed positions in the correct order is ad-
dressed in [39] 40, 44 [45]]. Identifying linkages with a specified Grashof type is
addressed in [38] [42] 34]. Controlling the transmission angle at the design positions
is addressed in [33] 46].

The Rectified Synthesis, or RECSYN, program of Waldron and associates [6]
implemented their solution rectification methods in a powerful four-bar synthe-
sis program. While set up for synthesis for motion generation, path and function
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TABLE OF LINKAGE PARAMETERS
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5 9.8 2.3 16.9| 2.4 2.4 3.0
T 60. R-R| 15.4 | 14.8 | R-R| R-C | R-C
9.2| 2.2 16.8| 2.4| =2.4| 3.0
45, 17.7 | 37.1 | R-R| R-R| R-C| R-C
. 6.2| 2.7 | 26.2| 3.8| 3.8| 4.6
E 30, 35.0| RR| RR| R-R| R-R| 706
T 2.2| 4.1 39.2| 57| 5.6| 6.9
2 15. R-R| R-R| R-R | BRAN | BRAN | BRAN
2.3| 6.6| 62.8| 9.1 | 9,0 11.0

45. | ee.| 75.| 9. | tes. | 120
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Fig. 3 The “TABLE” function in LINCAGES enabled the user to quickly explore the entire
solution space for promising solutions. The solutions in the matrix correspond to selecting a
driving dyad with a 3, value shown in the left column and a follower dyad with a 3, value in
the bottom row. The top number in each matrix entry represents the minimum transmission
angle at the precision positions, if one exists. The lower number indicates the maximum link
length ratio of the solution. A top entry of “R—R” indicates that the solution has changed
branch between precision positions, while “BRAN” indicates that the solution has changed
circuit.

generators could also be synthesized by applying kinematic inversion. The original
RECSYN was designed for storage tube type interactive displays, and it exploited
an evanescent imaging option] to dynamically “rubber band” links corresponding
to each synthesis step to the interactive selection cursor.

RECSYN had a very well developed three point synthesis option, as Waldron
recognized the common need for three point solutions to practical problems. The
user was guided to select a circlepoint defining a follower dyad prior to a driving
dyad. Regions where placing a circlepoint would lead to a relative rotation between
the coupler and follower greater than 180° were automatically deleted, as this would
lead to solutions having a circuit or branch defect. Waldron created a method which
he called the modified Filemon constructiorl] to identify portions of the plane where
circlepoints for the driving dyad could be selected without causing the transmission
angle to change sign. Once a follower dyad was selected, the graphics display was
updated to present the results of this construction, and the user was guided to select
a driving dyad circlepoint in the remaining allowable regions. The Grashof type of
a grid of sample solutions was also displayed in the allowable region. A final useful
feature of the three point option was the display of the slider point circle. In addition

© The evanescent image was a dim dynamic image superimposed on the static background
written to the storage tube display.
7 The method was inspired by a similar construction applied to centerpoints by Filemon [13]).
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to its utility for designing slider-crank linkages, this circle also enabled identifying
portions of the circlepoint plane where link length ratios tended to be poor.

The four point solution was equally well developed (see Fig.d). The display for
selecting the follower circlepoint would remove portions of the circlepoint curve
where the relative rotation between the coupler and follower would exceed 180°.
Once a follower link was selected, Waldron’s modified Filemon construction was
applied to identify portions of the circlepoint curve where moving pivots for driv-
ing dyads could be selected without causing the transmission angle to change sign.
Finally, the circlepoint curve was subdivided so as to indicate the order of rotation
of the driving crank as it passed through the precision positionﬁ. RECSYN also
included a five point option, but performing a comprehensive check of the small
number of five point solutions proved more efficient than attempting to adapt solu-
tion rectification to this problem.

RECSYN was later extended to include several additional useful features [31]].
Two position synthesis was added, where Waldron’s modified Filemon construc-
tion was performed to help select a driving circlepoint. The program was modified
to handle solutions for parallel precision positions where possible. A unique en-
hancement consisted of augmenting the modified Filemon construction to include
a “starburst” of lines through the selected circlepoint that indicated the highest de-
viation angle reached at all the precision positions. Other enhancements included
the addition of optimization techniques to choose the best linkage for 2, 3, and 4
position synthesis based on the link length ratio and transmission angle [T} 28] 33]].
The optimization approach was later extended to allow the two middle positions in
a four-position problem to vary within a given tolerance range to extend the range
of the design parameters in the optimization process [36]].

The MECSYN program was developed in the same time frame as KIN-
SYN and LINCAGES. MECSYN is notable for two reasons. It constituted the first
program to be capable of designing multi-loop mechanisms. The program had the
ability to kinematically invert] basic dyads, which enabled it to synthesize Stephen-
son six-bar linkages and other mechanisms more complex than simple four-bar link-
ages . Second, it was the first program capable of synthesizing linkages for
multiply separated position. Four or five multiply separated position problems
could be solved.

The SOFBAL program [32] originated with the same group that developed MEC-
SYN. SOFBAL constituted a blend between Burmester theory based synthesis
methods and synthesis by optimization. Burmester theory was used to generate cir-
clepoint and centerpoint curves for four positions. However, the user did not di-
rectly select solution linkages from the Burmester curves. Rather, the curves were

8 Features varied between versions. The version illustrated in Fig. @ does not appear to im-
plement this feature.

9 Kinematic inversion refers to the ability to change the link which is assumed to be attached
to ground.

10 MECSYN is cited as being a work in progress in the conclusion of this paper.

' Multiply separated positions enable specifying velocity and other higher derivatives at
specified precision positions.
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Fig. 4 A screen shot from the RECSYN program for synthesizing a motion generator for
four precision positions. Both the centerpoint and circlepoint curves are shown. The user can
select points from either curve. The small coordinate systems represent the four precision
position definitions. The crosshatched areas represent regions that are forbidden for selecting
circlepoints for the driving dyad, determined by Waldron’s modified Filemon construction.
They were added to the display following selection of a driven link. Point “B”, labeled on
the circlepoint curve, represents Ball’s point, corresponding to a driving slider. Users were
advised to avoid selecting circlepoints near, but not on, this point because they would tend
to produce solutions with poor link length ratio, as slider solutions correspond to drivers of
infinite length. As the user selected enough points to complete a linkage, its Grashof type
was indicated by lighting up the appropriate box at the bottom of the screen. After the so-
lution linkage was specified, RECSYN animated the linkage throughout its feasible range.
The minimum and maximum values for the transmission angle and link lengths were also
summarized. (From [27].)

parameterized and a grid of solutions mapping the entire possible solution space
was constructed in a manner similar to the “TABLE” command in LINCAGES (see
Fig.[3). A quality score was then assigned to each solution in the grid by applying a
user-controlled objective function. The user then interactively refined the search by
manually zooming in on promising portions of the grid. SOFBAL shared the mul-
tiply separated position capability of MECSYN. Unfortunately, neither MECSYN
nor SOFBAL ever became widely available.
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The SIXGUN program [2], authored by the group which created LINCAGES,
was designed specifically for synthesizing multi-loop mechanismg'3. The compu-
tational engine of the program could generate Burmester curves for four precision
positions for either dyads or triads. Relative precision positions, described in [4],
were used to implement kinematic inversion for synthesizing triads. The program
would establish the topology of the mechanism being designed by reading files that
were external to the program. As a result, any mechanism that could be modeled
with free vectors, dyads or triads could be designed, including all the Watt and
Stephenson six-bar linkages [10]. SIXGUN was never released in its most general
form, since a non-expert user could potentially define a nonsensical combination of
synthesis components. The LINCAGES-6 package [24]] addressed that problem by
modifying the original program so that it was limited to synthesizing a catalog of
pre-defined six-bar linkage topologies.

+'UNIVERSAL PLANAR LINKAGE SYNTHESIS POINT 1, COUPLER 1-3-
HENSON I, MOVING PIVOT SPEC, OUTPUT LINK X Y ANGLE |
i . -2.52 9.539 60.63
. -2.73 7.974 46.19
“LINKAGE AT DESIGN POSITION(S) 2 -3.02 5.99¢ 32.62
-3.41 0.000 9.00
3 4
4 1
4 6
. 4 3
10.0—|
i 5, 2
4 1-4: DESIGN POSITION
5.0 : AXES @ QUIT
M F: FONT R: REPAINT
4 W: WINDOW
i ] X ¥
F1 -2.528 9.539
B 2 -.014 .029
0.0 3 -4.541 5.984
h 4 -7.070 1.442
5 -6.825 .008
T [ -6.825 .008
o ? -5.177 .010
| 8 -3.0867 4.022
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-15.00 -10.00 -5.00 09.00 5.00

Fig. 5 A screen shot from the SIXGUN program. The program was set up to synthesize
a Stephenson I six-bar linkage in this example. The generic topology of the linkage being
designed was illustrated in the figure in the right column. This topology was defined by a file
separate from the program itself. The numbering of the pivots indicates the order in which
they were selected. In this example, the position of point 1, the angle of link 1-3-4, and the
angle of link 5-6-7 were defined by precision positions input from the user. The user was then
guided to select either pivot 2 or 3 from a set of Burmester curves. A free vector was then
used to set the position of pivot 4 relative to pivot 1 at the first precision position. The user
could then select either pivot 5 or 6 from a new set of Burmester curves generated using the
placement of pivot 4. A final set of Burmester curves was generated for selecting pivots 7
and 8 by internally computing a set of relative precision positions from the earlier input and
selections. Note that the solution shown utilizes a slider point; i.e., pivot 5 is at infinity.

