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Foreword
World War II showed us the importance of moving new designs from the
drawing board into production rapidly. These lessons were repeated when former
adversaries began invading U.S. shores with the output of rebuilt commercial
industries. Today, we are learning again. The global marketplace is impatient,
price-sensitive, and intolerant of carelessness. We are required to move swiftly,
both to eliminate costs that don 't add value and to deliver unprecedented quality.
These are the new rules of survival.
One propitious new tool is automated fabrication, a technology that lets us
transform digital designs into 3-dimensional solid objects for production machine
parts, models, prototypes, and molds. Autofab has progressed well beyond
numerically controlled machining. Today' s rapid prototyping methods literally
build solid objects one particle or one layer at a time, producing high-precision
results overnight instead of taking weeks or months.
Any powerful new technology can be confusing because of its complexity, its
users' lack of ex'J)erience, and, perhaps, overly enthusiastic vendor's claims. So we
manufacturers need to acquire as much understanding as we can when we are
considering and implementing such new technologies. Otherwise we risk investing
time, effort, and funds without assurance of satisfactory payback. This is certainly
the case with automated fabrication.
Providing a comprehensive and useful perspective is the reason for Automated
Fabrication- Improving Productivity in Manufacturing. In this book, Dr. Marshall
Burns has pulled together data on autofab technologies from all quarters: technical
development, vendor claims, market experience, and futuristic speculation. He has
assembled these data coherently. He describes established technologies as well as
new ones factually and without prejudice. In this way, he helps prepare the
prospective autofab user for selecting and following the proper course of action.
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Yet Dr. Burns goes a step further. He helps us grasp the effects of automated
fabrication technologies on society and discusses how this societal impact may feed
back on the outcomes of our business decisions.
Automated fabrication has almost limitless applications, not only in manufacturing, but also in art, medicine, and other realms of human interest. Ford Motor
Company is pursuing it energetically.* Clearly, automated fabrication will take its
place among the major industrial developments of the twentieth century. Companies which, like Ford, intend to be successful in the twenty-first century need to
learn how autofab and other technologies can affect our futures and how we can
best take advantage of them now. This book will help us.

j;;?1/J 12-February 1993
John P. McTague
Vice President- Technical Affairs
Ford Motor Company

• Author's note: For some examples of Ford ' s work in this fi eld, see pages 12, 132, 142, and other entries
listed in the index. -MB

Preface
In October 1990, I sat in on a presentation about the offspring of the Austin
(Texas) Technology Incubator. One of those companies was DTM Corporation,
whose video showed a machine that used a laser beam and plastic powder to tum a
computer design into a solid object. In that two-minute movie clip, I saw my future,
and the future of humankind, flash before my eyes. Suddenly, the Ph.D. I had been
pursuing for eight years acquired new meaning. I quickly finished my dissertation
and moved on to find a role for myself in this new industry. The nature of that role
is, as this book goes to press, still seeking definition. I anticipate that millions of
other people will also redefine their lives ' works as autofab rises in prominence
through the coming decades.
This book has grown out of these past two years of exploring the technologies
and applications for fabricating solid objects under computer control. It has been a
labor of love and a most fascinating adventure, both in terms of the mechanical
magic that I have witnessed and the dynamic personalities that I have had the
privilege to meet and get to know. Yet I have no doubt that the excitement has only
just begun.

Audience
Manufacturing professionals. This book is primarily intended for engineers
and managers in manufacturing and product design . The purpose of the book is to
assist you in selecting and using automated fabricators in your manufacturing and
design operations.
Having chosen such an audience, how do I talk to you all? You range from the
garage mechanic making custom carburetors, to the ffiM scientist concerned with
squeezing another billion data bits onto a silicon wafer. The manufacturing
profession is composed of many different segments, each with its own jargon, its
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own favorite units of measurement, and its own set of familiar facts and concepts.
Therefore, the only common ground I could find in which to write the book was
ordinary, everyday English. I hope the result communicates the important information clearly without belaboring commonly understood details.
Other professionals. There are many nonmanufacturing professions that are
impacted by automated fabrication. Surgeons, architects, archeologists, biochemists, forensic scientists, theater prop makers, artists, and others have all begun to
find valuable ways that they can use fabricators in their work. The wide availability
of job shops means that they don' t need to buy machines to get started. Some of
these people may also find this book helpful.
Sociologists and futurists may find Chapter 9 to be of special interest. Investors
and venture capitalists may also find that parts of that chapter, as well as parts of
Chapters 2, 3, and 10, contain helpful information on the direction in which things
are headed. Chapters 6, 7, and 8 may be of interest to, respectively, computer
programmers, engineers, and chemists or physicists, who may be thinking about
new challenges to apply their talents to.
This book is definitely required reading for inventors. In my biased opinion, the
most important inventions of the next 30 years will be in automated fabrication.
Technophiles. The side benefit of having to write in ordinary language is that
the book may be accessible to other intelligent people who are just keenly interested
in the subject. Automated fabrication has the potential to affect a lot of people
outside the manufacturing community. In fact, there are those who believe that, just
as anyone with a desktop computer today can publish a newsletter, there will come
a day when ordinary people with ordinary household equipment will be able to
manufacture small but complex products at home . People who like to think about
such possible futures may find the information in this book to be intriguing.
Students and educators. The original idea for this book was as a textbook for a
course in the university curriculum. Although the textbook format has not been
used (for example, there is not a list of problems at the end of each chapter), it is
still likely to be useful in a course intended to cover the latest developments in
manufacturing technology. It is possible that a teacher 's supplement will be
prepared, so educators should contact the publisher or me if this is something that
would be of interest.
International. The book is intended to take an international perspective. I have
tried to write it, not as an American, but as a resident of the World. In this vein, it
has been my goal to treat vendors from all countries on an equal footing. This is
often difficult because, working mostly in the United States, I tend to have more
information available to me from U.S. companies. I have tried to improve this
imbalance by some travel in Europe, visiting the people and companies involved in
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autofab there. I hope to do the same in Japan before it is time to prepare the second
edition. In the meantime, fax technology has allowed an otherwise impractical level
of global correspondence and coverage.
Readers outside the United States who feel that products or projects in their
countries have not been well represented are strongly urged to send me the missing
information so it can be considered for inclusion in the next edition. Please see the
invitation to readers on page XX'V .
Writing for an international audience requires more than just collecting information globally. I have tried to avoid colloquial expressions that may not be clear
everywhere. Also, when using names that assume a particular nationality, I insert a
designation of which country is involved. Thus, for example, "National Center for
Scientific Research" (translated from "Centre National de Ia Recherche Scientifique") becomes "French National Center for Scientific Research," and "Sandia
National Laboratories" becomes "Sandia (U.S.) National Laboratories." I have also
tried to be sensitive to cultural variations and realize that American terminology is
not necessarily the most accepted standard. So, for example, when explaining what
a truncated icosahedron looks like, I describe it as the "regulation shape of a
football (in the U.S., soccer ball) ." (See also Units and Language, below.)

What This Book Is Not
This book can provide only an overview of the subject of automated fabrication .
Although it may be the first book that pulls the field together into a unified
presentation, the various aspects of the subject are covered in hundreds of books,
journals, and conference proceedings every year. In particular, this book is not a
guide on how to use any particular fabricator. Each of the many autofab technologies involves subtle technical issues that are covered in other interesting books.
Also, each machine has its own operating and safety procedures that must be
studied and followed carefully in order to achieve the best results without danger to
the user. These should be covered in the manuals provided by vendors with each
system.

Organization of the Book
The layout of this book can be viewed in two different ways. The table of
contents shows it divided into three major parts. Part I presents the core data about
what fabricators are and what they can do. In Part II, certain important technical
aspects of the field are considered in greater detail. Finally, no discussion of
technology is adequate without looking at how it interacts with the people around
it. People interact with technology in two ways: they use it (or choose not to), and
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they develop new versions of it. Part III considers how the availability of autofab
may change the nature of life on Earth (and nearby), and what changes people may
bring about in autofab in return.
The other way to view the book takes more account of the interaction among the
various chapters. This is illustrated in Figures P-1 and P-2 . These diagrams break
the book down into "technology chapters" and "people chapters."
Technology chapters. Eight of the ten chapters are mainly about technology.
The introductory Chapter 1 lays the groundwork with an explanation of basic
concepts and terminology. Then a catalog of autofab processes and machines that
are available for purchase makes up Chapter 2, the largest in the book. The
immediate directions of the fabricator market can next be seen in the experimental
systems discussed in Chapter 3. The second largest chapter is Chapter 4, which
presents many case studies showing how these machines and processes are being
used in industry. This chapter on applications is about the output side of the
fabricator interactions.
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Ch. 4

Figure P-1 . The technology aspects of automated fabrication, and where they are covered in this
book.
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Figure P-2. The relationship of technology and human issues, and where they are covered in
this book.

The input side of the interactions forms the subject matter of the most technical
chapters. Fabricators are driven by computer representations of geometric data,
discussed in Chapter 6. The machines require raw material to process, and Chapter
7 looks at the issues that determine which materials are appropriate to be used.
Nex1, while some people may not see this as actual input, fabricators are definitely
guided in their operation by the laws of chemistry and physics. Some relevant
aspects of these fields are considered in Chapter 8. As data and materials feed
fabricators in order to let them build solid objects, chemistry and physics feed the
technology of fabricators, making the field expand and the processes improve.
Autofab applications form a feedback loop, with the machine output providing
insights for the improvement of the input designs . This is illustrated in Figure P-1
by a link between Chapters 4 and 6.
Chapter 10 is something of a hybrid. Its futuristic focus makes it entirely dependent on human initiative for its fruition, yet the results considered are entirely
technological. Chapter 10 is really an extension of Chapter 2, with connections into
Chapters 4, 5, and 9.
People chapters. The remaining two chapters are mainly about how people
interact with automated fabrication, but from very different points of view. Chapter
5 is about technology management, that is, how to analyze and take advantage of
the new capabilities for profit. It is largely based on the advice of experienced,
current users of fabricators and innovators in the use of other new technologies.
Chapter 9 explores the broader issues of the effects these technologies could have
on all people and all businesses, whether they decide to use them or not. It also
includes a section on entrepreneurial opportunities for those who are not content to
just use the technologies, but want to become part of the movement.
Figure P-2 shows the relationship between the technology chapters and the
people chapters. Economics and other aspects of society both affect and are affected
by the development of technology. The medium of interaction is through the use of
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the technology. Technology that is not used (a) has little impact on people and (b)
fails to attract investment leading to further development of the technology.

Units and Language
Since this book is written for an international audience, as discussed above, the
primary system of units used is metric. For the convenience of American readers,
"English" units are usually also given in brackets. Thus, for example, the width of
this page of text is 12 em (4.7 in).

Metric Units
Note that the system of units is generic metric, not necessarily in conformance
with the standards of the Systeme International (Sl) . SI frowns upon the use of
centimeters and decimeters, whereas the desire here is to use the most convenient
unit of measurement for any particular purpose. This book does not use decimeters
for linear measure, but it does use cubic decimeters (dm3) as a convenient measure
of volume. A cubic decimeter is equal in size to a liter, which is only used to
measure the volume of liquids. For American readers, a cubic decimeter is about 61
cubic inches, or about one U.S. quart, or about the size of a cube 4 inches on a side.
It is a convenient unit for the volume of ordinary objects, because it can be thought
of as roughly "a handful."
Another unconventional metric unit is used for the mass of large machines in
the fabricator specification tables in Chapter 2. The abbreviation "Mg" is used for a
megagram, which is often called a "metric ton," and is 1,000 kilograms. It is used
in order to conserve space in the tables and because there is no universally accepted
abbreviation for " metric ton."

"English" Units
Within the English system, the following convention is used for representing
fractions of an inch. A length of 0.001 inch or larger is written as a decimal, as in
"0.001 in." The unit "mil" is not used because it can be confused with the abbreviation that is used for a millimeter in some parts of the world. Lengths smaller than
0.001 inch are written as a number ofmicroinches, as in " 10 J..Lin" for 0.00001 inch.
The decimal form is not used for these quantities in order to save the reader from
needing to count zeroes to decipher the numbers. The unit "tenth" for 100 )lin (one
tenth of a thousandth) is not used because its meaning is ambiguous. (It could be
confused with 0.1 in, a tenth of an inch.)
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Terminology
The term "automated fabrication" is explained on page 8. Special aspects of
language usage related to communicating with an international audience are
discussed on page x'Vii.
Although a scientist, I prefer to use common English words and words of the
fewest syllables when they are capable of carrying the full technical meaning
intended. So, for example, I write "photocuring" instead of "photopolymerization."
In descriptions of the photocuring process, the word "light" is used instead of
"electromagnetic radiation," with the understanding that this extends the meaning
of the word outside the range of the visible. Similarly, "color" refers to distinctions
in the wavelength or frequency or particle (photon) energy of the light (or, to be
technical, of its Fourier components). Thus the color of light may include the
infrared and the ultraviolet. (Technically, according to this usage, radio and
gamma are also colors, but they do not come up in this book.)
This book never talks about conventional processes or conventional materials.
Technology is changing too rapidly today for any "conventions" to remain
established for a meaningful period of time. To some people, "conventional
machining" may mean milling or turning on a manually operated machine, while
to others it would mean attended CNC machining, without automatic tool changing
and robotic material handling. Still other people would think of it as any subtractive process that uses a rotating cutting tool, as opposed to EDM, laser, or plasma
cutting. Then there is another group that uses the word "conventional" in conjunction with any subtractive process, claiming that nothing is modern unless it is
additive.
In order to clarify the meanings of acronyms, only the initial letter of each constituent word is capitalized. For example, the file format whose name is an abbreviation for " StereoLithography" is written as "StL," not " STL." "Light detection
and ranging" is abbreviated as "LiDAR," not "LIDAR." The exception is when the
abbreviation has entered the common language. So "light amplification by stimulated emission and radiation" is not capitalized, but is written simply as "laser."
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Another major contribution was made by W. Bradley Holtz, President of WBH
Associates of Bethesda, Maryland, who provided most of the information and
insights that formed the basis of Section 6.1 on 3-dimensional CAD. I was lucky to
get Holtz to participate in this way, since he is the author of the CAD Rating Guide,
a comprehensive annual compilation of data on over 90 CAD programs, inclnding
listings of technical features and user feedback.
As the book was nearing completion, it underwent three types of technical
review. The publisher sent copies of the entire manuscript to a few individuals who
had agreed to review and critique it. I sent review copies of specific chapters and
sections to selected experts in the relevant fields. Finally, relevant pages were sent
for corroboration to 102 representatives of 90 companies and organizations that
receive substantial mention in the text. A great many comments and suggestions
were received from each of these three groups.
The two groups of reviewers are listed individually in Table P-1. The corroborators of company data are too many to list by name and hopefully are sufficiently
acknowledged by the accurate portrayal of their products and case studies in the
text. However, two industry executives who also provided much additional data
were Dr. Daniel J. Mickish, Manager, Solid Imaging Materials Group, E. I. du
Pont de Nemours and Company, and Dennis Smalley, Manager of Patent Technology, 3D Systems, Inc.
Together, these reviewers and corroborators have substantially enhanced the
value of this book by bringing errors and oversights to my attention and suggesting
places for improvement. Since it was up to me to act on their suggestions, final
responsibility for any remaining errors falls squarely on me.
Possibly the most important influence on this book has been Mike Hays,
Assistant Vice President and Executive Editor of Prentice Hall. I am indebted to
him for believing in this project, for letting me exhaust him with tedious details,
and for showing me how to turn a little bit of technical knowledge into a real book.
Later on, Production Editor Lisa larkowski was also a pleasure to work with, and
expertly kept track of the multitude of details that make the difference between a
stack of printed pages and a quality book. Also, the publisher' s deadlines for drafts
and revisions would never have been met had it not been for Mehul and Shilpa
Patel's efficient operation of the local Alphagraphics print shop.
Amid all that competent professional and technical assistance, a guy would lose
his mind if he did not have the benefit of caring friends to remind him that there is
a world outside the autofab industry. And what a wonderful world it is! Thank you
to the Teeple Family and Alan Sager in Austin, Texas; to my parents, Perry Burns
and Evelyn Weinrib in Toronto, Canada; to John Metelnick in Chicago; to Bob
Reid in Los Angeles; and to Neil Jackson in Detroit. Thank you, fTiends.

Preface
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Of the quotations at the heads of chapters, four (those for Chapters 1, 2, 6, and
7) are from interviews published in the Computenvorld 25th Anniversary Edition . I
thank Computenvorld for kind permission to reprint those quotations.

An Invitation to the Reader
I invite you to become part of the team that will maintain the completeness of
this book in its future editions. If there is an important product or research project
that people should know about, please send me some information about it. All
vendors, developers, users, educators, students, journalists, and other readers are
invited to send in news and photographs about your products, projects, and insights.
Any material used will be credited to its source.

January 1993
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Introduction to Automated Fabrication
The best way to predict the future was to invent it.

-

Steve Jobs,
Cofounder of Apple Computer

Automated fabrication (autofab) refers to a set of modem technologies that
automate the processes for fabricating 3-dimensional, solid objects from raw
materials. With roots in the pre-computer automated loom, this burgeoning
industry now boasts laser-driven solidification of specialized polymers and
powders, guided by 3-dimensional designs drawn by engineers on ordinary desktop
computers. Machines in this new industry are calledfabricators (or autofabricators
or automated fabricators) .
The advantages of autofab processes over manual fabrication and molding
processes include
• Solid WYSIWYG ("What-you-see-is-what-you-get"). The object is first
designed on a computer screen and then created based on the computer
data. This eliminates the inevitable errors when a model maker or machinist interprets a set of drawings. Also, the same data can be used to go directly from prototype to production, eliminating further sources of human
error.
• Quick design changes (iteration). As in word processing, changes are
simply made on the computer screen; then the new version is "printed,"
without having to redo the whole design "from scratch" or cut new tooling.
• Precise dimensions. Accuracies now range from about a millimeter (0.04
in) to about 2.5 ~m (100 ~in) . This wide range means that some fabrica-
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tors may be appropriate for certain precision operations, while others may
not.
• For the latest "additive" processes, the ability to generate 3-dimensional
shapes of arbitrary geometric complexity, including convoluted surfaces,
seamless composite and nested ("ship in a bottle" ) structures, and working
mechanisms with moving parts made without assembly.
These advantages come at the cost of a considerable training effort in the use of
both the fabricators themselves and the complicated 3-dimensional CAD
(computer-aided design) programs needed to drive them. Moreover, the designation
"automated" does not yet mean "push button" ease of operation. On the contrary,
all current fabricators require considerable assistance and/or supervision during at
least certain phases of their operation. Also, some of the machines (not all) require
elaborate safety precautions in their use.

Applications
Commercial applications of automated fabrication are many and large. Some
people have described the new fabricators as "3 -dimensional Xerox machines," or
" 3-D faxes. " Indeed, both duplication and remote transmission of 3-dimensional
geometries have been demonstrated using currently available machines. The annual
worldwide market for the original type of fabricators, CNC mills, is already in the
billions of dollars. The industry can reasonably be expected to grow substantially as
technology developments improve the processes and reduce their cost. Current and
potential users include
• Manufacturers seeking to improve their production and prototyping processes,
• Model makers, prosthetists, theater prop makers, and other professionals
whose work involves the production of individual, unique items,
• Scientists and others needing to represent complex physical structures or
3- or higher-dimensional data sets,
• Artists, including sculptors and jewelers, and
• Consumers in general when cost and ease of use become acceptable.
Each of the first four groups has at least begun to explore the utility of autofab. For
manufacturers it has become the next most important tool after molding and casting
equipment. The applications of fabricators are discussed in depth in Chapter 4, with
numerous examples.
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The Processes
The word fabrication is used in this book to mean the generation of a 3-dimensional object in solid material, with some specific desired shape and other physical
properties. Automated means that this is done by a machine acting without direct
human control. Today this is something of an ideal to be strived for. Future
fabricators will operate on batches of raw materials under simple human instructions and, without any further human participation, will turn out completely
finished objects after some processing time. But today ' s fabricators have various
levels of automation, some needing constant human supervision or assistance,
while others run unattended for much of their process cycle.
Fabrication processes, manual or automated, fall into three basic categories:
• Subtractive. Starting with a block of solid material larger than the final
size of the desired object, material is successively removed until the desired shape is reached.
• Additive. A material is manipulated so that successive pieces of it combine
in the right forn1 to make up the desired object.
• Formative. Mechanical forces applied to a material form it into the desired shape. This includes both bending of sheet materials and molding of
molten or curable liquids.
There are also hybrid processes that combine two or all three of these basic types.
This is an important development. Future fabricators will combine the best
processes of the additive, subtractive, and formative varieties in order to produce
the fastest, most accurate, and highest quality output that is economical for each
particular project.

Criteria for Inclusion
Whether a process is considered to be autofab is determined in this book by five
criteria:
• Fabrication. The process must take in raw material in some shapeless
form, such as blocks, sheets, or a fluid, and turn out solid objects with
definite shape.
• Automation. It must do this without undue human attention and assistance. See below for a discussion of what kinds of tasks may be required.
• Complexity. The shapes it can produce must include some kind of 3-dimensional geometrical complexity. This eliminates, for example, forming
of uniform tubes, rods, or bean1s by simple extrusion. It also eliminates
processes that only make cuts or holes in sheet materials and processes that
only create simple surface markings.
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• No tooling. The process must not require new tools to be made for each
different shape to be generated. Thls eliminates replication processes, such
as molding, ram-type (sinker) EDM, copy milling, and such compositeforming processes as filament winding, tape laying, and fiber placement.
Fabricators have proven to be of tremendous value in generating the
molds, patterns, electrodes, and mandrels for these processes. In such
cases, autofab is contributing to the process, but these processes cannot be
considered to be autofab themselves until they can be carried out without
the need for unique tooling for each geometry.
• Seamlessness. Each item produced must be a single object, not an assembled system of objects (parts). This eliminates joining operations, such as
riveting, bolting, gluing, and ordinary seam welding. However, seams are
allowed along an edge of the object to join the ends of a sheet material.
In the subtractive category, whether a machine is a fabricator or not is often
more a matter of how it is used than of how it works. This is an important and
subtle property of tools in general. (For example, if you take your shoe off and use it
to bang a nail into the wall, then it becomes a hammer.) Aside from carving shapes
into solid blocks of material, subtractive machines are also used for smoothing or
marking the surfaces of objects made by casting or forging, or for bringing such
surfaces into agreement with tight dimensional tolerances. In these applications,
the machine is not fabricating the objects produced, but is only performing a
processing (surface fini shing) operation on them. In particular, such subtractive
processes as milling, turning, and grinding can be useful for both fabricating and
surface finishing.
Some of the tasks that may be required of a human fabricator operator are
• Skilled preparation of a detailed design representation (CAD file) ,
• Intermittent reloading of raw material,
• Provision of special mounting fixtures or support structures for individual
jobs, and/or removal of such after each job,
• Monitoring and adjustment of process parameters, such as cutting speed,
laser power, material temperature, and so on,
• Changing cutting tools, or loading tools into an automatic tool changer,
• Finishing procedures, such as deburring, postcuring, sanding, and so on,
• Measuring to determine if the outcome matches the design.
Often, the amount of work needed to help or check the fabricator depends on the
object to be fabricated as well as on the machine itself. Complicated shapes, special
materials, or high accuracy requirements may call for special manual procedures.
However, the goal of automated fabrication is for the machine to handle all sorts of
complications by itself. This goal is being approached more and more closely all the
time by improvements in the various autofab processes.
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Automated Subtractive Fabrication:
CNC Milling, Versatile CNC Machining, Micromachining
From its earliest days in the late 1940s until the late 1980s, automated fabrication consisted almost entirely of milling. This is a "subtractive" (or "machining" or
"material removal") process in which a solid block of material, called the workpiece, is held stationary while a circular, multi-tooth cutting tool is rotated at high
speed and moved along the workpiece surface. This in-contact motion causes pieces
of the surface to be removed in the form of "chips," thus carving a 3-dimensional
shape out of the workpiece. Under the original methods of automation, using
punched tape and mechanical controls, this became NC (numerically controlled)
milling. When electronic computers began to be used to process and store the
design data of the object to be fabricated, the result was called CNC (computernumerically controlled) milling.
Besides milling, other subtractive or machining processes include turning (on a
lathe), drilling, planing, sawing, grinding, electrical discharge machining (EDM),
laser cutting, water-jet cutting, and many other methods. All of these processes are
capable of being automated, and the resulting machines are usually called CNCs, as
in, for example, a CNC grinder or a CNC laser cutter. Whether all these machines
should be considered to be autofabricators is debatable. Some of them are restricted
to making fairly simple cuts, patterns, or holes, or to performing symmetrical or
shallow surface treatments. While their individual capabilities are very important
when brought together in an integrated manufacturing facility, most of them cannot
alone generate complex 3-dimensional objects, which is the mark of a fabricator.
The subtractive processes that do satisfy the autofab criteria by themselves, aside
from milling, are turning and wire-type EDM.
An important trend in the CNC machine market is the development of versatile
machining centers. These are composite machines that combine several capabilities in one, such as milling, drilling, turning, and grinding. While these machines
are still often used to perform finishing operations on the output of other operations, such as casting and forging, their versatility certainly makes them capable of
being used as fabricators, and often they are.

At the highest-tech end of the scale of subtractive processes, there is micromachining. This is similar to laser cutting or water-jet cutting in that holes or cuts are
made by a stream of energetic particles, often photons (light), electrons, or various
ions. The small scale of micromachining has been used creatively by various
researchers to produce tiny machines that cannot (yet) be made in any other way.
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Automated Additive Fabrication:
StereoLithography, 3-D Printing, Many Others
In an "additive" process, an object is built by successively adding raw material
in particles or layers to create a solid volume of the desired shape. The first
commercial additive process, introduced in 1987, was called StereoLithography,
meaning literally, "3-dimensional printing. " Although "StereoLithography" is
technically a generic term, not a trade mark, it is generally used to refer specifically
to that first process introduced by 3D Systems, Inc. in 1987, in which a laser is used
to selectively solidify regions of a photo-sensitive polymer resin .
StereoLithography marked the beginning of a surge of developments and announcements of additive processes. There are five currently being exploited in
commercial fabricators:
• Selective photocuring. This includes the original StereoLithography and
its variations. They use a special kind of resin, called a photopolymer, that
has the property of turning solid under the influence of light of a certain
color. (See page xxi for the definitions of light and color used here, which,
in particular, include the ultraviolet.) A scanned laser or a masked lamp
delivers light to selected regions on a surface of the liquid to turn it solid
in the shape of a single cross section of the desired object. This is repeated
for successive layers to form the whole object.
• Selective sintering. A laser is scanned across a thin layer of thermoplastic
powder to selectively melt and fuse the powder particles to form a single
cross section of the object. This is repeated to form successive layers of the
whole object.
• Robotically guided extrusion. A thermoplastic material is melted and fed
through a nozzle which is moved on a robotic arm to lay down the molten
material in desired locations.
• Droplet deposition on powder. An adhesive liquid is deposited in a controlled pattern over a thin layer of powder, selectively joining the powder
particles to form a single cross section of the object. The process is repeated to form successive layers of the object.
• Adhesion of cut sheets. This is a hybrid subtractive/additive process. The
contour of each cross section of the desired object is cut, and the cut patterns are stacked and bonded to form the object. Alternatively, the stacking
and bonding may take place first, with cutting afterwards.
Many other additive processes are under development, including
• Selective curing by two lasers, by heat, by electric potential, and other
means, and
• Various methods of controlled deposition of liquid droplets and other types
of particles,
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• Three-dimensional welding.
All of the above processes and others are the subject of intense investigation that
may lead to new machines in the next three to five years.

Tension between Additive and Subtractive Processes
Some people claim that the additive processes are a wave of the future that will
gradually phase out CNC machining. This is absolutely not true. Subtractive
processes have benefited from the same advances in computer technology, both
hardware and software, that have made the additive processes possible. For
example, adaptive control programs account for wear of the cutting tool in calculating cutting paths. This improves on what used to be a vexing problem for CNC
operators cutting in hard metals, because the effectiveness of the cutting tool would
vary in time and change the results of given instructions. Beyond adaptive control,
programs for automated tool management make recommendations on when to
resurface or replace the cutting tool. And proponents of additive processes who
proclaim their freedom from the evils of tool wear are ignoring the fact that lasers
also decay over time. The diminishing power of a laser can cause problems in
additive processes that may be every bit as vexing as cutting-tool wear.
Aside from improvements in the control of CNC machining, improvements in
other newer subtractive processes are also coming along that will probably soon
bring them into the domain of automated fabrication . Thus, the next few years may
see machines based on laser cutting, electron-beam cutting, grinding, ran1-type
EDM, and chemical machining that will qualify to be called autofabricators.
The additive processes are also improving. As they continue to do so, they will
certainly take on some of the production load that is now handled by CNC
machines. They may, at some time in the next century or beyond, become more
predominant than the subtractive. But they will no more replace those processes
than air flight has replaced rail transport, or television replaced the theater.

Automated Formative Fabrication:
No Independent Working Processes Yet
A formative process forces a raw material into a desired shape. If the material is
a soft solid, then the process is bending or forging, and the material will hold its
shape immediately. If the material is amorphous, such as a liquid, powder, or paste,
then the process is any of a large variety of molding methods, and the material must
be induced to harden or solidify. This is usually done by freezing (by reduction of
molten material to room temperature) or by curing.
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Formative fabrication is difficult to automate because one must be able to apply
an infinite variety of combinations of strengths and directions of force. Today, these
forces are provided by expensive molds or dies created individually for each job.
The challenge of automating formative fabrication is to find ways to apply these
forces without molds or dies. (The automated operation of molding processes is a
different matter, and one that is being advanced with considerable success. But that
is not what is meant here by automated formative fabrication, because it still
requires a new mold to be made for each different object that is to be molded.)
Some ideas have been explored for changeable-configuration molds. One involves a large sheaf of narrow rods which can move relative to one another in their
mutually parallel direction to form a surface of arbitrary shape, after which they are
locked into place. The resolution of this method is equal to the cross section of the
rods.
Another interesting candidate for automation of formative fabrication is in electromagnetic forming . This is a widely used technique for forging conductive
metals, in which electromagnetic forces press the metal against a die or against
another metallic part. The force is induced by a coil, and so is imparted with the
coil's cylindrical symmetry. Any complexity in the shape to be formed is usually
provided by a die. However, there has been some use of field shapers, which are
smaller coils that modify the configuration of the force field induced by the main
coil. An extension of this idea to allow arbitrary configurations of coils may provide
for complex shaping of metallic objects without dies.
While there are not yet any fabricators that work exclusively by a formative
process, there are hybrid machines that combine subtractive and formative
processes. These machines work with sheet materials, and form 3-dimensional
shapes by placing selected cuts in them (subtractive) and then bending them into
the desired shapes (formative).

The Term "Automated Fabrication"
This term has been selected to represent the subject of this book because it
accurately and concisely conveys the most important aspects of the intended
meaning, as defined under Criteria for Inclusion, above. It is not clear who was the
first to use this term, although it may have been Efrem Fudim, who wrote in several
papers about design-controlled automated fabrication (DesCAF). Hideo Kodama ' s
seminal paper in 1981 also used similar terminology in its title. (See page 45.) The
first person to use the term exactly and independently may have been David Hauber
in his paper on droplet deposition in 1987.
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Several alternative terms for automated fabrication and a possible problem with
the word "fabricate" are discussed in this subsection. For a discussion of other
terminology used in this book, see Units and Language on page xx.

Other Terms Used for Automated Fabrication
Desktop manufacturing. The StereoLithography Apparatus introduced by 3D
Systems was smaller than most CNC machines and was driven by an ordinary
desktop computer. Some people began to see a coming capability for engineers to
generate models for new product designs as easily as writers now turn out new
versions of books and stories using laser printers. By analogy to "desktop
publishing," the term desktop manufacturing appeared. At first applied specifically
to the additive processes, it soon was found to be more appropriate for some new
offerings in the subtractive arena, where compact CNC mills that actually do fit on
top of a desk began to be available. This is not yet the case for any additive
machines.
Rapid prototyping. NC and CNC machining were originally developed for,
and are still primarily used for, heavy-duty manufacturing applications that need
consistently high accuracy. Prototyping, a process of building preproduction models
of a product to test various aspects of its design, has been done when necessary to
the manufacturing process, but it has always been slow and ex-pensive. The desktop
manufacturing idea, the ability to produce models quickly and inexpensively from
computer-based designs, found its first application in expediting the prototyping
process. Again, first applied to the additive processes, it was soon found that the
term rapid prototyping indicates an opportunity presented by all the autofab
processes, subtractive as well as additive.
Other terms are also in use. Another analogy to ordinary, 2-dimensional, computer printers and plotters is drawn by 3-D hardcopy. Freeform fabrication (F3)
and solid freeform fabrication (SFF) apply only to the additive processes and refer
to their ability to generate arbitrary shapes. Another feature of the additive
processes, as well as some of the newer subtractive processes, is that they do not
require special cutting or molding tools to be selected or made for each individual
job. This advantage is expressed by the term tool-less manufacturing. Currently,
although this will not always be so, all commercial additive processes work by
adding material in successive horizontal layers, so they are sometimes referred to as
layered fabrication , layered manufacturing, or laminated object manufacturing.
The latter term, although not claimed as a trademark, is used exclusively by the
fabricator manufacturer, Helisys.
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Conflicting Use of the Word "Fabricate"
There will be some confusion in industry about the meaning of automated
fabrication , because "fabricate" is sometimes used specifically for manufacturing
processes performed on sheet metal, generally hole punching and bending. In fact,
the metalworking operations in a factory are often thought of as being divided
between "chip making" (machining) and "fabricating" (sheet metal punching and
bending). Moreover, punch presses and press brakes (sheet benders) are sometimes
called "fabricators." An American organization called the Fabricators & Manufacturers Association, which publishes a journal called The Fabricator, is dedicated
primarily to the sheet metal forming industry.
The confusion between "fabrication" as the general formation of 3-dimensional
objects, and "fabrication" as the more specific formation of objects out of metal
sheets, is regrettable. However, there is no better word available to convey the
meaning of what automated fabrication does.
This situation is an example of the difficulty of adjusting language to the evolution of technology. Another classic example occurred with the word "computer,"
which used to refer to a human clerk operating a fancy mechanical adding machine
called a tabulator. For a time, there was some feeling of indignation among human
computers over sharing their name with electronic machines. However, the new use
of the term was accurate, and it continued in use.