12 STXGUN began as an attempt to codify the methods for synthesizing all six-bar mecha-
nisms defined in [12], but it quickly transformed into a more generic synthesis tool.
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One problem associated with designing multi-loop linkages using precision
positions is that solution mechanisms are more likely to suffer circuit or branch
defects than simple four-bar linkages. Mirth and Chase extended Waldron’s solu-
tion rectification methods to rectify the circuit problem in Watt [20] and Stephen-
son [21]] linkages. Watt circuit rectification was implemented in a late version of
LINCAGES-6 [24]]. Unfortunately, LINCAGES-6 was never migrated to computers
running the WINDOWS operating system.

4 The Evolution of CAD Software for Linkage Design

The early linkage synthesis programs were typically written in FORTRAN. As the
migration from minicomputers to personal computers occurred, FORTRAN became
less and less used compared to C and C++-. The early programs had to be rewritten
to survive. During this transition, LINCAGES was maintained and enhanced, but
RECSYN was not. While simplified aspects of RECSYN were reprogrammed in
MATLAB for two and three positions [43]], the original version of RECSYN was
not reprogrammed to run on mouse driven, Windows-based platforms, and therefore
the program ceased to be used.

As the personal computer became commonplace, the price of both computers
and software tended to decrease significantly. In addition, both the graphics capabil-
ities and the speed of computers increased dramatically. At the same time, equation
solvers and constraint managers became more robust. This permitted the develop-
ment of very sophisticated solid modeling software based on parametric design [29].

Two approaches to the development of linkage synthesis software evolved based
on the increased computing and graphics capabilities available. The first utilized
these capabilities directly to improve the user interface and to use search engines
and knowledge bases to guide the user toward good solutions to complex design
situations. Two programs which used this approach are LINCAGES and WATT [8].
LINCAGES in particular maintained the solid theoretical base discussed previously
beneath a graphical user interface that guided even novice designers to good solu-
tions to complex problems.

WATT was a suite of programs developed by Heron Technologies in the Nether-
lands. Not much has been published on the technical details for the WATT Suite;
however, it appeared to have had a parameter reduction routine to limit the number
of design parameters which must be considered. It then appeared to create a large
number of trial solutions based on the most important design parameters and per-
form an efficient pattern-matching search of the data base to come up with viable
solutions. These solutions then appeared to be refined using a genetic optimization
algorithm, and a list of the best solutions were presented to the user. The user could
quickly sift through the solutions by analyzing each for the full cycle of interest.
The program was applicable to both path and motion synthesis, and the user could
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select from eight possible mechanism{13. The user interface was carefully designed
to present the most important results on a single screen.

The WATT program was well suited to industry and was upgraded to run on Win-
dows XP. Unfortunately, development seemed to have stopped around 2005 and the
program was unavailable by 2012. Heron Technologies has removed the information
for the program suite from the company web page.

During the last 10 years, solid-modeling programs such as ProEngineer, Solid-
Edge, and SolidWorks have incorporated kinematic analysis capabilities which pro-
vide the designer with visually realistic linkage animations along with analytical
results for velocity, acceleration, forces, mechanical advantage, and interference.
The analyses can be conducted quickly, making trial and error iterations possible
for relatively simple problems. In addition, the very nature of the parametric design
programs gives the designer access to the constraint manager. Constraints like per-
pendicularity, parallelism, concentricity, coincidence, etc., are integral to the func-
tion of solid modeling programs. Because these are also some of the same geometric
operations required for kinematic synthesis, solid modeling programs provide a nat-
ural environment for direct kinematic synthesis.

The SyMech Design Modules [[7, [47] utilize the ProEngineer platform for the
synthesis of four-bar and multi-bar mechanisms. SyMech operates within the Pro-
Engineer environment, so the designer must already be using ProEngineer. The
program uses the equations from basic kinematic theory for four-bar linkages to-
gether with mathematical optimization and an interactive graphical user interface
to guide the designer toward optimum solutions. The results are displayed and an-
alyzed by ProEngineer directly. The four-bar module (SyMech-4) incorporates the
basic equations (templates) for synthesis for motion generation, path generation,
crank-rocker design, and function generation. The special cases for straight-line
mechanisms and parallel motion mechanisms are also included. The user can check
for circuit, branch, order, and interference defects by animating the solution within
the ProEngineer environment, and she can adjust the design parameters to attempt
to correct for these defects.

The multi-link version of the program is called SyMech-n. Technical details on
the kinematic theory for the program do not seem to have been published. However,
the program appears to be suited to problems which can be solved by a series of
four-bar linkages which can be connected using function generation. Again, once a
basic type of linkage is identified, it can be optimized by the user by analyzing and
animating the linkage in the ProEngineer environment.

Because solid modeling programs already incorporate the graphic constructions
required for kinematic synthesis as preprogrammed constraints, a novel approach
to synthesis has been proposed by Kinzel, Schmiedeler, and Pennock [17]. This
approach does not require a separate program for kinematic synthesis because all
of the operations are accomplished within the parametric design program. The
kinematic constructions are set up for a generic problem in the parametric design

13 The available mechanisms were the four-bar, slider-crank, geared five-bar, Watt 1 six-
bar, Watt 2 six-bar, Stephenson 1 six-bar, Stephenson 3 six-bar, and eight-bar for parallel
motion.
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environment. Design parameters are adjusted to produce a solution in real time by
using either the drag function on the graphics display or by typing in numerical
values to force the design to conform to predefined specifications. In essence, the
designer produces a “program” in the graphics environment to solve an entire class
of problems simply by changing the parametric variables directly. The construction
constraints are maintained by the program’s constraint manager. This approach is
called “graphical constraint programming” or GCP. This procedure can be used di-
rectly for crank-rocker design, function generation and motion generation. Even the
5-position problem in motion generation can be solved using this procedure. The
procedure also works for path generation if the solid modeling program can store
the coordinates of points along the path to be followed. Mirth [19] applied the GCP
approach to the synthesis of six-bar linkages.

5 A Possible Future for CAD Programs for Linkage Synthesis

Linkages permeate the design environment, but the number of individuals who solve
problems complex enough to require programs like KINSYN, LINCAGES, REC-
SYN, SyMech, and WATT is relatively small. The number is further reduced by
the fact that modern solid modeling programs are so easy to use that even moder-
ately complex problems can be solved iteratively in the graphics environment. The
number of tractable design problems is further expanded by GCP, which does not
require an extensive knowledge of kinematic theory or programming. Therefore,
it is unlikely that any future company can survive if that company’s only revenue
stream is based on the sales of kinematic synthesis software. On the other hand, it
is possible to develop and maintain sophisticated kinematic design programs within
universities or in businesses which use the programs as a tool for product design or
consulting. Such programs can be sold for supplementary revenue, which can justify
making them available outside the home institution. Therefore, hopefully programs
like LINCAGES and SyMech will survive well into the future.

In addition, it is recommended that solid modeling vendors include simple syn-
thesis modules as part of their basic environment in much the same way that they
provide analysis modules now. They should also promote using the basic environ-
ment for sophisticated designs using GCP. While a learning curve is associated with
the process, it is well within the capabilities of technical school graduates or expe-
rienced designers.

6 Conclusions

The market for kinematic software is too small to expect a large number of linkage
synthesis packages to be available in the future. Nevertheless, the impact of the com-
puter assisted linkage synthesis programs that have been developed should not be
underestimated. KINSYN may have constituted the first truly interactive computer
aided engineering system, leveraging both the distinct computational capabilities
of the machine and the intuitive capabilities of the human in the loop. LINCAGES
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and RECSYN extended that strategy. These groundbreaking programs may have
inspired later interactive computer aided engineering applications.

The time savings of utilizing interactive linkage synthesis tools is dramatic. An
optimal solution might be found in the course of an hour rather than days or even
weeks. In some cases, the computer based tools were equally useful for bringing to
light quickly that no practical solutions were available using a certain set of preci-
sion positions. Previously, the designer may have invested a great amount of effort
to reach the same conclusion. The interactive programs can also indicate that the
problem might be correctable by relaxing a constraint on the original positions.

As graphical user interfaces have improved, the scope of problems that can be
solved quickly in the computer aided drafting environment has increased. There-
fore, the need for standalone kinematic synthesis programs has decreased. How-
ever, a class of problems is always likely to exist that is sufficiently complex that
they cannot be solved easily by manual iterative methods alone, even by experienced
designers. Therefore, the development of special kinematic synthesis programs, es-
pecially in universities and research departments, continues to be justified.
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3 An Excellent Adventure

Vincent J. Vohnout

1 Introduction

This paper concerns aspects of the conception, design, building and testing of the
Adaptive Suspension Vehicle (ASV) for which Ken Waldron was a Principal
Investigator. The ASV was a hexapod vehicle of 7500 1b gross weight that was
completely self-contained in terms of motive power and motion control. I (the
author) was involved in the project, in turns, as Ken’s graduate student, a
university research associate, the chief mechanical engineer on the ASV, and an
engineering contractor. This project was conducted at The Ohio State University
from 1982 to about 1990 and funded, in the most part, by the Defense Advanced
Research Projects Administration (DARPA). It is not my intention to provide
much technical detail about the ASV; the interested reader is referred to the
publications listed in the reference section of this paper and /or to Ken’s own
extensive bibliography on the topic. What I intend is to recount my experience
with Ken Waldron as a director of the greatest engineering adventure of my
career. Also, I will not be too rigorous as to exact dates or to the
acknowledgement of the many who made contributions to the project. Space in
this paper and my memory will not permit it. What is hoped for is to describe how
such a complex system as the ASV could successfully be developed at a university
principally by a group of graduate students and freshly minted engineers. Since
this paper is ostensibly a technical document, I can (must) provide the answer here
in the introduction. It was the team structure of the program that made the ASV
one of the most successful hardware projects that our DARPA contract manager
had known.