Relationship to Other Manufacturing Processes
Fabricators automate only one of many operations in the manufacturing process.
Other operations are also undergoing rapid development of automation. The basic
elements of manufacturing are
• Fabrication. This is the generation of individual solid objects, the process
that is automated by fabricators. But a complete manufacturing facility
may also include tools for manual fabrication of simple objects. Along with
hand tools, these include manually operated mills, lathes, and other machines.
• Replication. When a large quantity of an object is desired, it will probably
always be most economical to produce it by one of many molding or other
replication processes. Fabricators are very useful for making the molds or
other tooling, including patterns from which molds are made.
• Treatment and finishing. It is fairly common for the output of fabrication
and replication processes to have inadequate material and surface properties. These properties are improved by material treatment processes, such
as tempering and ion implantation, and by surface finishing procedures,
such as deburring, polishing, painting, and electroplating.
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Figure 1-1 . The manufacturing process. Dotted arrows represent a fl ow of data; solid arrows
represent a flow of material. All of the processes (rectangular boxes) and flows (arrows) can be
automated. Proper management addresses the intelli gent integration and control of these elements. ·n1is
book focuses on the automation of the box label ed fab rication.

A subtractive fabricator, as mentioned above, may serve double duty
by working in this area as well, providing a smoothing operation for the
surfaces of castings, forgings, and so on. Objects output from additive fabricators, on the other hand, usually need at least some kind of surface finishing.
• Assembly. Seldom does a product consist of a single object. Usually,
useful products are constructed by assembling a large number of parts.
• Material handling. Nothing gets made unless the fabrication and replication machines are fed the correct raw materials and their output is correctly transferred to treatment and assembly stations. Nothing gets sold
unless the assembled products are warehoused correctly for shipment.
• Management. The intelligent integration and control of all of the above
processes in the proper mix. This includes such issues as quality control,
cost control, design for manufacturability, concurrent engineering, group
technology, flexible cells, just-in-time production, and others.
Figure 1-1 illustrates the manufacturing context into which fabrication, either
manual or automated, fits .

Markets
It is difficult to estimate the current market for fabricators because the most
common types, CNC mills and machining centers, are often purchased and used
primarily for surface finishing purposes, not for direct fabrication . However,
Market Intelligence Research Corporation (MIRC, Mountain View, California)
reports that 45,700 machining centers worth $5.9 billion were sold in 1991 by
dozens of companies around the world and $1.8 billion worth of CNC mills were
also sold. (By comparison, sales of manually controlled mming machines were $1.2
billion.) The first commercial entry into the additive fabricator market, 3D Systems,
had sales of just under $20 million in 1991, its fourth year since its first product
introduction. At least ten other companies worldwide introduced additive fabrica-
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tors in the early 1990s, although none had sales of more than a few million dollars
in 1991.
Many research projects are underway at the world's government, university, and
industry laboratories to improve the speed, precision, material versatility, and other
important features of both the subtractive and additive processes and to develop
new processes. MIRC estimates that the total world market for machining centers
will climb at a steady rate in terms of units sold to 87,000 in 1997, but that revenues will climb at a declining rate due to dropping unit prices, reaching $9.7 billion
in that year. In the meantime, additive fabricators are estimated to reach $1 billion
in sales by 1998.
Terry Wohlers, a CAD industry consultant, estimates a market of at least $1
billion for additive autofab systems, as soon as the price comes down to the $20,000
to $30,000 range. " With 400,000 operating mechanical CAD stations [in 1991], if
one automated fabrication system is installed for every ten CAD stations, at
$25,000 per system, that makes $1 billion." Peter Sferro, Principal Staff Engineer
of Ford Motor Company, has said that at that price, he would want all of his
engineers to have one.
Sferro has a vision of this technology in which it is not just engineers who use
it. He has spoken of an automobile showroom, perhaps 20 years in the future. A
customer sits in front of a terminal that shows him a model of a car that fits his
requirements. The computer program has an envelope of design ranges, such as for
the shapes of the fenders, and the customer can specify the design within that
envelope. Then the car is made exclusively for him. Gordon Sked, Director of
Design for the British car maker, Rover, agrees, saying, "My vision would be to see
[additive fabrication] handle entire skin panels for the whole motor car." For a fleet
buyer, a unique automobile or truck design may become a rolling trademark in a
high-tech elaboration of today's familiar brown UPS trucks, or Mary Kay's pink
Cadillacs.
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Commercially Available Fabricators
A good product planner says, "What will my customers want
five years from now?" The customers can 't answer that for
you because they don't know what the hell you can do! IBM
sat there [with mechanical tabulators] because no one ever
asked for anything faster made out of tubes.

-

J. Presper Eckert,
Coinventor of the UnivAC, the first commercial
computer, five years before IBM got into computers

Automated fabrication became a commercial industry in the early 1960s, when
U.S. aerospace companies finally started to buy NC machines at their own expense
instead of relying only on Air Force funding to encourage their use. Although the
tem1 was not in use at the time, these machines were subtractive fabricators. There
are now several hundred thousand NC and CNC mills and machining centers in
use around the world, sold in a bewildering variety of models by hundreds of
vendors . These range from tabletop systems selling in the thousands of U.S. dollars
to huge behemoths worth millions.
About 25 years after the beginning of the subtractive market, a small company
in California started the additive side of the automated fabrication industry. The
first additive fabricator, the SLA-1 StereoLithography Apparatus, was introduced
by 3D Systems in November 1987. Through the next fi ve years, 340 SLAs, in three
This chapter has benefited from a technical review by, among others listed on page xxi ii :
ltzchak Pomerantz, President & CEO, Cubital Ltd.,
Crai g St. John, Vice President, Ellison Machinery Co. , and
Ray Dahlin, Regional Sales Manager, Mate Punch and Die Co. (Sections 2. 1, 2.4).
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models, were installed worldwide. During that time, at least eight other manufacturers also began to offer additive fabricators, three each in the United States and
Japan, and one each in Israel and Germany.
For a brief explanation of subtractive and additive autofab, see Chapter 1.
All of the current additive machines work by a layering method. This means
that they build up the desired object in horizontal layers. The layers are typically
about 0.1 to 0.25 mm (0.004 to 0.01 in) thick, so the machines have to lay down
about 40 to 100 layers per vertical centimeter (100 to 250 layers per vertical inch)
of the object to be built. Most of the processes are based on photocuring of a liquid
polymer resin. Others work by selective sintering of a thermoplastic powder,
robotically guided extrusion, or bonding of adhesive sheets.
With the proliferation of methods for achieving additive automated fabrication,
one might assume that it has come from a number of inventors seeing 3D Systems'
success and jumping to create other means to the same end. While that is indeed
happening now, it is not the origin of most of the major processes currently on the
market. Carl Deckard (DTM), Michael Feygin (Helisys), and Itzchak Pomerantz
(Cubital) all filed their patent applications before 3D Systems made its first public
product announcement. And Scott Crump was at work on the Stratasys process
while 3D Systems was still struggling to make its first few sales. While it will fall
to historians and biographers to check this conjecture, it seems that all of these
development projects were going on simultaneously, and most likely unknown to
each other, through the mid- to Iate-1980s.

Organization of this Chapter
This chapter provides data on commercially available fabricators . In the subtractive arena, a complete catalog of market offerings would fill a large book, so a
few representative models are selected to demonstrate the range of available
capabilities. The additive and hybrid marketplace is smaller, so all currently known
machines in these categories that fit the criteria given on page 3 are included.
There are three types of information in this chapter:
• First, Table 2-l provides comparative data on all of the machines covered.
Then the machines are divided among several sections (2 .1 through 2.4) based on
the underlying technologies by which they work : subtractive, additive, and hybrid.
Within each of these sections,
• The introduction of each section discusses the general technology and its
features . (For more technical details on some of the technologies, see
Chapter 8.)
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• Finally, the individual machines are grouped by vendor with selected
specifications and some backgro11nd on the companies. Data for each
machine is presented in a uniform format, explained on page 19.
The organization of machine data by vend<Jr is only possible in this early stage of
the industry while all vendors are still specific in the types of technology they offer.
In the future, when some vendors broaden their product lines, information on
machines and on vendors will have to be arranged separately.

Table of Commercially Available Fabricators
Table 2-1 provides a summary of some data on the machines described in the
following sections of this chapter. The purpose of this table is to provide a brief
overview of what is available on the market around the world. The first category,
subtractive fabricators, encompasses thousands of models of machines available
from hundreds of vendors. Therefore, the list of machines included for this category
is just a representative sampling. In the <Jther two categories, it is believed that
those listed are all of the additive and hybrid fabricators available for sale of which
at least one unit has been sold.
For more detailed information on any of the machines listed, turn to the discussion and specification tables in the follo~ing sections. The location of the main
office of each vendor is listed there, along with the name and city of the vendor's
representation in various regions (United States, Europe, and Orient). Each of the
different fabrication methods, and their materials requirements, are also described
in introductory subsections throughout the rest of this chapter, in the same order as
they appear in the table.
The last three columns in the table are intended to give a general impression of
the available capacities, sizes, and costs of machines. If a range is indicated (by a
dual ellipsis " .. "), then the data cover a range of models within a series of similar
machines.
Envelope. This column gives the volume of the largest object that can be fabricated in the particular machine. It is measured in cubic decimeters (61 in\ which
is equal to the volume of a liter (1.05 U.S. quarts) in fluid measure and is roughly
equal to a cube 4 inches on a side. This unit of volume is used because a nontechnical person can conveniently think of it as about the volume of "one handful," or the
size of an object that will comfortably fit in the palm of the hand.
Weight. This gives the specified installed weights (not the shipping weights,
which would be somewhat greater) of the machines. This is used as an indication of
the fabricators ' sizes. (U.S. readers note that a kilogram is about 2.2 pounds, and
1,000 kilograms is about 1.1 tons.) While the Unimat lathe is fairly portable and
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the proLight mills can be supported by a sturdy table, the other machines range
from floor-standing to room-filling.
Price. The final column gives the prices, where available, in thousands of U.S.
dollars, for the machines at the start of 1993 . Prices prefixed by "kDM" or "k¥" are
quoted in thousands of Deutsche (German) marks or Japanese yen, respectively,
because the corresponding fabricators are not available in the United States. The
Unimat is seen to be reasonable for student training, and the proLights are also
quite inexpensive for industrial applications. The other machines range from those
that are within reach of a successful small business to those that are strictly in the
domain of very large organizations.

Table 2-1 . Commercially Available Fabricators
(See explanation of table , page 16.)

Vendor

Machine

Method

Materials

Envelope

Weight

Price

(dm 3)

(kg)

(1,000US$)

38,000 .. 454,000
48 .. 140
18 .. 125
10
5 .. 74,000
6
19 .. 105

up to 800,000
4,500 .. 6,400
2,200 .. 6,000
150 .. 160
4,500 .. 13,700
13
3,200 .. 5,500

2,000 .. 8,000
185 .. 325
66 .. 134
12 .. 17
140 .. 560
1.6
140 .. 250

272 .. 932
850 .. 1,200
800 .. 1,300
700 .. 750
4,500
2,000
340
900

I<J)M 500 .. 1,000
k¥ 35,000 .. 45,000

410 .. 1,500
41 ,000
23,000

95 .. 180
I ,900 .. 2,000
450

Subtractive (The machines listed in this category are only a very small sampling of what is available.)

00

Giddings & Lewis
Boston Digita l
Kira Machinery
Light Machines
Okuma
Emco Maier
Sodick

Planer-Type M. C.
BostoMatic 5-axis
DriliMill
pro Light
LR Series
Unimat PC
A Series

Milling

All solids

(machinabi lity
desirable)
Turning
WireEDM

Electrical conductors

Additive
30 Systems
CMET
Sony
EOS
Teijin Seiki
Cubital
DTM
Stratasys
Sol igen

SLA
SOUP
JSC
Stereos
Soliform
Solider 5600
Sinterstation 2000
30 Modeler
DSP System

Masked-lamp curing
Laser sintering
Thermoplastic powders
Robot-guided ell:trusion
Thermoplastics
Droplet deposition
Powder + adhesive

9 .. 156
64 .. 255
23 .. 400
18 .. 144
27 .. 125
88
28
27
64

LOM
S4+P4
Fabriduct

Stacking + laser cutting
Shearing +
bending

31 .. 198
625
843

Laser curing

Photopolymers

kJ)M

110 .. 450
900

550

289
172
250

Hybrid
Helisys
Salvagnini
Iowa Precision

Adhesive sheets
Metal
sheets
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Specification Tables on the Individual Machines
The sections that follow go into more detail on each of the covered processes
and each of the covered machines. The data provided on each machine appear in
the uniform format laid out in Specification Table 1.

Specification Table 1 (Table Format)
Process

Generic Name of the Fabrication Process. Details on
each process are provided in the text preceding the machine data
and vendor discussion.

Machine ,
Vendor

Trade name of the machine, or series of machines
Full legal name of the vendor: City, state and country of head office
U.S. :
Europe:
Orient:

I
I
I

Name and locati on of vendor's representation, if any,
in regions other than location of head office

Materials

List or description of materials that can be used in the process.
For more information on fabrication materials, see Chapter 7,
and especially Tables 7-2 and 7-4.

Claimed
accuracy

Accuracy claims made by the vendor for the machine(s) and/or
the process. In judging the significance of any of these claims,
see the discussion of machine and process issues starting on page
170.

Envelope

Width x length x height, a nd weight, of largest object that can
be fabricated. If different, data are preceded by model numbers.

Machine size

Width x length x height, and weight, of the fabricator(s). If
different, data are preceded by model numbers.

Utilities

Provisions that must be made in the host site, such as a special
concrete foundation , and connection to electricity, plumbing, etc.

U.S . Price (J•n 93) The advertised or quoted price of a basic machine at the
beginning of 1993 in U.S. dollars, if available. Installation may
require additional equipment from vendor or other sources to be
functional. Also, prices include varying degrees of warranties,
software support, initial supply of materials, etc.
Consumables

Materials (except fabrication materials) or perishable tools
required in operating the fabricator

Comments

Data specific to the process or machine, such as various kinds of
speeds, special automation features, etc.
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Subtractive Fabricators

Subtractive fabrication, whether manual or automated, works by selectively
removing material from a solid block, rod, or sheet, called the workpiece. There are
several methods for accomplishing the removal of material:
• Chip-forming processes (chipping). A tool with one or more sharp edges
is brought into moving contact with the workpiece surface, causing small
pieces to be removed, called chips. Chipping processes may be further broken down according to the style of relative motion between the workpiece
and the tool :
• Stationary workpiece, rotating tool :
Milling, routing, drilling, boring , reaming, tapping .
• Rotating workpiece, stationary tool:
Turning (on a lathe) . Also end drilling and end boring on a
lathe.
• Straight, possibly reciprocating, motion of workpiece against stationary
tool, or of tool against stationary workpiece:
Planing , broaching, sawing, filing .
• Shearing. The sharp, mating edges of a pair of tools are propelled against
opposite sides of the workpiece, causing the material to fracture .
Punching, blanking, parting, notching, nibbling .
• Abrasion. A tool or fluid stream with multiple sharp edges or particles is
brought into moving contact with the workpiece surface, eroding away tiny
pieces of it. Like chipping, abrading also produces chips. The difference is
that, whereas in chipping there is a well-defined and predictable line of
contact between the tooth and the workpiece, in abrasion the points of contact are randomly scattered within a well-defined range.
Grinding , sanding, polishing, water-jet cutting, abrasive-jet cutting , ultrasonic machining .
• Ablation. Selected portions of the workpiece surface are thermally eroded
by localized melting, evaporation, or thermal decomposition.
Friction sawing, electrical discharge machining (EDM), laser cutting, plasma cutting, electron-beam cutting .
• Dissolution. Selected portions of the workpiece surface are chemically dissolved away.
Chemical machining, electrochemical machining, photolithography, electrochemical grinding .
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All of these processes have been automated, and every one of them is represented in
the modern inventory of CNC machine tools for industrial manufacturing. However, according to the criteria laid out on page 3, most of these processes have not
yet been implemented in forms that qualify as autofab.
To date, within the said criteria, the following processes have formed the basis
of subtractive fabricators currently on the market:
Milling, turning , and wire EDM.
Several other processes are making headway in this direction and will likely join
the ranks of commercial autofab in the coming years. This is especially likely for
laser and plasma cutting, which are now sometimes called cavitation instead of
cutting to emphasize the increasing versatility.
While these three are the important basic subtractive autofab processes, other
subtractive processes are showing up in versatile machining centers. For example,
drilling, boring, and tapping are easily accomplished on a milling machine and are
sometimes also implemented in a turning or grinding center. Notice also that
subtractive processes (laser cutting and punching) are used in all current hybrid
fabricators, discussed in Section 2.4.
Finally, remember that the ability of a machine to do autofab does not mean that
it does only autofab. CNC mills and lathes are often used to refine surface regions
of shapes already formed by other processes, such as casting or forging. This
surface finishing does not fall within the definition of fabrication used in this book,
but is nonetheless an additional application of these machines which is important to
many users.

Small Selection of Subtractive Fabricators in this Section
In Sections 2.2 and 2.3, an attempt is made to exhibit all of the additive fabricators on the market as this book goes to press. This requires treatment of a total of
nine vendors, with the most variety being in a line of five models. The same level of
completeness in the subtractive domain would fill an encyclopedia. In milling
alone, the 1992 CNC Guidebook lists at least 62 vendors of CNC mills, and 90 of
CNC machining centers. The reader should understand that the purpose of this
section is different from that in the following sections of this chapter. Since
additive processes are so new and the number of machines is manageable, it is
valuable for the reader to see the whole landscape. However, the subtractive arena
is so large that this book offers only a flavor of what is available. The appearance of
a machine here is no indication of superiority over any other machines on the
market. To find a wider selection of subtractive fabricators, see references listed for
this chapter in Appendix C.
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Process Optimization
The computer control aspects of CNC machining go far beyond just moving the
cutting tool in the right direction to create the desired shapes. Modem machining
centers, and flexible manufacturing systems (FMSs) built upon them, incorporate
sophisticated accessory equipment and software that further reduce the need for
operator intervention in the fabrication process. Some of these accessory tools are
discussed here.
Automatic tool changers and cartridges. The fabrication of any particular
shape may require a great variety of cutting tools, such as end mills, face mills, slab
mills, slotters, slitters, drills, reamers, taps, and others, as well as non-cutting tools,
such as a touch probe sensor. The work can proceed much faster if the machine has
the ability to switch by itself to the appropriate tool at the right time. This is

~

.

.
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Figure 2-1. Automatic tool changer rotates tools into place as required for mounting on the
spindle of a CNC machining center. Tools shown are (left to right) touch probe sensor, four roughing
end mills of di fferent lengths and diameters, insert drill, tap, shell mill (shorter than and in front of the
tap), and two drills. (Courtesy Fadal Engineering.)
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accomplished with an automatic tool changer (ATC). Change time for ATCs can be
as low as a few seconds. See Figure 2-1 for an example of such a device.
While the ATC supplies a selection of tools to the machine spindle, the tools
that need to be available in the ATC may change from job to job. Also, worn tools
need to be exchanged for sharp ones. Large machining centers may hold over 100
tools in their ATCs. Rather than require these tools to be loaded and unloaded one
at a time in the tool changer, often the ATC holds tools in cartridges, so that a
number of tools can be loaded or unloaded in one step.
Automatic J>allet changers. A great deal of time can be taken up in mounting a
workpiece on the machine table with the right fixturing. Then more time is taken
after cutting is finished to take the workpiece off the table. Instead of leaving the
spindle idle during this setup and removal time, many machines now have a
turntable or track of pallets on which workpieces are mounted in preparation for
cutting. A loaded pallet waits its tum, and is moved into position when the machine
spindle is available. As soon as cutting is finished on that piece, the pallet is moved
out of the way to make room for the next one. A pallet may also carry a mounting
fixture (called a tombstone because of its monolithic shape) for holding several
workpieces.
Process combination. Since the time and labor required to load and unload
workpieces can be substantial, productivity is hampered if items have to be moved
from machine to machine for different processing steps. This is the reason behind
the development of versatile machining centers, which are neither mills, lathes,
drills, grinders, and so on, but are combinations of at least two of these types of
machines in one. One of the most useful and popular such combinations places a
tool spindle at right angles to the chuck in a lathe, thus allowing for turning and
milling in one spot. Another example is a lathe with a synchronized spindle (subspindle) in the place of the tailstock. This aJiows processing to switch from one end
of the workpiece to the other by having the sub-spindle grab hold of it and the main
spindle release it, all carried out in the midst of high-speed rotation. Alternatively,
for critical operations, the workpiece can be held at both ends by the pair of
spindles. A machining center is shown in Figure 2-2.
Material handling. The possibility of totally unattended operation is brought
about by robotic loading and unloading of workpieces. The raw material can be
stacked next to the machine for the robot to access, while the finished items are
placed by the robot in a separate stack. Going one step further, materials can be
delivered, and finished items taken away, by a conveyor system or an automatically
guided vehicle (AGV). These techniques can be used to handle tools too, as the
AGV can bring a fresh supply of sharpened tools, which a robotic manipulator
swaps out for the worn tools in the tool changer.

24

Automated Fabrication- Improving Productivity in Manufacturing

Figure 2-2. A versatile machining center combines the processes of two or more machines in one.
Here, a lathe is outfitted with two additional spindles for milling of the turned surfaces. This saves the
time and labor of transferring the workpiece to another machine for these operations. (Courtesy Brown
& Sharpe Manufacturing Company.)

Figure 2-3. Small features that can make a big difference in productivity. (Left:) Instead of
stopping a lathe to unload items, the desired geometJy may allow them to be "parted" in motion. A
catch-bin is moved under the chuck to catch the falling object, which may be routed to a chute in the
front panel of the machine. Processing can resume on the ne"1 length of round stock without ever
stopping the chuck. (Right:) Similarly, a chip conveyor can direct waste material out of the machine
and into a bin without any interruption of processing. (Courtesy Giddings & Lewis.)
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In a much simpler version of automatic material handling, a lathe may provide
a catch-bin that is moved into position at the right moment to catch a completed
workpiece just as it is being parted. The lathe may then feed additional stock
through the spindle and begin working on the next piece, while the finished piece is
delivered to the operator through a chute in the front panel of the machine. This is
illustrated in Figure 2-3 (left).
As subtractive machines grow in efficiency, they generate chips faster and
faster. Removal of this waste material from the process area is a mundane but
important task. It is now often handled by chip conveyors that dump the waste in a
bin at the side of the machine, as seen in Figure 2-3 (right).
Tool management. Tool breakage is not just an inconvenience and an expense;
it can also damage the precise surface of the workpiece and cause undue strain on
the machine. The best way to deal with tool breakage is to prevent it. This is done
by monitoring the total length of time that a particular tool has been used, possibly
including other relevant factors, such as the materials that it has been cutting
during that time. These data are constantly compared to an expected life profile for
the tool. When the tool is nearing the end of its expected life, a warning can be
issued to the operator, or the tool changer may automatically switch it out for a
fresh tool. Automation of such a scheme requires that each tool be uniquely
identified to its robotic handlers. One way of doing this is by affixing or engraving
a bar code into the tool for optical reading. A more advanced method embeds a
computer microchip in the tool itself or in the shank of the tool holder. The chip
can carry not only the tool ' s type and individual identification but also its usage
history and resultant variable parameters, such as its current length, diameter, and
so on.
Adaptive control. Aside from breakage, a tool also undergoes continuous
wearing down of its cutting edges. As this proceeds, it affects the accuracy, surface
finish, and efficiency of the cut. In adaptive control, relevant parameters, such as
temperature of the workpiece surface and speed, torque, and vibration of the
spindle, are monitored. This information is fed into a calculation that uses a control
strategy to decide if any of these parameters is outside an acceptable range. The
results of this calculation are then fed back to the machine through instructions to
modify its operating parameters, such as spindle speed, feed rate, coolant flow, and
so on. If the system is also capable of monitoring tool wear directly, such as by
accurately measuring the cutting diameter, then the control unit can also compensate for this by adjusting the cutting path. The result of these techniques is better
quality output, more efficient machine utilization, and longer tool life.
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A Few Examples of Milling Machines
The Planer-Type Machining Center: Giddings & Lewis
The first experimental NC machine, developed at MIT in the early 1950s, was a
large mill by the standards of the day. One of the first machine tool manufacturers
to get involved in the mid-1950s in the commercial development of the new
technology was Giddings & Lewis. While maintaining a reputation as a maker of
very large machines, G&L has also kept up a commitment to manufacturing
automation.
In 1992, Giddings & Lewis completed construction of a prototype machining
center that is among the largest in the world. (See Figure 2-4 and Specification
Table 2.) Despite its size, it is designed to be able to position a cutting tool with

Figure 2-4. The Planer-Type Machining Center, completed by Giddings & Lewis in 1992, is
claimed to be able to place a cutting tool on a workpiece the size of a large one-bedroom apartment
with an accuracy of about a tenth of the width of a human hair. Primarily intended for prepari11g mating surfaces on large castings, the machine could also be used to fabricate large molds or stmctural
components when the service requirements call for milling them out of solid metal. (Courtesy
Giddings & Lewis.)
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positioning accuracy of 8 ).lm (300 ).lin) over any axis length, with repeatability of 5
J.lm (200 ).lin)! Other makers of machining centers on this scale are SNK, Schiess,
Ingersoll Milling, and Waldrich-Siegren. However, if the manufacturer' s claims are
correct, this unit may be the most accurate machine in its class. In fact, the stated
accuracies are respectable for a machine of any size.
Applications for a machine of this size usually involve preparation of mating
surfaces on large castings, such as engine blocks for steamships and power plants,

Specification Table 2
Process

3-Axis (Vertical or Horizontal) or 5-Axis Milling

Machine ,
Vendor

Planer-Type Machining Center
Giddings & Lewis, Inc. : Fond duLac, Wisconsin, U.S.A

Materials

Any solid, preferably with good machinability

Claimed
accuracy

Positioning: linear: 811m (300 11in), rotary: 0.001°
Repeatability : linear: 5 ).liD (200 ).lin), rotary: 0.0006°

I

These refer to positioning of the cutting tool, not to cutting of material.

Envelope

3200: (3 .7 to 15.4)x3.2x3.2 m ((12.1 to 50.5)x l0.5 x l0.5 ft)
3700: (4.2 to 20.4)x3.7x3.7 m ((13.8 to 66.9)x 12.1x l2. 1 ft)
4500: (5 .2 to 22.4) x4.5x4.5 m ((17.1 to 73 .5)x l4.8x 14.8 ft)
Weight capacity: 20 Mg (22 ton)/meter of table length

Machine size

3200: (13.4 to 33 .4)x8.6x 9.3 m ((44.0 to 110)x28.2 x30.5 ft)
3700: (13 .9 to 43.4)x9. l x 9.8 m ((45.6 to 142)x29 .7x32.3 ft)
4500 : (15.4 to 47 .4) x9.8x l0.6 m ((50.5 to 156)x32.0x34.9 ft)
Weight: "'800 Mg (875 ton) for full length 4500 with 2 tables

Utilities

Concrete foundation with optional pit
Electricity : 460 VAC, 3 phase, 545 A
Compressed air: 700 kPa (100 psi)
Air conditioning recommended for close tolerance work

U.S. Price (Jan 93) About $2 million to $8 million, depending on configuration
Consumables

Cutting tools, coolant, lubricant

Comments

Speeds: Spindle: 7l..285, 142 .. 571 , or 500 .. 2000 RPM
Cut (feed) : 0 to 22 em (0 to 8.5 in) per second
Traverse (X, Y, Z) : 22 em (8.5 in) per second
96-tool automatic tool changer, 60 sec chip-to-chip

Source: Vendor.

For explanation of table

forma~

see page 19.
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and bodies of earth movers and military tanks. However, there are cases where the
need for structural integrity calls for fabricating objects this large from a solid
block. For an example, see Figure 4-1 , which shows the outer skin of a launch
vehicle being milled from a large plate of aluminum.

The BostoMatic: Boston Digital
Boston Digital started out in 1965 as a manufacturer of motion control systems.
In 1972 this experience was applied to the introduction of the first BostoMatic
milling machine. For 5-axis machining, the company uses an original head-pivoting technology, which it claims increases accuracy and cutting speeds, allows
cutting speeds to be held constant during complex contouring, and reduces the size
of control files . (See Figure 2-5 and Specification Table 3.)

Figure 2-5 . BostoMatic S-Axis 505 is popular among automotive companies for prototyping, and
claims improved accuracy and throughput due to its head-pivoting technology. (Courtesy Boston Digital. )
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Specification Table 3
Process

5-Axis Milling

Machine ,
Vendor

BostoMatic 5-Axis
Boston Digital Corporation: Milford, Massachusetts, U.S.A
Europe: Boston Digital Europe: Rugby, United Kingdom
Orient: International Machine Company: Yokohama, Japan

Materials

Any solid, preferably with good machinability

Claimed
accuracy

Positioning:
linear: 8
Repeatability: linear: 4

~m

(300 1-lin), rotary: 0.02°

~m (150 1-lin), rotary: 0.01°
These refer to positioning of the cutting tool, not to cutting of material.

Envelope

405 : 51 x23 x41 em (20x 9x 16 in), 340 kg (750 lb)
505 : 102x32x43 em (40xl2 x 17 in), 681 kg (1500 lb)

Machine size

405 : 3.6x3.3 x2.7 m (11.7 x l0.7 x8.8 ft) 4.5 Mg (5 ton)
505 : 4.5 x3.4x2.8 m (14.6x 1l.Ox9.3 ft) 6.4 Mg (7 ton)

Utilities

Electricity: 208 ..460 VAC, 3 phase, 40 A
Compressed air: 700 kPa (100 psi)

U.S. Price (Jan9J) 405: $185,000 to $225,000
505: $285,000 to $325,000
Consumables

Cutting tools, coolant, lubricant

Comments

Speeds : Spindle: 100 .. 4k, 350 .. 10k, 3k .. 24k RPM, others
Cut (feed) : 0 to 6.4 em (2.5 in) or 8.5 em (3.3 in) per second
Traverse: 13 or 17 em ( 5 or 7 in) per second
15- or 18-tool automatic tool changer, 10 .. 18 sec chip-to-chip

Source: Vendor.
-

For explanation o f table fonna~ see page

19.

The Dril/Mill: Kira Machinery
Modern Machine Shop magazine reports that drilling, reaming, and tapping
account for 70 percent of machining time in a typical project. These hole-making
operations do not require the same level of heavy-duty components that is necessary
to support milling. If an object being fabricated on a mill or machining center is
transferred to a CNC drill for hole making, this optimizes the job in two ways.
First, it frees up the more expensive milling machine for another heavy job. And
second, the drill will cut the holes faster because its light-weight components allow
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it to move between cuts and change tools much faster than the heavier machine.
But the drawback of this procedure is in the time and labor needed to make the
transfer between machines.
A new class of machines has arisen to provide the advantages of rapid hole
making along with the capability to do light milling. This means that jobs that
involve the typical high proportion of drilling and tapping, along with moderate
milling including face milling, slotting, pocketing, and profiling, can be done on
one machine. (See Figure 2-6 and Specification Table 4.)

jill"

~~mJ
,~

TREE

Figure 2-6. DrillMill from Klra Machinery (called the Holemaker/Mi ll in the U.S .) combines the
rapid hole making of a drill press with light-duty 3-axis milling. Tree, the U. S. distributor, is also a
manufacturer of original CNC mills and machining centers. (Courtesy Tree Machine Tool. )
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Specification Table 4
Process

Drilling and Tapping, with Light-Duty 3-Axis Milling

Machine ,
Vendor

Dril/Mi/1 (in U.S.: Ho/emaker/Mi/1)
K.ira Machinery Co., Ltd.: Kira, Japan
U.S.: Tree Machine T ool Co., Racine, Wisconsin
Europe: Warwick Machine Tool Co., Warwick, England

Materials

Any solid, preferably with good machinability

Claimed
accuracy

Positioning:
10 to 15 11m (400 to 600 11in)
Repeatability: 3 to 5 11m (100 to 200 11in)
These refer to positioning of the cutting tool, not to cutting of materi al.

Envelope

KN-30V: (30 to 200) x20 x30 em ((12 to 79)x 8x 12 in)
KN-30H: (30 to 200) x25 x25 em ((12 to 79)x lO x 10 in)
KN-6V/H: (30 to 200) x20 x20 em ((12 to 79)x 8x 8 in)
Weight capacities: 200 to 1000 kg (440 to 2200 lb)

Machine size

KN-30V: (2 .3 to 4 .8)x3 .6 x::::2.4 m ((76 to 16)x 12x::::8 ft)
KN-30H: (2 .1 to 4.8)x3.6x::::2.4 m ((7.1 to 16)x 12x::::8 ft.)
KN-6V/H:
Same as KN-30H
Weights: 2.2 to 6 Mg (2 .4 to 6. 6 ton)

Utilities

Electricity: (120 or 220) ± 10% VAC, 50 or 60Hz, 30 A
Compressed air: 100 liter (3 .5 fe ) per min, 400 kPa (60 psi)

U.S . Price oan 93) KN-30V: $79,554 to $1 30,458
KN-30H : $83,513 to $1 34, 417
KN-6V/H: $65,979 to $120,220
Consumables

Cutting tools, coolant, lubricant

Comments

Speeds: Spindle: 120 . .4000, 240 ..8000, or 360 . .12000 RPM
Cut (feed) : 20 11m to 17 em (700 11in to 6 .6 in) per second
Traverse: 33 em (13 in) per second
6- to 12-tool changer, 4 to 5.5 sec chip-to-chip
2-pallet changer (turntable or side-by-side), loaders available
Forexplanationoftablefonnat, see page 19.

Source: Vendor.
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The proLight: Light Machines
While the term "desktop manufacturing" is often used euphemistically to refer
to the modern additive processes (see page 9), there actually is a class of subtractive
machines that fit comfortably on a desk, although they might not leave room for
much more than pencil and paper. Light Machines Corporation has been making
such table-top mills and lathes since 1984 and brought out the proLight series in
1992. (See Figure 2-7 and Specification Table 5.) Competitive mills include the
CAMM-3 from the Roland Digital Group (Hamamatsu, Japan) and the Impact and
Servo II from Servo Products Company (Pasadena, California).
Unlike the much smaller and less expensive Unimat PC lathe from Emco Maier
(see page 36), the proLight mills are not just training tools. They are used to cut
models in materials from wax to steel at such major corporations as Pratt &
Whitney, Hewlett-Packard, and AT&T. AI Cassista, Principal Manufacturing
Engineer at Digital Equipment Corporation and a leading proponent of StereoLithography, has replaced all the 2-dimensional plotters in his department with
about 15 Light Machines mills to emphasize to his engineers the importance of
always thinking and working in three dimensions.

Figure 2-7. ProLight 2000 table-top
milling machine from Light Machines.
(Courtesy Light Machines Corporation.)
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Specification Table 5

Process

3-Axis Milling, with Optional 4th Axis

Machine ,
Vendor

proLight Series
Light Machines Corporation:

Materials

Any solid, preferably with good machinability

Claimed
accuracy

1000: Repeatability: 13 1-1-m (500 1-1-in)
Resolution:
6 1-1-m (250 1-1-in)
2000 : Repeatability: 5 iJ.m (200 iJ.in)
Resolution:
1 1-1-m ( 50 iJ.in)

Manchester, New Hampshire, U. S.A

These refer to positioning of the cutting tool, not to cutting of materi al.

Envelope

30x 15x23 em (12 x6x9 in).

Machine size

1000: 0.9x 1.2x0.9 m (3 .l x4.0x3 .1 ft) , 150 kg (335 lb)
160 kg (350 lb)
Same size,
2000:

Utilities

Electricity: 120 VAC, 20 A

Weight capacity not specified.

U.S . Price (lan9J) 1000: $11,995
2000 : $16,995 (4th axis: add $2,995)
Consumables

Cutting tools, lubricant

Comments

Speeds: Spindle: 200 ..5000 or 500 .. 10000 RPM
Cut (feed) : 42 1= to (I. I or 6.4) em (0.002 to (0.4 or 2.5) in) per second
Traverse (X, Y) : 2.1 or 6.4 em (0.8 or 2.5 in) per second

Source: Vendor.
--

For explanation of table fonnat, see page 19.

Lathes
Like a milling machine, a lathe carves a 3-dimensional shape by removing
chips from a workpiece. The significant difference is that the workpiece is rotated
while the cutting tool typically remains stationary, instead of the other way around.
The process of working on a lathe is called turning, and the basic limitation of the
process is that only objects of cylindrical symmetry can be produced.
Modem lathes evade the restriction to cylindrical symmetry in two ways. First,
the ability to control the workpiece rotation precisely and coordinate it with the
motion of the cutting tool allows for cutting threads, spirals, and cams. (This is
control of the C axis, described below.) Second, the implementation of motorized
(also called live) tools allows drilling, tapping, and moderate milling operations to
be performed, including formation of flat surfaces. A sophisticated lathe incorporat-
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ing these enhancements is often called a turning center. For examples of how these
capabilities can be used, see Figure 4-5 .
Many lathes provide for the quick change of cutting tools by mounting a selection of tools on a turret. Changing tools requires only rotating the correct tool into
position, since the tools do not get mounted in a spindle, as they are in a mill. Even
live tools are driven directly through a geared mechanism in the turret, and so are
ready to go into service as soon as they are rotated into position.
A simple lathe has two axes of control, which are the motion of the cutting tool
along the length (Z axis) and along the diameter (X ax is) of the workpiece. A lathe
in which two tools can cut simultaneously from either side of the workpiece is a 4axis machine, with two axes of control for each active tool. Additional axes of
control may be available, such as workpiece orientation (C axis) , orientation of a
second spindle at the tail-end of the workpiece (called a sub-spindle, with the
orientation sometimes called the W axis), and motion of the active tool in a
direction tangent to the workpiece circumference (sometimes called the Y ax is),
which allows for easier and more accurate milling of flat surfaces.

The LR Series: Okuma
Okuma Corporation, descendent of Okuma Machinery Works founded in 1898,
was rated by A merican Machinist magazine as the world's third largest machine
tool manufacturer, after Amada and Yamazaki Mazak. Sales in 1991 were $848

I·

Figure 2-8. The LRlS 4-axis CNC lathe from Okuma. (Courtesy Okuma Machinery, Inc.)
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Specification Table 6
Process

2- or 4-Axis Turning, with Additional Axes Optional

Machine ,
Vendor

LR Series
Okuma Corporation : Oguchi, Japan
U.S.: Okuma Machinery, Inc.: Charlotte, North Carolina
Europe: Okuma Europe GmbH: Krefeld, Germany

Materials

Any solid, preferably with good machinability, supplied in
cylindrical form

Claimed
accuracy

None specified.

Envelope

LRlO: 17 em dia
LR15: 24 em dia
LR25: 34 em dia
LR35 : 45 em dia
LR45 : 56 em dia

Machine size

LRIO : 1.8x3.0x l.6
LR15: 1.8x3.4x l.7
LR25: 2.0x3.9x 1.9
LR35 : 2.3x4.4 x2.2
LR45 : 2.5x5.1x2.4

Utilities

Electricity: 220 or 480 VAC,
Compressed air: 600 kPa (90 psi)

U.S . Price (Jan93) LR10 : $140,000
LR15 : $140,000
LR25: $180,000
LR35: $220,000
LR45: $290,000

x
x
x
x
x

(20 .. 55)
(25 .. 80)
(25 .. 145)
(60 .. 170)
(60 ..300)
m
m
m
m
m

em
em
em
em
em

( 6.7 x( 8 .. 22)
( 9.5 x(l0 .. 31)
(13 .4 x( l0 .. 57)
(17.7 x(24 .. 67)
(22 .l x(24 .. 118)

(6.0 x 9.8 x5.2 ft),
(5 9x 11.3 x5.5 ft),
(6.5x 12.7x6.1 ft),
(7.6 x 14.6x7.1 ft),
(8.2x 15.7x7.9 ft),

.. $275,000
.. $400,000
.. $380,000
.. $440,000
.. $560,000

I
I
I
I
I

4.5 Mg
5.4 Mg
7.5 Mg
10.5 Mg
13 .7 Mg

in)
in)
in)
in)
in)
( 5.0 ton)
( 5.9 ton)
( 8.3 ton)
(11.6 ton)
(15 .1 ton)

Depending on:
I or 2 turrets (2- or 4-axes),
maximum workpiece length,
sub-spindle installed, and
motorized tools accommodated.

Consumables

Cutting tools, coolant, lubricant

Comments

Speeds: Spindle: 15 .. 6,000, 75 . .4,200, 12 .. 2,800 RPM, others
Cut (feed, Z axis): 2.5 J.lm to 1 m (100 J.lin to 39 in) per rev ' n
Traverse, Z: 30 em (12 in) per second; X: 20 em (8 in) per sec
16-, 18-, or 24-tools on two turrets, <1 sec chip-to-chip change

Source: Vendor.

For explanation of table format, see page 19.
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million. The Okuma product line includes lathes, machining centers, and grinders,
all CNC equipped. The lathe shown in Figure 2-8 is from the LR Series of 4-axis
lathes. (See also Specification Table 6.) The price ranges listed for each model in
the series cover the following variations: (a) one or two turrets, which means the
lathes can be ordered in either 2- or 4-axis configurations, (b) the length of workpiece that can be accommodated, (c) installation of a sub-spindle for turning two
workpieces simultaneously, or one at both ends, and (d) provision for motorized, or
live, tools for ancillary milling, drilling, and tapping. Additional options are also
available.

The Unimat PC: Emco Maier
Emco Maier has carved out a niche in equipment for CNC training. The company' s first product when it started in Austria in 1948 was a small hobby lathe,
which has evolved into the Unimat PC CNC lathe. Emco Maier now has a line of
four CNC training lathes, including the Unimat, on which it claims over 1.5 million people have been trained in the principles of CNC. But in addition to this, the
company now also has a line of production-level CNC lathes, machining centers,
and robots and is one of the leading machine tool manufacturers in Europe.
The Unimat PC is designed for students at the junior high school level. (See
Figure 2-9 and Specification Table 7.) It requires an ffiM-type personal computer
on which to run the proprietary CAD/CAM software. Students can gain experience
in using proper feeds and speeds, learn about the properties of materials, and gain
an understanding of tooling principles.

Figure 2-9. Unimat PC lathe by Emco Maier is designed for elementary training in the principles
ofCNC machining. (Courtesy Ernco Maier.)
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Specification Table 7
Process

2-Axis Turning

Machine,
Vendor

Unimat PC
Emco Maier:

Materials

Any solid, preferably with good machinability

Claimed
accuracy

Resolution: 10 f.Lm (400 f.Lin)

Envelope

22 em diameter x 15 em (8.6x6 in), 0.5 kg (lib)

Machine size

56x33 x18 em (22 x l3 x7 in), 13 kg (29lb)

Utilities

Electricity: 115 or 230 VAC ± 10%, 50 or 60Hz, 0.28 A

Hallein, Austria
U. S.: Emco Maier Corporation: Columbus, Ol1io

This refers to positioning of the cutting tool, not to cutting of material.

U.S. Price (Jan 93) $1 ,625
Consumables

Cutting tools

Comments

Speeds: Spindle: 20 to 2200 RPM
Feed rate: up to 0.3 em (0.1 in) per second

Source: Vendor.

For txplanation of table format, see page 19.

Wire EDM
Electrical discharge machining (EDM) is a process by which particles of metal
are eroded away by a stream of sparks between an electrode and the workpiece. The
original process, ram or sinker EDM, uses a preformed electrode with the opposite
(negative) shape of the desired cavity to be formed . This does not meet the criteria
of automated fabrication because of the need to prepare a new electrode for each
shape of cavity. (See No tooling, page 4.) However, in a newer version of the
process, called traveling wire or just wire EDM, the electrode is a moving metal
wire instead of a preformed, rigid tool..
The wire is kept in tension and in motion, with fresh wire constantly unwound
from a supply spool. The constant motion is to keep a fresh piece of wire in the
process at all times, since pieces of the wire, as well as pieces of the workpiece,
erode during the process. Because the wire is under tension, a cut is always along a
straight line, as in a band-saw. However, CNC control of the angle of the cut allows
for some very interesting and intricate geometries to be fabricated.
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EDM requires an electric current to flow through the workpiece, so it can only
be used to cut materials that are electrical conductors. This essentially limits it to
metals and some conductive ceramics. The cutting action is due to melting or
vaporization of the material, caused by electrical heating. Since this ablation
(thermal erosion) process is independent of hardness, strength, and toughness, it is
effective on very hard steels and brittle ceramics that are difficult to cut by milling
or turning. Also, the electrode never actually touches the workpiece, so there are no
distortions such as can be caused by forces imposed by the cutting tools in milling
and turning. The accuracies available in temperature-controlled wire-EDM cutting
are reported to be very high.

The "A " Series: Sodick
Founded in 1976, Sodick has become the world's largest manufacturer ofEDM
machines of both the ram and wire types. Making nothing but CNC EDMs and
related equipment, the company offers some innovative features, including fuzzy
logic process control, adaptive control to prevent wire breakage, and high-precision
cutting in an oil dielectric. An automatic wire threader is available to support

Figure 2-10. The ASOOL \\i.re EDM from Sodick. (Courtesy Sodick Inc.)
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unattended operation. Sodick is also supporting research at the University of
California at Davis on advanced machine control, including the use of neural
networks to allow a machine to learn fron1 experience. (See Figure 2-10 and Specification Table 8.)

Specification Table 8
Process

Wire EDM

Machine,

"A" Series

Vendor

Sodick Co. , Ltd.:

Materials

Electrical conductors, preferably with low melting temperature
and low latent heat of melting.

Claimed
accuracy

Positioning:
5.1 f.J.m (200 f.J.in)
Repeatability: 2.5 f.J.m (100 f.J.in)

Yokohama, Kanagawa, Japan
U.S.: Sodick Inc.: Rockaway, New Jersey
Europe: Sodick Europe GmbH : Morfelden-Walldorf, Germany

l11ese refer to positioning of tht cutting tool, not to cutting of materi al.

Envelope

A350 : 35 x25 x22 em (14x lOx 9 in), 350 kg ( 770 lb)
A500 : 50 x35 x27 em (2()x l4x ll in), 700 kg (1540 lb)
A750: 75 x45 x31 em (29x l8x l2 in), 1400 kg (3080 lb)

Machine size

A350: 2.9x3.2x2.1 m ( 9.5x 10.3x6.8 ft), 3.2 Mg (3 .5 ton)
A500 : 3.l x3.3x2.1 m (10 .2x l0.7x7.0 ft) , 3.5 Mg (3.9 ton)
A750: 3.8 x3.6x2.3 m (12.3 x l1.8 x7.4 ft) , 5.5 Mg (6 .1 ton)

Utilities

Electricity: 208 V AC, 3 phase, 50 A
Compressed air: 500 k:Pa (70 psi)
Air conditioning recommended for close tolerance work

U.S. Price oan93) Approximately $140,000 to $250,000
Consumables
Source: Vendor.

Wire, water (dielectric), deionizing resin, paper filters
For explanationoftable forma~ see page 19.

40

2.2

Automated Fabrication-Improving Productivity in Manufacturing

Photopolymer Fabricators

A photopolymer is an organic resin that solidifies (cures) under the influence of
light in a particular range of wavelength (color). (See Section 8.1 for an explanation of how photopolymers work. See page xxi for the definitions of light and color
used here. The proper "color" of light is usually in the ultraviolet range.) Current
photopolymer-based fabricators work by laying down a thin layer of resin and
shining the proper wavelength of light on it in a pattern that describes the 2dimensional shape of a single cross section of the object to be built. The pattern
may be expressed by scanning a laser beam over the layer, turning it on and off to
determine what parts of the layer should be solidified. Or it may be expressed by
shining a flood lamp through a mask that lets light through where the layer should
be solid and blocks the light from those areas that should not. Once a single cross
section is built in this way, a new layer of resin is applied and the process is
repeated.
Most of the current systems build the object in a vat of liquid resin. The light
does not penetrate deeply into the resin, but induces solidification (curing) only
near the surface. As each layer is formed at the surface, the previously formed
layers recede to a greater depth in the resin vat, typically by about 0.1 mrn (0.005
in), to allow a fresh layer of liquid resin to form over top of the previous layer. This
can be accomplished either by starting with an empty vat and feeding in enough
resi n for one layer' s depth each time a layer is built (ascending surface method), or
by starting with a full vat and building the object on an platform that is mechanically lowered by one layer thickness after each layer is built (descending platform
method). In either case, the final result, after the last (top) layer has been formed, is
a solid object submerged just below the surface of the vat. The vat is then drained or
the platform is raised to remove the fabricated object from the liquid medium.
These and several similar methods are illustrated in Figure 2-11 .
The exception that does not build in a ' 'at is the Cubital Solider, which removes
uncured resin from each layer and replaces it with wax before laying down the next
layer of fresh resin (wax jill method). The final result in this case is a solid block of
wax, which is washed away with hot water and solvents to reveal the fabricated
object inside. Another proposed teclmology, the COLAMM from Mitsui, builds its
object suspended from an ascending platform (ascending suspension method). The
resin is applied in a thin layer on a plate of glass just below the last layer built, and
the glass serves as a wi ndow through which a scanning laser cures the resin.
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Figure 2-11 . Schematic representations of several configurations of photopolymer fabricators.
(Top left:) Descending platform method used in 3D Systems' SLA and most other photopolymer
fabricators. (Top right: ) Descending platform method with a contact window, as used by Light Sculpting.
(Middle left:) Ascending surface method used in the fonner Quadrax Mark 1000. (M iddle right :)
Ascending suspension method, developed by Mitsui for its COLAMM. (Bottom left:) Proposed
ascending contact window method, not yet in commercial use. (Bottom right:) Wax jill method used in
the Cubital Solider. The obj ect is built up from the bottom layer in all the methods except the ascend ing
suspension method which builds from the top doWII.
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Table 2-2 summarizes the different methods of conveying the cross-section
image to the surface of the resin and the methods of advancing the building process
from one layer to the next. This list includes commercial fabricators as well as
machines (marked by asterisks), which are either under development or no longer
on the market.

Pros and Cons of Some Distinctions
Laser versus lamp. There are several tradeoffs between using a scanning laser
versus a masked lamp to cure the layers of photopolymer resin :
• A laser is potentially more energy efficient, since a lamp generates a lot of
useless light outside the range of frequencies to which any particular resin
is sensitive and irradiates the mask as well as the resin to be cured.

Table 2-2. Photopolymer Fabricators: Prime Distinctions

Vendor

Machine

Image Source

EOS
Teijin Seiki
Mitsui*
Quadrax*

SLA-190
SLA-250
SLA-500
SOUP, Aline
SOUP, H line
uv
SCS-1000 HD
Laser
JSC-2000
JSC-3000
Stereos family
Solifom1 family
COLAMM'
Visible
Mark 1000'

Cubital

Solider 5600

Light
Sculpting*

LSI-0609 MA *

3D Systems
CMET

Sony

Layer Advancement

HeCd
Argon ion
HeCd

Descending platform

Argon ion

HeCd
laser, Ar ion
High-power I
uv ionographic
lamp/ on glass plate
mask Low-power I
laser print on
plastic sheet

Ascending suspension
Ascending surface
Uncured resin
displaced with wax
Descending platform

See page 90 for a brief description of the COLAMM, page 48 for the Mark 1000, and page 91 for the
LSI. Other machines listed are covered in detail in this section in the above order.
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• There is some evidence that monochromatic light, as generated by a laser,
yields more uniform curing for thicker layers.
• A masked lamp has the potential of being much faster, since the
irradiation of an entire layer is enacted simultaneously.
• The broad spectrum of a lamp makes it more flexible in the resins it can
use, whereas a laser must be used with resins specifically tuned to its frequencies.

The descending platform and viscosity. The descending platform method
benefits fTom lower viscosity in a resin, because this enables faster application of
each new layer and promotes relaxation of the surface to flatness after applying the
layer. So a discussion of the advantages and disadvantages of this method largely
comes down to the advantages and disadvantages of viscosity. (Note, however, that
relaxation of the layer depends on surface tension of the resin as well as its
viscosity.) Some of the pros and cons of viscosity in a fabricator resin are
• Viscous resin is less sensitive to vibration and less dependent on gravity,
improving the feasibility of using the process in moving or noisy installations, and in space.
• Lower viscosity eases the drainage of uncured resin from fabricated objects, and makes loading and unloading of resin easier as well.
• The higher molecular weight of viscous resins promotes a stronger fabricated material. This is because viscosity is reduced by diluting the resin
with short oligomers that may not achieve full crosslinking in the curing
process. (See Section 8.1 for an explanation of photopolymer chemistry.)
• Higher viscosity may also be preferred because the short oligomers used to
dilute the resin tend to be more volatile and more able to penetrate human
skin. This can make the thinner resin more flammable and more toxic, and
can cloud the optics of the fabricator. (But note that Du Pont's SOMOS
and Allied-Signal 's Exactomer resins are claimed to reduce viscosity without volatility.)

Modern Photopolymer Properties
The original resin that 3D Systems used in its early machines was quite brittle
in its cured state. It was common for intricate, expensive models to meet a shattering demise on the floor or table of a presentation room. Another terrible problem in
those days was substantial curling and distortion of the objects, both during and
after fabrication. Unfortunately, some people who ex'Perienced these problems, or
heard the stories about them, decided that StereoLithography was a nice but
impractical idea. But in fact, material properties and stability made great strides in
the early 1990s, due to improvements in both resins and laser scanning patterns.
The first breakthrough was dramatically demonstrated by Dennis Medler, then Vice
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President of Sales and Marketing for 3D Systems, at the 1991 Dayton Conference
when he rapped loudly on the podium with a gavel fabricated of the new XB 5143
resin in the SLA-250. The gavel had been made in two parts, which were drilled,
tapped, and screwed together, demonstrating the polymer's machinability, as well
as its toughness. Later, a British job shop fabricated the working hammer shown in
use in Figure 2-12, complete with claw, to further demonstrate how far today' s
photopolymers can go. For more details on material properties, see Section 7.4.
Toxicity. Photopolymer resins used in automated fabrication are generally
acrylics, which cause skin irritation in some people and are suspected of other toxic
effects when their fumes are inhaled. Some resins also contain a suspected
carcinogen, v-pyrol. Safety precautions are required when working in the vicinity of
uncured resin, when handling less-than-fully-cured fabricated objects, and when
conducting finishing operations that cause photopolymer dust, such as sanding or

Figure 2-12. Dispelling the myth that photopolymers are brittle, British j ob shop Fonnation
Engineering claims to have used this SLA-made hammer to pound a nail into a block of wood and
then to pull it out again with the claw. (Courtesy Fom1ation Engineering, Gloucester, England.)
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filing. Fabricator and resin vendors claim that there is no remaining toxicity in
fully cured photopolymer objects. For more on this subject, see the discussion of
safety issues related to materials in Section 7.4.

Patent and Development Hisbry
The idea of photopolymer-based automated fabrication dates back at least to
1902. In that year, Carlo Baese of Berli n, Germany, filed for a U.S. patent entitled
Photographic process for the reproduclion of plastic objects. Ten years later, a
similar process was patented in France lly Luzy and Dupuis. Further patents were
first filed for in the United States in 1~2 2 , Japan in 1932 and 1940, the United
States in 1950 and 1964, and Canada inl965. In 1967, Wyn Kelly Swainson filed
in Denmark for his first patent on dual-laser-beam curing entitled Method of
producing a three-dimensional figure by holography. There is no evidence that any
of these ideas ever led to a working fabticator, although work is still underway on
the Swainson technology. (See page 88.)
Today' s commercial photopolymer fa~ ricators work by either single-beam-laser
curing or masked-lamp curing. The rest of this discussion focuses on these two
methods, mentioning, where applicable, !he first relevant patent publications of the
key inventors in the field. There are numerous other patents worldwide in this field
that are not mentioned here.
Automated fabrication by single-beam-laser curing was invented by Hideo
Kodama of the Nagoya Municipal Industrial Research Institute in Japan. A patent
was applied for in May 1980; however t his application expired without proceeding
to the examination stage required for issuing of a Japanese patent. In the following
year, Kodama published a paper in the American journal, Reviews of Scientific
Instruments, entitled A utomatic method jor fabricating a three-dimensional plastic
model with photo-hardening polymer. 'Ih.is classic paper includes photographs of
crude architectural models and a reliefmap fabricated in Kodama 's rudimentary
apparatus. This is the first evidence in the world of an actual working additive
autofabricator. Kodama's work was carried further by Yoji Marutani of the Osaka
Prefectural Industrial Research Institute. starting in 1984. Development supported
by Mitsubishi led to a commercial machine in 1989, which became the CMET
SOUP in 1990. For more information onCMET and the SOUP, see page 53 .
Another patent on single-beam-laser curing, Apparatus for fabricating a model
of an industrial part, was filed for in France on July 16, 1984 by Jean-Claude
Andre and colleagues, working for tlle French Cilas Alcatel Industrial Laser
Company. For more information on the 1vork of Andre, see the discussions of dualbeam, single-beam, and selective thermal curing in Section 3 .1.
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On August 8, 1984, Charles W. Hull, then Vice President of Engineering for
UVP, Inc. ("Ultra-Violet Products") of Sall Gabriel, California, filed for the U.S.
patent, Apparatus for production of three-dimensional objects by
stereolithography. This, which is referred to below as the "UVP patent," outlined
the technology which became the basis of the world 's first commercial fabricator,
the "StereoLithography Apparatus," or "SLA," unveiled in November 1987 by 3D
Systems. 3D Systems was spun off from UVP, with Charles Hull as its president, in
March 1986 when the UVP patent was issued. In May 1986 the patent was exclusively licensed to 3D Systems. For more information on 3D Systems and the SLA,
see page 49.
Although the SLA was the first commercial fabricator, it did not generate the
first commercial autofabrication. That distinction falls to the device of Efrem V.
Fudim, a Russian emigre to Milwaukee, \Visconsin, U.S.A. In March 1986, Machine Design published a cover story by Fadim entitled Sculpting parts with light.
In this article, Fudim laid out in some tech!tical detail his process for masked-lamp
curing. Inquiries generated by this article led Fudim, through his new company,
Light Sculpting, to supply actual fabricated objects to a few industrial customers
starting in late 1986. The process grew out of Fudim' s work in the early 1980s at
Johnson Controls on photopolymer fabrication of fluid control plates. The patent on
the 3-dimensional version, Method and apparatus for production of threedimensional objects by photosolidification, was filed for in March 1987. For more
information on Light Sculpting, see page 9L.
In June 1986, another masked-lamp patent was filed for in Israel. The title was
Three-dimensional mapping and modeling system, and it was by ltzchak Pomerantz
of Scitex Corporation. This patent became the basis of the Solider 5600 manufactured by Cubital, of which Pomerantz became president when it was spun off from
Scitex. For more information on Cubital and the Solider, see page 63. In July 1988,
3D Systems and Cubital entered a mutual. nonexclusive cross-licensing of certain
implementations of each other' s technolog}.
E. I. du Pont de Nemours and Company, which holds patents on many photopolymer-based processes (see, for example , page 273), petitioned the U.S. Patent
Office in September 1988 for reexa minatio11 of the UVP patent. The request pointed
to the publications of Kodama and others and asked that most of Hull's claims be
reexamined for validity. In April 1989, the Patent Office notified Hull that it had
reexamined and rejected a ll of the patent's claims. Over the next seven months, in
meetings and correspondence, Hull and 3D Systems demonstrated to the patent
examiner the considerable superiority and [mproved sophistication of StereoLithography over the prior work in the field. In the end, the examiner decided to allow all
of the claims after language was added to them to narrow their scope. The revised
claims were published in a reexamination certificate in December 1989.
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The major changes to the claims in the UVP patent after reexamination were:
• It is specified that the fabricating machine includes a vat for the resin.
• It is stated that a single layer of cured resin is "adequately cohesive" to allow it to be formed without being completely supported by a layer of cured
resin during fom1ation.
• Progression from one completed layer to formation of the next is specified
to be done by covering the completed layer with an excess quantity of
resin, which is then drained off to the desired thickness of the new layer.
(This is what happens when the descending platform is dropped by more
than the desired layer thickness in order to form a coating of fresh resin
over the last completed layer, and then raised to drain this coating down to
the desired thickness.)
Although the reexamination had been requested by Du Pont, these changes were
also relevant to the technologies of Cubital and Quadrax Laser Technologies,
makers of, respectively, the Solider 5600 and the Mark 1000 Laser Modeler. All
three of the above changes serve to directly sever Cubital's process from that
covered by the UVP patent. This is because the Solider (a) does not build in a vat,
(b) always supports every layer completely, and (c) removes the excess thickness of
each layer of resin by machining after curing, not by draining. While Quadrax ' s
process fell within the domain of the limitations of the first two changes, it was
outside the limitations of the third. The Mark 1000 deposited its resin for each new
layer with the correct thickness and had no excess quantity of resin to deal with.
(However, this difference was apparently not enough to make it free of the UVP
patent, which it was later determined to infringe. See more below.)
In April 1989, Du Pont filed six patent applications on photopolymer fabrication. One of these, by John A. Lawton, relates to the laser-curing device technology
that is now sold by Teijin Seiki as the Soliform. (For information on Teijin Seiki
and the Soliform, see page 60.) The other five patents, on four of which the lead
inventor was Rox'Y N. Fan, relate to resins for laser-curing fabrication . Du Pont is
now a major supplier of such resins, under the SOMOS name, for use in various
brands of fabricators around the world . For information on SOMOS photopolymers,
see Table 7-4 (page 262) and Figure 7-5 (page 266).
In January 1990, the modified UVP patent and all related rights were acquired
by 3D Systems from UVP for $500,000 in cash plus royalties not to exceed $1
million annually, with the total cost not to exceed $8,725,000.
The UVP patent and 3D Systems' second U.S. patent were challenged by Quadrax Laser Technologies in 1990. In turn, 3D Systems sued Quadrax for infringement of the two patents. In December 1991, a patent was issued to Quadrax for its
process. In February 1992, 3D Systems and Quadrax settled their patent dispute by
an agreement in which Quadrax acknowledged infringing 3D Systems' patents,
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transferred its patent and other related assets to 3D Systems, and discontinued the
Mark 1000. In exchange, 3D Systems gave Quadrax about $250,000 worth of 3D
stock and a contract to perform specific technology development for an additional
fee of $250,000 plus the possibility of royalties. The settlement allowed Quadrax to
maintain for a limited time the systems it had already sold and stated that the
owners of those existing Mark 1OOOs could freely use and resell them without
interference from 3D Systems. For more information on the Mark 1000, see the
discussion below.
As mentioned above, only the first relevant patent publications of the key
inventors of autofab by single-beam-laser curing and masked-lamp curing have
been mentioned here. Most of the inventors and companies mentioned have gone
on to apply for and been issued follow-on patents on improvements or variations to
their processes. Without question, the most prolific in this regard has been 3D
Systems. As of January 1993, the company reported having 24 U.S. patents issued,
4 additional U.S. applications allowed for issuance, and approximately 20 more
pending. Patents are also pending in Europe, Japan, and other jurisdictions.

The Demise of the Mark 1000
The settlement of the Quadrax-3D Systems patent conflict marked the first removal of an additive fabricator from the market. Experience in the computer
industry suggests that this sort of occurrence may become commonplace, with the
demise not necessarily an indication of inferior technology.
At least some aspects of the Quadrax technology had come out of a 1988 joint
venture between laser cutting job shop Laser Fare (Smithfield, Rhode Island) and
resin manufacturer DeSoto (Des Plaines, Illinois, now a division of DSM
Desotech). This venture developed a single-beam-laser curing fabricator and
offered its use to customers through the job shop. The technology was later sold to
Quadrax, which introduced the Mark 1000 in January 1991.
The machine had several unique features. Most striking was that it used visiblelight photopolymer resins. Also, resin was applied from an applicator bar for each
new layer of the object, progressively filling the vat to the growing height, instead
of building in a vat that is full to start with. This "ascending surface" method (see
Figure 2-11) was claimed to eliminate "parachuting," an effect that tends to curl up
the newly formed top edges of a forming object as it is successively submerged in
the descending platform method. Finally, the Mark 1000 was designed to allow
adjustment of the laser spot size, although it is not clear that this feature was ever
actually implemented in the units sold.
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The patent settlement came only two months after the patent was issued to
Quadrax for its process. In its 13-month life, three Mark 1000s had been sold, one
to an SLA job shop, one to an injection molding shop, and one to a distributor in
Italy. Another innocent victim of the demise was ICI Resins, a subsidiary of
Imperial Chemical Industries (Great Britain), which had agreed the previous May
to supply resins for the machine.

Stereolithography: 30 Systems
3D Systems is a pioneer and the commercial leader of the additive autofab industry. Founded in 1986 by inventor Charles W. Hull and entrepreneur Raymond S.
Freed, the company grew to achieve sales of $25 million in 1990. Sales were off
somewhat in 1991 to just under $20 million.
StereoLithography is the term coined by Hull to refer to his method of laser
curing. It is not claimed by 3D Systems as a trademark, and the term is sometimes
used to refer to any photopolymer-based autofab process and sometimes even to any
additive process at all. The 3D Systems patents write "stereolithography," without
capital letters, but marketing literature usually writes it as "StereoLithography." In
this book, the term is used only to refer to the photopolymer process as implemented by 3D Systems and is always written with the two capitals.
The 3D Systems product line consists of the SLA-190, -250, and -500 fabricators, the PCA (PostCure Apparatus) ultraviolet flood oven, and the SLP-20
(StereoLithography Processor) workstation. (See Specification Table 9.) The model
numbers of the fabricators ("190," etc.) represent the approximate widths of the
build envelopes in millimeters. In addition to these hardware products, 3D Systems
is the exclusive distributor of Ciba-Geigy's line of Cibatool SL photopolymer resins
designed for use in the SLAs. See Section 7.4 for data on the Cibatool resins.
The SLA-250 (Figure 2-13) is the standard of the additive side ofthe automated
fabrication industry. Over 275 are in use around the world, including more than 65
in Europe and 15 in the Orient and Australia. Most of the literature and conferences on additive autofab (usually called "rapid prototyping" or "desktop manufacturing") focus on applications of this machine. In Chapter 4, most of the examples
of applications of additive processes are reporting on projects built on an SLA-250.
The original SLA-1 was announced at the AutoFact Exposition in Detroit in
November 1987. The first beta units were shipped in January 1988, to Baxter
Healthcare, Kodak, Pratt & Whitney, General Motors, and AMP. The first production machine was delivered to Precision Castparts in April 1988. The SLA-1 was
superseded in March 1989, by the SLA-250. Most of the original SLA-1s were
upgraded to SLA-250s.
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The SLA-500 (Figure 2-14) is the top of the 3D Systems line, announced in
November 1989, and first shipped in May 1990. It offers faster throughput and
greater capacity than the 250 and has attracted over 40 sales. The entry level SLA190 was introduced in the summer of 1990. It is slower and has a smaller capacity
than the 250, and it sells for about half the price. Over 20 units have been sold.
After just five years as a commercial process, StereoLithography already has a
rich technical literature and a history of dramatic technical advances. There is very
little resemblance between the output of an SLA-250 today and that of the original
SLA -I. The differences are on many fronts : toughness of the output material, speed
of fabrication, ease of operating the machine, variety of output materials available,

Figure 2-13. The SLA-250 StereoLithography Apparatus by 3D Systems. With over 275 units
sold worldwide, the SLA-250 sets the standard against which all other additive fabricators are
measured. (Courtesy 3D Systems.)
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and many technical issues, such as advanced laser scanning techniques. With this
progress, further improvements are still being called for by customers and are under
development by 3D Systems.
For examples of objects fabricated in the SLA-250, see Figures 2-12, 4-9, 4-12,
4-13, 4-14, 4-15, 4-17, 4-23 , 4-24, 4-25,4-27, 4-30,4-32, 4-34, 4-37, 4-38, and 66. Figure 4-6 shows items emerging from the vat of an SLA-500.

Figure 2-14. The SLA-500 Stereo Lithography Apparatus by 3D Systems. The top of the 3 0
line, the 500 features an argon ion laser and variable scan speed and can build obj ects up to 50 x50 x60
em (20 x20 x24 in). (Courtesy 30 Systems. )
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Specification Table 9
Process

Laser Curing on a descending platform in a vat

M achine,
Vendor

SLA (StereoLithography Apparatus)
3D Systems, Inc.: Valencia (Los Angeles), Califomia
Europe: 3D Systems Inc. Limited: Herts, England
Orient: 3D Systems Japan, Ltd.: Tokyo, Japan

Materials

Ultraviolet photopolymers

Claimed
accuracy

190
~m (~in)
120 (5000)
Scan repeatability:
Platform repeatability: 13 (500)
8 (300)
Scan resolution:
13 (500)
Platform resolution:

250
130 (5000)
13 (500)
8 (300)
0.25 (10)

500
50 (2000)
25 (1000)
25 (1000)
1.8 (70)

These refer to positioning ofl aser spot and platfom1, not to curing of resin.