Teams, in any arena, are strongly influenced by their leaders/coaches, and the
ASV team was no exception. Ken and Dr. Robert McGee from the Department of
Electrical Engineering were the co-Principal Investigators (PI’s) and thus had full
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Fig. 1 Author driving the
ASV during advanced field
trials at the OSU agriculture
fields, 1987. The posture
shown is the first part of a
large obstacle negotiation
maneuver call the “Praying
Mantis”. In this stage the
ASYV balances and rears back
on the rear four legs in order
to place the front feet on top
of an obstacle that is taller
than the normal foot lift of
the front legs.

executive power over the project. Rather than being dictators, though, they took
the coach’s approach. (Also, they worked well together as co-PI’s.) This I believe
was a fundamental enabling factor in the success of the ASV.

2 The Adventure Begins

In 1980 I applied to and was accepted into the Masters graduate program in the
Mechanical Engineering Department of The Ohio State University. During my
entrance interview with the then department chairman, I turned down a teaching
assistant position (I don’t like children much) but thankfully accepted a research
assistant position. At the end of the interview the chairman provided a list of
research projects in the department that were in the market for new research
assistants. I started that afternoon working my way down the list in order to find a
project for which I might be a good fit and have some genuine interest. I had
interviewed with a few projects that included one on gear rattle, one on coal
combustion and a very short meeting with E.O. Doebelin who told me as I stood
in his office doorway, “I don’t do research, I write textbooks. I don’t know why
they keep putting me on those lists” (or something like that). Ken’s name was next
on the list. I found his office after some wandering in the old Robinson Lab
building. Ken was in and was willing to talk with me about his current need of a
grad assistant. He explained how the program involved the development of
walking machines. My response was ... whatever is a walking machine?? He gave
me a brief background on the current state of ambulating machines that used leg-
like mechanisms in place of wheels or track loops as the locomotion elements. I
was definitely interested in such a far-out program as I have always gravitated to
the unconventional. He also made it explicit that this was a hardware-based
program, not just a paper study. I in turn, described my major undergraduate
course of study in Machine Design and my earlier experience as a Journeyman
Tool and Die Maker. I stated that I would be very comfortable in a hardware-
based research project, especially one as unconventional as involving machines
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with legs. Ken offered me the assistantship, and I accepted immediately. Leaving
Ken’s office, I deposited the unfinished list of my interviews in the first
wastebasket I saw in the hallway.

After the short time to allow new assistants to settle into first quarter classes,
Ken began the weekly (more or less) program meetings. These were small
gatherings at this time since this was the pre-ASV period. Work was focused on
laboratory-scale machines intended to demonstrate to our sponsors (current and
potential) that we knew what we were doing and had the True Vision. Ken had an
open approach in these early program meetings that I appreciated a great deal. 1
had quite enough strict autocratic direction during my Tool and Die
apprenticeship. I recognized that some of his students were uncomfortable with his
lack of specific, line-item direction for their research, but it is my opinion that
Ken’s approach promoted creative, independent thinking that generated the kind
of results that such programs require (and is also a true goal of graduate-level
education).

When I joined Ken’s group, the OSU Hexapod was still the only walking
machine at OSU and chiefly the toy of the electrical-controls guys. The OSU
Hexapod had been, until then, a laboratory machine developed by Robert McGee
as a test bed for digital control of multi-legged machines. It was quite successful
for its time, and the resulting publications generated significant interest in the then
new Digital Control community. However, non-academic onlookers (in the
potential sponsor community) were critical of the very poor energy efficiency of
the OSU Hexapod. They reasoned that such machines could never cut their power
and data cables and leave the lab since they would never be structurally able to
carry their own computers and power supplies. This was the conclusion of a
simplistic linear extrapolation by the onlookers, but represented a real issue to be
addressed if funding was to be secured from the deep pockets of DARPA. I
believe it was this issue that led the electrical-controls guys to decide to talk with
someone in Mechanical Engineering, but I am not certain since I was not there yet.
More importantly, it turned out to be Ken they contacted, and as a consequence,
the legged locomotion energy efficiency issue became the topic of my Master’s
work with Ken. As the prime directive for my thesis work, Ken was brief and
clear. I needed to generate a leg design and actuation method of comparable scale
to the OSU Hexapod that would be, as a minimum, an order of magnitude more
efficient in a justifiably equivalent comparison. Hence, the title of the thesis was
“Mechanical design of an energy efficient robotic leg for use on a multi-legged
walking vehicle” [5]. Luckily, the program team included others working on other
aspects of the ambulating machine problem which, with Ken’s fairly open
management style, provided for a synergistic atmosphere, and new ideas could be
easily presented (excepting violations of the 2™ Law of Thermodynamics ).

I recall the early program meetings with Ken concerned discussions on the
optimum kinematics for an efficient walking machine leg. Nearly all experimental
machines up to then used an insect-like design where the main foot motion was
generated by a rotation about a vertical hip axis. Consequently, the plane of a leg
was generally perpendicular to the machine plane of symmetry and principle
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Fig. 2 The OSU Hexapod during laboratory testing of obstacle traversing. This 18 DOF
machine weighed 220 lbs (100Kg) and was one of the first walking machines that could
operate under full digital control. Not shown is the large power and control cables attached
at the rear of the machine. (~1975)

direction of motion. Such leg kinematics generated large moments, as a function
of machine weight, on the hip actuators and required continuous coordination of
hip and knee rotations in order to keep the foot path straight (relative to the body)
and the body height constant. For the PDP 1170 that was used (which was state of
the art at the time), this represented a rather strenuous computational load. Ken
suggested a more mammalian inspired leg design that would have its principle
structural and motion plane parallel to the machine plane of symmetry and
principle direction of motion. We termed this a planar-type leg. The advantages
and disadvantages of a planar leg design were the subject of many meetings, with
different mechanisms being presented for consideration. I have always been a
proponent of simplicity, especially in machine design. As a consequence, I
gravitated toward a simple four-bar leg mechanism solution. I no longer remember
if I, Ken or someone else originally suggested a four—bar, but I recognized the
advantages that included the potential elimination of two control DOF required by
the Hexapod (abduction-adduction and body height) for straight motion.
Additionally, a properly designed four-bar leg could recycle some of the main
actuator energy during a stride [5]. After a lot of iteration and consultations with
Ken, I found a four-bar solution with a coupler point curve that was straight over
the hexapod stride length and remained so for a significant range of driven link
lengths (foot heights). I presented my design at a program meeting and defended
it. Ken did not give an easy pass to program elements that he considered
important. It was not a good sign if he didn’t have at least an opinion about your
idea.
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With the leg kinematics defined, there was still a high-level program decision
to be made before commencing with the mechanical design phase. Specifically,
was a complete six-legged machine required or could we get away with some
smaller number of legs in some appropriate stabilizing apparatus? With my
graduation timeline in mind and the amount of work I would be required to do, I
proposed that a single leg was sufficient to establish the energy requirements of a
machine having six such. Ken agreed with my argument, perhaps in part because
it would cost only a fraction of an OSU-hexapod-size six-legged machine. The
subsequent single-leg test bed was named the Monopod.

I designed the four-bar leg, employed a disk-type servo motor and a custom
high efficiency 10:1 gearbox for the main drive, and custom designed ball screw
actuators for the abduction-adduction and leg lift actuators, all of which provided
big energy savings over the serial wound ac drill motors used on the Hexapod.
The complete leg mechanism was mounted in the inner frame of a three-wheel
cart. The inner frame had a guided vertical DOF that allowed the leg to rise in
order to assume the body weight load of the virtual complete machine. A joystick
was used to drive the monopod around the lab while collecting power and velocity
data - sometimes just for fun. The Monopod cart provided a means to generate the
required data, eliminating the need for an expensive stationary treadmill-type test
stand. Also, lab space was easier to obtain if you promised not to bolt anything to
the floor. After fixing the various and inevitable glitches, the energy efficiency
tests were conducted and the data reduced in various ways in view of establishing
a valid comparison. For the final assessment, I employed a dimensionless metric
termed Specific Resistance (to motion) published by Gabrelli and Von Karmen in
the 1950’s for comparing all manner of locomotion systems including animals [1].
The metric was beautifully simple, consisting of the power consumed divided by
the speed and the weight in motion. Using this metric it was shown that a virtual
Hexapod-size walking machine employing the Monopod-style four-bar leg would
be 25 times more efficient than the OSU Hexapod. Results from my thesis were
included in a report and new program proposal to DARPA. When Ken returned
from Washington, I was informed that DARPA had agreed to fund a follow-on
program. I thought this was great and that I would be involved as a postgrad
research associate in making the virtual machine used in my thesis the new
generation laboratory walking machine to replace the old OSU Hexapod. I
correctly predicted most of the goals of the new program except the laboratory
part. DARPA did not want an incremental approach to legged vehicle technology;
they insisted on advancing directly to a vehicle that would operate in real field
conditions under fully autonomous control and energy means. Basically we were
thrown into the deep end of the pool to learn to swim as designers of “useful”
legged vehicles.
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Fig. 3 Mechanical assembly drawing of the OSU Monopod