Envelope

SLA-190 : 19x19x25 em ( 7x 7x10 in), 7 kg ( 15 lb)
SLA-250: 25 x25 x25 em (10x 10x10 in), 9 kg ( 20 lb)
SLA-500: 50x50x60 em (20x20x24 in), 68 kg (150 lb)

Machine size

SLA-190 : 0.7x 1.2x1.6 m (2.3x 4.1 x5.4 ft) , 272 kg (600 lb)
SLA-250 : 0.7x 1.2 xl.6 m (2.3x 4.Jx5.4 ft) , 295 kg (650 lb)
SLA-500 : 1.8x3. 5x2.0 m (6.0x 11.3 x6.7 ft) , 932 kg (2,056 lb)

Utilities

Electricity:
190, 250: 115 VAC, 60Hz, 15 A or 220 VAC, 50 Hz, 8 A.
208 VAC, 3 phase, 100 Nphase.
500 :
Water (500 only):
9.5 to 38liter/min (2.5 to 10 gaUmin)
@ 0. 3 to 0.7 MPa (50 to 100 psi), -4 to 30°C (25 to 86°F).
Ventilation

U.S. Price (Jan 93) SLA-190 : $110,000.
SLA-250 : $220,000.
SLA-500 : $450,000.
PCA ultraviolet flood oven : $10,000.
SLP-20 workstation: $27,000 .
Consumables

Cleaning solvent

Comments

Scan speed: 190, 250 : 38 em ( 15 in) per second (max)
500 :
254 em (100 in) per second (typical)
190:
HeCd,
325
nm, 7.5 to 4.5 mW in ~ 2000 hr.
Laser:
250: HeCd, 325 nm, 16 to 7.5 mW in ~2000 hr.
500: Ar+, 351..364 nm, 200 to 166 mW in ~2000 hr.

•

Source: Vendor.

For explanation oftable format, see page 19.
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Business Affairs
3D Systems, Inc. of Valencia (Los Angeles), California, is a wholly-owned
subsidiary and the only business of 3-D Systems Inc. of Vancouver, British
Columbia, Canada, which was founded in August 1986. (Note the dash, and the
absence of a comma, in the name of the Canadian parent.) Prior to April 1991 , the
parent owned 70 percent, and its founders 30 percent, of the subsidiary. In that
month, the founders traded their 30 percent of the subsidiary for approximately
10.5 percent of the parent. After that exchange, the ownership of 3-D Systems stood
at approximately:
36%
Lionheart Capital Corp., an indirect, wholly-owned subsidiary of
Ciba-Geigy Limited, a Swiss corporation
25%
The six founders, including Raymond S. Freed and Charles W.
Hull
39%
Public shareholders
3-D Systems is traded on the Vancouver Stock Exchange as TDS and on
NASDAQ as TDSSF. The U.S. price climbed to a high of $16.50 in the fourth
quarter 1989 and declined to as low as $1.06 in 1991. In 1992, after rising to just
over $2.50, the stock slid further to under $1. In May 1992, 3-D Systems succeeded
in raising approximately $7.5 million through a new subscription of almost nine
million shares at $0.875.
3D Systems operates U.S. sales offices in Detroit, Chicago, Dallas, and
Philadelphia, as well as at its headquarters in Valencia. Some sales representatives
report to those offices from other cities, such as Pittsburgh, Nashua (New Hampshire), and Dayton (Ohio). Outside the United States, 3D Systems operates four
wholly-owned subsidiaries in London, Paris, Darmstadt (Germany), and Tokyo.
Sales in Canada, Taiwan, Israel, South Korea, Australia, Singapore, and South
Africa are made through exclusive distributors in those countries.

Other Laser Curing

The SOUP: CMET
The SOUP (Solid Object Ultraviolet Plotter) fabricator grew out of research by
Hideo Kodama of the Nagoya Municipal Industrial Research Institute and Yoji
Marutani of the Osaka Prefectural Industrial Research Institute, in the early 1980s.
(See page 45 .) With financial support from Mitsubishi, a commercial machine was
first offered in 1989. In November 1990, CMET ("Computer Modeling and Engineering Technology") was formed as a joint venture among
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• Mitsubishi Corp. (54%),
• NTT Data Communications Systems (20%), a $2.5 billion data systems
and software spin-off (1988) of NTT, Japan's phone company,
• Asahi Denka Kogyo (20%) , a $1 billion chemical (including UV-curable
epox)' resins) and foodstuffs company belonging to the Furukawa group,
• Toyo Denki (3%), an electronic equipment supplier, and
• YAC (3%), a manufacturer of precision machining equipment.
Over 40 SOUPs were sold in Japan through the end of 1992, as well as at least
two in Europe. Customers include Fujitsu, Hitachi, Matsushita, and Seiko Epson in

SOUP600PH

:;;;....-

Figure 2-15. The five memben; of the SOUP family Solid Object Ultraviolet Plotten; by CMET,
a subsidiary of Mitsubishi, present the greatest variety of systems from any one vendor. The variations
are in vat size, laser type and scan mechanism. (Courtesy Domier Deutsche Aerospace.)
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Japan, Samsung in Korea, and Mercedes Benz in Germany. Through 1992, there
was no marketing activity in the United States.
The SOUP line offers the greatest variety of fabricators based on laser curing,
with five models. As for the SLAs, there are three vat sizes, but the smaller two
(400 and 600) are available with a choice of helium-cadmium or argon ion laser.
The 400 uses a galvanometer scanning system, as in the SLAs, but the larger two

Specification Table 10
Process

Laser Curing on a descending platform in a vat

Machine ,
Vendor

SOUP (Solid Object Ultraviolet Plotter)
CMET, Inc.: Tokyo, Japan
Europe: Domier GmbH: Friedrichshafen, Gennany

Materials

Ultraviolet photopolymers

Claimed
accuracy

Repeatability (scan and platform) : 50 llm (0.002 in)
Resolution (gantry scan and platform): 1 11m (40 11in)
These refer to positioning oflaser spot and platfonn, not to curing of resin.

Envelope

SOUP400: 40 x40x40 em (15 .7x l5 .7x 15.7 in)
SOUP600: 40 x60 x40 em (15 .7x23 .6x l5.7 in), 45 kg (100 lb)
SOUP850: 60 x85 x50 em (23 .6x33 .5x l9.7 in)

Machine size

SOUP400 : 0.7 x l.4 x l.6 m (2.3x4.7 x5.3 ft)
SOUP600: 1.3 x l.S x 1.6 m (4.4x4.8x5.3 ft) , 850 kg (1870 lb)
SOUP850 : 2.0x2.0x l.8 m (6.5x6.6x5.9 ft) , 1.2 Mg (1.3 ton)

Utilities

Electricity:
SOUP600 : 400 VAC, 3 phase, 30 A (+add' l 60 A for Ar+)
Water: 12 liter/min (3.2 gal/min) @ 10 to 35°C (50 to 95°F).
Ventilation
Air conditioning recommended for laser stability

Price (Jan 93)

Germany: DM 899,850 (Not available in U.S.)

Consumables

Cleaning solvent (claimed to be optional)

Comments

Scan speed (max, cm(in)/sec): Galvo: 500 (195), plotter: 100(39)
Laser: HeCd, 325 nrn, 25 mW, 2000 hr
Ar+, 330 to 364 nm, 400 mW, 2000 hr
Spot size (mm (in)):
SOUP400 : 0. 1 (0.004), others: 0.2 to 2.0 (0.008 to 0.08)

Source: Vendor.

For explanation of table fonnat, see page 19.
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sizes use a gantry-type plotter mechanism. (See Figure 2-1 5 and Specification
Table 10.)
For the SOUPs, Asahi Den.ka Kogyo offers a line of six epox')'-based resins that
operate by cationic photopolymerization. This process has the advantage over
radical polymerization of not being inhibited by ox')'gen in the air. (See Section
8.1.) CMET claims that this gives it "immediate curing" with no need for postcuring. The company also claims low shrinkage and excellent mechanical properties
due to the epox'Y photochemistry. Four of these resins are tuned to the heliumcadmium laser; the other two are for argon-ion devices. These groups offer a good
range of mechanical properties from strong and hard to flexible and shock resistant,
similar to the range found in the Cibatool SL line. (See Table 7-4, page 262.)
For an example of an object fabricated in a SOUP, see Figure 4-9.

Figure 2-16. The JSC-2000 Solid Creation System, one of three models offered by Sony. With
about 20 systems sold in Japan, Sony is quietly watching the U.S. market. (Courtesy Sony
Corporation.)
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The Solid Creator: Sony
The largest capacity additive fabricator as of early 1993 was the JSC-3000, a
laser-curing device with a vat almost half a cubic meter (over 14 cubic feet) in volume. (See Figure 2-16 for the mid-range JSC-2000, and see Specification Table
11.) The JSCs are made by Sony and sold by Japan Synthetic Rubber through a
subsidiary named D-MEC (Design-Model Engineering Center). A photopolymer
resin is made for the machine by Japan Fine Coating, which is a joint venture of
Japan Synthetic Rubber and DSM Desotech, maker of several other fabricator res-

Specification Table 11
Process

Laser Curing on a descending platform in a vat

Machine ,
Vendor

JSC or SCS (Solid Creation System)
Sony Corporation: Tokyo, Japan

Materials

Ultraviolet photopolymers

Claimed
accuracy

This refers to positioning of platfom1, not to curing of resin.

Platform resolution: 1 f.Lm (40 f.Lin)

Envelope

SCS-1000 HD : 30x30x25 em ( 9x 9x 6 in)
JSC-2000 :
50 x50 x50 em (20x20 x20 in)
100x80x50 em (39x3l x20 in)
JSC-3000 :

Machine size

SCS-1000 HD : 1.4x0.9x l.6 m (4.5x2.8x5.2 ft)
JSC-2000 :
1.4x l.7x l.8 m (4.6x5.4x5.9 ft)
1.6x l.9x2.5 m (5 .1x6.2x8.2 ft)
JSC-3000:

Utilities

Electricity:
SCS-1000 HD : 100 VAC, 10 A
and 100 VAC, 20 A
JSC-2000 :
200 VAC, 3 phase, 45 A and 100 VAC, 20 A
JSC-3000 :
200 VAC, 3 phase, 45 A and 100 VAC, 30 A
Water: JSC-2000 and -3000 only: 8.5 liter/min (2.2 gaVmin)
Ventilation

Price (Jan 93)

Reported to be about $500,000. (Not available outside Japan.)

Consumables

Cleaning solvent

Comments

Scan speed (max, em (in)/sec) : 1000: 100 (39), others: 500 (195)
Spot size (max, mm (in)):
1000: 3 (0.1), 2000 : 0.15 (0.006), 3000:0.3 (0.012)

Sowce: Vendor.

--

For explanation of table fonnat, see page 19.
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ins. D-MEC also operates a JSC job shop in Tokyo. There are no announced plans
to market these machines outside of Japan.
Sony reports selling 20 systems in Japan. Toyota Motor Corporation is reported
to have bought a unit for about $500,000 and to be considering buying more.

The Stereos: EOS
EOS (Electro Optical Systems) is a spin-off of General Scanning, a manufacturer of galvanometers, such as those used in SLAs. Through conversations with
engineers at auto maker BMW, a list was established of desirable improvements to
the 3D Systems SLA-250. With an advance order from BMW for one unit, EOS
was set up and the Stereos 400 (pronounced, ST AIR-ee-oss) was designed. Besides

Figure 2-17. The Stereos 600 Laser Modeling System by EOS is Gennany 's bid for a piece of
the laser-curing autofab market. (Courtesy EOS GmbH.)
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BMW, EOS has reported sales of 12 units, two in 1991 and ten in 1992. (See
Figure 2-17 and Specification Table 12.)
EOS President Hans 1. Langer applied his background in optical scanning
technology to the design of the Stereos. The laser scans at up to 10 meters (393 in)

Specification Table 12
Process

Laser Curing on a descending platform in a vat

Machine,
Vendor

Stereos
EOS GmbH:

Materials

Ultraviolet photopolyrners

Claimed
accuracy

Planegg (Milnchen), Gem1any

Scan positioning:
Platform positioning:
Surface leveling:

Stereos 400
50 IJ.ID (0.002 in)
50 IJ.ID (0.002 in)
20 IJ.ID (800 J.!in)

Stereos 600
50 IJ.ID (0.002 in)
70 IJ.ID (0.003 in)
20 IJ.ID (800 ~J.in)

These refer to positioning of spot, platform and surface, not to curing of resin.

Envelope

Stereos 300 : 30x30x20 ern (12 x 12x 8 in), 20 kg ( 44lb)
Stereos 400 : 40 x40 x25 ern (16 x 16x l0 in), 50 kg (110 lb)
Stereos 600 : 60 x60 x40 ern (24 x24x 16 in), 100 kg (220 lb)

Machine size

Stereos 300: l.Ox l.5 x l.8 rn (3 .3x4.9x5.9 ft) , 0.8 Mg (0.9 ton)
Stereos 400: Same as 300.
Stereos 600 : 1.8x2.0x2.2 rn (5.9 x6.6x7.2 ft), 1.3 Mg (1.4 ton)

Utilities

Electricity: 220 VAC, 16 A.
plus, for 100 rnW laser: 220 VAC, 32 A
for 200 rnW laser: 380 VAC, 3 phase, 32 A
Compressed air: 0.6 MPa (90 psi)
Water (for 200 mW): 10 liter (2.6 gal)/min, 0.4 to 0.6 MPa (60 to 90 psi)
Ventilation

Price (Jan 93)

Ste<eos 300 DM • 500,000}
,
.
Stereos 400: DM:::; 700,000 + 5 Yo outsi.de Ge~many.
Stereos 600: DM :::;1 ,000,000
(Not available m U.S .)

Consumables

Cleaning solvent

Comments

Scan speed: up to 10m per second
Spot size: 150 IJ.ID (0.006 in) (flat field)
Laser: Ar+, 100 or 200 mW

Sowce: Vendor.

For explanation of table form a ~ see page 19.
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per second, which is comparable to or somewhat faster than the SLA-500. (Note
that the specification of 2.5 m/sec given for the SLA-500 in Specification Table 9 is
the "typical" scan speed. The maximum speed is three to four times faster.) While
EOS claims that faster scanning improves throughput, theoretical results published
by 3D Systems suggest that scanning speed alone does not increase the curing rate
if the laser power is not correspondingly increased. However, as evidence, EOS
claims that a particular exhaust manifold that took 24 hours to build for Mercedes
Benz on an SLA-500 was fabricated in 13 hours on the Stereos 400, and that three
were made side-by-side in the 600 in 30 hours. Aside from increased scanning
speed, the Stereos also has a proprietary recoating technique that is claimed to
reduce non-scanning time to 20 seconds per layer. These claims have not been
independently corroborated.
Another feature of the Stereos fabricators is the easy exchange of vats in different sizes. This is convenient for users who want the ability to build models using
different resins. The different sizes allow for making small models in a particular
resin without buying many more gallons than are needed. The vats are available in
several sizes from full-size down to about a 10-cm (4-in) cube.
An early EOS publication stated, "As there were many attempts in the past to
develop this technology, the patent situation is rather clear: This process cannot be
patented." While this position would be intended to defend it from claims of
infringing on the patents of Andre and Hull, EOS now has several patents pending
in Germany, Europe, the United States, and Japan on improvements to the process.
Besides laser curing, EOS's scanning expertise has also been applied to the
converse problem of 3-D shape digitization. (See Section 6.2.) A device called the
EOScan 100, based on planar interferometry, is available. EOS is also the European distributor for DuPont's SOMOS line offabricator resins.

The Soliform: Teijin Seiki
Teijin Seiki is the descendent of Teijin Koku Kogyo, which was incorporated in
1944 to manufacture aircraft components for the war. After the close of the war, the
name was changed and the primary business was changed to manufacturing of
textile machinery. Today, Teijin Seiki is a diversified industrial technology company, with major activities in aircraft components, textile machinery, factory
automation, and other industrial equipment. 1991 sales were ¥71.5 billion ($~518
million), of which 27 percent were exports from Japan.
The Soliform (see Figure 2-18 and Specification Table 13) is based on the SOMOS (SOlid MOdeling System) laser curing process developed by Du Pont
Imaging Systems of New Castle, Delaware, U.S.A. Teijin Seiki acquired exclusive
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Asian rights to the equipment (as opposed to materials) aspects of this technology
in November 1991 , with a one-year option on worldwide rights. The Soliform
fabricator was announced in March 1992. Teijin Seiki allowed its option on
worldwide rights to expire, but continues to market the Soliform in Japan. One sale
was reported in 1992, to Matsushita Electric Industrial Company.
Some of the advantages that Du Pont claims its equipment technology, and
therefore the Soliforrn, has over the SLA design are
• Precision platform design reduces the need for supports below a fabricating
object, thereby reducing build time and cost.
• Modulated high-power laser provides better exposure control and eliminates "tags." (Tags are fine strands of cured polymer attached to the sides
of objects due to continued exposure as the laser is withdrawn from the
object.)

Figure 2-18. The Solifonn fab1icator by Teijin Seiki is based on technology invented by Du
Pont. (Courtesy Teijin Seik.i Co., Ltd .. )
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• Availability of overlapping vectors build style, which is claimed, in certain
cases, to build faster and give improved physical properties over tri-hatchlike and Weave-like styles.
• Logical slicing ofthe CAD file in "real time," that is, during the building
process, eliminates the wait for slicing to conclude before beginning to
build.
Du Pont has retained the rights to the materials aspects of its technology and
will supply SOMOS materials for use in the Soliform as well as for SLAs and other
photopolymer fabricators. SOMOS materials are distributed in Japan by Teijin
Seiki. The rights to the SOMOS equipment technology are again available for
licensing outside Asia.
Specification Table 13
Process

Laser Curing on a descending platform in a vat

Machine ,
Vendor

So liform
Teijin Seiki Co., Ltd.: Tokyo, Japan

Materials

Ultraviolet photopolymer

Claimed
accuracy

Positioning (horizontal):
Resolution:

51
25

).liD
).liD

(0.002 in) on grid
(0.001 in)

These refer to positioning of the spot and platfonn, not to curing of resin.

Envelope

Soliform 300: 30x30x30 em (12x 12x 12 in), 30 kg ( 66 lb)
Soliform 500 : 50 x50x50 em (20x20x20 in), 50 kg (110 lb)

Machine size

Soliform300 : 2.5 x l.O x2.3 m (8.2 x3.3x7.5 ft) , 700 kg (1500 lb)
Soliform500: 2.6x l.l x2.4 m (8.6x3.6x7.9 ft), 750 kg (1700 lb)

Utilities

Electricity: 200 VAC, 50 Hz, 20 A, 2 lines, and
200 VAC, 3 phase, 50 Hz, 60 A
Water: 833 liter (2.2 gal) per minute
Waste: 15 liter (4 gal) per minute in 6.4 em (2.5 in) outlet
Ventilation

Price (Jan 93)

Soliform 300: ¥ 35,000,000} + 10% outside Japan.
(Not available outside Asia)
Soliform 500: ¥ 45,000,000

Consumables

Cleaning solvent

Comments

Scan speed: Up to 24 m (79 ft) per second
Spot size: 127 11m (0.005 in)± 10%
Laser: At, 365 nm, 300 to 500 mW

Source: Vendor.

For explanation oftable fonnat, see page 19.
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Masked-Lamp Curing: Cubital
While the laser scanning approach to photopolymer fabrication has become
crowded with vendors, only the Solider 5600 from Cubital uses the alternative
method of irradiation by a masked lamp. In this method, a patterned mask is
prepared and laid in the path of light from a lamp. The mask allows light to pass
through to cure the parts of the surface that form a single cross section of the
desired object, but blocks light from reaching those regions which are intended to
remain liquid. For a comparison of the pros and cons of laser versus masked-lamp
irradiation of the resin layers, see page 42.

Other Attempts
There have been a number of attempts to approach the market with maskedlamp fabricators, but no company except Cubital has actually demonstrated a
working machine in public and registered sales to customers. Among those that
have not quite made it yet, a most notable example is Light Sculpting of Milwaukee, Wisconsin, U.S.A. Light Sculpting was actually the first company to provide
photocuring fabrication services on a commercial basis, in 1986. While it has
offered a fabricator called the LSI for sale for some years, the machine has never
been publicly exhibited, and no sales have been reported. For more information on
the Light Sculpting process, see page 91. (See also Patent and Development
History starting on page 45.)
Two approaches to a problem could scarcely be more different than those of
Light Sculpting and Cubital. While the Light Sculpting process is simple and
implemented in a small machine that could be sold inexpensively, Cubital's Solider
is one of the largest, most complicated, and most expensive fabricators on the
market.

The Solider 5600
Cubital has, perhaps, suffered from discussions of the idea of "desktop manufacturing," and the mistaken notion that the ideal fabricator must be small and light.
In the words of Haim Levi, Cubital's former Vice President for Marketing, the
Solider is "a machine tool , not a desktop peripheral." The machine is over 4 meters
(13 feet) long and weighs over 4 metric tons (4.5 tons). While this certainly limits
the Solider' s market to those organizations that are equipped to deal with its size
and complexity, it does offer such organizations substantial utility in return for the
effort. (See Figure 2-21 and Specification Table 14.)
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The Solider solves the problem of generating and placing the masks in a fairly
elegant way, represented by the left-hand circuit (A, B, ... , E) in Figure 2-19. The
masks are printed by ionography, a process similar to the Xerography used in
photocopiers and laser printers. The mask image is created by attracting particles of
a fine black powder, the toner, to the appropriate regions of the glass by static
electricity. The beauty of tills approach is that after the mask is used, the powder is
simply, and automatically, wiped off and recycled for use in the next mask. Note
that although this method is clever, it is not simple to implement in machinery.
Thus the mask generator is one element of the complexity of the Solider.
When a layer of photopolymer is exposed under the mask (stage 2 in Figure 219), the next step is to remove the uncured resin that was under the opaque parts of
the mask. This is done by vacuum suction (stage 3). Next, molten wax is spread to
fill in the voids left by the removed resin (stage 4). This wax will serve as a solid
filler to hold in place unstable parts of the object being fabricated until the process
is complete. The thin layer of wax is cooled down and solidified by a chilled metal
plate (stage 5).
Next comes the really cumbersome part of the process. The layers of resin that
are laid down for exposure to the lamp are actually made thicker than the desired
layer thickness. This is in preparation for the milling station of the Solider machine
(stage 6). Here the growing stack of layers undergoes what is essentially a face
milling operation, similar to such operations that are performed routinely by

C

DEVELO P I NG

IMAG E

IMAGE

Figure 2-19. The Solid Ground Curing process used in Cubital's Solider 5600. The mask
plotter cycle (A, 8, .. . , E) and the model grower cycle ( I, 2, ... , 6) operate synchronously. (Courtesy
Wielgus Product Models, Chicago. )
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subtractive fabricators. In this case, however, the mming is not considered to be a
subtractive operation, because it is not removing pre-existing raw material but is
removing excess added material.
There are three reasons given for the milling step in the Cubital process:
• It allows accurate control of the thickness of each layer, and therefore the
overall vertical accuracy of the process.
• It allows resin to be exposed again to ensure complete curing, after application of wax to the void areas. (This is an optional step after stage 6.)
• It roughens the surface of the cured polymer, promoting adhesion of the
next layer to it.
On the other hand, this procedure is quite expensive, both in terms of the equipment needed to implement it and the waste of material that is milled away.
After the layer has been milled to the precise thickness desired, the growing
block of cured photopolymer and wax is ready for the application of a fresh layer of
liquid resin (stage 1) to start the process over again,
One thing that is particularly appealing, even astounding, about the Cubital
process is its ability to build composite mechanical structures with integrated

Figure 2-20. Universal joint fabricated on the Cubital Solider without assembly. The ability to
make composite mechanisms with moving parts is a unique feature of the Cubital process. (Courtesy
Cubital Ltd.)
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moving parts in a single fabrication process with no assembly. Examples are shown
in Figures 2-20 and 4-8.
As might be expected for a new machine of this complexity, the Solider has
been plagued by some problems in reliable functioning. As of early 1993, customers
are being told to expect about 25 to 30 percent downtime and are advised to make
their cost justifications on that basis. Those companies that have bought the Solider
have decided that the problems are worth dealing with in order to get the relatively
large throughput and intricate fabrication the process is capable of.
The Solider runs unattended except for periodic operator inspection. The machine is programmed to pause every 30 minutes for manual confirmation of
continuation. The operator is to check that no wax chips have landed on the mask
plate or adhered to the cooling plate (problems that would cause malfabrication)
and that the chip catcher is not yet full.
Although Cubital talks about the ease with which the wax is removed from the
fabricated objects, users are not quick to agree. Users report substantial manual

Figure 2-21 . The Solider 5600 Solid Ground Curing system by Cubital is the most complicated
and the most expensive additive fabricator on the market. It has excellent throughput for volume applications and is capable of good accuracy and intricate detail. (Courtesy Cubital Ud.)
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labor required to remove the wax, especially from tight crevices such as those in
mechanisms like the U joint shown in Figure 2-20. In 1992, Cubital announced the
availability of an Automatic Dewaxing Machine, but no reports were yet available
on its effectiveness.
About 15 Soliders were sold in 1991 and 1992, about evenly divided between
the United States and Europe. Customers include General Motors, Ford, Baxter
Healthcare, and Allied-Signal. Most Cubital customers either are job shops to start
with, or offer job-shop services on the Solider in order to fill the volume of
throughput the machine is capable of. Baxter Healthcare, the first purchaser of the
SLA-1 in 1987, operates a job shop with the Solider and an SLA-250. There are
two other Solider job shops in the United States, six in Europe, and one each in
Japan and Taiwan.
For examples of objects fabricated on the Solider 5600, see Figures 2-20, 4-8, 418, 4-26, and 4-38.

Specification Table 14
Process

Masked-Lamp Curing with wax fill and mill

Machine,
Vendor

Solider 5600
Cubital Ltd.: Raanana, Israel
U. S.: Cubital America tnc.: Troy, Michigan
Europe: Cubital Europe: Nidderau-Heldenbergen, Gem1any

Materials

Ultraviolet photopolymer

Claimed
accuracy

Accuracy of CAD reproduction : 0.1% between targets
Surface definition: 0. 15 mm (0.006 in)
Horizontal resolution : 0.1 mm (0.004 in)

Envelope

35 x50 x50 em (14 x20 x20 in)

Machine size

1.8x4.2x2.5 m (5 .7x l3 .6x8.2 ft) , 4.5 Mg (5 ton)

Utilities

Electricity : 440 VAC, 3 phase, 60Hz, 40 kW
Compressed air: 0.7 MPa (100 psi)
Ventilation: 15-cm (6-in) tube

U.S. Price (Jan93) $550,000
Consumables

Excess resin waste, wax, toner, citric acid or other wax solvent

Comments

Claimed throughput:
About 1 layer per minute ::::> about 1.3 dm 3 (80 in3) per hour

Sowce: Vendor.

For explanation of table fonnat, see page 19.

68

A utomated Fab rication-Improving Productivity in Manufacturing

2.3

Other Additive Fabricators

The processes described in this section are very different from photocuring and
very different from each other. Although one of them uses a laser, the similarities to
StereoLithography as a physical process end there. This section features a method
for fusing powder thermally, another for fusing powder by adhesives, and another
for laying down a thin bead of melted plastic.

Selective Sintering: DTM
Sintering is a process in which a powdered material fuses into an integral solid
under the influence of heat. The technical details are discussed at some length in
Section 8.2. Sintering is an old technology and is actually the method by which clay
pottery is hardened in a kiln. The shape of sintered objects has typically been
determined by manual methods (as in pottery), or by casting under pressure (as in
powder metallurgy). In selective sintering, however, the shape is determined by
scanning a succession of thin layers of powder with a fine stream of energy, such as
a laser beam or a particle beam. The energy beam heats a small region of the
powder at a time, causing it to melt and fuse. (See Figure 2-22.)

Powder
supply

Laser or particle beam
. . . - - - - - projecting cross section
image onto powder surface

)::j[::::::l

Loose powder

Figure 2-22. Schematic representation of automated fabrication by selective sintering.
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Currently, there is one commercial implementation of selective sintering on the
market. This is in the Sinterstation 2000 System from DTM Corporation. (See
Figure 2-23 and Specification Table 15.) The energy source in the Sinterstation is a
laser beam. In this book, when selective sintering is performed by a laser beam, it is
called laser sintering. For commercial purposes in early 1993, "selective sintering"
and "laser sintering" are synonymous. However, the term "selective sintering" is
more general and may apply to similar processes in which the heat energy comes
from a source other than a laser. DTM uses the term "Selective Laser Sintering" for
the process used in the Sinterstation. This book, when referring to the process as
specifically implemented by DTM, uses this term with the initial capital letters.
The DTM Sinterstation works by laying down a thin layer of powder, and then
scanning it with a laser in a pattern that represents the 2-dimensional shape of a
single cross section of the object to be formed . Where the laser strikes, the powder
sinters. A new layer of powder is then applied over the previous one and the process
is repeated. Layer advancement is similar to the descending platform method used
in StereoLithography. (See Figure 2-1l.) After a cross section has been scanned, a
piston supporting the powder cake is lowered by one layer thickness, and a new
layer of powder is spread evenly by a roller in preparation for scanning the next
cross section. Unsintered powder remains in place during the build to support
overhangs and island structures. After all the layers have been scanned, the
unsintered powder is sloughed off to reveal the solid-formed object inside.

Figure 2-23. The SinterstationN 2000 System by DTM N. (Courtesy DTM Corporation.)
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The company name "DTM' stands for desktop manufacturing, one of the names
used for automated fabrication through the last several years. (See page 9.) The
Selective Laser Sintering process was invented by Carl R. Deckard when he was a
graduate student at the University of Texas at Austin. Deckard wrote his Master's
thesis on the subject in 1986. His work attracted the attention of Paul F. McClure,
an Austin businessman connected with the university, and the following year a
small company was formed by the name of Nova Automation Corp. This became
DTM Corporation in 1989, when BF Goodrich became a shareholder. The next
year, Goodrich increased its investment to acquire over two-thirds of the stock in
the company.

BF Goodrich is the official supplier of materials for sintering in the
Sinterstation. Contrary to popular belief, BF Goodrich is not a tire company, having
sold off that segment of its business in 1988. Its remaining chemicals and aerospace
business segments yielded $2.5 billion in sales in 1991. Goodrich is the world 's
leading producer of polyvinyl chloride (PVC), which is the second most widely
used plastic after low-density polyethylene (LDPE). Originally PVC was one of the
materials available in powder form for fabrication in the DTM Sinterstation, but it
was discontinued. Materials available in early 1993 are polycarbonate, nylon, and
wax. (See Table 7-4 on page 262.)

Specification Table 15

Process

Laser Sintering

Machine,
Vendor

Sinterstation'" 2000 System
DTM'" Corporation: Austin, Texas, U.S.A.

Materials

Ultimately: Powders of any solid, except thermosets
Currently: Polycarbonate, nylon, investment casting wax

Claimed
accuracy

± 0.3 mm (0.01 in) on first run
± 0.1 mm (0.005 in) after compensating parameter adjustments

Envelope

30.5 em (12 in) diameter x 38 em (15 in).

Machine size

l.5 x2 .9x1.9 m (4.9 x9.6x6.3 ft) , 2.0 Mg (2.3 ton)

Utilities

Electricity: 208 or 240 VAC, single phase, 60 Hz, 40 A.
Ventilation.

'

(Weight capacity not given.)

U.S. Price (Jan93) $289,000
Consumables
Source: Vendor.

3
Nitrogen: 14 to 140 liter (0.5 to 5 ft ) per minute
For explanationof table fonna~ see page 19.
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The variety of materials that it can work with is one of the advantages of
selective sintering (along with extrusion; see page 72) over photopolymer-based
processes. ln addition to the piastics mentioned above, other materials under
investigation include high-performance thermoplastics, ceramics, and various
metals.
In the first quarter of 1992, DTM installed five Sinterstations for beta-testing at
General Motors, Kodak, Pratt & Whitney, Sandia (U.S.) National Laboratories, and
job shop Plynetics Corporation. A second job shop was announced in late 1992 at
the large manufacturing operation, Jade Corporation. Jade is also a major contractor in the manufacturing of the Sinterstation itself.
For an example of an object fabricated in the Sinterstation 2000, see Figure 428.

Patents on Laser Sintering
Laser sintering was invented independently by Carl Deckard, now Chief Inventor of DTM, and Michael Feygin, now President of Helisys. (See page 78.) It is not
clear who came up with, or developed, the idea first. Although Deckard's patent
was filed for before Feygin's, Feygin' s was issued first. (Feygin's application was a
continuation of an earlier filing that predated Deckard's, but the earlier filing does
not seem to have contained any claims on a sintering process and so is not relevant
in this context.) The U.S. Patent Office then rejected almost all of Deckard's
claims, citing the Feygin patent. Deckard's attorneys responded by requesting an
interference, a procedure which, if granted, would have established who invented
the process first. The Patent Office, however, after assigning a new examiner to the
case, declined the request and rescinded its rejection of Deckard' s claims, saying
that the inventions were different enough to coexist after all Feygin's device is
shown in Figure 2-24.
The process described in the Deckard patent and the two sintering processes
covered in the Feygin patent are fairly similar. The primary differences between the
sintering methods of the two men are
• The Feygin method calls for compressing each layer of powder with a hot
roller or plate prior to laser scanning, which may provide for decreased porosity in the fabricated objects.
• The Deckard patent is specific about using the unsintered powder as support for later layers. The Feygin patent is ambiguous on the treatment of
unsintered powder, and mentions no advantage to retaining it in the process.
The U.S. Patent Office also cited other differences.
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Figure 2-24. The original LOM by Hydronetics was the first publicly demonstrated laser
sintering machine, although none were sold and the process was abandoned in favor of an adhesive
sheet method. (See page 78. Hydronetics is the former name of Helisys.) (Courtesy Helisys, lnc., Torrance, California.)

Robotically Guided Extrusion: Stratasys
Extrusion is a process in which a liquid or pliable material is squeezed through
a nozzle, like toothpaste coming out of its tube. In industrial applications, extrusion
is usually used to form objects that have a constant cross-sectional shape. Although
this shape can be quite complicated, it is only a 2-dimensional shape. That is why
extrusion is generally not included in the domain of automated fabrication. (See
Complexity, page 3.)
If, however, the extrusion nozzle is guided robotically in such a way as to form
3-dimensional shapes, as a baker does when decorating a cake with an "icing pen,"
then the process does fall into the category of autofab. (See Figure 2-25.) There is
one such robotically guided extrusion fabricator on the market, called the 3D
Modeler and marketed by Stratasys. (See Figure 2-26 and Specification Table 16.)
This device melts and extrudes plastic supplied in the form of a filament on a spool.
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-Extrusion nozzle
depositing
molten plastic
'
Supportstructure

,__Object being
fabricated

Figure 2-25. Schematic representation of automated fabrication by robotically guided
extrusion.

The placement of the extrusion bead is guided by a plotter-like mechanism.
Stratasys refers to its process as "Fused Deposition Modeling" (FDM). In this book,
the term "robotically guided extrusion" is used when referring to the generic

Figure 2-26. The 3D Modeler"' by Stratasys"" boasts of being ofllce-friendly due to its small size
and its use of non-toxic materials. (Courtesy Stratasys, Inc. )
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process; "Fused Deposition Modeling" is used to refer specifically to the implementation in the 3D Modeler by Stratasys.
Early versions of the 3D Modeler were developed by S. Scott Crump in the
garage of his Minnesota home in 1988. A patent filed for in the following year was
issued in 1992. In December 1990, Stratasys obtained venture funding from Battery
Ventures of Boston, Massachusetts.
Five beta-test 3D Modelers were installed in the surnn1er of 1991 at 3M Company, Biomet, General Motors, Pratt & Whitney, and Texas Instruments. Three job
shops have been set up, two near Los Angeles, and one in Virginia. A machine has
also been installed at Pittsburg (Kansas) State University.
For examples of objects fabricated in the 3D Modeler, see Figure 4-29. See Figure 4-7 for another object fabricated by a similar process under development.

Specification Table 16
Process

Robotically Guided Extrusion

Machine,
Vendor

3D Afodeler'"
Stratasys", Inc.:

Materials

Ultimately: Any solid, except thermosets
Currently: Machinable wax, casting wax, nylon-like plastic

Claimed
accuracy

± 0.1 mm (0.005 in) over envelope

Envelope

30x30x30 em (12 x12x 12 in) , 11 kg (25lb)

Machine size

0.8x0.9xl.8 m (2.5x3.0x6.0 ft), 340 kg (750 lb).

Utilities

Electricity: 110 VAC, 60Hz, 10 A

Eden Prarie, Minnesota, U.S.A
Europe: Technimold S.R.L.: Genova, Italy
Orient: Marubeni Hytech Corp.: Tokyo, Japan

Plus workstation.

U.S. Price (Jan 93) $172,000 including installation
Iris Indigo workstation : $24,000
Consumables

None

Comments

Bead thickness: 25 11m to 0.8 mm (0.001 to 0.03 in)
Bead width: 0.2 to 6 mrn (0.009 to 0.25 in)

Source: Vendor.

For explanation of table fo nn a~ see page 19.
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Droplet Deposition on Powder: Soligen
This newest method of additive fabrication is the result of research at the Massachusetts Institute of Technology (Mil) by a team led by Emanuel Sachs and
Michael Cima. In this process, a powdered material is spread in layers and a stream
of adhesive, or binder, is deposited on it in successive patterns representing the
cross sections of the desired object. The binder is applied through standard ink-jet
nozzles, as are used in 2-dimensional inl-jet printing. When the binder strikes the
surface of the powder and penetrates a short distance into it, the powder and binder
forn1 a composite structure in which the )lOwder particles are trapped in a matrix of
the binder material. This structure is similar to that obtained in standard powder
processing techniques used to form the 'green bodies" that are later submitted to
sintering or "firing. " (See Figure 2-27.)
There is a great deal of activity in investigating methods of droplet deposition
for automated fabrication , as discussed in Section 3.2. The distinguishing difference of the MIT process is the involvement of another source of material, the
powder that is spread in uniform layers and not selectively deposited like the
droplets. Several of the other droplet pro:esses can also make composites of two or
more materials and may involve interesting interactions between or among the
different materials. But in all of the other processes, all of the materials are deposited in droplets in like fashion .

Powder
supply

Loose powder

• ·:·:·:·:·:·:··:•·

f - depositing
"Ink jet" nozzle
binder material
o
0
0

Object being
fabricated

Figure 2-27. Schematic representation ofthtdroplet-deposition-on-powder process.
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The MIT process, called Three-Dimensional or 3-D Printing by its originators,
is potentially applicable to all manner of powder/adhesive combinations, including
plastics, metals, ceramics, and glasses. From the very beginning, however, the
developers have focused on building up objects using ceramic materials as both the
powder and the binder. The ability to build ceramic structures directly is of great
importance in industry, because their brittleness and high melting temperature
make ceramics difficult to form by other processes.
One of the most important current applications of ceramics in manufacturing is
in molds for investment casting, called ceramic shells. (See page 141.) For over
five thousand years, the molds have been made by dipping an expendable pattern in
a ceramic slurry to build up a hard shell. This process is dirty, tedious, and
expensive, but it is used for its unmatchable ability to cast refractory (high-meltingtemperature) metals with good surface finish and good dimensional accuracy. The
first commercial application of the MIT process is in the direct fabrication of
ceramic shells without pattern and slurry. This could be the foundation of a much
easier and faster method of investment casting and is being developed by a small
California start -up named Soli gen.

Figure 2-28. The Direct Shell Production System by Soligen is based on the droplet-deposition-onpowder process invented at MIT. In the photo, a fresh layer of powder has just been subj ected to a stream
of adhesive through the ink.-jet mechanism, forming a cross section of the desired object. The photo is of
an early ("alpha") version of the machine, as installed for the first three customers in early 1993.
(Courtesy So ligen, Inc., Northridge, California.)
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In early 1993, Soligen installed its Direct Shell Production (DSP) System at
three "alpha" sites: Pratt & Whitney, Johnson & Jolmson, and Sandia (U.S.)
National Laboratories. Upon analysis of the alpha program, Soligen intends to sell
a number of "beta" units for further testing before putting the mold fabricator into
quantity production. (See Figure 2-28 and Specification Table 17.)
For an example of a ceramic shell fabricated in the DSP System, see Figure 4-

22.

Specification Table 17

Process

Droplet Deposition on Powder

Machine,
Vendor

Direct Shell Production (DSP) System
So ligen, Inc.: Northridge (Los Angeles), California, U. S.A
Orient: Bank of Tokyo Trust, Tokyo, Japan

Materials

Ultimately: Any powder/adhesive combination
Currently: Alumina/colloidal silica

Claimed
accuracy

None specified.

Envelope

40 x40 x40 em (16x 16x 16 in), 180 kg (400 !b)

Machine size

2.3x l.3 x2.6 m (7.5 x4.3x8.5 fi) , 900 kg (1 ton)

Utilities

Electricity: 110 or 220 VAC, 10 A
3
Compressed air: 850 liter (30 ft ) per minute, 0.6 MPa (90 psi)

U.S. Price (Jan93) $250,000
Consumables
Sowce: Vendor.

Filters
For explanation of table format, see page

19.
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Hybrid Fabricators

A most promising development in automated fabricators is the combination of
two or more processes in one machine. Versatile machining centers, which improve
productivity over plain lathes or mills by combining different subtractive processes,
are discussed in Section 2.1. This section discusses machines that take a wider
approach, combining processes from the different categories of automated
fabrication : subtractive, additive, and formative .
Of the three machines featured in this section, two operate on very similar
principals. All the machines use a subtractive process, while one uses an additive,
and the other two a formative. These combinations are summarized in Table 2-3.

Table 2-3. Commercial Hybrid Fabricators

Vendor I
Machine

Subtractive
Process

Additive
Process

Laser cutting
Adhesive stacking
(ablation)
Salvagnini I S4+P4 Punching, nibbling
(shearing)
Iowa I Fabriduct
Helisys I LOM

Formative
Process
-

Bending

Stacking and Laser Cutting: Helisys
In this process, a laser cuts a pattern representing a layer of the desired object in
a sheet material precoated with adhesive. A new piece of material is laid over this
one and bonded to it. The laser cuts another pattern and the process is repeated.
(See Figure 2-29.)
This process is implemented in the LOM ("Laminated Object Manufacturer")
made by Helisys. (See Figure 2-30 and Specification Table 18.) Currently the most
popular material used in this machine is polyethylene-coated paper, or "butcher"
paper. This material is used for wrapping meat because the polyethylene makes it
waterproof. But Helisys takes advantage of the thermoplastic properties of the
coating. An application of heat to each paper layer melts the polyethylene, causing
it to fuse to the paper in the previous layer. Objects built in this material have an
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Laser beam cutting
periphery of cross section
image into top layer of material,
and "dicing" exterior regions

Scrap _
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roll
·
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Figure 2-29. Schematic representation of the adhesive-stacking/laser-cutting fabrication
process.

uncanny resemblance to wood. Plastic sheet materials are also available for use in
the LOM. Future plans call for the use of metals, ceramics, and composites.
There is another fabricator on the market that operates by a similar principle.
The HotPlot by Sparx (Molndal, Sweden) uses a hot pen mounted on a plotter to cut

Figure 2-30. The LOM-2030 by Helisys. (Courtesy Helisys, Inc., Torrance, California.)
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patterns in foam . The patterns are then stacked using a manually operated registration device. Although the system may be attractive for its low price (80,000
Swedish Kroner, about US$15,000), it cannot be considered to be an automated
fabricator because of the high degree of labor required to operate it.
The sheet stacking process has a potential speed advantage on less complicated
structures because the cutting action only describes the periphery of each 2dimensional shape. The interior does not have to be scanned or treated in any way.
The first public demonstration of the LOM-1015 fabricator was at the WesTec
manufacturing exhibition in Los Angeles in March 1991. The first two units sold,

Specification Table 18
Process

Adhesive Stacking + Laser Cutting

Jvfachine,

LOM

Vendor

Helisys, Inc. (formerly Hydronetics): Torrance, California, U. S.A
Europe: Umak Limited: Birmingham, England
Orient: Champion Machine T ools (Hong Kong) Co. , Kowloon, Hong Kong

Materials

Sheet materials with heat-sensitive adhesive layer.
Currently: Paper (yields "a rtificial wood"), polyester.

Claimed
accuracy

± 0.25 mm (0.01) over envelope

Envelope

LOM-1015 : 25 x37x36 em (10 x l5 x14 in), 27 kg (60 lb)
LOM-2030 : 56 x81 x51 em (22 x32x20 in), 164 kg (360 lb)

Machine size

LOM-1015 : 0.8x l.l x l.2 m (2.5 x3.7x3.8 ft) , 410 kg ( 900 1b)
LOM-2030: 1.5x2.1 x1.4 m (5.0x6.8x4.8 ft) , 1500 kg (2400 lb)

Utilities

Electricity:
LOM-1015: 115 VAC, 60Hz, 15 A
LOM-2030: 220 VAC, 60 Hz, 20 A
Laser chiller (circulating water)
Ventilation

U.S. Price oan93) LOM-1015 : $95,000
LOM-2030: $180,000
Consumables

Double-sided foam tape for adhering initi al layer

Comments

Scan speed (max):LOM-1015 : 38 em (15 in) I sec
LOM-2030 : 61 em (24 in) I sec

Source: Vendor.

For explanation of table fonnat, see page 19.
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both model 1015s, were delivered to Detroit job shops, Model One and Mack
Industries, in January 1992. Ford and General Motors have each bought one of the
larger machines. A total of about 12 machines were sold and delivered by the end
of1992.
For an example of an object fabricated in the LOM, see Figure 4-37.

Shearing and Bending

The S4+P4: Salvagnini
In 1977, Salvagnini introduced its P4, a programmable bending machine. This
allowed complex bending operations to be done on a pre-cut metal sheet in one
automatic pass, where they previously might have taken multiple steps on a press
brake and needed special tooling for each specific bending geometry. When the S4
CNC punching and shearing (scissoring) machine was introduced two years later,
the combination became an automated sheet metal fabricator. An integrated S4 +P4
can transform a stack of rectangular metal sheets into an inventory of desk drawers,
refrigerator body panels, or electrical switchboxes. Over 600 of these combinations
have been installed around the world, including many multiple installations. (See
Figure 2-31 and Specification Table 19.)
In 1987, General Electric completed construction of an automated lighting
panel factory whose core consists of four S4+P4 cells. The factory, which is staffed
by two full-time operators per shift, replaces a system of 414 punching and forming
tools and 43 other machine tools. It produces about 500 complete lighting panelboards per day. Product designs can be modified at the computer and the new
designs run through the system without interrupting production.

Figure 2-31. Salvagnini S4+P4 combinaticn CNC punch press and press brake. (Courtesy
Salvagnini s. p.a.)
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Specification Table 19
Process

Punching and Nibbling + Bending

Machine,
Vendor

S4 +P4
Salvagnini s.p.a.:

Materials

Sheet metal from 0.5 to 3 mm (0.02 to 0.12 in) thick

Claimed
accuracy

Hole and bend positioning: 0 .1 mm (0.004 in), bending: I 0

Envelope

Sheet: 150x224 (diagonal $250) em (59x88 (diag $ 98) in),
Folded height: 20 em (8 in). Weight limited only by thickness.

Machine size

25+2220: ~ 12 x 27.4 x 3 .7 m (~40 x 90x 12 ft), 41 Mg (45 ton)
30+2220 : ~ 12 x 30.5 x 3.7 m (~40 x 100 x l2 ft), 41 Mg (45 ton)

Utilities

Concrete foundation
Electricity: 440 V AC, 3 phase, 60 Hz, 100 A

Sarego (Vicenza), Ita ly
U.S.: Salvagnini America, Inc.: Hamilton, Ohio
Ori ent: Salvagnini Conic Co., Ltd.: Osaka, Japan

U.S. Price (Jan 93) 25+2220: Approximately $1.9 million
30+2220: Approximately $2 million
Consumables

Punching tools

Comments

Average throughput: Cut and bend object in < 1 minute.
Av. to change bending configuration (automatic) : < 2 minute.
112 punching tools simultaneously live (no change time) .
Forexplanationoftable fonnat, see page 19.

Sowce: Vendor.

The three standard models of the S4 and eight of the P4 make up 24 standard
configurations of the combined work cell. The data presented in Specification Table
19 represent two popular, mid-range models.

The Fabriduct: Iowa Precision
In the specialized industl)' of ductwork for heating, venti lation, and a ir conditioning (HVA C), Iowa Precision Industries has introduced a line of equipment that
automatically cuts, notches, creases (for increased stiffness), and bends a metal
sheet into any desired rectangular-shaped duct section. If holes are needed, they can
also be automatically punched as the blank goes through the line. Also, fiberglass
insulation can be applied to the interior surface with either sprayed or extruded
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adhesive and, optionally, mechanical fasteners. Edges are roll formed along the two
mating edges of the duct section to provide for closing of the seam and along the
end-edges to allow successive sections to be joined during installation. The
Fabriduct system consists of five specialty machines, a Duct-0-Matic cutter, roll
former, connection former, Insul-Matic insulation layer, and brake (bender),
together with automated material handling stations and computer control. (See
Figure 2-32 and Specification Table 20.)

Figure 2-32. Typical Fabriduct installation. The bottom-right corner of the photo shows a stack
of "L-secti ons" fabricated on the line. A rectangular duct section may be formed by joining two L-sections (which would not be automated fabrication), or may be formed directly by the Fabriduct from a
single sheet ("wrap-around sections"). (Courtesy Iowa Precision Industries, Inc.)
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Specification Table 20

Process

Punching and Notching + Bending

Machine ,
Vendor

Fabriduct
Iowa Precision Industries, Inc.:

Materials

Sheet metal from 0.38 to 1.2 rnm (.015 to .048 in) thick

Claimed
accuracy

Perimeter cutting: ±0.5 mm (0.02 in)

Envelope

3m (10ft) perimeter x 1.5 m (61 in) .
Weight limited only by thickness.

Machine size

6.3x20.4 xo::: 1.5 m (20.7x67 x:o::5 ft) , 23 Mg (26 ton)

Utilities

Electricity: 208 VAC, 3 phase, 60 Hz, 270 A
3
Compressed air: 1360 liter (48 ft ) per min, 0.7 MPa (100 psi)

Cedar Rapids, Iowa
Europe: Met-Coil Germany, Germany
Japan: Met-Coil Ltd., Japan

U.S . Price (Jan93) $450,000 in illustrated configuration
Consumables

None

Comments

Speed: 25 em (10 in) of perimeter per second
For explanationof table fonn a~ see page 19.

Source: Vendor.

3
Processes under Development
Ask, and it will be given to you;
Seek, and you will find;
Knock, and it will be opened to you .
For everyone who asks receives,
And they who seek find,
And to them who knock it will be opened.
-

Jesus of Nazareth

One of the most amazing things about the explosive progress in automated
fabrication during the past several years is that it is almost certain to be dwarfed by
what is yet to come. As many vendors as there are of sophisticated additive and
subtractive fabricators, there are many more university, government, and industry
laboratories working to improve the output those machines generate, and others
working to make them obsolete.
This chapter looks at a small sampling of this research. Some of this work will
probably lead to conunercial machines; this may even be the case by the time you
are reading these words . Others may not get very far. One of the projects described
here has been underway for 20 years. Some are just a few years old. More are
starting up every year.
The user of a fabricator wants a 3-dimensional object in his or her hands. But
the focus of the inventor must be at a deeper lever. What a fabricator does is
nothing short of creating a new form of matter, or at least creating a familiar form
in a new way. Sometimes, a researcher is pleased by the novelty of a new chemical
or physical structure. But if the process is to have commercial value, then its output
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material must have useful properties for applications in manufacturing, engineering, medicine, or other important fields . Sometimes it is good enough to get
properties almost as good as those of natural materials or previously formulated
synthetics. But some applications stand to benefit from radically new materials with
unheard of physical properties. The machines discussed in Chapter 2 have already
rewritten several sections of the chemistry, physics, and engineering books, as
evidenced by the discussions in Chapter 8. The processes in this chapter are getting
ready to rewrite them again.

Improvements to Existing Processes
This chapter focuses on new processes that are substantially different from those
already on the market. However there is also a great deal of very interesting work
going on to improve the existing processes in the laboratories of the current
fabricator vendors and their key research affiliates, as well as in independent
research programs. Some highlights follow.
Subtractive 11rocesses. Many laboratories around the world are working on
high-tech improvements to the ancient material removal processes. Some of the
most exciting developments involve techniques in micromachining. Microscopic
gears and accelerometers, and rnicro-Velcro for improved medical suturing, are
some examples of early results of these projects.
Single-beam laser curing. A large number of programs around the world have
been set up to study automated fabrication by single-beam-laser curing. This is the
focus of programs at the University of Dayton (Ohio), Mitsui Engineering and
Shipbuilding Company (Tokyo), the French National Center for Scientific Research
(CNRS), the University of Louisville (Kentucky), Clemson University, Rensselaer
Polytechnic Institute (RPI), the University of Tokyo, Hokkaido University, the
Danish Technological Institute (DTI; not to be confused with the British Department of Trade and Industry which is funding various autofab projects), Brigham
Young University (BYU), the University of Utah, Marquette University, Matsushita
Electric Works and others, as well as at the relevant fabricator and resin vendors
and their parent companies.
Masked-lamp curing. Processes are under development by two small U.S .
companies, Light Sculpting (see page 91) and Chem-Form. Also, widespread
research on microfabrication, an active industry in the 2-dimensional fabrication of
integrated circuits, may yield progress important to 3-dimensional fabrication .
Selective sintering. The University of Texas at Austin, which is the site of one
of the original inventions of laser sintering and a shareholder in DTM Corporation,
is studying the application of that process to metals and ceramics. Similar work on
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ceramics is also underway by CNRS in Nancy, France, and Electrotechnical
Laboratory in Ibaraki, Japan. A novel approach to the problem in ceramics, using
colloidal gels instead of dry powders, is under investigation at the University of
Arizona.

Robotically guided extrusion. Northwestern University Medical School is
studying robotically guided extrusion of thermosets for fabrication of prostheses for
amputees. (See Figure 4-7.)
Stacked adhesives. The University of Dayton and Helisys have formed an industrial consortium on fabricating composites through sheet-bonding. Landfoam
Topographies has proposed a method for generating objects of multiple colors by
printing colors on individual layers of a stack.

3.1

Selective Curing

Curing is the process of polymerizing a plastic resin to make it become solid or
insoluble. (See Section 8.1.) The many chemical processes that enact curing are the
backbone of the huge plastics industry. Typically, curing is performed in bulk,
affecting an entire vat of resin synchronously. At the same time that the chemical
curing reactions are taking place, the resin is usually submitted to some physica l
process that determines the shape in which it is to solidify. These shaping processes
include extrusion, calendering, coating on existing surfaces, and the various
molding processes.
One of the properties that makes plastics so useful in manufacturing is the
ability to both inhibit and induce the curing of a resin . This allows the resin to be
stored as a liquid for a long time prior to use and then to be solidified at will in the
manufacturing process. The solidification (curing) is initiated by providing an
appropriate form of energy that induces the molecules in the resin to form the
chemical bonds that make it turn solid. This energy may be supplied in the form of
heat, light, or electric potential , and the process may be assisted by chemical
catalysis.
The trick that created the additive fabricator industry was to induce curing of a
resin selectively. This meant devising a process that would deliver curing energy to
certain well-defined regions of a resin without affecting the rest of the vat. As
described in Section 2.2, current commercial fabricators accomplish this by
photocuring, using light to induce the polymerization reactions. The regions to be
affected are determined by either a scanning laser or a masked lamp.
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Light was a natural first step in the development of selective curing because
lasers and masks allow it to be easily and accurately delivered to specific parts of a
resin surface. But attempts have also been made to induce selective curing
thermally and electrically, and there have been interesting variations tried for
delivering light energy as well.

Dual-Beam-Laser Curing
Formigraphic Engine and Battelle
In 1967, Wyn Kelly Swainson filed for a patent in Denmark for a process that
used a pair of lasers to read a 3-dimensional structure from a hologram and recreate
the shape of the object in a special photopolymer. Swainson later established the
Formigraphic Engine Co. in California to pursue this idea and teamed up with the
Battelle Development Corporation in Columbus, Ohio, where research on similar
ideas had also been pursued. At Formigraphic, Swainson collaborated with Stephen
D. Kramer, who became President of the company after Swainson's death in the
late 1980s. The work at Battelle was conducted under Carl M. Verber and later
Robert E. Schwerzel.
Whereas StereoLithography and other current photocuring techniques cure resin
at the top surface of a body of resin, the Swainson idea was to penetrate a vat with
two lasers and work in the interior regions of the resin. The proposed process is a
two-step variation of ordinary photopolymerization, where a single photon initiates
curing. Here, two photons of different frequencies are needed to initiate polymerization.
The two lasers are aimed so that they intersect at a specific point where curing
is desired. One of the lasers excites a certain kind of molecule all along its path.
Most of those molecules return back to their unexcited state after a short time. But
those that are also in the path of the second laser instead are further excited to form
an initiating radical that begins the polymerization process. Thus the resin cures at
the intersecting point, and the rest of the resin is unaffected.
Interest in the dual-beam curing technique seemed to peak about 1983 when
grand claims were made for the commercial promise of the process. However, no
commercial process emerged from the laboratory.
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CNRS
In the mid- to late-1980s, work was also undertaken on the dual-beam-laser idea
in the laboratories of Jean-Claude Andre at the French National Center for Scientific Research (CNRS) in Nancy, France. Andre and his colleagues confirmed the
results reported by Battelle, but also reported several problems in getting the
process to yield objects of substantial size and resolution.
One major problem was that the laser beams were difficult to aim due to variations in the refractive index of the resin. A beam of light can bend when it
encounters a change in refractive index. The refractive index is like a measure of
"optical thickness" or "optical friction ." The speed of light in a material changes
based on the refractive index. If different parts of the beam encounter different
refractive indices, the beam will be diverted or scattered, just as a car striking a
patch of ice with one tire may change direction because it looses friction under that
tire. Nonuniformities in the refractive index of the resin due to (a) the progress of
curing, (b) innate nonuniformities in the resin, and (c) temperature changes in the
resin make it difficult to aim the laser beams at a desired spot within the vat.
Even if the beams were to remain straight, it is a difficult problem to scan a pair
of laser beams at high speed with sufficient accuracy to make them maintain a
moving, predetermined, and very small point of intersection. The difficulties of
aiming are made worse by the high energies of the lasers required, which tend to
have short focal lengths.
Finally, the tested resins tended to undergo curing at points along the path of
each laser beam, instead of just at the intersection of both beams. This undermined
the entire control philosophy of the process. Overcoming this problem may require
identifying or engineering resins with very specific photochemical properties.

Future Prospects
The CNRS team has expressed optimism that the problems identified will be
overcome in time and continues to pursue research on dual-beam-laser curing.
However, in the near term they are devoting greater effort, and expect to make
faster progress, in the single-beam process because it is less fraught with difficult
technical challenges.
Battelle remains open to continuing work in this field, but the project is on hold
pending new funding. Formigraphic Engine Co. is in the process of attempting to
raise several million dollars for further development efforts.
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Another site of research on this idea is the Osaka Prefectural Industrial
Research Institute in Japan, where Yoji Marutani received a patent on a related
process in 1992 (filed for in 1984 ).
If the dual-beam-laser method does not turn out to be practical for automated
fabrication , it may still be an important technology for other reasons. Swainson's
original ideas for the technology included not only fabrication but also the display
of 3-dimensional images within a vat of iridescent fluid. Another concept which
has arisen is to use the intersecting beams to write and read electronic states in the
interior of a solid, transparent block, which could offer an extraordinarily highdensity data storage medium. A Formigraphic spin-off by the name of Call/Recall
has been formed to pursue this latter objective and has attracted $2 million in
funding from the U.S. Defense Department.

Variations on Single-Beam-Laser Curing

The COLAMM: Mitsui
The Mitsui Engineering and Shipbuilding Company of Tokyo, Japan, began
offering a photopolymer fabricator called the COLAMM (Computer-Operated,
Laser-Active Modeling Machine) in 1991. The company reports having sold one
unit to a job shop. Data on the machine were not received in time for inclusion in
Chapter 2. A brief description is given here of the technique used in that system
and of some other interesting work that has come out of the Mitsui labs.
The COLAMM is unique in that objects are built from the top down, rather than
bottom up. This "ascending suspension" method is illustrated in Figure 2-11. The
first (top) cross section of the object is created by scanning, from below, a thin layer
of resin between a transparent window plate and the underside of a suspension
plate. The chemistry of the materials involved is such that the cured polymer
adheres to the suspension plate, and not to the window plate. The first layer is thus
affixed to the suspension plate, which is raised by an increment to allow a new
layer of resin to flow onto the window for scanning. The object is thus built
suspended from the ascending suspension plate.
This technique may allow faster laser scanning by curing the resin at an
interface with glass, not air, since isolation from oxygen improves photosensitivity
of the resin. (For more on this subject, see Photocuring through a Contact Window
below.) However, since the object grows in suspension and each layer must
therefore support all new layers below it, the method probably requires some kind
of supporting mechanism, as shown in Figure 2-1 1, in order to be practical for
shapes with narrow necks.
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In the late 1980s, Mitsui explored several alternative approaches to
photopolymer-based automated fabrication before deciding to focus exclusively on
the technique described above. The following ideas were described in Mitsui patent
applications, but the company has stated that it does not intend to pursue these
directions in the near term.
One Mitsui idea combines photocuring with robotically guided extrusion. Photopolymer resin is ejected from a nozzle and immediately cured by incident light.
What makes this idea most interesting, however, is that the nozzle is fed from
various input ports, so that it is capable of ejecting a variety of resins or mixtures of
resins. The results can be variations in color and other physical properties.
Other proposals from Mitsui involve modifying the profile of the incident light
beam to cure rectangular blocks rather than the parabolic "bullets" formed by a
Gaussian laser, passing the incident light through a screen resulting in the
microscopic dispersal of cured regions in an uncured matrix, and mixing the
photocuring resin with short fibers or other filler material to reduce curing distortion.

CNRS and Laser 3D
Another company that may soon be counted among the ranks of commercial
fabricator vendors is Laser 3D of Nancy, France. This new company is working
with Jean-Claude Andre at the French National Center for Scientific Research
(CNRS) in Nancy. Andre is one of the pioneers in automated fabrication , with an
early patent on single-beam-laser curing. (See page 45 .) His ongoing research has
been very broad, covering double-beam-laser curing and selective thermal curing,
as well as laser sintering (including interesting progress in sintering ceramics) and
other ideas. Laser 3D reports completing construction in late 1992 of a singlebeam-laser curing fabricator designed for very high-speed output. The company
intends at first to market the services of the fabricator on a contract basis only, not
to offer the machine for sale.
Note that Mitsui and CNRS are only two of many organizations around the
world working on improvements to and variations on the idea of fabrication by
single-beam-laser curing. See, for example, the partial list of others on page 86.

Photocuring through a Contact Window
Light Sculpting of Milwaukee, Wisconsin, U.S.A., has offered a fabrication
service and device for a number of years. (See Patent and Development History,
starting on page 45.) The Light Sculpting device uses the descending platform
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method (as do 3D Systems' SLA and several other fabricators ; see Figure 2-11) and
irradiates the resin surface with a masked lamp (as the Cubital Solider). What is
unique about the LSI technique is that the resin is cured in contact with a plate of
transparent material on which the mask rests. The resulting close proximity of the
mask to the resin surface has the potential advantage of allowing very accurate
replication of high-resolution patterns. This use of a contact window may, however,
also bear advantages in irradiation by lasers and other means. Ironically, some of
these advantages arise out of the solution of two problems brought on by the use of
the window plate.
The first problem arises because the plate shields the top resin surface from air.
Air is an important ingredient in most photocuring fabricators because the o>.:ygen
in it is an inhibitor of radical polymerization. (See the discussion of photochemistry
in Section 8.1.) The presence of air in contact with the surface of the resin therefore
prevents the monomers at the surface from curing. This leaves a very thin sublayer
of uncured resin at the top surface. The existence of this sublayer is useful in
assisting adhesion of the next layer of applied resin . If the resin were fully cured
right to the top, this adhesion could be impaired. Therefore the first problem in
irradiating the resin through a window in contact with it is that the resultant
shielding from air could prevent the formation of this uncured sub layer and thereby
impair adhesion of the successive layers to each other.
The second problem is the more mundane one of separating the plate from the
cured photopolymer after each resin layer is irradiated.
Light Sculpting President Efrem V. Fudim claims to have solved both of these
problems by coating the underside of the window plate with a halogenated
compound, such as Teflon. Like oxygen, halogenated compounds have the property
of inhibiting radical polymerization, so the presence of the Teflon or similar
material on the bottom of the plate prevents the topmost sublayer of resin monomers from curing. This solves both of the above problems because the uncured
sublayer both (a) promotes adhesion to the next layer of resin, and (b) allows the
plate to be separated from the layer of cured polymer. The famous "non-stick"
properties of Teflon may also assist in making this separation easier.
While the halogenated-compound coating is made necessary by irradiating
through a window that is in contact with the resin, it may provide an additional
advantage. Halogenated compounds are much milder inhibitors of radical polymeriation than ox)'gen is. Furthermore, these compounds are not prone to diffuse off
the plate into the resin, whereas oxygen from air does diffuse into the resin, thereby
inhibiting curing at deeper regions than the desirable topmost surface. Fudim
claims that these factors allow him to cure each layer of resin with far less energy
than is needed in other systems. This is why he describes his device as using a "low
power" ultraviolet lamp, whereas the Cubital Solider uses a "high power" lamp.
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(Note that the Solider cures each layer fully before applying the next layer. This is
one of the reasons for the milling process used in it; to roughen up the surface to
promote adhesion of the next layer.)
Yet another advantage of the contact window is that it may make practical an
entirely new method of irradiation, other than the scanning lasers and masked
lamps used in today's fabricators . Ideas are under investigation for irradiation by an
array of high-powered LEDs (light-emitting diodes) or an array of micro-lasers.
Such arrays would not likely be effective at any substantial distance from the resin
surface, but may become practical if used at the close proximity allowed by the
contact window technique.
The Light Sculpting process is interesting and has attracted a lot of attention
over the years. One of the major problems facing Light Sculpting has been the
difficulty of automating the placement of masks over the vat. In 1992, the company
attracted a prestigious development grant from the U.S. government as the
technology was deemed to be of strategic economic importance to the country.
Perhaps this funding will give Light Sculpting the help it needs to come through
with a commercially viable fabricator .

Selective Thermal Curing
Experiments under Jean-Claude Andre at the French National Center for Scientific Research (CNRS) in Nancy, France, have obtained selective thermal curing
of resins using infrared lasers.
Infrared photons (light particles) do not contain enough energy to directly
initiate the chemical curing reactions. Instead, energy from the infrared laser is
absorbed in the resin as heat, and it is the heat energy that induces polymeri zation.
U1traviolet lasers also generate heat in the resin, but the infrared experiments used
much higher-powered lasers than are usually used in ultraviolet-laser fabricators ,
and so generated much higher levels of heat. The anticipated advantages of thermal
curing over direct photocuring were (a) improved depth penetration when the resin
contains filler particles that block the passage of ultraviolet light and (b) the lower
cost of infrared lasers.
The major question in the CNRS experiments was whether the heat generated
by the scanning laser could be localized enough to obtain curing with satisfactory
spatial resolution . Although acceptable results were obtained, the inclusion of fillers
in the resin degraded the resolution. While he may return to this line of investigation in the future, Andre has set it aside for now in favor of work on other processes.
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Selective Electrocuring
Electropolymers are plastics which are cured by the influence of an electric
potential. Although known for some time, they have not yet been subjected to a
great deal of study, and the curing mechanism has not yet been established.
Ronald P. Reitz of the U.S. Navy has been studying the application of electropolymers in automated fabrication . He has proposed a scheme in which a series of
flat electrodes is immersed in an electropolymer resin. Each electrode defines one
cross section of the object to be formed . The electrodes are charged in alternating
sequence by connection to opposite terminals of a high-voltage power source. The
resulting potential field cures the resin in the space between the electrodes, with a
markedly lesser effect on the rest of the resin. The object formed includes the
electrodes permanently embedded in the cured polymer. By judicious choice of
electrode materials, this may offer the advantages common to composite materials.
To automate the process of generating the electrodes, Reitz proposes either of
two methods, both of which can be performed with a modified pen plotter or laser
printer. The methods are to either print the electrodes with conductive ink on either
side of an insulating substrate, such as acetate, or conversely, to print an insulating
shield on either side of a conductive substrate such as aluminum foil. Actually,
since Reitz mentions that several coats of ink may be needed in either method, a
preferred printing technique may be ink-jet. Whichever method is used, the formed
object would be surrounded by the exterior regions of the substrate sheets, which
would have to be tom off to reveal the object.
One particularly interesting feature of electrocuring is the ability to vary the
properties of the cured plastic by adjusting the applied voltage. For example, it is
possible to control the amount of foaming that occurs in the process. Reitz has
proposed applying this effect to the fabrication of shoe soles with different interior
and exterior consistencies.
Patent rights to this process for use within the United States have been retained
by the U.S. Navy. Reitz has formed a company, Electroset Synergistic Technologies
Corporation (Towson, Maryland) to handle commercialization outside the United
States.