3 Diving into the Deep End

Ken’s organization and executive skills were now to be tested at a higher level
since our DARPA program manager informed us that if we failed, it would not be
due to lack of funding. While my counterparts on the electronics/controls side of
the team and I took up positions as full-time research associates in the new
program, Ken was backfilling with new graduate students. Program meetings in
the rather small conference room in the old Mechanical Engineering offices were
getting crowded. A first order of business for the team was to thoroughly
understand the program goals as DARPA envisioned them and renegotiate those
that were not considered realistic even under very optimistic views. I recall that
Ken listened to the views and opinions of everyone at the meetings, adding his
own technical views of what could be accomplished and perhaps more
importantly, what absolutely needed to be accomplished in order to convince
DARPA to continue the funding. The final project goals that DARPA agreed upon
were translated into design parameters for a “useful” legged vehicle. DARPA’s
definition of useful was a machine that could provide close logistic support to
ground troops in the field without requiring the use of roads. In addition to being
completely self-contained in terms of power supply and control, while operating in
a field environment that included 50% slopes, loose soils, mud and forest, the
machine had to be capable of carrying a 500 1b payload. Ultimately DARPA
desired autonomous control under an artificial intelligence operating system.
However, GPS was still in early development, artificial intelligence programming
was still far from competent and the IBM 386 computer board was still a few
years away. As a consequence, DARPA agreed to the use of Simulated Artificial
Intelligence, i.e. there would be a driver. Today allowing for a driver in place of
autonomous control may not be seen as a simplifying compromise but a
complication due to the driver support required. Current drone aircraft
development as replacement of piloted aircraft is a useful example of how an on-
board driver/pilot complicates the design of the aircraft, thus increasing cost
while, in certain circumstances, reducing performance.
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Soon after the start of the “big machine” program, Ken’s team meetings were
largely concerned with discussions of leg kinematics. Due, at least in part, to the
success of the Monopod, four-bar mechanisms were the preferred design. Many
variations that approached the working volume of the foot needed to attain the
mobility requirements were considered. None fully exhibited the characteristics of
what was thought to be a workable design. As a new direction, a planar
pantograph mechanism was suggested as an alternative to the four-bar. The more
we investigated the pantograph, the better it looked. After my own study of the
pantograph as a basis for the leg design, I was fully convinced of its superiority
over the four-bar variations we had investigated. I presented my rational at the
meetings. Among these reasons were that the foot working volume was a direct
amplification of the path of the input points; therefore, orthogonal rectilinear
inputs produced amplified rectilinear foot paths. Two of the three motions, foot lift
and thrust, were completely decoupled, simplifying control tasks for the
(ridiculously slow by today’s standards) IBM 286 computers that were the best
available to us at the time. Compactness of the pantograph mechanism was
another advantage. A major disadvantage was the heavily loaded linear rectilinear
joints required at the input points. Design of this type of joint is significantly more
complex than the revolute joints of a four-bar mechanism. Ultimately, a consensus
formed for the use of the pantograph leg, and further investigation into four-bar
solutions was terminated.

The next major design decision addressed by the program team was leg
actuator methods. By this time we knew that the machine needed to be much
larger than the scale of the lab machines simply based on the terrain and obstacle
negotiation requirements, the energy autonomy and the driver and payload
requirements. Ken allowed that no concept was rejected out of hand, but the
estimated leg power requirements made the use of hydraulics an almost obvious
choice. With the leg kinematics and actuators decided, the program team started
on the hardware design of a prototype full-size leg (PTleg) to be built and lab
tested. The Prototype Leg was also often referred to as the Breadboard Leg, but
the term was always misleading in my opinion.

The size of the prototype leg precluded a Monopod-style cart system, so we
needed a lab space in which we could actually bolt a test stand to the floor. Nearly
every square inch of space in the old Robinson lab building, that housed the
Mechanical Engineering department, was spoken for. However, I found a storage
room filled with odds and ends of metal stock and other stuff that had apparently
not been needed or touched for years. I took Ken and others of the team to see it. It
was just barely large enough to house the planned leg prototype test system, but it
could work if Ken could wrestle it away from the faculty or staff who currently
owned the rights to it. He did, and for the next year or so, it was the main home of
Ken’s part of the “big walking machine” program. It was about this time that the
term Adaptive Suspension Vehicle (ASV) became the official designation for the
machine and program; most people involved, however, referred to it simply as
“the Walker.”

After many months of intense activity by other team members and me, the
prototype leg and its test stand were assembled. The hydraulic drive system was
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Fig. 4 Ken in the Prototype Leg lab
giving a “Dog and Pony” to some
group. He did a lot of them over
the course of the program. (The
number balloons are for some
forgotten publication and were not
really there.)

the main responsibility of grad students on the team as its design and control were
the subjects of their individual theses. I was involved in the hardware integration
of the drive system with the prototype leg. Testing of the completed PTleg
involved initially simple unloaded foot motion path control. Loaded motion tests
were accomplished by having the leg push against the test stand structure in a
quasi-isometric exercise method. The thrust loads of walking were simulated by
driving the foot along the test stand base platform under the appropriate vertical
loading. Different shoes having various coefficients of friction were envisioned as
the solution for attaining the required thrust loads, but a hardwood block shoe was
the only one I recall being required. Once serious testing of the prototype leg
system commenced, the choice of a remote location away from classrooms and
offices was recognized as fortuitous. Operating at design walking speeds and
loads, the test system generated great thumps at each footfall against the test frame
base platform that could be heard well down the hallway from the lab. Had the lab
been located on the second floor, as had been initially suggested and where most
classrooms were, we would have had a lynch mob on our hands in no time.

The prototype leg proved to be a valuable learning exercise (as prototypes
should be) for avoiding major pitfalls in the ASV design. Primarily we learned
that the we had 1) basically a good kinematic and structural leg design, 2) a good
solution to the heavily loaded rectilinear input joints, 3) to find an alternative to
direct valve control of the hydraulic actuators due to poor efficiency, and 4) an
ineffective ankle design in the form of a passive-spring centered DOF that needed
to change. All these results and many others less primary were presented and
discussed in Ken’s program meetings so that even those team members engaged in
other allied but indirect research efforts were kept involved. This was helpful to
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the cohesion of the team and promoted cross-disciplinary cooperation among team
members without direct requests from Ken.

4 The Big Splash

DARPA apparently liked the results of the prototype leg phase enough to continue
support. I know this since I continued to be paid as a research associate. I was not
involved in the funding end - Ken and Robert McGee handled that. I concentrated
on program technical advancements that they could sell to the sponsors. They had
done a great job in that respect, and the team had the resources to tackle the design
and construction of the field-operational machine.

The Prototype leg control system was largely developed and implemented by
Mechanical Engineering team members, but the scope of the ASV control problem
with 18 active DOF’s and custom digital signal processing required more active
participation of the Electronic and Controls group headed by Robert McGee. Two
fellow Master’s students, Denis Pugh and Eric Ribble, completed their Master’s
degrees on various control and computational improvements to the OSU Hexapod
and also, like me, became postgrad research associates on the ASV program.
Denis was into advanced state-space controls, and Eric designed and built
specialized digital signal processors. We all held similar positions in the ASV
program, and we worked well together, perhaps because none of our areas of
expertise overlapped. Years later at some meeting concerning the ASV, Ken
referred to himself and Robert McGee as the “Instigators” and Denis, Eric and
myself as the “Perpetrators”.

The ASV team had become significantly more technically diverse and larger.
The potential for contentious meetings and turf wars are always a danger to large
program teams with members of diverse backgrounds, but Ken’s approach
apparently dissipated or resolved such issues before they could become truly
disruptive. Robert McGee had very similar talents in the team-building area. In the
many years of the program, I recall only one turf conflict, and it was due to
overlapping areas and responsibilities. Ken rectified the dispute in one short
meeting.

The ASV mechanical design work had become much more than I and a
graduate student or two could handle and meet the timeline that DARPA wanted.
With the requirement for more manpower, Ken allowed me to hire select
undergraduate students to work as draftsmen and technicians. We politely
informed the other graduate students cohabitating my office but not involved with
the ASV program that they would need to find another place to work. Drafting
tables (this was before affordable desktop CAD) were moved in, and a series of 3
to 4 student drafters rotated in and out, working between classes. Ken never tried
to micro-manage my student worker group so that I had mostly full control. I was
able to keep the workers and let go of those that just wanted a place to rest
between classes. With a staff of drafters, the detail design work advanced at a
good pace to the point that some leg and frame components could be sent for
fabrication even as hydraulic system design was still in the configuration stage.
From the Prototype leg testing we knew that conventional valve control was a
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non-starter. Fortunately, a new postdoc, A. Pery, who had considerable hydraulic
system design experience, joined the ASV team. He suggested a two-stage
hydraulic-hydrostatic system that circumvented the large throttling losses (and
waste heat gain) inherent in valve control of the large actuator flow rates required
at full walking speeds. I saw the proposed hybrid system as the best of the actuator
concepts yet considered. Arie and I made our case to Ken and the team and won
approval for the unconventional drive system.

MAIN ACTUATORS
LATERAL ACTUATOR E— 3
| LIFT ACTUATORS
y
_J]
SWASHPLATE CONTROL
S~ _ACTUATORS

Fig. 5 Schematic of the ASV hybrid hydraulic drive for a single leg. There were six of these
systems, one inside each leg. See reference [2] for a complete description.

After the aluminum ASV frame was fabricated in the main lab of the Welding
Engineering building across the street, it was moved (with difficulty) into the
largest laboratory room in Robinson lab for load-deflection tests. It could never fit
in the prototype leg lab. Clearly a larger facility was needed for the construction
and indoor testing of the ASV. We were totally unsuccessful in obtaining any
suitable lab space on the main campus. However, I found an empty prefabricated
building belonging to some OSU staff support office (maybe computer systems)
one to two miles away on the west campus. I acquired access to the building and
took Ken out to see it. The building had 3600 sq.ft. of high bay lab space with
plenty of electric power and 1200 sq.ft. of finished office space. It wasn’t much to
look at, but it suited the ASV program perfectly. After walking though the building,
Ken asked how much of it did I think we would need. I replied, “All of it.” 1 recall
that it was a tussle with the administration, but between Ken and Robert McGee
and whomever else they recruited, the building was assigned to the ASV program
for the duration. The building, which became known as the Walker Lab, was the
new home to the ASV mechanical design group of student drafters, technicians and
myself. The detail design task of creating the fully toleranced working drawings
was accomplished almost entirely by undergraduate students working in a big
central drafting room in the Walker Lab. At the height of the program there were
about 15 students working. They generated nearly a thousand manually drafted
drawings, explicitly defining every custom part required for the ASV.
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Fig. 6 Assembly drawing of the ASV with leg working volumes shown. Dimensions are in
inches and degrees.

Ken kept well abreast of the program from the weekly meeting briefings and
regular visits to the Walker Lab. As the detail design work was winding down, the
fabrication and assembly work was ramping up. Most of the machine parts were
sent to machine shops in the region, but the aluminum welding of the leg
structures was kept in-house, principally for program schedule reasons, but also
for quality control. The program was extremely lucky to find a welding
engineering student who was also a qualified airframe welder to fabricate the
frame. However, he just up and graduated soon after. The ASV fabrication
required highly skilled welders and machinists. OSU had such talent on staff, but
they were kept more than booked by other research programs. Due to the complex
Civil Servant and other OSU institutional requirements, it was virtually impossible
to hire the talent required. The work-around that Ken and Robert McGee came up
with was innovative, perfectly legal and sent the ASV adventure to a new level for
the author. They suggested that I form a start-up company with Denis and Eric, the
two other program research associates, and submit a bid for a subcontract for the
fabrication and testing of the ASV. The rationale was simple - an independent
subcontractor could hire anyone deemed fit for the work and fire them if it proved
otherwise. Moreover, a subcontractor could attract the required talent by offering
wages beyond the rigid pay scale levels enforced for technicians at OSU. Denis,
Eric and I formed a company called Adaptive Machine Technologies in 1985,
submitted a bid and won the contract (it was not sole-sourced as far as I recall). |
continued attending Ken’s program meetings but as a subcontractor instead of an
OSU research associate. In truth, it was a transparent change of team structure, so
almost no one involved really noticed.

The ASV stood up under its own power and onboard computer control in early
in 1986. Tethered indoor walking was demonstrated shortly afterward. In 1987 the
ASV was operating outdoors. Field testing continued until 1990, culminating in a
simulated timber harvesting trial conducted at Virginia Tech in Blacksburg [6]. I
was the first driver of the ASV and operated it for many of the trials. It was
operated through an aircraft-type joystick. The joystick generated the input in
terms of a desired velocity vector, and the control computers did all the leg and
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body posture control. Also, the control program would not allow the machine to
violate the stability margins. It was great fun to drive since the control computers
did all the work and would not allow you to dump it over. The ASV was so easy
to operate that even Ken and Robert McGee could do it with only 5 minutes of
instruction.

The ASV program was a great adventure in engineering and a good lesson in
the power of effective teams. The interested reader can see the ASV in action on
YouTube.

@ (b)

Fig. 7 a) Asv frame with leg hip pivot mounts in place. b) Two student technicians
mounting a leg onto the frame.

Fig. 8 a) A much younger author in front of the completed ASV. The indoor testing had just
begun (1986). b) A much older author visiting the ASV in deep storage (2005).
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4 Mechanisms and Robotics
at the ASME Design Engineering Technical
Conferences — The Waldron Years 1986-2012

Steven A. Velinsky

Abstract. The American Society of Mechanical Engineers’ mechanisms and
robotics community has sponsored the dissemination of research results through
the Design Engineering Technical Conferences for the 67-year history of the
Design Engineering Division. Kenneth J. Waldron has been a tremendous
contributor and leader in this field for over forty years. This paper presents a brief
synopsis of the history of the mechanisms and robotics portion of this conference
in honor of Prof. Waldron’s 70" birthday.

1 Introduction

The Design Engineering Division (DED) of the American Society of Mechanical
Engineers (ASME) was established in 1966 as it became independent from
ASME’s General Engineering Department during the evolution of the structure of
the society. The DED established an annual Design Engineering Conference
(DETC) in 1973 in Cincinnati, OH. While independent conferences sponsored by
the Mechanisms Committee predated the first DETC by almost 20 years, the
Mechanisms Committee soon became a fixture at the DETC and was the DETC
sponsor in alternate years. This paper discusses the Mechanisms Conferences for
the years 1986 through 2012 with particular attention to the contributions of
Professor Kenneth J. Waldron in honor of his 70" birthday.

The Mechanism Committee, which changed its name to the Mechanisms and
Robotics Committee in 2004, conducted its annual conference in even numbered
years starting in 1964. Due to the continued tremendous interest, the Mechanisms
and Robotics Conference became an every year event starting in 20006.
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2 The Years 1986-1999

While the Mechanisms Conference was held for the 19" time in 1986 (October 5-
8), this paper begins with this conference since it is a banner year to start
highlighting Prof. Waldron’s contributions as he chaired both the Mechanisms
Conference as well as the Design Engineering Technical Conferences, sponsoring
these conferences in Columbus, Ohio. Moreover, it was the first Mechanisms
Conference attended by this author.

Many of the attendees can remember the excitement of the IMSA GT
championship 500 km race through the streets of Columbus, walking distance
from the conference hotel (Hyatt Regency) on October 5, 1986. Many of us were
comparably excited by the opportunity to see Prof. Waldron’s hexapod Adaptive
Suspension Vehicle (ASV) operate during a tour of his Robotic Mechanisms
Laboratory as part of the conference. Fortunately, the ASV did not shoot 6-foot
flames out of its exhaust during downshifts!

Dr. Jason Lemon, Chairman of International TechneGroup, Inc. and founder of
the Structural Dynamics Research Corporation was the conference’s keynote
speaker and discussed the emergence of computer-aided engineering methods in
machine design practice. The conference contained approximately 150 papers.
Ken Waldron contributed 3 papers in the areas of expert systems [1], walking
machines [2], and industrial robots [3] and participated in two panel sessions on
Current Issues in Robotics and ASME-NSF Research Study in Machine
Dynamics.

The Mechanisms Committee did not participate in the DETC in the odd
numbered years, which were held are follows: Sept. 27-30, 1987, Boston, MA;
Sept. 17-21, 1989, Montreal; Sept. 22-25, 1991, Miami, FL; Sept. 19-22, 1993,
Albuquerque, NM; Sept. 17-21, 1995, Boston, MA; Sept. 14-17, 1997,
Sacramento, CA; Sept. 12-16, 1999, Las Vegas, NV. The 1995 DETC is
particularly noteworthy as it was the 50" anniversary of the DED with numerous
associated special events.

The 1988 DETC was held in Orlando, FL from Sept. 25-28. In addition to
contributing technical papers, Kenneth Waldron received the ASME Leonardo da
Vinci Award for eminent achievement in the design or invention of a product,
which is universally recognized as an important advance in machine design — his
Adaptive Suspension Vehicle highlighted at the 1986 conference.

The Mechanisms Conference was held Chicago, IL on Sept. 16-19, 1990. The
conference had over 210 papers in 41 sessions. Its keynote speaker was Prof.
Bernard Roth of Stanford University. In addition to contributing 3 papers, two on
parallel dual [4,5] and one on motion synthesis [6], Prof. Waldron participated in a
panel session on Research Opportunities in Machine Dynamics and was honored
with the 1990 Mechanisms Committee Award recognizing his cumulative
contribution to the field of mechanism design.

The Mechanisms Conference was held in Scottsdale, AZ on Sept. 13-16, 1992
with over 240 papers in 47 sessions. Prof. Waldron was the Keynote Speaker and
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contributed 7 papers in the following areas: mechanism synthesis [7], mixed
mechanism kinematics [8], stewart platform [9], analysis and synthesis of 4-bars
[10,11], navigation of mobile robots [12], quadruped galloping [13].

The Mechanisms Conference was held in Minneapolis, MN on Sept. 11-14, 1994
with about 180 papers in 40 sessions. Marc Dulude, Vice-President Parametric
Technology, presented the Keynote on concurrent product and process development
for mechanical design automation. In addition to contributing 4 papers on active
mechanisms [14], synthesis of 6-bar [15], multi-circuit mechanisms [16], and
articulated wheeled vehicles [17], Prof. Waldron participated in a panel session on
Research Opportunities in Mechanisms. Moreover, he was honored with the 1994
Machine Design Award recognizing both his eminent achievement and his
distinguished service in the field.