§ 3.2 Droplet Deposition
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Droplet Deposition

A mason building a wall places bricks one at a time in appropriate relative positions and orientations to form the shape and height of the desired wall . This is the
simple yet powerful idea behind the dmplet deposition techniques. While most
other additive processes also work one particle at a time, they do so by solidifying
successive particles within an amorplious material without moving anything
around. The droplet deposition processes, however, work by moving the desired
droplets to where they are needed and binding them there. Whereas a mason
accomplishes this binding by applying a layer of adhesive mortar between the
bricks, the droplet deposition techniques usually rely on diffusion or cohesion to
unite the droplets into a continuous mass without a separate adhesive layer.
There is one droplet deposition process currently on the market which is, however, quite different from those discussed here in that it works by depositing a
stream of adhesive droplets on successive: layers of powder. This process, developed
at MIT and marketed by Soligen, is discussed starting on page 137.
Among all the ideas for accomplishing automated fabrication, droplet deposition stands in second place, after laser curing, for the amount of attention it has
received. The first major patent in the field was filed for by William E. Masters in
1984, and issued in 1987. Masters, owner of Perception Kayaks, one of the world's
largest manufacturers of kayaks, founded Perception Systems to develop the idea.
After many years of feasibility trials, this company attracted funding for commercial development and became BPM Technology (Greenville, South Carolina). The
name stands for Ballistic Particle Manufacturing, the name Masters uses for his
process.
The original Masters patent describes a process in which tiny droplets, which
may be of melted wax, plastic, or metal, are aimed at a collecting surface where
they accumulate to form the desired shaJe. The droplets were to be aimed from any
direction in order to allow the most 1•ersatility in fabricating the object. This
method has proved to be very challenging to develop, and BPM is currently
focusing on a simpler design that uses :1n array of nozzles, essentially identical to
the mechanism of an ink-jet printer, to eject the droplets in a succession of 2dimensionallayers. BPM plans to have a commercial fabricator available in 1994.
Also in tl1e mid-1980s, another company arose with plans for a droplet
deposition fabrication process. David Hauber of Automated Dynamics Corporation

Portions of this section are adapted from the Research Notes column by Marshall Bums, in Rapid
Protoryping Report, Febmary 1992.
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attracted development funding from the U.S. government in 1987, but seems to
have given up on the idea after a few years. This may have been due to a patent
conflict with Masters.
While the Masters method aims each droplet inillvidually, a team at Carnegie
Mellon University (Pittsburgh, Pennsylvania) is working on a process that is more
like spray painting through a stencil. The process is called MD*, which is pronounced "MD-star" and stands for "recursive mask and deposit," under a computer
programming notation in which an asterisk is used to inillcate a segment of code
that may be repeated. In the MD* technique, a series of masks is prepared with the
outlines of the cross sections of the desired object. Each mask is laid down and a
stream of atomized metal is sprayed over it. That mask is removed, and the process
is repeated with the next one. If the object needs to be supported, a separate series
of masks can be used to spray up a supporting structure in a low-melting material
that can be washed away after the object is complete. (See Figure 3-1.)
At the 1991 Space Manufacturing Conference, in Princeton, New Jersey, David
W. Gore exhibited progress in another process for droplet deposition of metal. Gore
is a space enthusiast who sees his technology opening up possibilities for
fabricating lunar habitats and machinery from lunar-sourced materials, saving
enormous transportation costs. (See Section 10.2 for a illscussion of applications of
automated fabrication in space.) At the conference, Gore exhibited two small
cyli nders made from tin by his liquid droplet method.

Figure 3-1 . Carnegie Mellon's MD* process. On the left, the robot arm is shown spraying on a
layer of metal droplets. On the right is a turbine blade fabricated in zinc. TI1e blade consists of 162 layers, each 0. 1 nun (0.004 in) thick. The layering technique shows up clearly in the rough surface
texture, but the structural integrity of the finished obj ect is quite good. . (Courtesy Jim Schafer
Location Photography (left) and Carnegie Mellon Un iversity (ri ght).)

§ 3.2 Droplet Deposition

97

Gore calls his process Incremental Fabrication and has set up a small company,
Incre, Inc., in Corvalis, Oregon, to carryon the development work. Although he
claims to have conceived the idea independently of Masters, Incre has acquired a
license to the BPM process for applications to metals in order to avoid any potential
conflict. Incremental Fabrication is descrited in greater detail below.

Also in 1991, Texas Instruments quietly disclosed that it was working on a
droplet deposition process called Printed Computer Tomography or ProtoJet 3D
Printing. Few details have been disclosed, except that it uses an array of 64 or 128
ink-jet nozzles to deposit the droplets of fabrication material in layers.
Yet another droplet deposition processappeared in 1992, under development by
Visual Impact Corporation (Windham, :New Hampshire). Also using ink-jet-type
nozzles to deposit materials in layers, this company plans to have machines
available in 1994.
In late 1992, 3D Systems was reportedto have been issued a patent for a droplet
deposition process. This is the first indication that 3D may have some interest in
processes other than laser curing, and it may affect the viabili ty of many of the
newer companies trying to get started in tbis field.

An Example Droplet Deposition Process:
Incremental Fabrication
As described briefly above, David Gore of Incre, Inc. is developing Incremental
Fabrication specifically for building objeds in metal. Of all the droplet deposition
processes under development, this is the most faithful to Masters ' original concept
of projecting the constituent droplets fro m any direction, instead of being confined
to building up in flat layers. The process ' vorks by ejecting a stream of molten metal
droplets, with each droplet aimed to fuse to a previously formed part of the growing
object.
Incremental Fabrication has several alvantages over many other autofab processes aside from the intrinsic value of ~uilding in metal. There is no inherent
limitation on the size of objects which CaJI be built; an ejector nozzle mounted on a
robot arm could build quite large structures. Furthermore, the structural strength of
metals, together with the freedom to break away from building in horizontal layers,
allows for the fabrication of overhangs and hollows without support material. While
several of today ' s processes boast the aliility to build overhangs without support
structures, they do often require a support material which must be removed,
preventing the fabrication of hollows. (N~te that these advantages of unlimited size
and the ability to fabricate hollows are shared by the 3-D welding (Section 3.3) and
robotically guided extrusion (page 72) precesses.)
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There are both advantages and disadvantages to building with a non-layered
approach. The partial hollow sphere shown in Figure 3-2 was built by continually
reorienting the nozzle to eject droplets in a direction tangent to the sphere. Willie
this style of building is potentially more flexible than one restricted to stacked
layers, it also introduces the problem of ensuring that the nozzle does not collide
with existing parts of the structure, similar to tool path problems in CNC machining. Furthermore, it drastically complicates the design of software to automate the
build process for arbitrary structures (another problem familiar to CNC practitioners).
Incremental Fabrication suffers from several limitations related to its rugh operating temperatures. The need for special nozzle materials to withstand these
temperatures could make the fabrication machinery fairly expensive. More importantly, the need for heat dissipation limits the speed with which objects can be built
up and may also cause problems when building complicated shapes. Shrinkage,
curling and warpage, due to contraction under solidification and cooling, will also
begin to be a problem when lncre advances to fabricating shapes that do not have
the rotational symmetry of cylinders and spheres.
While Gore started out working in tin because of its relatively low melting
point, 232°C (450°F), he has since graduated to aluminum. This is a challenging

Figure 3-2. Partial hoUow sphere, 3 in (7.5 em) in diameter, generated in tin by the Incremental
Fabrication process. The "coil thickness" is about 0.8 mm (0.03 in). Fabrication time was about 10
minutes. (Courtesy lncre, Inc.)
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material for more reasons than its higher melting point, 660°C (1220°F). In its
liquid form, aluminum is an aggressive solvent, making the design of an ejector
nozzle rather tricky. Also, the high reactivity and high working temperatures of
aluminum promote oxidation, a common problem in working with metals in air.
Oxidation inhibits bonding and can weal<en the metallic crystal structure, making
the material brittle. Gore claims to have solved both the aggressiveness and
oxidation problems by proprietary methods, some of which are part of his pending
patent application.
Aluminum has several advantages over tin, including greater strength, lighter
weight and lower cost. It also has higher surface tension, which allows deposited
droplets to hold their shape better. The combination of these features may make it
practical to fabricate fairly large structures. So far, Gore has made spheres and
cylinders in aluminum up to 13 em (5 in) in diameter.
The largest objects fabricated have been tin cylinders up to 30 em (12 in) in
diameter and up to 26 em (10 in) high. Early objects were made on a turntable and
so were rotationally synm1etrical. In early 1993, Incre reported progress in developing an automated system capable of fabricating more arbitrary shapes. Details of
the proprietary system were not disclosed .
The rate at which material is laid down depends on both droplet size and the
path length that the ejector traverses before returning to a previous position. (This
path length is the analog of the scan length for a single layer in laser curing or laser
sintering.) Shorter path lengths have to be laid down more slowly to give the metal
time to cool and solidify before the ejector returns. The fastest rate at which tin has
been deposited is a very respectable 0.14 cc/sec (two minutes per cubic inch);
however Gore notes that this was for a fairly large droplet size. The partial sphere
shown in Figure 3-2 was built at about 0.024 cc/sec (12 minutes per cubic inch). A
system incorporating a combination of large nozzles for bulk fabrication and tiny
nozzles for detail work could turn out to be very attractive for both speed and
resolution .
The cylinders and spheres made so far have a coiled appearance, as if they were
made by winding and fusing a metallic filament with irregular diameter. The "coil"
thickness is roughly the same as the droplet size and can be varied from 0.5 to 2
mm (0.02 to 0.08 in). This size is both the minimum wall thickness and the analog
of the layer thickness for layer-based devices. Walls up to 15 mm (0.6 in) thick
have been made by depositing several adjacent concentric rings of droplets. The
consistency of droplet size and the accuracy with which they can be deposited have
not been measured.
Future developments in the ejection mechanism should reduce the minimum
droplet size. There is no theoretical lower limit to the size of droplets that can be
produced; it remains to be seen what the practical limit will be. Smaller droplets
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will mean better resolution and better control of surface tex1:ure, which currently is
poor.
Success in working with aluminum has not led Incre to abandon its work with
tin. Aside from the better quality of fabrication because it is easier to work with,
Gore appreciates the engineering insights gained from studying the same process in
two different materials. Experiments with other metals will follow. In the future, he
expects to develop the process for steel and titanium.

3.3

Three-Dimensional Welding

Three-dimensional welding is one of the oldest ideas for achieving automated
fabrication, but one that has not yet reached the commercial marketplace. With the
natural material being metals and with almost unlimited fabrication size, such
processes may become important when the difficulties are worked out. But working
with molten metal is no easy task, so it may not be before the mid- to late-1990s
that commercial systems arrive.
There are similarities among the welding processes described here and the
extrusion (page 72) and droplet deposition (Section 3.2) processes. All of these
methods use a robotic system to determine the placement of a stream of melted
material which is then allowed to cool and solidify in place. The discussion of the
advantages and limitations of Incremental Fabrication in Section 3.2 applies
equally to all these processes. In particular, the ability to directly build metallic
structures with complicated shapes and unlimited size could be what finally propels
the additive fabrication technologies beyond the current applications in " rapid
prototyping" into the mainstream of the manufacturing and construction industries.

Shape Welding: Thyssen
In 1973, Thyssen AG, the German steel company, began work on a process
called shape welding in which an array of welding heads deposited steel in a
computer-controlled pattern to build up a large structure, starting on a preshaped
mandrel. Thyssen 's motivation was to build large pressure vessels and turbine
shafts for the nuclear and petrochemical industries without the size and weight
limitations imposed by casting and forging . By 1980, the development team had
This section is adapted from Welding takes on a new dimension by Marshall Bums, in the Research
Notes colunm of Rapid Prototyping Report, February 1992.
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fabricated a cylindrical shell 6 meters (20 feet) long with 33-cm (13-in)-thick walls,
weighing 72 metric tons (79 tons) . This was done in a continuous operation lasting
six weeks, implying a material deposition rate of 150 cc (9 in3) per minute. A few
years later a complete vessel was made, including end-domes, from 58 metric tons
(64 tons) of welding steel.
At least one commercial, shape-welded product was delivered. It was an 80
metric ton (88 ton) pressure vessel for a coal liquefaction plant. Installed in 1985, it
was reported to be still in service as late as 1989.
Several welding journals reported outstanding physical properties of the steel
fabricated in the Thyssen experiments. Some important measures, such as nil
ductility temperature, were found to better the properties of forgings of the same
alloys. Other measures, such as notch toughness, exceeded the nuclear industry
specifications by very comfortable margins. One reason cited for the excellent
properties was that the process intrinsically anneals each underlying layer of steel
as a new layer is fabricated over it. However, with certain alloys, unexplained
cracking of the material was experienced.
Shape welding was developed specifically for the flexible fabrication of very
large steel components. The primary markets for such items were in nuclear power,
petrochemical, and coal liquefaction plants. Declining demand during the 1980s for
new facilities in these markets led Thyssen to cease development of shape welding
after 1985.

Shape Melting: Babcock & Wilcox
Many other companies in Germany, Japan, Russia, and the United States have
also experimented with the idea of using weld metal to fabricate arbitrarily shaped
structures. In the United States, Babcock & Wilcox Co., the subsidiary of McDermott Inc. that builds electric power plants and related equipment, has developed a
process called shape melting. B&W focused on using specialized, nickel-based
steels and guiding the welding heads robotically. It also devised a method for
initiating the build process without a mandrel, a major advance over the Thyssen
technology.
In comparison to Thyssen' s huge pressure vessels, Babcock & Wilcox refers to
the items it has built as "smaller components." Yet they are of breathtaking size for
anyone used to the confines of an SLA. In B&W' s primary application of heavy
industrial conduits, it has produced pipes, elbows, and flanges a meter (several feet)
in diameter and length, with wall thicknesses of up to about 10 em (several inches),
and weighing up to a ton. These are built from a bead about 0.3 em (1/8 in) thick
and 1.3 to 1.9 em (1/2 to 3/4 in) wide. Despite this coarse construction, a smooth
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and regular surface finish is seen in some of the published photographs of shape
melted objects, which have not been sanded or polished. For more intricate designs,
B&W projects the ability to reduce the bead to 0.25 mm (0.01 in) in thickness and
2.5 mm (0. 1 in) wide. One of the exciting features of the process is the ability to
combine materials, for example to fabricate a pipe with a core of high-strength steel
and corrosion-resistant stainless steel surfaces.
Tom Doyle, Technical Advisor for Automation at Babcock & Wilcox, says there
has been a lot of interest in shape melting, particularly in the U.S. Navy, which
would like to use it to fabricate replacement parts on demand aboard ship. But
unfortunately the process has yet to venture outside the B&W laboratories, and even
there it has not received much attention since the late 1980s.

3-D Welding: University of Nottingham
A team led by Phillip M. Dickens at the University of Nottingham, England,
has reported positive results in experiments on a process called 3-D welding.
Several example objects have been exhibited, including the automotive thermostat
housing shown in Figure 3-3 . This was built in two stages, the main body being
fabricated first, then rotated through 90° to allow the arm to be built up vertically.
The entire process is claimed to have taken only 22 minutes. The surface is quite
bumpy, especially at sharp comers in the structure. The mechanical mating surfaces

Figure 3-3 . Automotive thennostat housing fabri cated by 3-D welding. (Courtesy University of
Nottingham.)
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have been machined and the resulting housing is claimed to have "serviceable"
physical characteristics.
Another exhibited example is a thin, corrugated plate with dimensions 37 by 18
em (15 by 7 in) and about 0.3 em (1/8 in) thick. Such a structure would normally be
produced by sheet stamping, which requires the preparation of expensive dies.
Again, the surface is roughly textured, but the material properties are serviceable.
The quality of the surface finish deper!ds on several factors that are also related
to the microstructural integrity of the fabricated metal. The main factors are
temperature control of the weld site and pllrity of the materials used. The surface of
the thermostat housing is worse than thai of the corrugated plate because its bulk
caused it to cool more slowly. Both Thyssen and Babcock & Wilcox implemented
carefully designed cooling subsystems inlo their processes. A 1988 paper on the
B&W process e>.:plained, " If cooling is n~t provided ... a different bead shape can
result which can degrade the mechanical properties." A cooling stream of liquid or
gas is sprayed on the metal surface just before new material is added to it to remove
residual heat from the last welding pass. The Nottingham team is experimenting
with cooling the metal immediately after the weld. Its objective is to achieve a
surface finish comparable to that obtained in sand casting.
The weld metal, either mild steel or alllminum, is laid down in a l mm (0.04 in)
diameter bead with an accuracy of about 0 .5 mm (0.02 in). The deposition rate is
about 9 cc/min (2 minutes per cubic inch). Porosity and voids are claimed to be
only 0.6 percent, but even this will have to be reduced for really functional
production. Oxidation is avoided by the standard welding practice of enshrouding
the weld site in a strean1 of an inert gas, such as argon or carbon dioxide. Dickens
claims that distortion due to shrinkage in cooling is not a major problem. The
experiments with cooling behind the weld site and the use of a cooler welding
process, called TIG welding, are expected to reduce distortion even further.
Plans call for a European consortium to fund further development. Expected
time to yield a commercial device is five to six years. Dickens foresees a machine
price, in 1992 dollars, in the neighborhood of $125,000 to $140,000.

3.4

Micro- and Nanofabrication

If additive fabricators are thought of as devices that build solid objects one
particle at a time, then today' s machines are dismally primitive for the sizes of
particles they work with. The current working resolution of most commercial
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additive fabricators is on the order of O.l mm (0.004 in), whereas the ultimate
fabrication particles, atoms, are about a n1illion times smaller. Progress is being
made in reducing the scale of automated fabrication processes.

Laser-Induced Deposition
One example is in work at the same university that developed the laser sintering
process used by DTM Corporation. The University of Texas at Austin is working on
another laser-based process that precipitates atoms out of a gas. The process is
similar to chemical vapor deposition (CVD), an industrial coating process. CVD
works by heating a surface in an environment of gaseous molecules. The heat of the
surface provides just enough energy to colliding gas molecules to break their
molecular bonds, allowing individual atoms to adhere to the surface. In laserinduced deposition (called Selective Area Laser Deposition (SALD) by the Texas

Figure 3-4. Carbon nodules deposited from acetylene gas on an alumina surface by laser-induced
deposition. The nodules shown are about 0.25 mm (0.01 in) in diameter, but deposits have been made on
the scale of 10 ~1 (400 ).lin). (Courtesy University ofTexas at Austin.)
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researchers), the surface is heated in specific regions by light from a laser, allowing
for some control of the shape of these accumulations. (See Figure 3-4.)
The challenges in developing laser-induced deposition are to reduce the
fabrication scale, perhaps to the level of 1 11m (40 f.Lin) , and to better control the
structure of accumulated deposits. Harris L. Marcus at the University of Texas
hopes to control not only the microscopic shape of objects built but also the types of
chemical bonds that are formed in the process, with an eye on achieving diamondlike material properties.

Manipulation of Individual Atoms
While processes like SALD can reduce the scale of fabrication to microns, there
has already been progress at working with individual atoms. Don Eigler and his
coworkers at IBM are developing techniques that use the tip of a scanning
tunneling microscope to pick up, move, and deposit single atoms. In Figure 3-5, a
collection of xenon atoms is seen randomly scattered on a nickel surface. Eigler
succeeded in manipulating these atoms one at a time and rearranging them in a

Figure 3-5. IBM logo written out in individual xenon atoms on a nickel surface using the tip of
a scanning turmeling microscope. The atomic stmcture of the nickel surface is not resolved in this image. The height of each letter is 50 A(0.2 1-1in). (Courtesy IBM Corporation, Research Division, Almaden Research Center.)
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pattern that spelled his company' s name.
Eigler's method is interesting, not only for the fact that it moves individual
atoms around but also for the accuracy with which it places them. The surface of
the nickel crystal is not smooth but is like a perfectly periodic terrain of hills and
valleys. The "hills" are the nickel atoms, and the valleys are the depressions
between atoms. When the xenon atoms are moved around on this surface, they are
lodged into these perfectly spaced depressions.

Other Ideas
Xenon atoms are not useful for fabrication because they do not readily form
strong chemical bonds. But patterns have also been made with carbon and other
atoms on various types of surfaces. If a variety of atoms can be manipulated and
induced to form bonds, then Eigler's method may be an early example of a new sort
of factory equipment where molecular structures are pieced together mechanically
from individual atoms.
Reliance on a platform on which to build objects may be a prejudice arising
from the influence of gravity in building large structures. Molecular assembly may
work just as well in an amorphous or fluid environment.
K. Eric Drexler, Founder of the Foresight Institute and a Research Fellow at the
Institute for Molecular Manufacturing (both of Palo Alto, California), is one of the
foremost proponents of nanotechnology. In an address on the medical applications
of this field, Drexler laid out some of the promises and challenges it offers:
• Molecular machine systems can be built from components of proteinlike
complexity but greater stability.
• Molecular machine systems made of such components can be designed to
operate in a nearly deterministic fashion in the presence of thermal fluctuations at physiological temperatures.
• The equivalent of a powerful modern computer, if built of such components, can be packaged in a volume that is small compared to that of a
typical human cell.
• Computer-controlled molecular machine systems can be used to construct
additional molecular machine systems.
• Implementation of such systems will be a long-term engineering effort requiring several stages of development, but intermediate steps beginning
with present chemical capabilities have been identified.
If physical processes such as these are to be used in automated fabrication, then
there must be software tools available to drive them. John Walker, a cofounder of
Autodesk, the publisher of AutoCAD, has committed his company to a train of
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development intended to lead to CAD software capable of working at the atomic
level. The first stage of this development reached the marketplace in the summer of
1992, when Autodesk announced its new HyperChem product, a program that
allows scientists to interactively manipulate and analyze 3-dimensional molecular
structures on a desktop computer.

4
Applications of Fabricators
Based on our experience, AMP will not issue a major
customer quotation package without a Stereolithography
model.
-

Thomas A. Kerschensteiner,
Manager, Product and Process Development,
AMP Incorporated

Automated fabrication is useful in situations where one or more of the following
conditions applies:
• A single unique item, or a small number of copies, is needed.
• The shape of the object is available in computerized form.
• It is helpful to be able to observe the effects of changes in a design.
• The shape is too complex to be generated in any other way.
The marketplace has found five broad categories of applications in which some
combination of these conditions applies strongly enough to warrant the investment
in automated fabrication:
• One-of-a-kind and low-volume manufacturing.
• Models and prototypes.
• Patterns for replication processes, such as various types of molding, and
direct production of molds and dies.
• Solid imaging of scientific, mathematical, medical , and other types of data .
• Art (computer sculpture).
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The sections of this chapter discuss each of these applications in turn, including a
large number of reports based on actual use. There is no hyperbole in the statement
that some of the results have been dramatic.
The lines between the fields of application are not well marked. For instance, in
a large, expensive project, such as a space craft or space station where there may be
only one unit actually manufactured, the prototype often is the product. While
autofab may help the designers go through various iterations leading to the optimal
design, once a final design is decided upon, if the models have been made in the
proper material, the last iteration can go right into the actual product. Another
example is replication patterns, which are usually made either to generate a
quantity of prototypes (soft tooling), or a quantity of a final product (hard tooling),

-------

---

Table 4-1 . Applications of Automated Fabrication, by Discipline

Current Users
Manufacturers
Industrial designers and model makers
Surgeons, plastic surgeons, and prosthetists
Archaeologists and museum curators
Sculptors
Jewelers

Future Users
Theater and film prop makers
Architects and urban planners
Decorators and display artists
Chemists, physicists, and biologists
Mathematicians and statisticians
Engineering instructors
Police artists
Military strategists
Astronomers and terrestrial topographers
Photocopy shop operators
Photographers
Hobbyists

Produc- Proto- Pattem, Solid
types molds imaging
tion

""
"
""
"
"

Art

""
" ""
"
" "
"
" "
"""
""
" " " ""
"
"
""
"
"
""
"

110

Automated Fabrication- Improving Produ ctivity in Manufacturing

or just a single unit of either a prototype or final product (investment casting). An
application that crosses over three categories is human 3-D portraiture. Technically, this is an imaging problem, where the subject is the surface structure of the
person 's face and head. From the point of view of the merchant offering the service,
it is a manufacturing operation. And to the customer, hopefully, the result is a work
of art.
Table 4-1 lists a selection of occupations and shows, for each one, which of the
five major categories of autofab applications could be of interest to people in that
occupation. The list is ordered roughly according to a chronology of feasibility, that
is, how soon we can expect to see people in that occupation becoming autofab users.
First listed are the current users: manufacturers, industrial designers, surgeons,
archaeologists, sculptors, and jewelers. At the other end of the list, it may be 10 to
20 years before autofab is a popular hobby for weekend tinkerers.

4.1

Low-Volume Manufacturing Production

Automated fabrication was invented in the late 1940s when John Parsons began
experimenting with numerical control of milling machines to assist in the production of helicopter rotor blades. When a contract for rotor blades went out, it was
accompanied by patterns to be used to check the contours of the blades produced
before shipping them. Parsons ' initial experiments improved the milling accuracy
so much that his rotors were found to be more accurate than the patterns that were
intended to verify them! As a bonus, it also turned out that these more accurate
blades were produced faster than the ones made by manual control of the mill. Ever
since that time, autofab has been growing in importance in manufacturing because
it improves both the accuracy and speed of low-volume production.
The utility of automated fabrication is in making complex items in small
batches, or complex items where the ability to make frequent modifications is
desirable. In some facilities, the philosophies of just-in-time and flexible manufacturing are rising to new heights as manufacturers make their own customized parts
from stocks of raw materials instead of placing advance orders with parts suppliers.
Moving from the industrial to the consumer marketplace, ongoing proliferation of
fabricators will encourage increased custornization of personal and household
items, including furniture, appliances, and jewelry.
Remote environments, such as ships at sea and lunar installations, can benefit
greatly from the ability to make spare parts on demand. The typical aircraft carrier
has a spares warehouse of 1,000 to 2,000 square meters (10 ,000 to 20,000 square
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feet) with 6 meter (20 foot) ceilings, holding 25 to 50 tons of parts from washers to
jet engines. A great deal of economy could be realized by installing a fabricator
along with a design database and reducing that inventory. This is one reason that
the U.S. Navy is heavily involved in sponsoring many of the research projects
described in this book.

Large Objects
In an airplane or rocket, there is a very high priority on achieving high structural strength of the outer wall, or skin, with a very low total weight of material.
One way to get this has been to carve out a ribbed structure from a solid plate of
aluminum. This is illustrated in Figure 4-1. The skin mill shown is a horizontal
machining center (meaning the spindle axis is horizontal) mounted on a track
below the flexible floor that allows it to move back and forth in front of the workpiece. The grid pattern seen on the vertical table is a vacuum chuck that holds the
flat workpiece in place for processing. The workpiece may be up to 3x9 meters
(l0x30 feet) in area, and typically has a starting thickness of 5 em (2 in). The mass

Figure 4-1 . Skin of a launch vehicle being fabricated from solid aluntinunt by MartinMarietta, using a Giddings & Lewis skin mill. (Courtesy Martin-Marietta.)
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of a piece of aluminum of this size is about 3 .6 metric tons (4 tons).
The workpiece seen in Figure 4-1 was first milled on the backside to a precisely
flat surface. It was then turned over into its present configuration, and most of its
bulk was removed by milling the thickness in most areas down to about 6 mm ('14
in). Nine horizontal ribs were left in with a thickness of about 38 mm (1.5 in) . The
next stage, performed after the photograph was taken, was to make undercuts into
these ribs from both above and below, reducing them to "T" shaped members with
wall thicknesses of about 6 mm ('14 in). In this way, the material mass of the wall
section is reduced by about 80 percent with respect to a flat slab of the full 38 mm
thickness. In manufacturing, several such sections are welded together and curled
with the proper curvature to form the full circumference of the rocket body.
Generally, this process is conducted holding tolerances of 0.4 mm (0.015 in) in
the thickness of the wall and ribs. This is important for the precise determination of
the strength-to-weight ratio of the structure. Over the full area of 3x9 meters, a
variance of 1 mm (0 .04 in) in wall thickness results in a difference in the mass by
73 kg (160 lb) . Such a difference would have a substantial impact on the range of
travel of the rocket, based on a given fuel capacity.

Small Objects
The small items shown in Figure 4-2 were made by M+H Engineering, a job
shop in Danvers, Massachusetts. The item shown at the top is a motor and display
mount for a jet cockpit. This was machined in aluminum by removing about 90
percent of the material of a small block. Again, the primary tolerances were about
25 f.tm (0.001 in), but the larger hole in the bottom of the right side, which is for
the motor spindle, required an accuracy of 2.5 f.tm (100 f.tin) in its diameter. M+H
made 100 of these in 2\12 hours each, after about 30 hours of programming and
setup. To make them manually would have required about 5\12 hours for each one
on a mill, followed by about a half-hour on a jig bore to get the needed accuracy on
the spindle hole.
The button-like object on the bottom left of Figure 4-2 is a ground plane used by
the U.S. Navy for mounting microelectronic components. It measures about 2 em
(:Y.. in) in diameter by 1.5 mm (0 .06 in) thick and includes some rather intricate
structure. The sample in the photograph has been ground down on part of the top
surface to reveal some of the 12 channels drilled in from each edge to meet the six
holes around the center. The overall dimensions, as well as the spacing and
diameters of these holes and channels, were kept to within 25 f.tm (0.001 in) .
However, a close look will reveal three additional much smaller holes, used to
index registration pins in the fixturing. At 0.8 mm (0 .032 in) in diameter, these
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Figure 4-2. Electronics components made by CNC machining demonstrate the intricate
geometries that can be accurately produced. (Courtesy M+H Engineering.)

holes had to be kept to within 13 ).lm (500 ).lin) in both diameter and position in
order to ensure the accuracy of the rest ofthe operation.
M+H made thousands of these ground planes for the Navy. CNC programming
took about 40 to 50 hours, and initial set up for each run took about another 16
hours. The material for each item was sliced from a copper-nickel alloy rod.
Machining the profiles and holes took about one hour per piece. In the preparation
stages of the project, a few prototypes were cut using manual machinery. Although
these were made with looser tolerances than the final product called for, they took
about 50 to 60 hours each to make in this way.
On the bottom right of Figure 4-2 is a gold-plated aluminum electronics
housing made for Raytheon. All rectangular cavities and tapped circular holes were
made to within 25 ).lm (0.001 in). Programming and setup took about 40 and 8
hours, respectively, while machine time was about 4 hours for each of 800 pieces.
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Michael Martens, owner ofM+H, estimates they would have taken about 40 hours
each to do manually with the same precision.

Unique Objects
The red shift of a star, a small modification in the colors of light we see conling
from it, is used by astronomers to measure its distance from us. Stephen Shectman,
of the Carnegie Institution Observatories, uses a fiber-optic spectrometer to measure
the red shifts of hundreds of stars at a time. The eye of the spectrometer is a plug
plate, an aluminum disk about a meter (36 in) in diameter and 3 mm (1/s in) thick.
In tllis disk are drilled about 500 holes, 2.35 mm in diameter, corresponding to the
locations of particular stars in the sky. The disk is clan1ped to a telescope and each
hole is connected by an optical fiber to a spectrograph that measures the colors of
light arriving from the one star. By this method, Shectman performs about 2200
measurements in eight nights, about as many as were performed in the 50 years
before the method was invented. This is allowing astronomers to transform data
from the 2-dimensional sky into a more realistic 3-dimensional model of the
universe. (See Figure 4-3.)

Figure 4-3. Fiber-optic spectrometer uses holes drilled to match the precise positions of stars in
the sky on one particular night. One plate of 500 holes is drilled on a CNC machining center in about
an hour, instead of25 hours by the previous, manual method. (Courtesy Camegie Observatories.)
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A new plug plate is needed for each night of observing. The plates are drilled by
ABR Enterprises, a job shop in Pasadena, California, on a Fadal 4020 machining
center. ABR takes about an hour to drill the 500 holes with 20 J..lm (800 J..lin) accuracy. The previous method, which yielded about 20 holes per hour on a manual
mill, was capable of the same accuracy, but was prone to about one percent
misplacement of holes due to operator error.

Machining in Plastic
CNC is not just for metals. Engineered Plastics Products Corporation (EPP), a
job shop in Chicago, Illinois, specializing in plastics machining, supplied the
photograph in Figure 4-4, which shows a selection of mechanical components cut
in plastic. EPP President Alex Curtiss reports that parts like these are generally

Figure 4-4. Plastic machine components fabricated by CNC machining, including rollers,
bearings, mounting fi xtures, and a fl ow gauge for a medical instmment. Materi als shown include
Delrin, PVC, and acrylic. (Courtesy Engineered Plastic Products, Chicago, Illinois.)
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fabricated with a tolerance of 25 11m (0.001 in) and that the use of CNC cuts the
production time by about 30 percent over manually operated equipment.
The alternative process for making parts like these would be injection molding.
However, machining sometimes offers better accuracy and is less exlJensive unless
large quantities are to be produced. A mold for injection molding typically costs
about $15,000 to $25,000 and can run as high as $100,000 if it is large or involves
complicated shapes. Therefore, quantities up to 1,000, and sometimes higher, are
more economically fabricated by machining.

Machining on a Lathe
Lathes used to be used strictly for generating cylindrical shapes. But modern
lathes, or turning centers, incorporate features that allow them to machine flat
surfaces, complex spirals, and off-round curves (cams) .
Both items shown in Figure 4-5 were cut from solid cylindrical steel rods. The
flange on the shaft in the left-hand picture and the gentle curvature of the pump
shaft on the right were made by precisely coordinating the rotary motion of the
spindle with the radial motion of the cutting tool. The holes in the flange and in the
square mounting block, as well as the flat faces of the block, were made using
"live" tools that perform milling, drilling, and tapping operations on the workpiece
in the lathe.
Before the introduction of versatile turning centers with these capabilities, the
flanged shaft would require separate operations on a lathe and mill, or the flange
would be fabricated separately and joined to the shaft. The lathe-only procedure is
much faster, even though it requires removing a large amount of waste material
from most of the length of the shaft, because it is performed in one setup on one

Figure 4-5. Noncylindrical turned parts made on the Okuma LR 15 lathe fit with special options
for coordinated spindle/turret motion and for "live" tools. (Courtesy Okuma Machinery, Inc.)
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machine. The gentle curvature of the specialized pump shaft, on the other hand,
would be very hard to produce accurately by any other means, yet is quite simple to
achieve on the turning center.

Production by Additive Fabricators
While additive fabricators have made tremendous inroads in prototyping and
replication processes (see Sections 4.2 and 4.3), it is the long-term dream of their
inventors to see them used in actual production. There are several cases where this
is even practical in the near term.
Already the mechanical properties of objects fabricated in new resins from CibaGeigy and Du Pont are probably good enough to make it practical for a manufacturer with a warehouse full of infrequently called-for spare plastic parts to replace
part of that inventory with a machine and a parts design database. This will
eventually also become practical for an inventory of metal parts when fabrication
materials are available to match metallic properties, including possibly metals
themselves.
The medical field is one industry for which additive autofab is particularly

Figure 4-6. Multiple copies of small items can be made simultaneously in an additive fabricator,
with design variations between runs or within a single run . (Courtesy 3D Systems.)
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Figure 4-7. Below-knee prosthetic
socket being fabricated by ex']>Crimental Squirt Shape process to match the
contours of the individual amputee.
(Courtesy Joshua Rovick, Northwestem University Medical School. Work
supported by U.S. Department of Veterans AJfairs, Rehabilitation Research
and Development Service.)

suited. Since each patient is unique, products such as prostheses and braces are best
made individually. (In fact, the old-fashioned plaster cast is an individually
manufactured restraining device made by a lamination process.) The irregular
contours of the human body make it more appropriate for additive than subtractive
processes. In cancer radiation treatment, a patient is fitted with a lead filter that
matches the contours of his or her body. These filters have been slow and expensive
to fabricate and have been proposed as an application of selective sintering. An
experimental application in this field is shown in Figure 4-7.

Pioneering Applications
There have been a few special cases where additive fabricators have already
been used to generate final-use products or parts. Digital Electronics Corporation
uses its SLA-250 to make carriers for use in manufacturing integrated circuits. The
carriers, which are about 5 em (2 in) square and I em (\12 in) high, are designed to
hold a 1x 1 em (0.4 x0.4 in) chip as it is conveyed through its various stages of
processing, including attachment of 512 leads. The necessary tiny intricate
geometries used to be cut on a CNC mill, but AI Cassista, Principal Manufacturing
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Engineer at DEC, found they can be made faster, eight at a time, by StereoLithography. This application is tailor-made for additive fabrication, since it requires
small quantities of complex geometries with frequent design changes and does not
place great constraints on the material. Although, production applications of
additive autofab are far in the future for most of the world, it is interesting that this
application was one of the first that DEC tried after installation of its SLA.
Other production applications of StereoLithography have been reported by 3D
Systems without identifying the customers. In one case, a photocopier manufacturer
discovered a tooling error in components slated for installation in eight prototype
copiers. Replacement parts fabricated on an SLA-250 were used not only in the
prototype machines but also in the first 64 production units until the tooling could
be corrected for volume production parts. Again, this is an appropriate application
of autofab, since a few items were needed in a hurry.
In another case, only one part was needed, and its fabrication prevented the
closure of an entire assembly line. The line was halted one afternoon when a cam
follower in a conveyor mechanism failed . The replacement part was not available
for at least a week, and this threatened to cost the manufacturer tens to hundreds of
thousands of dollars in missed production. The fact that the part was not placed
under a great load, but had to match a precise geometry, made it feasible to use a
photopolymer replacement. An engineer therefore generated a CAD design for the
part and ran six copies overnight in the company' s SLA-250. In the morning, the
parts were cleaned, and one was installed in the conveyor mechanism. Although
additional copies had been made in case the first one broke, that first plastic cam
follower functioned properly for the entire two weeks that it took for the ordered
replacement to finally arrive.
Notice an interesting feature in both the chip carrier and cam follower stories.
In both cases, the use of the fabricator was not to manufacture products or parts of
products for sale outside the company. The use was for machine parts for internal
use. This portends one potentially dramatic impact of autofabrication on how things
get made in the world, as the users of manufactured goods become less dependent
on outside manufacturers to supply them. This and other such changes in society
and economics are discussed in Chapter 9.
The ultimate utility of autofab will come about in ways that have not even yet
been imagined. The additive processes have a flexibility of fabrication geometry
that is radically new in manufacturing technology. Complex designs with convoluted surfaces and nested structures that are impossible to generate by any previous
technology are now possible. Many of the autofab vendors exhibit this capability by
showing off novelty items, such as a seamless whistle made by DTM and the 12gear mechanism made by Cubital (Figure 4-8). In time, as engineers become more
accustomed to using autofab processes, they will begin to conceive important new
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Figure 4-8. Meshed gear mechanism made on the Solider 5600 by Detroit j ob shop Stature
Machining. l11e device was made in a single fabrication operation with no assembly. Turning any one
of the 12 gears rotates all the others. Fabrication time was 24 hours, during which up to 16 copies
could be made simultaneously. An undisclosed amount of time was taken to clean interstitial wax from
the mechanism.
This gadget demonstrates a new capability of modem manufacturing created with the advent of
additive fabricators: working mechanisms generated automatically in a single machine. The challenge
for today's engineers is to integrate this ability into their set of tools for constmcting the machines of
tomorrow. (Courtesy Cubital Ltd.)

mechanisms that cannot be manufactured by the old processes. With the ongoing
improvement of material properties for the fabricated objects, these mechanisms
will be functional and durable. And with growing sales volwnes and intensifying
competition in the industry, they should eventually become widely affordable.
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Crt teria for Proliferation
Itzchak Pomerantz, inventor of the Solid Ground Curing process and President
of Cubital, has expressed four requirements that must be met in order for additive
fabricators to graduate from prototyping to production:

Demonstrated material stability. Most additive fabricators subject a material
to a phase transformation involving both physical and chemical changes. How these
final materials will stand up under long-term exposure to thermal , chemical, photo,
and mechanical stresses is yet to be determined. Prototypes do not usually require
long-term stability, whereas this is critical in production applications. Research is
required to evaluate the stability of today ' s materials, and where the results are
negative, to devise improved materials and processes that yield sufficient stability.
Industry-process match. Models and non-functional prototype parts can be
built on generic machines that serve broad model-making needs across all industries. But for a fabricator to be used in production, it may have to satisfy the specific
needs of an individual industry or segment, whether in material properties, build
envelope, finely detailed resolution, color generation, or other special requirements.
Pomerantz says it will be interesting to see which industry will turn out to be the
first to actually use additive fabricators on a large scale in production. The current
machines are too generic to offer any hint of where the first industry-process match
will be found .
Negligible downtime. In prototyping, where autofab can reduce the development time of a new product component from months to weeks, it is disappointing,
but not fatal, if the fabricator is down for repairs or adjustment for two days. This is
not so in production, where schedules are much tighter. As of early 1993, Cubital
customers are being told to expect about 25 to 30 percent downtime; they are
advised to make their cost justifications on that basis. Pomerantz expects he will
need to bring that down to one percent or less before the Solider will be marketable
for production applications.
Industry experience. Finally, we need a new generation of designers experienced in using automated fabrication . As Pomerantz puts it, "You don ' t cast a part
that's designed to be milled, and you don ' t mill a part that's designed to be cut on
an EDM." For production to take advantage of additive autofab, product designers
will have to be aware of, and comfortable with, its unique capabilities and limitations. This will take experience, and experience takes time. However, this is also
one reason that Cubital and other fabricator vendors are keen on placing their
machines into university settings. They wish to hasten the harvest of this new
generation of designers.
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Industrial Models and Prototypes

The first major market for additive fabricators gave rise to the alternative name
for the industry: rapid prototyping. Building models of items to be manufactured is
a huge industry, fueled by manufacturers ' needs to know whether a new concept (a)
will work, and (b) will sell. Models range all the way from rough mockups to fullscale, functioning prototypes. At every level, the processes for building the models
have historically been expensive and slow because they could not take advantage of
the efficiencies of mass production. Automated fabrication is changing that.
While the industry first attracted public attention because of this use of the new
additive fabricators, CNC machines had already been used quietly for years in
making models and prototypes. These subtractive fabricators cannot handle the
same level of geometric complexjty that the additive ones can, but they have the
significant advantage of working directly in virtually any solid material, from wa;.,
to titanium. (For more discussion on the tradeoffs between subtractive and additive
processes, see page 175.)
Thousands of large and small companies are using tl1e various autofab processes, either in-house or through job shops, to view and test new designs before
comntitting them to expensive manufacturing programs. Users include all the major
players in the automotive, aerospace, computer, and medical industries.
The additive processes, and especially StereoLithography, have rapidly gained
acceptance for this application. Most major automobile manufacturers around the
world own at least one photopolymer fabricator on which they model new parts.
General Motors owns at least five SLAs, as well as a Solider, a Sinterstation, a 3D
Modeler and an LOM. IBM, DEC, and Apple all own SLAs on which they test new

Figure 4-9. Fabricators have proved useful in generating models of everything from portable
telephones to jet aircraft. The models shown were made on the 3D Systems SLA-250 (left) and the
CMET SOUP600 (right). (Courtesy 3D Systems and Domier Deutsche Aerospace.)
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keyboard and cabinet designs. Mattei uses the process in the design of new toys.
Another potential market for this application, which is almost untapped, is architectural models.

Reasons for Building Models and Prototypes
While building models and prototypes is an application for fabricators, there are
several different applications for which the models themselves are made:
• Concept. Find out how a particular idea translates into a real-world object.
Ensure that all members of the team understand the design .
• Fit. Test the design dimensions of a part to check that it fits into the intended assembly.
• Form. Check how a proposed design looks (aesthetics) and feels
(ergonomics). Perform comparison tests on variations of a design using focus groups.
• Function. Check that a product or part meets its specifications. Run wind
tunnel, use-cycle, and harsh environment tests.
• Bid requests. Help prospective subcontractors understand the design they
are bidding on in order to get faster, more reliable, and lower quotes.
• Marketing presentations. Let the customer hold the proposed product in
his or her hands for better understanding of the proposal.
These applications are not specific to automated fabrication . They are the purposes
for which models and prototypes have been built since the beginning of the
industrial era. What autofab does is make it practical to satisfy these applications
faster, cheaper, and earlier in the design cycle tha n could be done before.
Certain industries are naturally suited to benefit from the rapid prototyping
advantages of automated fabrication. Automobile manufacturers do more prototyping than any other industry. Their sheer volume of work in this field and the delays
incurred in the manual and molding approaches are the reasons they have invested
so heavily in fabricators, including the latest additive types. In the aerospace
industry, the need to optimize the designs of precise, complex parts, such as turbine
blades, has also made these technologies important.
Automobile and aerospace manufacturers, who often would like to build full scale models of their designs, are frustrated by the size limitations of current
additive fabricators . But there are other users who are well served despite this
limitation. For example, makers of electronic connectors seldom fill the envelope of
even the smallest fabricators . They are delighted with their new ability to quickly
model complex connectivity arrangements and check their fit in assembly mockups.
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The importance of prototypes, and the advantages of being able to generate
them rapidly, have been succinctly expressed by David Trimmer, Director of
Engineering Services for DePuy, a large medical prosthesis manufacturer:•
Ideas, as conceived by the engineer or surgeon, may start out as
hand drawn sketches . The dilemma comes as individuals try to communicate a complex three-dimensional concept in this two-dimensional modality. The engineers understand how to read and interpret
the engineering drawing with its geometric dimensions and tolerances. They may even be able to envision the actual items by imagining the orthogonal views in their minds. Other members of the team
also create these mental images, but in actuality, some of their views
may be quite different. Features that seem insignificant on a blueprint
or sketch can suddenly become very expensive manufacturing challenges when visualized and understood . The goal of rapid prototyping
is to bridge this gap by providing actual full-size physical models that
each party can touch, analyze, and use for further development.
This capability has revolutionized the design review meeting . The
constructive dialog among the members, as they pass the models to
one another, suddenly allows everyone to express concerns and suggestions in a manner based on a common level of visual [and tactile]
understanding . This, coupled with the ability to redesign and present
new versions within days, excites the team members and encourages
them to commit their efforts and abilities into promoting the team goal
of concurrent product and process development.
An example of an autofab prototyping application at DePuy is shown in Figure 415. Other DePuy applications of its SLA can be seen in Figures 4-23 (replication
tooling) and 6-6 (imaging).
On the following pages, many examples of uses that have been made of both
subtractive and additive autofab for building industrial models and prototypes are
shown.

Testing Functionality
Industrial gas turbines incorporate fan-like structures called impellers. In production, these are usually made by casting, but this process is too ell:pensive for
prototyping. Figure 4-10 shows two prototype impellers cut on a 5-axis machining
center to a tolerance of 50 Jlm (0.002 in). The impeller on the left is about 22 em (9
• DePuy, Incorporated: A Medical Case Study by David G. Trinuner, in Rapid Prototyping & Manufacturing by Paul F. Jacobs, Society of Manufacturing Engineers, Dearbom, Michi gan, 1992, p 383 .. 6.
Reprinted with pem1 ission.
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Figure 4-10. Aluminum impeUer prototypes cut on the BostoMatic 505 5-axis machining center.
(Left:) The machining process. Note the spray of fluid coolant and the accumulation of chips near the
front of the part. 1l1e cutting tool and coolant nozzle are aimed at the workpiece from the top of the
photograph. The workpiece is held stable by the tailstock seen on the right side of the picture. (Right:)
A fini shed prototype, still mounted on the mill. (Courtesy Boston Digital. )

in) in diameter with 12 blades and 12 splitters (the shorter blades) and took about 9
hours of machining time. The impeller in the right-hand photograph is 33 em (13
in) in diameter with 9 blades and 9 splitters and took about 8 hours to machine.
The prototypes in Figure 4-11 demonstrate the dramatic advantages realized at
one company by implementing CNC in its model shop. The round item shown
being milled on the left required tight tolerances and perfect edges for an 0-ring
seal. It also had several complex pockets. To manually produce the three copies

Figure 4-11 . Aluminum prototype hand-tool parts machined in the model shop of tool
manufacturer Duo-Fast. (Left:) Milling of a muffler end cap for a pneumatic nailer. (Right:) Clockwise
from left, the finished end cap, an anodized tape guide for a drywall screw tool, and a valve body for a
furniture stapling tool. (Courtesy Tree Machine Tool.)
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needed would have required almost 400 hours on a lathe, a mill, and other machines. Instead, they were made in 186 hours, including programming and setup.
The black, anodized tape guide at the top right of the right-hand photo needed
more than 100 different cuts with a tolerance of 13 ~-tm (500 ~-tin) . The model shop,
which produced the first one in three weeks and subsequent copies in one week
each, says it would be next to impossible to machine manually. Finally, the small
valve body at the bottom of the right-hand photo had previously been machined in
68 hours on a manual mill. A pear-shaped groove on the periphery had required
special fixturing, and alone took two days to cut accurately. With CNC, the whole
job, including programming and setup, took only eight hours . The mill used was a
Journeyman 325 from Tree Machine Tool Company.
The U.S. Air Force used an SLA to model a new design for the brake/rudder
pedal on the B-52 bomber. Tests performed on the first prototype, fabricated in one
week, exhibited certain problems with the design. A modified design was modeled
and tested three days later and performed perfectly. Production of the first design,
without prototype testing, would have wasted approximately $800,000 on useless
parts. The entire prototyping and verification process took about six weeks instead
of the usual 16 to 18 weeks for traditional machining methods.

Testing Fluid Flow
Detroit job shop Laserform modeled the turbine engine intake duct of the Saab
2000 jetliner at 4/J o scale for Allison Gas Turbine for airflow analysis. (See Figure
4-12.) Because the model was to measure 25 x97x l07 em (10x38x42 in), it was
built in five sections to accommodate the size limitations of the SLA-250. But
creative advantage was taken of this requirement. In the design file, flanges were
added to four of the segments to allow for assembly with plastic fasteners. With this
approach, when changes that only affected one part of the model were proposed,
only that part was refabricated and replaced in the assembly.
With probes inserted through about 40 drilled holes, and without any kind of
reinforcement, the model was mounted in an airflow chamber. Tests were run up to
over Mach 2 before the model failed . In the meantime, three iterations of design
changes had been fabricated for assembly into the model, resulting in Allison ' s
confidence in the final design that was sent to production.
Laserform took four weeks to deliver the first version of the model, including
two weeks to convert the customer' s surface CAD data into a software solid model.
Allison reports that sheet metal prototype fabrication would have taken 24 weeks
and cost five times the charges for the SLA model.
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Figure 4-12. Saab jetliner Intake duct fabricated in five sections for airflow analysis. (Courtesy

Laserfom1, Inc.)

Figure 4-13. Wind tunnel model of radio telescope assembled from 25 sections fabricated on an
SLA-250. (Courtesy 3D-CAM, lnc., Canoga Park, California.)
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Figure 4-14. New starter motor design for the Jeep Cherokee was Chrysler's first
StereoLithography project. Engineers used the plastic model to check the fit in the engine compartment
and proper accommodation of related cabling. (Courtesy Chrysler Corporation and Society of
Manufacturing Engineers.)
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The U.S. National Radio Astronomy Observatory commissioned construction of
a I :200 scale model of its new Green Bank Radio Telescope for wind tunnel tests at
up to 70 mph. The model was fabricated in 25 sections on an SLA-250 by job shop
3D-CAM (Canoga Park, California) and assembled using resin and a hand-held
UV lamp. A manual model-making procedure would have required assembly of
over 6500 parts. (See Figure 4-13.)

Testing Fit
An important reason for building prototypes is often to check if a new design
will fit in the confines of its operating environment with sufficient clearance,
including room for cabling and other connections. An example of this application is
shown in Figure 4-14.

Checking Designs
Figure 4-15 shows a model of an artificial shoulder manufactured by DePuy.
The CAD design was made from hand-drawn sketches in five days, and two more

Figure 4-15. Prototype should er
implant allowed surgeons in two different
cities to critique the design within days
after the engineers conceived it. (Courtesy
DePuy Inc. and Society of Manufacturing
Engineers.)
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days were taken to fabricate and finish three sets of models. Two sets were sent to
reviewing surgeons in different cities. A conference call with the surgeons elicited
suggestions for revisions, which were implemented, and new models were fabricated for final approval.
Ciba-Geigy, the Swiss chemical company that is the largest shareholder of 3D
Systems and the largest manufacturer of laser curing resins, also makes an
important subtractive modeling material. Ren Shape (also called Cibatool) is a
polyurethane-based substitute for wood . The grain in wood can make it difficult to
machine accurately, whereas Ren Shape has uniform mechanical properties
throughout. The tendency of wood to absorb or lose moisture can cause it to deform,
but the synthetic material responds predictably to changes in temperature and
humidity. While machining wood raises dust that is a health concern, Ren Shape is
formulated to break into chips without forming dust. This material is available in
four varieties to suit specific modeling requirements and is an attractive choice for
nonfunctional industrial models. Examples of prototypes fabricated in Ren Shape
are shown in Figure 4-16.
Chrysler engineers used the SLA-250 to model a new distributor. The housing
and cap had been designed by two different engineers, who had misaligned their
index tabs by 10° with respect to each other, and the two parts would not mate
properly. As embarrassing as this may have been for the engineers involved, the
actual cost of the mistake to Chrysler was minimal. It only took 24 hours for the
cap design to be revised and refabricated, resulting in a perfect fit. Without the

f'

Figure 4-16. Full-scale automotive and aerospace models machined in Ren Shape 450, a wood
substitute. (Courtesy Ciba-Geigy Tooling Systems (left), and Thomas Vertin, Visioneering, Fraser,
Michi gan (right).)
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Figure 4-17. Automotive distributor model, fabricated by StereoLithography, helped Chrysler
engineers catch an error before the design went into tooling. (Courtesy Chrysler Corporation and Society of Manufacturing Engineers.)

models, the error would not have been detected until the molded prototypes arrived
several weeks later. In that case, the cost would have been thousands of dollars and
a delay of several weeks for retooling. (See Figure 4-17.)
Another sigh of relief came from Chrysler engineers who found an error after
fabrication of one of the most impressive single models, for its sheer bulk, yet made
by an additive process. A full-scale engine block was modeled in an SLA-500,
based on a CAD design that had passed several levels of technical review. The
model had been made in order to check mounting features and cooling passages.
When the model emerged from the vat, it was found that a particular flange located
between cylinders 2 and 3 had inadvertently been repeated between cylinders 1 and
2. Again, discovering the error in the SLA model saved a great deal of time and
expense in correcting it.
When analyzing the design of a small item, it sometimes helps to see an enlarged model. A toy maker used this technique with the Cubital Solider to study the
details of its rod and strut linkage for a building block set. At five times the
designed size, the modeled parts stood 7.5 em (3 in) tall , allowing easy visual
inspection of the features . The Solider generated 60 copies of the toy part in four
hours. (See Figure 4-18.)
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Figure 4-18. Linkage for toy building blocks fabri cated on the Cubital Solider at fi ve times scale
to allow inspection of small features. (Courtesy Cubital Ltd.)

Submission with Bid Requests
One of the most dramatic stories of cost savings is told by Peter Sferra, Principal Staff Engineer of Ford Motor Company. Engineering drawings for a rocker arm
for a new model car were sent to four suppliers for quotes. Only three of them bid
on the part. The fourth supplier was not sure, based on the drawings, how to build
it.
While the part was out for bid, the design was entered into CAD to allow a
finite element analysis to be performed. As an afterthought, when the CAD
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database was available it was decided to build an SLA model, which took 16 hours.
The engineer, upon receiving the model , immediately saw some problems and
redesigned the push rod seat. The new design improved the quality of the rocker
arm and allowed for the use of powder metallurgy to produce the push rod seat
instead of more e>..']>ensive screw-machine techniques.
When the new car project was approved, the team decided to send SLA models
of the rocker arm to the same four suppliers for requote. This time all four replied,
and the supplier who had not understood the 2-D drawings came in with the lowest
price by 49 cents. He later explained, "When I saw the model, I figured out an
economical way to manufacture it." With between eight and twenty million of those
rocker arms produced each year, that one use of the SLA is saving Ford between $4
million and $10 million annually over the life of the new design.

Iteration for Satisfaction and Optimization
The ability to make new prototypes fairly quickly and cheaply allows for an
aggressive program of iteration, or "trial end error," in engineering, leading to an
assurance of satisfaction of product specifications prior to manufacturing. Until
recently, such practices were only practical for projects that were very small and
simple or, conversely, for projects that had extraordinarily large budgets. This
"iteration-for-satisfaction" method, as implemented using automated fabrication , is
outlined in Figure 4-19.
The ability to try out and reject, or improve upon, variations in search of a truly
satisfactory design, instead of being forced to accept a design that "will have to do"
because of schedule and budget limitations, can lead to dramatic improvements in
the quality of products developed.

Check model:
•Visua l
•Flow test
• Functional
(if possible)

Figure 4-19. The iteration-for-satisfaction process using automated fabrication.

Manufacture
the design
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But yet a further improvement is possible. In the iteration-for-satisfaction process, what determines if a design is satisfactory or not is its performance under some
particular tests, such as visual, fluid dynamic, and functional. The tests are
established as part of the design specifications of the product. For example, a load
bearing arm must be able to withstand a certain amount of strain. After the iteration
process, one is sure of having a product that meets the specifications. But a question
remains: Is it the best possible product that meets those specs? Perhaps it is
possible to achieve the same objectives with lighter-weight components, or
components cast in a less expensive material. Or perhaps it is possible to meet
tighter specifications at the same weight and cost.
The answers to these questions can be obtained by iterating beyond satisfaction
to optimization, as shown in Figure 4-20.
Here the starting point is a model that has already been determined to be satisfactory. Various multidirectional modifications are made to the design parameters
of this model. "Multidirectional" means that if the model is made shorter, it is also
made longer; if a gear ratio of 53:17 is modified to 54:17 and 55:17, it is also
modified to 52:17 and 51:17, and possibly also to 53:16, and so on. The discretion
of the engineer is invaluable in determining which parameters to vary and how
widely to vary them. Although aut9fab is cheaper and faster than cutting production
tooling, it is not free and it is not instantaneous.
After the modified models have been fabricated, the same tests are run on them
as on the original model. Certainly, one is interested to see if one of the new
designs improves the performance under any of the tests. But that is not all. One is
not only looking for an optimal design but also for an optimal domain. An optimal
domain is a range of variations of a parameter in which there is a peak performance bounded by gradually declining performance.
For an example, consider the case of a performance measure tested against some
design parameter, where a value of 8 for the parameter produced satisfactory

Autofab models
(if necessary,
copied in
design material)

Check models
for improved
characteristics
Optimal domain:
1

Found

1

Figure 4-20. The iteration-for-optimization process using automated fabrication .
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Figure 4-21 . Optimal domains. The data on the left suggest an optimal domain about the value 7 for
the design parameter. The other two sets of data do not indicate an optimal domain.

performance. Figure 4-21 shows graphs of three hypothetical results of tests made
on additional models with parameter values of 6, 7, 9, and 10. The first graph
would suggest that there is an optimal domain about the value 7 because the
performance measure declines gradually on either side of 7. The second and third
graphs would not indicate an optimal domain. In the second graph, 6 is the best
value, but the data suggest that a lower value may work even better. In the third
graph, the original value, 8, yields the best performance of those tested, but the
behavior of the data suggests that even better performance may be available at
values somewhat higher than 8 but less than 9. Moreover, the measured design
parameter has turned out to be critical in this case, because the data indicate that
allowing the product to emerge with a parameter value of 9 will result in a catastrophic drop in performance.
The data in an optimal domain convey two kinds of information. They are both
of tremendous importance to manufacturing productivity because one relates to
quality while the other relates to cost:
• Quality. The value of the design parameter that yields the best performance inside an optimal domain is an optimal value of the design parameter. Thus, one has not just designed a good product, but the best possible
product with respect to that parameter.
• Cost. The width of the optimal domain indicates how critical the optimal
value of the design parameter is. If the optimal domain is very broad, then
the engineer can loosen the tolerances on that particular parameter, usually
resulting in reduced manufacturing costs, and know with good confidence
just how much performance is being sacrificed by the reduced tolerance.
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4.3

Replication Tooling

A 3-dimensional replication process uses the shape of one object, called the tool
or tooling, to determine the shape of another. Examples of important replication
processes used in manufacturing are listed in Table 4-2.
Automated fabrication has proven useful for generating the tooling for these
processes. These are very powerful applications of autofab because they may
provide thousands of copies of a geometry, or they may provide a single copy in a
material that is difficult or impossible to fabricate directly. Autofab allows the
tooling to be made more quickly, more accurately, and less expensively than can be
done by hand or by manually operated machine tools. In addition, since additive
fabricators can build arbitrary 3-dimensional shapes, they are being used to create
tooling that previously could not be made at all.

Table 4-2. Replication Processes Used in Manufacturing

Process

Molding
(including casting)
Mold casting

Extrusion
RamEDM
(electrical discharge
machining)
Copy milling
Composite-forming
(e.g. tape laying,
filament winding)

Description
A liquid or pliable material is put into a
concave mold, or over a convex mold,
where it solidifies or hardens to form the
desired object.
Identical to molding, but the object formed
is a mold to be used to make another object.
A liquid or pliable material is squeezed
through a nozzle in the die. The material
solidifies or hardens into a long object with
its cross section in the shape of the nozzle.
An electrically conducting material is
eroded away by a stream of sparks from the
electrode.
A pantograph-like device reads the shape of
the pattern and uses it to guide the milling
of a copy.
A combination of a fiber or fabric material
and a resin is laid on the mandrel, where
the resin cures, forming the desired object.

Tooling

Mold or die

Pattern

Die

Electrode

Pattern

Mandrel
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This section shows examples of the use of automated fabrication in the generation of tooling for only the first two processes listed in the table: direct generation
of molds and making patterns for casting of molds. Molding technologies, including casting, constitute the largest part of the manufacturing industry. This section
covers only a few examples of molding and casting processes, those that have been
most heavily influenced by automated fabrication. A brief review of molding
technologies is given in Appendix B. Readers unfamiliar with manufacturing
processes are encouraged to refer there for some background that will make this
section easier to understand.
While only a few types of molding are discussed here, all of the replication
processes, including the many types of molding not covered in this section, can
benefit from the availability of autofab to make tooling. In particular, wire EDM
has proved most useful in fabricating the narrow, tapered channels of ex1rusion
dies. And any of several autofab processes can make patterns for an abrading
process used to generate electrodes for ram EDM. (This interesting technique is
marketed by the Hausermann Abrading Process Co. of Addison, Illinois.)
The preceding two sections of this chapter are about production and prototyping
applications of autofab. The replication processes are used to accomplish the same
two purposes: either the copies go into finished products for sale (production), or
they are used for testing, evaluating, or communicating a design (prototyping). The
difference is that in the previous sections the direct output of the fabricator is a
production part or a model, whereas in this section the part or model appears only
after another process is performed using the fabricator output.

Direct Generation of Molds
Fabricating a mold directly requires translating the desired geometry into a
negative representation, so that the fabricated cavity has a shape that will just hold
the desired object. However, the dimensions of the mold may also need to be
adjusted to compensate for shrinkage of the molding material due to cooling.
Machining of molds. Molds may be machined in an appropriate type of metal
for the durability required by the quantity of copies to be run . Steel is usually used
for high quantity runs of millions. Aluminum is often used if a smaller quantity is
needed.
Droplet deposition for investment casting shells. Investment casting is an
important molding process in which a new expendable mold is formed and used up
for each copy desired. The molds, or shells, are typically formed by repeatedly
dipping an expendable pattern in a ceramic slurry, and then melting or burning the
pattern away. (See more on this process on page 141.) A new droplet deposition
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Ce ntim e t e r s 5

Figure 4-22. Objects cast in ctramic shells fabricated directly without a pattern. On the left is
a hollow object cast in Jnconel, together with its shell. On the right is an aluminum rocker arm for an
automobile engine. (Courtesy Massachusetts Institute of Technology (left) and Soligen, Inc. ,
Northridge, California (right).)

process, invented at MIT and commercialized by Soligen, now offers a way to
fabricate ceramic shells directly without the trouble and expense of making and
using patterns. (See more on the process on page 137.) Figure 4-22 shows example
objects cast in such shells.

Patterns for Mold Making
Instead of fabricating the negative mold directly, it is sometimes simpler to
fabricate a positive pattern on which the mold is cast. One advantage of this process
is that it is easier to check for errors in the design, because it is usually easier to
understand the intended shape itself (positive) than its negative.
Casting a mold on a pattern is usually used to make soft or expendable molds. A
soft mold is good for between a few dozen and several thousand copies, whereas an
expendable mold is used only once. New methods are also being developed for
casting hard molds, including even steel, on patterns. These techniques are
discussed in turn below.

Soft Molds
Silicone rubber molds. One of the more popular mold materials for up to a few
dozen copies is silicone rubber. Silicone rubber molds can be made fairly quickly
and inexpensively. The softness of the rubber allows some undercuts to be
accommodated in the pattern. If the pattern is made from a photopolymer (e.g., by
StereoLithography), then care must be taken that it is fully cured or is painted.
Otherwise, the uncured photopolymer will interfere with the curing of the silicone.
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The primary disadvantage of silicone rubber is its low mold life. Molds can be
used for about 20 to 30 copies in polyurethane, or 30 to 50 copies in wax. (Wax
copies are made to be used as patterns in investment casting.) See the examples of
items cast in silicone rubber molds in Figures 4-23 and 4-24.
Epoxy molds. Another popular soft mold material is epoxy While softer than
metals, it is rigid enough that the pattern must have no undercuts in order that the
pattern itself and molded copies can be released from the mold. The layering
process used by additive fabricators lea''es a minute structure of horizontal grooves
on vertical surfaces and these grooves are undercuts that have to be removed by
polishing or filling before an autofabbed pattern is used to cast an epox"Y mold.
Epox"Y molds are strong enough to be used in injection molding of
thermoplastics, up to about 500 copies. They can also be used for up to about 5,000
copies in wax for investment casting patterns. Nonferrous metals can also be cast
from epox"Y molds, up to quantities of about 10,000, by the rubber/plaster casting
process.
Spray metal molds. A relatively recent development allows molds to be formed
on a pattern in soft metals. This method provides longer mold life than silicone
rubber or epoxy Also, the higher thermal conductivity of the material allows it to
better dissipate the heat incurred in the molding process. Like epox"Y, the sprayedon metal is very rigid so patterns cannot have any undercuts, including texture on
vertical surfaces. Popular metals for this process are zinc and zinc alloys, such as
kirksite. Kirksite, somewhat harder than zi nc, is still a fairly soft metal , and molds

Figure 4-23. Knee implant. was made by prosthetics manufacturer DePuy by a two-stage molding
process. First, the StereoLithography model (left)was used as a pattern to cast a mold. This mold was
used to make multiple copies of the pattern in wax. The wax patterns were investment cast to yield the
final metal product (right). (Courtesy DePuy Inc. )
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Figure 4-24. Ear prosthesis made by a four-generation molding process for a patient who lost his
left ear to a cancer operation. 1l1e University of Illinois at Chicago digitized the shape of his right ear
(top left), and Chicago job shop Micro· Cut inverted the data to fabricate a mirror-image left ear model
by StereoLithography (top right). The model was used as a pattern for a silicone mbber mold. A wax
pattern was cast in the mbber mold and used to make a plaster mold. Ln this plaster mold, a silicone
mbber prosthesis was cast (bottom left), which was painted with natural flesh tones before installation
in place (bottom right). 1l1e patient has been reported to enjoy water-skiing with his new ear.
(Courtesy University of Illinois at Chicago.)

from it are good for about 1,000 thermoplastic injections or 5,000 to 10,000 wax
copies. Carnegie Mellon University has been doing some work on applying the
spray metal process to steel, which would allow it to produce hard molds good for
high-volume production. (See Figure 4-25.)
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Figure 4-25. The spray-metal mold
process. The pattern is fabricated (above) and
sprayed with a thick layer of a zinc alloy (top
right). The metal shell is then backed up with
an epoxy filler. 1l1is procedure is perfonned for
both sides of the pattern. On the right is shown
the completed mold set with a polyethylene
copy of the pattern. (Courtesy Carnegie Mellon
University.)