The 1996 conference was held in Irvine from Aug. 18-22 and included 152
mechanisms papers. The Keynote was delivered by Prof. Delbert Tesar, University
of Texas-Austin, on The Future of Mechanical Design in the World of Computer
Technology. Prof. Waldron contributed a paper on actively configurable wheeled
vehicles [18]. The 1998 Mechanisms Conference was held in Atlanta, GA from
Sept. 13-16. The Keynote was delivered by James Smith, Sandia National
Laboratories, on Intelligent Micromachines. Prof. Waldron contributed a paper on
actively kinematic geometry [19].

3 The Years 2000-2012

2001 was a devastating year for the country and the DETC, which was held Sept.
9-12 in Pittsburgh, PA. Not only was the conference interrupted by the terrible
events of 9/11, but United flight 93 crashed into a field near Shanksville,
Pennsylvania, approximately 65 miles southeast of Pittsburgh. The DETC was
held in 2003 and 2005 as follows: Sept. 2-6, 2003, Chicago, IL; Sept. 24-28, 2005,
Long Beach, CA.

The 2000 DETC was held in Baltimore, MD from Sept. 10-13 with 36 sessions
sponsored by the Mechanisms Committee. Prof. Bernard Roth, Stanford
University presented the Keynote Lecture on Mechanisms in the 20" Century.
Prof. Waldron contributed a paper on discrete parallel arrays [20]. The 2002
conference was again held in Montreal from Sept. 29-Oct. 2 with 177 mechanisms
papers and 8 invited talks. The DETC Keynote was delivered by Robert
Ambrose, NASA Johnson Space Center, on Mechanism and Energetic Challenges
in Humanoid Design. Prof. Waldron contributed a paper on robotic legs [21] and
participated on a panel concerning New Directions for Research in Kinematics
and Mechanisms. Prof. Waldron was honored for his educational contributions
with the 2002 Ruth and Joel Spira Outstanding Design Educator Award.

The 2004 DETC was held in Salt Lake City, UT from Sept. 28-Oct. 2. The
Mechanisms and Robotics Conference included 173 papers and 8 keynote talks.
Prof. Waldron contributed a paper on galloping machines [22].
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Starting in 2007, the Mechanisms and Robotics Committee held its conference
every year. The conferences for the noted years are summarized in the following.

2006 Philadelphia Sep. 10-13 - 140 Mechanisms and Robotics papers.

Plenary Lecture: Robert Kruse, General Motors Corp., Technical Research Challenges
Facing the Automotive Industry

Keynotes in Mechanisms and Robotics

Delbert Tesar, Univ. of Texas-Austin - A New Wave of Technology: An Essential
Step Built on Core Technologies in Mechanical Engineering

Jorge Angeles, McGill University - The Kinematics and Dynamics of Parallel
Schonflies-Motion Generators

Pierre Larochelle, Florida Institute of Technology - The Computer Aided Synthesis of
Linkages: Today and Tomorrow

2007 Las Vegas Sep. 4-7 - 140 Mechanisms and Robotics papers.
Keynote — 3 NSF Program Directors — Shaking the Money Tree at NSF
Mechanisms Plenary lectures
Ashok Midha, University of Missouri-Rolla - Compliant Mechanisms: Memory Lane,
the Journey, and the Exciting Road Ahead
Mohan Budduluri, Founder Restoration Robotics - Image Guided Robotics: From
Cancer Treatment to Hair Transplantation.

2008 New York Aug. 3-6 - 165 Mechanisms and Robotics papers.

Mechanisms Keynote lectures

Steven Velinsky, Univ. of California-Davis - On the Road from Cement to Silicon:
Field Robotics for Highway Tasks

Clement Gosselin, Laval University - Cable Driven Parallel Mechanisms: Force-
Directed Design and Applications

Ken Waldron received the Robert E. Abbott Award recognizing his devoted tireless
and innovative leadership and service to the ASME DED, the international design
engineering community, and the profession.

2009 San Diego Aug. 30-Sep. 2 - 137 Mechanisms and Robotics papers.
Keynote — Francois Pierrot, Director of Research, Centre National de la Recherche
Scientifique - Creating Novel Parallel Mechanisms with Industry in Mind

2010 Montreal Aug. 15-18 - 190 Mechanisms and Robotics papers.
Keynotes
Vijay Kumar, University of Pennsylvania - Cooperative Manipulation and Transport
by Aerial and Ground Robots
Manfred Husty, Leopold-Franzens-Universitéit Innsbruck - Mechanism Constraints -
The Algebraic Formulation

2011 Washington DC Aug. 28-31 - 142 Mechanisms and Robotics papers.
Keynote — Sridhar Kota, Univ. of Michigan - Innovation and US-based Manufacturing

2012 Chicago Aug. 12-15 - 178 Mechanisms and Robotics papers.
Keynotes
Paolo Dario, Director of The BioRobotics Institute of the Scuola Superiore Sant'Anna,
Pisa, Italy - Problems and Challenges in the Design of Novel Mechanisms for
Robotics Surgery
Feng Gao, Shanghai Jiao Tong University - Development of Parallel Robotic
Mechanisms for High-Payload Machines
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4 Service to the Design Engineering Division

Kenneth Waldron has tirelessly served the ASME Design Engineering Division
(DED) for over 40 years. Ken’s active participation in ASME activities started at
the committee level and progressed through division leadership up through
national and international leadership. Ken has chaired several committees within
the DED. He was chair of the Mechanisms Committee from 1984 to 1986,
Honors and Awards Committee from 1995 to 1998; Member Interests Committee
1981-85; Government Relations Committee 1991-95; and USCToMM 1993-2002.
He served as Technical Editor of one of the division’s premier journals, The
ASME Transactions Journal of Mechanisms, Transmissions and Automation in
Design from 1988 through 1992. He joined the Design Engineering Executive
Committee from 1996 to 2002 serving as Division Chair in 2000 and 2001.
Furthermore, he completed a term as Technical Leader of the ASME Systems and
Design Group (2005-08) after a term as Member-at-Large (2000-03). He was the
President of the International Federation for Theory of Machines and Mechanisms
(IFToMM), the premier international organization devoted entirely to this area
from 2000 through 2007. ASME is the US affiliate organization of IFToMM.
Ken has had countless other professional service activities both within and outside
ASME. He has also served as an Associate Editor of Applied Mechanics Reviews
and Chair of the Management Committee of the IEEE/ASME Transactions on
Mechatronics. Simply, Ken is a colleague that can always be counted upon to
serve the profession and his continuous enthusiasm is amazing.

5 Conclusions

It is an honor and a privilege to have the opportunity to contribute to the
celebration of Kenneth J. Waldron’s 70" birthday. Aside from being a prolific
researcher and contributor to the field, Ken has always been modest and he has
served as a mentor to large numbers of students and colleagues. On top of his
valuable contributions to the profession, Ken is a true gentleman and scholar, and
his friendship to so many of us is tremendously valued.
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5 Screws and Robotics for Metrology

Joseph K. Davidson, Samir Savaliya, and Jami J. Shah

Abstract. The pseudoinverse of a rectangular matrix of modified screws is used to
compute the least-squares fit of a set of points that have been measured along a
line-profile. Tolerances on line profiles are used to control cross-sectional shapes
of parts, such as turbine blades. The specified profile is treated as a moving
platform of a hypothetical, redundant, and planar in-parallel-actuated robot, and
all the measured points are presumed to be fixed in it. The locations of the linear
actuators are represented with screw coordinates, and these are arranged in a
matrix equation that relates the three small displacements of the platform to the
corresponding deviations (treated as small displacements) of the measured points.

1 Introduction

The objective of dimensional metrology is to check manufactured parts for
conformance to tolerance specifications on drawings. The drawings define
features, such as planes, cylinders, and profiles, and the associated tolerance
specifications define tolerance-zones for each feature [1]. A tolerance-zone sets
the limits for manufacturing variations that are permissible for a feature. Modern
coordinate measurement machines (CMMs) provide an automated process of
inspection that is replacing many traditional manual methods. The CMM
measurements made on a part are represented as the coordinates for a large
number of points in a ‘cloud’. Although direct comparison of the coordinates for a
set of points can determine whether or not all fit within a tolerance-zone, a feature
representation is more meaningful when monitoring a manufacturing process. For
instance, the boundaries of a minimum-zone, or a least-squares fit, of points is
informative about the location of the feature in the tolerance-zone, and there is
potential to use drift of the location as a monitoring tool. Considerable
computation, arranged in computer software, is required to convert the points to a
feature.
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Existing methods for fitting a feature to a set of measured points are: a one-
sided fit, a two-sided fit, or minimum-zone fit, and the least-squares fit. A recent
article summarizing conversion algorithms in general is [2]; another is [3]. An
example is [4,5] where measured points are converted to minimum-zone features
for planes, lines, and cylinders. One measure of conformance is evaluating
whether or not points lie in a specified tolerance-zone. Choi and Kurfess [3]
present an algorithm that determines if a point-set, when displaced en masse, can
fit into the intended zone, and in [6] extend this to determine minimum zones.
Conversion algorithms that apply to profiles, including surface-profiles, are
described in [3] and [7], although all examples presented are for objects having
continuous curvature, such as cones, cylinders, and sculptured surfaces.

The focus of this paper is the use of screws to formulate a computational
method to obtain the least-squares fit of a set of points that have been measured on
a rectangular line-profile, one that has both C'- and C*-discontinuity. The results
will be a location, similar to [6], and size for the line-profile.

The specifications for a raised boss are shown in Fig. 1. Its rectangular shape is
controlled by the profile tolerance £ = 0.2 mm relative to the Datums A, B, and C.
This specification establishes two boundary rectangles at each cross-section of the
raised profile. One is 0.1 mm larger along every line normal to the surface, and
the other is 0.1 mm smaller, according to the Standard [1].

2 Regression Line in the Plane

There are two types of least-squares fit: the linear (vertical) fit and the orthogonal
fit [8]. The distinction between the two is the reference system used for
describing coordinates (x;, y;). To understand better this distinction, undertake a
straight-line fit of n identified points in a plane. For both methods, the solution-
line is of the form y = mx + b, and there are n linear equations that relate the x;-
and y-values. From the Gauss-Markov Theorem [9], the least-squares fit is
obtained by minimizing the sum

S{yi— (mx; + b)Y (1

for i = 1...n. As one example, apply linear regression to the five points in Table 1
which are symmetrically disposed about the line y = 1 + x/2 in the x;y-frame in
Fig. 2. When standard software (e.g. MAPLE) for linear regression is applied to
these five points, the result is m = 24/53 and b = 69/53 (line with long dashes in
Fig. 2), values that represent the linear least-squares fit for the points.

Table 1 Coordinates of points for the example of least-squares fit for a line

Point 1

X
y 3 3
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Fig. 1 Specification for a raised »{Jo.2[A[B]C]
rectangular profile having sharp HAl
corners. Its shape is controlled by -
the profile tolerance ¢ = 0.2 mm
relative to Datums A, B, and C.

B—f—{ @
| |

a4

l-10£0.1

Fig. 2 Five points equally
disposed about a line y = 1 + x/2
(solid line) in the x;y-frame and
the linear regression line (dashed
line) for them

The set of n equations, which relate the n points to the linear regression line,
may also be written

x 1

x, 1

[yl =[K'1$1=| "7 . |[$]. (2)

x 1

n

where [y;] = [y; ... y,,]T, [$] = [m b]T, and [K '] is an n x 2 rectangular coefficient
matrix. The » linear equations are, of course, inconsistent. However, one solution
method is to use the pseudoinverse [K "1* to obtain the unknowns m and b in [$]
for the least-squares fit of the points [10, 11]. It ensures that the values m and b
contained in [$] correspond to a minimization of the sum of the squares of all the
differences y; — (mx; + b). The set of y;-values reside in matrix [y;] and the
corresponding set of directions for their measurement resides in one column of
[K']. For an overconstrained (and inconsistent) set of linear equations, [K T is
formed [10] as implied in the second of the equations

[$1= KT Iyd = { (KT KD [K'T }yi 3)

Of course, an alternative method for solving Eqs (2) for [$] is to use singular value
decomposition [12].
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The computed values m = 24/53 and b = 69/53 for the least-squares line in Fig.
2 are not very close to the theoretical values of 1/2 and 1 because the reference
direction for error measurement was not made at right angles to the theoretical
geometric shape. The orthogonal least-squares fit may be undertaken by
measuring coordinates (x;,y;) for each point, and the coordinates m and b in [$],
from the reference x;y,-frame that has its x;-axis lying on the theoretical line y; = 1
+ x;/2 (solid line in Fig. 2). When the matrix [y;] in Eqs (2) and (3) is then formed
from the y;-values that are computed from this new reference direction, Eq (3)
gives a solution that, when transformed from the xy,-frame to the x;y;-frame,
produces values m = 1/2 and b = 1.

For what follows in §4, it is helpful to note here that, when every y; is increased
(or decreased) by the same offset value AF, Eq. (2) produces an unchanged slope
m and a value for b that is increased exactly by AF. This role for AF is the same
for both the linear and orthogonal least-squares fits.

3 The Tolerance-Map for Rectangular Line-Profiles

The objective of this section is to describe briefly a geometric representation for
the tolerance-zone for a line-profile, i.e. for the allowable limits of manufacturing
variations for the profile; a more elaborate treatment may be found in [13]. We
call this representation a Tolerance-Map (T-Map); it describes the freedom of a
feature in its tolerance-zone. For line-profiles, the manufacturing variations will be
represented with the true profile and profiles parallel to it. Each point in the T-
Map corresponds to any one of these parallel profiles or to any one of them that is
displaced, yet remains within the tolerance-zone. Four degrees of freedom are
required to specify the manufacturing variations of a line-profile, such as any one
cross-section of the rectangular boss in Fig. 1. Correspondingly, its T-Map will be
four-dimensional (4-D). Therefore, it becomes necessary to choose five of the
parallel and/or displaced profiles as basis profiles and to define the T-Map by
placing five corresponding basis points w...\s to form the vertices of a basis
simplex. Five barycentric coordinates A;...As, each one at its basis point y;, then
identify any point y in the T-Map, and each such point corresponds to one
manufacturing variation (one profile) in the tolerance-zone. When we set XA;=1
(i=1...5), the coordinates A;...As become the areal coordinates of y [14].

Of the five basis-profiles required, two will be: y, the smallest-sized profile,
and y,, the largest-sized profile, i.e. the inner and outer boundaries to the
tolerance-zone, respectively. These are both locked in place and cannot displace.
The remaining basis-profiles are based on displacements of the middle-sized
rectangular profile (MSP). Each MSP is represented by its components of
translations, e, and e,, and its rotational displacement 6. The basis-profiles
displaced to the limits e,=#/2 and e,=£/2 in the x- and y-directions are labeled y3
and w4, respectively, and the one rotated counterclockwise the maximum amount
0=%t/2 a is ys (Fig. 3(a)). Note that the basis-profile y5 corresponds to the limit to
rotation determined by length 2 a , the shorter side of the rectangle. Although
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this requires portions of this profile to lie outside the tolerance-zone, the T-Map
boundary will still reflect the design intent by having its basis point w5 lie beyond
it. The result will be a T-Map consistent with choices made in [13].

The 3-D T-Map for all the middle-sized rectangular profiles is established with
the four basis-points 5, w3, Wy, and s shown in Fig. 3(b). Basis-points w3, wy,
and ;s are placed at the same distance #/2 from the origin along the three axes of a
rectangular Cartesian frame of reference with axes e,, and e,, and ¢'. Note that the
angular limit 0=#/2 @ is multiplied by the length a ,i.e. '=a 6 so that the units
along all axes are the same. The origin in Fig. 3(b) is labeled y, because it
represents the undisplaced MSP, i.e. the average of the limiting sizes y; and y,.

Rectangular profiles that are larger or smaller than the MSP are more limited in
their allowable displacements e,, e,, and 0, and the limits diminish linearly with
change in size. Therefore, the full T-Map for the rectangular tolerance-zone in Fig.
3(a) is a double hyperpyramid in 4-D that is depicted in Fig. 4. The base for each
single hyperpyramid is the 3-D solid shape from Fig. 3(b), and every other section
(two are shown) at right angles to the direction of size is smaller and geometrically
similar.

There now is another way to view the objective of this paper: reduce the
measured points on one line-profile to a set of small-displacement coordinates that
locate a single point within the T-Map of Fig. 4. The result is an i-Map, that
displays the quality of manufacturing relative to tolerance specifications.

Fig. 3 (a) The middle-sized profile
(dashed-lined rectangle) in the
(exaggerated) tolerance-zone that is
specified with the profile tolerance
t; five variational possibilities are
labeled, three with dotted lines.
(b) The T-Map for all the middle
sized rectangles in the sharp
cornered tolerance zone of Fig.
3(a). Adapted from [13]. (b)
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Fig. 4 The 4-D T-Map for the rectangular tolerance-zone in Fig. 3(a) and showing all five
basis-points y1,...,s. For clarity of the graphics, the scale in the direction of size (yy») is
exaggerated. Adapted from [13].

4 Least-Squares Fit of a Line-Profile to Measured Points

In Fig. 5(a), the MSP (dashed line) and the boundaries of its tolerance-zone are
shown drawn on the platform of a planar in-parallel robot that is guided with three
linear actuators that lie on the normalized screws $', $5, and $'5. The actuators
are attached to the platform at three of the measured points, i.e. at A, B, and C, and
the directions of the corresponding §'; are the same as for the inward unit normals
n; from the closest side of the rectangle to the profile that is represented as an
envelope of four tangent lines. Assessing minimum distances at the corners of a
profile can be problematic because the envelope tangent-lines are not segments;
instead, each line (p, g, s) is of infinite extent. This matter will be resolved by
assessing minimum distances from a parallel curve larger than the MSP. A larger
parallel curve is generated easily from the envelope description of a MSP by
increasing the value of coordinate s by the same amount for every tangent-line.
For purposes of the profile and measured points shown in Fig. 5(a), the outer
boundary to the tolerance-zone is an acceptable reference-envelope (As = #2 =
0.1mm). Deviations d'; may be obtained from d = px + gy + s, where (x, y) are the
coordinates of a measured point and (p, g, s) are homogeneous coordinates of the
nearest tangent to the MSP [11, 15].

Each of the three linear actuators in Fig. 5(a) exerts a force of magnitude F;' and
causes a velocity of extension Vv'; of the actuator attached to the platform. Since
each V'; is an extension velocity, the following formulation leads to the orthogonal
least-squares fit of the points. Speed and time are of no importance in
measurement reduction, so each V', will be replaced with a differential
displacement d'; of the measured point in the direction of n,. The corresponding
deviation screw for the platform body is represented by [$] = (0, 0, 66; dx, Jy, 0).
Since displacements are confined to the xy-plane, the three zero-coordinates may
be omitted. Each of the actuator forces in the xy-plane is represented with wrench
coordinates, i.e. F/ $;=(F'; T') = (£}, M/, 0; 0,0, ®;), where L'; and M are the
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x- and y-components of actuator-force F'; and ®; is the moment of F'; about the
origin, i.e. ®; = —y,L; + x;M;. Since all forces will lie in the xy-plane, the three
zero-coordinates may be omitted, just as for [$]. Also, the geometry may be
isolated from the statics by normalizing the wrench coordinates, i.e.

Fi$, = My s R)=F (L', M ; RY) )

this making (L')* + (M)* = 1. The normalized coordinates L', M/, and R'; for each
&', are the scalar screw coordinates for the actuator-wrench F;'$'; they contain only
geometry, i.e. direction and location of F;'$'.

Fig. 5 (a) The line-profile (dashed Bp = = — B2 5L _ 4 3
line) of Fig. 1, its tolerance-zone 0, ;| $7, 1.2
boundaries (with an exaggerated ?—C——@——F 1 y 1
scale), and 19 measured points, all A|1_0 L I,
lying on the platform of a planar 's $5 0o x !
in-parallel robot which is guided %_C__:ﬂ-r s 19':
by three linear actuators lying on 8 . 3 -
the screws $'1, $2 and $5 at 120 _(:313_& B _te._ 1 _ 8
points A, B, and C. (b) The free- L 7QC
body diagram of the platform b |‘—’I 02
1

carrying the profile. The external i
loads are the force F'i acting
along the screw $' at point A and
the equilibrium wrench (F;T))
exerted on the platform from the
environment and represented with
the coordinates (F,, F,; T). Also
shown is the differential
displacement vector d'; that is
aligned with $' at A. The shape
of the platform ABC, and the
relative location of the xy-frame
are together congruent to those
same features in Fig. 5 (a). (b)

A free-body diagram of the platform in Fig. 5(a) contains the three forces
F'; (i = 1, 2, 3) and an equilibrium wrench, composed of a force and a couple,
exerted on the platform from the environment. The force and couple are
represented with the wrench (F ; T). Consider now that all of the actuated joints
have no force applied and are free to move except one, say §';, shown in Fig. 5(b).
Then, the only additional loads on a free-body diagram of the platform are those
portions of the equilibrium wrench reacting back on it from the environment
which are required to equilibrate F,'$',, i.e. the force and couple (F; ; T1) shown in
Fig. 5(b) with the components F,, F, and T,. Since the virtual work of all forces
and moments on the free body must be zero for a kinematically admissible
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displacement of the platform arising from d';, the system of forces and couples for
the special case in Fig. 5(b) leads to

F\'d + [T, F, F,J[60 ox dy]"' =0, (6)

in which the order of the coordinates in (F;;T{) has been changed to (T¢;F;) and
the zero-coordinates again have been omitted. The term F,'d"| represents the
virtual work of force F'; with virtual displacement d';, both in the direction of §'y,
at point A on the platform, and the product [T, F, F,][00 ox 5y]T represents the
virtual work from the equilibrium-wrench acting on the platform whose deviation
(twist multiplied by time) is [$] =[50 Jx 6y]T.

It is helpful to shift attention to the wrench —(T;; Fy) exerted on the
environment and produced at the platform by the force F,'$; at A. Since the
platform in Fig. 5(b) is a two-force (two-wrench) member, with each wrench
intensity of equal magnitude, «(T1; Fy) =—(T}; F,, F,) = (R ; L', M) = F/'(R';
L', M,"). Making this substitution in Eq. (6) gives

Fhd'y = Fi[R"Y; L'y MY[66 6x 6y]" @)

for the virtual work expression when force is exerted only at §';. Two more Egs.
(7), with subscripts , and 3, occur when force is applied only at $', and only at §';.
The force-amplitude at each actuated joint may be removed from each term, and
all terms on the right come from the product of a row matrix and a column matrix
of three elements each. When the three equations are ordered sequentially, then
the rows of screw coordinates comprise a matrix [K'] that is formed entirely from
the (normalized) coordinates for &', $, and $'5, and the three equations may be
written

d', R, L'\ M, | 66
d,|=|R, L', M, | & | or [d ]1=[K]$). (8)
d'3 R’3 L'3 M’B 5)7

From robotics we recognize [K '] as a Jacobian for the actuators of the robot
platform in which the normalized coordinates have been rearranged (see e.g. [11]).
So long as the screws &, $, and $'; are independent for the three measured
deviations d'|, d%, and d' at locations A, B, and C around the profile, the solution
to Eq. (8) for [$], i.e. [$] = [K'T'[d"], is unique and all three scalar Egs. (8) are
satisfied exactly. This solution ensures that actuator extensions d'j, d%, and d' are
kinematically consistent with the platform (profile) displacement [$]. However, in
practical situations, there are many more measured points around a line-profile
than three. For instance, in Fig. 5(a) there are 19 points. For every additional
point, there would be an added, and redundant, linear actuator with its normalized
screw $'; exerting a force of amplitude F;' on the platform. One example is shown
with dashed lines at Point 13 in Fig. 5(a). Each of these additional points adds a
row to the matrices [d"] and [K'] in Eq. (8), so that, for all the measured points,
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d, ROL M
d' R, L, M
=" |=[K]$1=| > 7 ) ©)

d', R L M,
The coordinates (50, dx, dy) of [$] appear only in a 3-D cross-section of the T-Map
(Fig. 3(b)), e.g. in the base of the 4-D double hyperpyramid in Fig. 4; they do not
represent the size of the least-squares envelope, i.e. the fourth dimension of the T-
Map. The values for displacements d’, then, may all contain a constant value —~AF
that represents the change in feature size between that of the MSP and the least-
squares profile, and they must contain a value As that was introduced artificially to
establish the correct proximity of a measured point to the profile. For reduction of
CMM data, then, each generic Eq (7) must be augmented to

di=[R L, M1[66 6x 6y]" + (As—AF) (10)
=[R; L, M;11[66 6x oy (As—AF)]"

(compare to y; = mx; + b in §2). The size-change AF is introduced in Eq. (10)
with a negative sign because all the d'-values are directed inward in Fig. 5,
corresponding to a reduction in size. Yet the 4-D T-Map in Fig. 4 is arranged with
the rightward sense, a more natural positive sense, corresponding to increase in
size, i.e. from the smallest (y,) to the largest (y,) profile allowable in the
tolerance-zone.

The scalar relation in Eq (10) forms the transition between the setting of in-
parallel robotics and the setting of metrology where CMM data are reduced to
geometric variables related to Tolerance-Maps. Now the least-squares fit is
obtained by minimizing the sum

SIds = { R0 + L':9x + M'dy + (As — AF )} (11)

for i = 1... n [15]. Matrix [$] in Eq (9) is augmented to contain the four
components 60, dx, oy and (As —AF ), and the matrix [K 7in Eq (9) is augmented
on the right with a column of ones so that the n Eqs (10) (for the n measured
points) produce the matrix equation

d, R L M 1
d' R, L), M, 1

=" |=[KT$1=| 2 2 8] (12)
d R L M 1

The Moore-Penrose solution to Eq. (9) for [$], i.e. [$] = [K'1'[d"] (see Eq. (3)),
produces the least-squares location (66, Jx, dy) and size-adjustment (As —AF ) for
the profile [10, 12], i.e. that location and size for a profile which minimizes the
sum in Eq (11). (Compare the pair of Eqs (1) and (2) to the pair (11) and (12).)



64 J.K. Davidson, S. Savaliya, and J.J. Shah

Note that coordinates (66, dx, dy) correspond to coordinates (6, e,, e,) in the T-
Map of Fig. 4.

5 Example

As one example, consider the measured points that are shown around the MSP in
Fig. 5(a). The points represent an imperfectly manufactured rectangular profile.
The coordinates (L';, M,; R'|) for the actuator screws at each point, and the
deviations d', are presented in Table 2 for each of the measured points; the
deviations are all measured from the outer boundary of the tolerance-zone, so As
= 0.1 mm (Fig. 3(a)). The values in Table 2 are used to build matrices [K "7 and
[d’] in Eq. (12). The solution of [K § produces the least-squares solution

[$] = [00 6x dy (As—AF )T = [0.000303 0.011078 0.033305 0.095444]".

Table 2 Coordinates of measured points around a manufactured rectangular profile

Points 1 2 3 4 5 6 7 8 9 10
L' -1 -1 0 0 0 0 0

My 0 0 -1 -1 -1 -1 -1 0 0 0
Ri,mm 5 30 -60 -30 10 10 35 38 -20 10
d/, mm 1 1 1 1 1 1 1 1 1 1

L 0 0 0 0 0 1 -1
M 0 0 1 1 1 1 0 0
R, mm 11 35 -45 -20 0 24 42 30 -10
d/, mm 1 1 1 1 1 1 1 1 1

The resultant least-squares profile of this solution is shown as the profile with
the thin line in Fig 6. Note that the scale of the tolerance-zone is enlarged by a
factor of 10 in Figs. 5(a) and 6, and the scale for the profile dimensions is
diminished by a factor of 10. Consequently, the least-squares profile is drawn at
60 = 0.0303 rad = 1.73° in the counterclockwise direction. Further, to make the
appearance of the displaced origin '+' in Fig. 6 be consistent with the displayed
points, its coordinates dx = 0.011078 mm and dy = 0.033305 mm have been scaled
up by a factor of 10 with respect to the MSP. The co