Expendable Molds
Sand Casting. An ancient method, sand casting is still the most common process for manufacturing in metal. A pattern is used to make an imprint of the desired
shape in the sand material, and the metal is poured into the impression. The ability
to make patterns in arbitrary geometric shapes by additive autofab is bringing a
new versatility to sand casting. And the ability to make those patterns quickly and
inexpensively is making sand casting practical for prototyping as well as for
production. Two automotive examples of sand casting applications are shown in ·
Figures 4-26 and 4-27.
Investment casting may be the oldest method of casting metal, dating back to
the fourth century B.C. In this process, as it is usually performed, both a pattern
and a mold are expended for each copy made. The pattern may be made from wax,
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Figure 4-26. Full-scale crankshaft for a Ford 7.5 liter heavy truck engine, fabri cated in three
sections on the Cubital Solider by Detroit job shop Stature Machining (left). The model is 69 em (27
in) long with an average diameter of20 em (8 in). After surface fini shing, the model was used as a pattern to sand cast several prototype crankshafts in nodular iron (right). (Courtesy Ford Motor
Company.)

foam , wood, or another material that is easily melted or vaporized. The pattern is
dipped in a slurry of ceramic compounds to form a coating, or shell, on it. This is
repeated several times until the shell builds up to sufficient thickness and strength.
This shell is the mold that is used for casting. The pattern is melted or burned out
of the shell, leaving the ceramic cavity into which molten metal can be poured to
form the desired object. The shell is then cracked open to release the formed object
inside.
Despite the time and expense taken up in generating a new pattern and a new
mold for each copy to be made, investment casting is used because of its ability to
cast refractory (high-melting-temperature) metals with good surface finish and
good dimensional accuracy.
The MIT/Soligen process (see page 137 and Figure 4-22) may revolutionize
investment casting by allowing ceramic shells to be fabricated directly, thereby
making patterns unnecessary. This would make investment casting dramatically
simpler, faster, and less expensive. However, the new process was only introduced
to the market in 1992. Until it is proven by substantial experience, the use of
patterns will remain an important part of the investment casting process.
The most common material for investment casting patterns is wax. Special formulations of wax are available that either melt or burn out of the shell without
leaving any residual ash. Wax patterns can be made by three current autofab
processes: milling, selective sintering, and robotically guided extrusion. Some
examples are shown in Figures 4-28 and 4-29.
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Figure 4-27. VlO exhaust manifold for the 1992 C hrysler Viper, for both prototypes and
production, were made by sand casting. A StereoLithography model of the itmer surfaces (top) was
used to make the core. By applying a layer of w ax to define the outer surfaces, the same model was
also used to make the mold. TI1e manifolds for the entire production nm of 5200 vehicles (bottom)
were made with accuracy superior to that of pre1iously used methods, yet with a savings of over 18
weeks and $50,000. (Courtesy Chrysler Corporation and Society of Manufacturing Engineers.)
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Figure 4-28. Pattern for fuel control
housing made in investment casting wax
for Sundstrand Aerospace on the
Sinterstation 2000 by San Francisco job
shop Plynetics. Fabrication time was 40
hours, and the entire project, from CAD
model to cast metal, took about 5 weeks,
including refabricating the wax pattern
after a design correction. Previous
methods nonnally took from eight to 20
weeks, without iteration. (Courtesy
Plynetics Corporation.)

While wax has been the most common material for investment casting patterns,
vendors and owners of additive fabricators that cannot use wax have been
experimenting with other materials. Attempts to make patterns from photopolymers
have met with mixed success. Several resin manufacturers, including Ciba-Geigy,
Du Pont, and Loctite, are working on new formulations that will be intended to
perform better. In addition, 3D Systems has developed a special build style that
allows ordinary resins to be used for investment casting patterns. (See the discussion of QuickCast on page 258.) Also, Helisys and some of its customers have

Figure 4-29. Jewelry ring and hip prosthesis show the diversity of items that can be
manufactured by investment casting. Both photos show a pattern fabricated in casting wax below a
metal casting generated from a like pattern. Both patterns were fabricated by robotically guided
extrusion on the Stratasys 3D Modeler. The hip replacement (right), made by Biomet on its 3D
Modeler, exhibits the kinds of sculptured surfaces that used to be difficult to manufacture. Fabrication
times for the wax patterns: ring, 35 minutes; hip, I ho ur. (Courtesy Stratasys, Inc.)
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reported success in burning out the wood-like LOM material from investment
casting shells.

Hard Molds
As mentioned above, progress at Carnegie Mellon University may allow the
spray metal process to provide steel molds. In the meantime, a proprietary process
is available for making hard molds for production quantity (millions of shots)
injection molding, as well as EDM electrodes, from a pattern. Originally developed
by 3M Company as Tartan Tooling, it is now called Ke/Tool and is offered
exclusively by the licensee, KeiTool Inc., of St. Paul, Minnesota.
The KelTool process begins by molding a form over the pattern. A fine metal
powder is then molded over this form . The powder is sintered, and the remaining
porosity is filled in with a molten metal alloy. The resulting negative of the pattern
has full density and good hardness. Further details of the method are proprietary.
Three materials are available: (a) a cobalt-chromium alloy with dispersed carbides, having the hardness of cold drawn steel (Rockwell C 41 to 43) and excellent
corrosion resistance, (b) A6 tool steel combined with tungsten carbide, either
annealed or heat treated to Rockwell C 40 to 42 or C 48 to 50, and optionally
chrome plated, and (c) for EDM electrodes, a copper-tungsten alloy, having four to
ten times the wear resistance, but only about half the cutting speed, of graphite.
KeiTool is best suited to making molds up to lO x lOx 10 em (4 x4x4 in). Larger
patterns can be accommodated, but at some cost in accuracy. Complex geometries
and fine detail are reported to be handled well. Since the process is proprietary,
molds and electrodes can be made only by submitting the pattern to the company.
Delivery is four weeks from providing the pattern, and multiple copies of molds are
produced with good repeatability with little additional effort.

4.4

Solid Imaging

This is a field of autofab applications that has seen some activity, but has a long
way to go to meet its potential. Fabricators have been used to build bone models
directly from CT (computed tomography) data to help surgeons prepare for an
operation or design a prosthesis. A similar technique using nuclear-magnetic
resonance (NMR ) has been proposed to model the size and shape of a tumor over
time in order to track the effectiveness of a cancer treatment. Orthodontic surgeons
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have talked about using autofab to model a patient's teeth in order to design wellfitting corrective hardware, ar1d then using it again to fabricate the hardware itself.
Many professionals now served by 2-dimensional representations of their data
will see better in 3-D. Chemists studying the interaction dynamics of an enzyme
and mathematicians working to unravel the topological complexities of knot theory
are two immediate examples. Forest rangers will plan better fire-fighting strategies
when they can see the mountains and valleys they have to contend with in full relief
at a reduced scale.
Schoolchildren will understand the Rockies and the Himalayas better when they
build models of them themselves. Engineering students will understand the
intricacies of engines and other complex machines when they can build cut-away
models defined by any chosen cross-sectional plane.
In the domain of scientific data, one can also use 3-dimensional models to
represent 4-dimensional, or even 5- and higher-dimensional data . This can be done
by using contour lines and color in the same way they are now used to add a third
and higher dimensions to flat, 2-dimensional graphics. For example, a weather map
can show pressure gradients as contour lines and at the same time represent
temperature by a scale of color, usually running from blue for cold through red for
hot. In the same way, colors and lines on the surface of a model can be used to
represent various types of data relevant to the surface being modeled. It may even
be possible to convey an impression of data variations in the interior of a model by
using low-density translucent materials.
Solid imaging is a modeling process and in that sense is similar to the prototyping applications discussed in Section 4.2. The difference is that in prototyping an
engineer is looking for a representation of a design that he or she has created,
possibly with a view to making changes in it. In solid imaging, the scientist is
looking for a realistic representation of an immutable design that has been predetermined by nature or history. In other words, the source of the data is subjective in
prototyping and objective in imaging.
This distinction in purpose also produces an operational difference between
prototyping and solid imaging, that being in the software used to generate the data.
Engineers building prototypes use computer-aided design tools, but scientists doing
imaging are not designing anything so CAD softwa re is not useful for them. They
need to use the output of CT scanners, line-range scanners, mathematical equations, satellite GIS (geographic information system) databases, statistical databases,
or whatever other sources provide the data they wish to represent.
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Applications of Solid Imaging
Here is a summary list of some potential applications of solid imaging in several
diverse fields:
• Medical. Bone, organ, and tumor models constructed from CT data for
surgical planning, prosthesis design, and tracking response to treatment.
Also dental models.
• Molecular and microbiological. Models to assist in understanding structures and interaction dynamics. Invaluable in the study of genetic and viral
mechanisms, which are central to, for example, AIDS research.
• Industrial. Modeling physical defects in the interior of critical structures,
such as pressure vessels and aircraft.
• Geometrical. Models to assist in understanding mathematical structures,
such as in knot theory.
• Geographical. Relief maps, terrain and sea-floor models.
• Astronomical. Planetary and other celestial models.
• Historical and archeological. Copies of sculptures. Reproduction of contents of unwrapped mummies. Noninvasive "digging."
• Statistical, including financial analysis. Finding and exhibiting relationships among parameters in complicated data sets, including economic
data , such as employment and commodity prices.
• Educational. Instructional cut-away models of engines and other machines: Mter inputting the CAD design for the whole machine, a crosssectional plane is specified and only the part on one side of that plane is
constructed.
• Miscellaneous. 3-D representation of any complex data . Representation of
4- and higher-dimensional data by combining color and other markings
with 3-dimensional geometry.
A few of these applications are discussed in the remainder of this section .

3-Dimensional Scientific Graphical Analysis
Graphical analysis has been an important part of science ever since Rene
Descartes and Pierre de Fermat independently invented analytic geometry in the
1630s. Analytic geometry established a correspondence between algebraic equations
and geometrical figures . While this technique became the basis of modern scientific
theory from Newton to Einstein, its power mushroomed with the availability of
computers.
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In the early 1950s, several scientists recognized the ability of the newly invented
electronic computer to perform massive calculations that had previously been
beyond the scope of a human lifetime. But they were soon faced with a new
dilemma. If the purpose of a calculation was to turn out a single number, such as
the half-life of a uranium isotope, or an ordered table of numbers, such as the
natural logarithms, then the computer output was directly useful. But if the purpose
was more complicated, such as calculating the orbit of the Earth around the sun for
the next 100 years, then the computer would spew forth reams of numbers which,
while wonderfully accurate and error-free, were virtually incomprehensible without
long, laborious analysis. In such cases, computers only succeeded in shifting the
tediousness of the problem from algebra to analysis. This problem was solved by
computer graphics.
In computer graphics, a computer translates a series of numbers into a visual
image. Through the 1980s, graphics programs became very sophisticated and
powerfu l. Two- and three-dimensional representations, enhanced with color and
motion, have dramatically improved the scientist's power to literally see the results
of computer calculations with their own eyes. And computer graphics is not limited
to scientific applications. In fact, computer-aided design (CAD), the important
input medium for fabricators (see Section 6.1), is an application of computer
graphics.

Figure 4-30. Fractal tree fabricated by Tom Kerekes on an SLA-250. TI1e geometry and the StL
fil e were generated by a mathematical algori thm without using CAD. A fra ctal is a shape with
fractional dimension, a phenomenon new to mathematical theory, but not at all new to nature.
(Courtesy Rapid Prototyping Report.)
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Now fabricators give scientists the same powerful boost in the utility of their
computer graphics as the boost they give to engineers and designers using CAD.
Fabricators allow the scientist to lift a 3-dimensional representation of their data
out of the flat surface of the computer screen and hold it in their hands. For
examples, see Figures 4-30 and 4-32.
Some years ago, a group of mathematicians expressed the importance of computer graphics in their field :*
• Computer-generated images allow new, often unexpected, mathematical
phenomena to be observed.
• Richer, more complex examples of known phenomena can be explored.
• On the basis of exploration of examples and phenomena, new patterns are
observed.
• Easier and more fruitful connections can be made with other scientific
disciplines [because non-mathematicians understand the images more
readily than the equations represented by the images] .
There are two interesting things about these benefits. One is that they apply just as
well to any scientific discipline as to mathematics. The other is that they apply all
the more to the ability to render the data in solid material than to the generation of
flat pictures. This point is perhaps best demonstrated by a figure from the same
paper. Reproduced here as Figure 4-31, it shows three views of a mathematical
surface called a Wente torus. But this is not just any Wente torus. Of the infinitely
large family of Wente tori, this is the simplest one ! Rather than a comfortable
feeling for its geometry, the three views of this peculiar shape elicit more of a
certainty that one will never quite understand it without holding a physical model
in one's hand.

Figure 4-31 . Three views of the simplest of the family of Wente tori. An excellent
demonstration of the need for solid imaging in mathematics. (Courtesy Center for Geometry, Analysis,
Numerics and Graphics, University of Massachusetts at Amherst.)

• Computer graphics tools for the study of minimal surfaces by Michael J. Callahan, David Hoffinan, and
James T. Hoffman, in Communications of the ACM, v 3 1, # 6 ( 1988 06), p 648. .61.
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Figure 4-32. Three-dimensional representation of Fermat's last theorem. The equations on
the left and the model on the right contain, mathematically, the same information, for the special case,
n=5. Yet the physical model is more an1enable to human understanding. l11is is the importance of the
solid imaging application of automated fabrication . (See also Figure 4-38. The sculpture shown there
is for n=1.) (Courtesy Stewart Dickson and Andrew Hanson.)

Worthwhile progress in this area has come from , not a mathematician, but an
artist. Working with mathematical equations primarily for his interest in the
aesthetic forms they produce, Stewart Dickson has created a large library of StL
files which have made their way around the world and been fabricated on many
different types of additive fabricators . (See Figure 4-32.) While the objects generated are attractive and intriguing to look at, they also have given mathematicians
their first look ever at the real geometry represented by their respective equations. It
is expected that this sort of application of fabricators will come into much greater
demand when more mathematicians, physicists, chemists, biologists, and other
scientists become aware of it and what it can do.

Imaging People, Inside and Out
The oldest imaging problem, which has challenged the greatest artisans and
craftsmen throughout history, is the replication of an individual human face and
head. The difficulty of this problem lies in both the intricate details of the geometry
and the intimate familiarity of the client with that geometry, so that the slightest
imperfection is noticed. Automated solutions to this problem go back at least to
James Watt, the inventor of the steam engine, who, in the early nineteenth century,
built a working, pantographic milling machine capable of copying and rescaling
sculptures, including human busts.
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Figure 4-33. Hwnan bust, or 3-D "portnit sculpture," milled in wood, stone, or wax (for
casting in bronze), is offered by Cyberware Laboratory in conjunction with its shape digitizing
services. The figures show (left:) the completed bust next to the computer representation of the face
and head obtained by scanning, and (right:) the bust being automatically milled based on the data .
(Courtesy Cyberware, Monterey, Califomia.)

3-Dimensional Portraits
Sculpting the human head involves not only fabricating the sculpture but also
recording the shape of the face and head in a form that can be communicated to the
fabricator. The latter is handled by modern 3-D shape digitizing technology, which
is discussed in Section 6.2. In 1977, a company named Solid Photography began to
market a digitizing and milling technology for retail portrait sculpture. Pre-announcement excitement about the technology was so intense in 1976 that the
American Stock Exchange temporarily suspended trading in stock of Solid Photography's parent company, Dynell Electronics, until the company publicly disclosed
its technology. However, the idea did not take hold in the market. Another similar
attempt was made in 1987 by CPI Corp., exclusive concessionaire of the Sears
Portrait Studios. This venture also fai led to attract sufficient interest in the
marketplace. Currently, a digitizing/milling process is available from Cyberware
Laboratory Inc., as a sideline to its business of manufacturing 3-D shape digitizers.
(See Figure 4-33.)

3-Dimensional ''X-Rays "
Modern medicine, more interested in imaging the internal structure of the body,
has also begun to use the autofab technologies. (See Figure 4-34.) Two of the most
dramatic stories come from the University of Kentucky where Charles Knapp has
used the SLA-250 to assist doctors in surgical planning. In one case, a man
attempting suicide misfired and shattered his entire right jaw. Using a Stereo-
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Figure 4-34. Human skull model fabricated on an SLA-250 by Valencia, California, job shop
Scicon Technologies for the Department of Radiology, University of California at Los Angeles
Medical Center. TI1e model of the right-front quadrant of a skull took 21 hours to build. (Courtesy
Rapid Prototyping Report.)

Lithography model made by inverting a CT scan of the intact left jaw, doctors were
able to tackle many aspects of fashioning a quality replacement jaw in advance,
thereby minimizing the patient's time on the operating table. In another case, a
woman had an unsightly facial deformation in which one eye was seated lower in
the face than the other. The cause had eluded all manner of diagnosis until the
surgeon saw an SLA model of the woman ' s skull. He then instantly recognized the
internal, hidden, bony structure which was causing the deformation and was able to
plan corrective surgery.
For another example of solid imaging in medicine, see the human bone model
shown in Figure 6-6 (page 211).

Other Imaging Applications
As seen from the list on page 147, the applications of solid imaging are many
and varied. Figures 4-35 and 4-36 give examples of some miscellaneous uses to
which the technologies have already been put. One of these is in providing copies of
existing objects in different sizes. The other demonstrates a new ability of archeologists to do "noninvasive digging," in which the interiors of priceless artifacts can
be modeled without piercing the exteriors.
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Figure 4-35. Scaled replicas of a Norma Le"is sculpture. These copies were made u1 rigid
polyurethane foam by Cyberware' s digitizing/milling process. The replicas were made for the artist,
who detailed and finished each one individually. See also Figure 4-33. (Courtesy Cyberware,
Monterey, California. )

Figure 4-36. Face of unwrapped munm1y. On the left is a layered foam model, made from CT
data, of the skull of the young man entombed. On the right is a sculpture built on this foam base, ne>.1
to the still-sealed mummy. TI1is technique allowed archeologists to "see" the prince inside without
damaging the priceless wrappings which had preserved him. (Courtesy University of Illinois at
Chicago. )
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4.5

Art

Any technology with a major economic impact eventually becomes knit into the
cultural fabric of society. Radio was originally invented to transmit messages in
Morse code but later became an important entertainment medium. The laser beam
became a traveling performance artist when set to music in the popular Laserium
light show. And computers have given us fractal images of breathtaking beauty.
Autofab, when it becomes more readily accessible to artists, will revolutionize
sculpture. Artists will benefit, just as do engineers, from the freedom to experiment
with designs and to fabricate previously impossibly complicated structures.
The first use of fabricators in art was in response to a contest sponsored by 3D
Systems at the Art Center College of Design in Pasadena, California, in 1989. (See
Figure 4-37 (left) .) Students created their designs on the school ' s Alias CAD
systems, and transferred the data to 3D Systems for fabrication on an SLA. Many
other vendors have also used artistic designs in demonstration pieces to show what

Figure 4-37. Two early artistic applications of additive fabricators. (Left:) Sculpture by
student Kurt Kaufmann was a winning entry in a contest sponsored by 3D Systems in 1989. (Right:)
Statue of Liberty head made on the Helisys LOM and parts of the "wood" bl ock that encased the
model during fabri cation. (Courtesy Art Center College of Design (left), Rapid Prototyping Report
(right).)
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their fabricators are capable of. An example is the Statue of Liberty head made on
the Helisys LOM, shown on the right side of Figure 4-37.
Two professional artists have taken a special interest in using automated fabrication in their works. Stewart Dickson uses the SLAs made by 3D Systems in
California, and Israel Hadany has had sculptures fabricated on the Cubital Solider
in Israel.
Stewart Dickson is a computer graphics programmer at The Post Group, a Hollywood studio for post-production processing of motion pictures and television
series. He is interested in the aesthetic qualities of mathematical structures, and
uses Mathematica, an algebraic analysis program, to create design files for his
sculptures. Dickson' s intriguing geometrical designs have made their way around
the world, usually in the form of StL files that are fabricated on various machines
by both vendors and end users. One of his pieces, a representation of the mathematics underlying the enigmatic "last theorem" of Pierre de Fermat, has been on display at The Williams Collection, a fine arts gallery in Princeton, New Jersey. This
is shown in Figure 4-38 (left). (See also Figure 4-32. The sculpture shown there is
for "n=5," whereas this one is for "n=3 .")
Israel Hadany is an Israeli artist, much of whose work exhibits bold geometrical
forms . One of his better known pieces is a landmark steel arch standing over 30
meters (100 feet) high in Williamsport, Pennsylvania. The sculpture illustrated in
Figure 4-38 (right) takes advantage of the Solider's ability to make working
mechanisms without assembly. The rings of various diameters rotate inside one
another but cannot be removed from the sculpture without breaking it.

Figure 4-38. Computer sculptures by professional artists. (Left:) Complex Projective Varieties
Determined by Fermat 's Final Theorem for n=J by Stewart Dickson, rendered by an SLA-250.
(Right:) Organization, Hierarchy, and Indep endence by Israel Hadany, created on a Solider 5600.
(Courtesy Stewart Dickson and Andrew Hanson (left ), Cubital Ltd. (right).)

5
Implementation Guidelines
Most people don't realize just how far a trend can go once
it's set into motion .... For example, [they might have
asked,] once you've sold a video tape recorder to every TV
station, how many more could you possibly sell?

-

John Walker,
Cofounder of Autodesk, publisher of AutoCAD

Most of this book is about machines and engineering. However, this chapter is
about people and management of the machine-personnel complex. There are plenty
of other books that focus on this subject in great detail. Gathered here for convenience are some of the most important principles that relate to managing those
aspects of a manufacturing, design, or research facility that relate to owning or
using fabricators .

It is difficult to address this chapter to a particular audience because the characteristics of a fabricator-using facility can vary so widely. At one ex·treme, there is
the manufacturing facility with dozens of CNC machining centers turning out
production parts for assembly into finished products. In that case, the reader of this
book may be a manufacturing manager or engineer who is considering changes in
the assortment of fabricators in use, perhaps installing some additive capability. At
the other extreme is a designer, engineer, research scientist, or artist in a oneperson business who is considering buying one of the low-cost CNC mills or using
an additive process through a job shop. The discussion is intended to address issues
of importance to both types of prospective users, so all readers are invited to
disregard suggestions that do not apply to their particular situation.
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The first two sections of this chapter discuss the process of buying and installing
a fabricator. Section 5.1 talks about how to evaluate the available machines with
respect to your purposes. Making the most of that purchase is the subject of Section
5.2. For simplicity, it is assumed that one fabricator will be purchased and that it
will be the company 's first. However, the suggestions apply equally well in more
general situations, such as a company that is considering adding additive fabricators to a facility well-equipped with CNC machines or considering outfitting a
model shop with several fabricators of various types.
Section 5.3 presents the alternative of using outside fabrication services instead
of buying your own. For many individuals and small businesses, this is currently
the only way to use an additive fabricator. But even for large companies, it is an
excellent way to try out several different machines before buying, to do extremely
complex projects, or to get overflow work done when the in-house fabricators are
busy.

5.1

Technology Selection

Deciding Whether to Buy a Fabricator
Before deciding which fabricator will best suit your needs, it is important to
determine whether you really need one in the first place. The way to do this is to
establish the purpose for which it is anticipated the fabricator will serve and to
trade off the costs of acquisition against the expected benefits. This exercise will
also help in setting a budget and other parameters that will be helpful later in
actually choosing a particular machine if the decision to go ahead is positive.
Furthermore, it will also allow for later evaluation of whether the installation met
its objectives.
There are two levels of purpose to consider in deciding whether a fabricator will
prove useful: the direct applications for which the machine will be used and the
indirect benefits expected to be realized.
The direct applications of fabricators are the five basic areas discussed in the
various sections of Chapter 4, plus the possibility of alternative uses:
• Production of parts for assembly into manufactured products or of simple,
one-component products themselves.
• Prototyping of products to test concept, design, fit for assembly, marketability, functionality, and other factors.
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• Making of tooling for replication processes for either production or
prototyping applications. Such tooling includes molds, dies, mold patterns,
EDM electrodes, and mandrels.
• Solid imaging of 3-dimensional data, such as from mathematical, chemical, medical, statistical, and other sources.
• Art. (It is assumed here that a fabricator will not be purchased primarily
for making artistic computer sculptures, although some companies have
allowed excess capacity to be taken up by such projects.)
• Non-''fabrication" aJ>J>Iications. Subtractive fabricators, such as CNC
machining centers, are often used for preparing mating surfaces of castings
and other applications that do not fall within the definition of fabrication
used in this book. These applications may play a large role in determining
the utility of the machine in a facility that can take advantage of them .
The applications in any one organization may be any combination of these.
The indirect benefits answer the question, "Why would we want to use a fabricator to make our parts, prototypes, patterns, or solid images?" This is where the
specific advantages of automated fabrication over manual fabrication, molding
processes, and other methods come into play. Some example aspects of the answer
maybe
• To reduce the labor costs involved in producing production parts, prototypes, patterns, and so on.
• To reduce Jlroduct develOJ>ment costs by catching design errors prior to
making expensive tooling.
• To reduce Jlroduct deveiOJ>ment time and costs by providing models for
evaluation without the delay and expense of making tooling.
• To improve Jlroduct quality by iterating designs to optimization. (See
page 133.)
• To improve Jlroduct quality by increasing the piece-to-piece consistency
of part dimensions.
• To streamline Jlroduct development by taking the design data that is developed and refined in prototyping, and using it in production.
• To achieve geometric complexity from an additive process or precision
from a CNC mill that cannot be achieved in any other way.
• To enable production of low-volume orders with reasonable costs.
• To reduce inventory, including work in process, by making production
more responsive to actual orders and more efficient. This is central to the
philosophy of just-in-time manufacturing.
• To improve internal communication among the design, manufacturing,
and marketing departments. This is indispensable in realizing the philosophy of concurrent engineering.
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• To improve external communication with customers and suppliers about
new product plans.
• To enhance the company ' s reputation and image as an innovator.
Determining the benefits that are of importance to your company will serve
three functions : (a) It will help keep a focus on selecting the fabricator that will best
suit your needs; (b) it will likewise help in focusing on those objectives when
important decisions are being made about the installation and operation of the
machine, as discussed in Section 5.2; and (c) it will provide a yardstick against
which to later measure whether the installation of the fabricator was a successful
venture. For these reasons, it is best to write down your list of desired benefits and
prioritize them.
One way to determine what indirect benefits might reasonably be expected in
your organization is to do a thorough analysis of the current situation. Ask
questions, such as

What are the strong points and weaknesses of our manufacturing
and engineering operations? Are we getting complaints from customers about poor quality or slow delivery? Are we internally scrapping a
large proportion of defective items? Have we been losing orders from
established customers? Why? How is the morale on the factory floor
and in the design studios? Are our parts spending more time in
queues than in process? How much does it cost, and how long does it
take, to make prototypes of new designs? How many iterations do
designs go through? Is this enough, or might our products improve if
we tried more variations? Do the engineers come up with product improvement ideas faster than they can be implemented in production?
Possibly, a problem in one of these areas is what is motivating you to look at
fabricators in the first place. Take advantage of the decision-making mode to do
some extra corporate introspection. In addition to providing valuable insights into
how to best take advantage of any fabri cator you may purchase, chances are this
exercise will turn up other opportunities for improving your operation, independent
of whether you buy a fabricator or not.
Another important way to figure how you might benefit from using a fabricator
is to study the experience of current users . Chapter 4, in describing the va riety of
applications to which fabricators have been put, explains some of the benefits
realized. More detailed case studies are frequently reported in many of the relevant
trade magazines. (See the list of periodicals under Chapter 1 in Appendix C.)
Published case studies give examples of how others have achieved cycle-time
reduction, quality improvements, and otller benefits. With respect to StereoLithography specifically, Chapters 12 through 15 of Rapid Prototyping & Manufacturing
are a good source. (See reference on page 336.) They offer four case studies from
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Texas Instrument (aerospace), Chrysler (automotive), AMP (electronic connectors),
and DePuy (medical prostheses). Some of these studies give hard numbers on costs
of using the equipment and cost savings realized in the process.

Check Published Claims
In reviewing published case studies, be sure to understand the context of the
claims that are made. Many case studies quote dramatic improvements as if they
result solely from the new use of one particular technology. But a new process or
new equipment is seldom implemented without other changes that also affect
performance. For example, a decision to buy a fabricator may motivate a move from
2-D to 3-D CAD. It may also be accompanied by a new commitment to modern
management philosophies, such as concurrent engineering and design-formanufacturability. These other changes may all be partial causes of time, cost, and
quality improvements. Do not forget also that the installation of new equipment
may create a stir of excitement among the engineers that may cause work to be
completed faster. If something is not done to maintain that air of creative excitement, this effect may be temporary.
Even something that sounds like a simple process difference usually involves a
complex set of modifications. For example, high-speed machining is not accomplished by simply changing out the spindle motor in a machining center. A case
study of high-speed machining may be comparing high-speed machining on a
brand new machining center against previous results obtained on an old, run-down
mill. Other factors, such as improved selection of cutting tools, may also affect the
results.
In particular, notice that reports that using a fabricator reduced the time of a
project from months to hours are usually misleading. For much of the original
months-long time, the project was sitting i11 various queues waiting to be worked
on. When a fabricator becomes popular i11side a company or at a job shop, it
acquires a queue as well. A busy fabricator may leave its users waiting a week or
more for objects that take only six or eight hours to build once they start running.
Neglecting the finite throughput rate of a fabricator may lead to overestimating the
advantages to be realized from installing it.
Do allow impressive numbers quoted in case studies to pique your interest, but
then set the numbers aside and start asking some tough questions. Challenge the
vendor to reproduce the quoted results at your site. Take careful note, if necessary
by interviewing the subjects of case studies yourself, of all equipment and
operational changes that might have influenced the results. The purpose here is not
to disprove the value of the new equipment, but to make sure that you have the
opportunity to realize comparable benefits by making all the helpful ancillary
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changes too. Finally, ask yourself if it really makes sense that the proposed new
equipment or procedure will translate into comparable benefits for your operation.
If the answer is yes, and the benefits exceed the costs, then buy it.

A Unified Approach
A fabricator is a computer peripheral. Ideally, it should be acquired in the context of a total strategy that includes computers, operating systems, networks, CAD
and other software, and other peripherals, such as 2-D printers and plotters, and 2D and 3-D shape digitizers. If a computer network exists, do not just stick a
fabricator on a node but carefully consider how the new device fits into the
networking strategy. Also consider how the strategy might have to be modified,
possibly over time, in light of the new technological capability.
There is no point in owning a fabricator unless you are using 3-D CAD. Although some CNC machines can be programmed without it, 3-D CAD dramatically
improves the utilization. If your company is not currently using 3-D CAD, then a
selection of this technology should be conducted in parallel with the selection of the
fabricator. (See Section 6.1.) If 3-D CAD is in use, carefully consider the options
for using the current software to drive the fabricator or upgrading to a new package
better suited to the requirements of autofab .
Also consider how other technologies may enhance your use of the fabricator .
Visualization software (rendering and physical analysis; see Section 6.4) will
provide realistic prefabrication views of what the output will look like and how it
will behave under functional loads. This will help the engineers optimize their
designs before fabricating them, thereby make the iteration cycle even more
efficient and further improving productivity.
There are other examples of complimentary software technologies. Holographic
animation has begun to be used for prototyping industrial processes. Applied
Holographies of Oxnard, California simulated the behavior of large hydrogen
recovery tanks for an oil refinery operator. The simulation was performed by
digitizing blueprints supplied by the client and outputting a sequence of 2dimensional images onto film as a hologram . Another example is virtual reality,
which is also beginning to find applications in industrial and scientific imaging.

If the budget provides the luxury of considering the installation of several fabricators, think about how the features of the various fabrication processes may
compliment each other to provide a wider range of benefits. For example, Digital
Equipment Corporation has installed, in addition to its SLA-250 photopolymer
fabricator, about 15 Roland CAMM-3 table-top CNC mills to give its engineers fast
access to rough verification of their designs.
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Analyzing the Costs and Benefits
The cost of installing capital equipment is always more than the price tag on the
machine. Similarly, the benefits can be more or less than the reduction in labor
costs and other directly measured effects. Consider the factors listed below in
determining the impact of a fabricator installation on your company' s bottom line.

Acquisition Costs
The acquisition costs of new equipment include the bare capital costs and all
other costs incurred with, or in preparation for, the purchase. Different accounting
practices will break these costs down differently between capital expenditures, to be
depreciated over time, and immediate expenses. If the equipment is financed
through leasing, then much of the acquisition cost may be spread out over time and
"expensed. "
• Decision costs. The time and expenses of inside personnel and outside
consultants in reviewing the needs, recommending action, and conducting
negotiations.
• Base price of the machine.
• Price of necessary or desirable nonconsumable accessories, such as
automatic tool changers and/or pallet changers for a milling machine, a
curing oven for a photopolymer fabricator, cleaning equipment for photopolymer and powder-based fabricators, and so on.
• Freight and installation charges, including packing charges, if applicable, and freight insurance.
• Tariffs, clearance fees, and currency conversion if the equipment is
purchased outside the country of use. If applicable, include a contingency
for currency fluctuation prior to settlement of accounts.
• Standards-conformity modifications if the equipment is not approved by
applicable safety and other standards agencies, for example, if it is purchased outside the country, region, or other jurisdiction in which it will be
used.
• Cost of l>lant modifications to provide machine foundation, utility hookups, lighting, plumbing, air conditioning, ventilation, safety facilities,
storage space for materials and tools, and workspace walls, counters, and
cabinets.
• Cost of necessary or desirable additional com1mter equipment, including hardware, software, and networking. This may include installation of
CAD workstations and 3-D CAD software, depending on current facilities
and needs.
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• Initial training of personnel.
• Financing charges.

Mitigation of Acquisition Costs
There are several factors that may have the ability to reduce the effective cost of
bringing in the new equipment. These include
• Discount, if any, offered or negotiated on the basis of participation in rnachine testing (beta program), assistance with technology or application development, use in education, assistance to vendor in marketing, quantity
purchased, or other factors of importance to the vendor.
• Income from sale of replaced equipment, if any, for example, in the purchase of a CNC machining center to replace manually operated mills,
lathes, drill presses, and so on. The proceeds from this sale should be adjusted to reflect any tax impact due to selling the old equipment at more or
less than book value.
• Tax credits, if any, due to incentive programs in place at time of purchase,
such as investment tax credits.
• Reduction in inventory, if the fabricator will be used in production and
will reduce work-in-process queues and/or other inventory.

Operating Costs
The ongoing costs of owning and using equipment are the operating costs. If
the fabricator will be replacing one or more existing machines or procedures, and if
the new costs in one category are less than the current costs in that category, then
the result of installing the new machine is a benefit , rather than a cost.
• Personnel costs of fabricator operators and support staff, including CAD
operators, post-process finishing labor, quality inspectors, and shop management. (Personnel costs include salary, fringe benefits, ongoing training,
and personnel supplies, such as shop apparel.) This item may be a benefit
if a CNC machining center is replacing several manual machines, or if an
additive fabricator is replacing several stations of a manual model shop. In
addition, in a production application, an improvement in output consistency may yield a reduction in personnel costs through a reduced need for
quality inspection.
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• Fabrication material. The cost of the actual material that goes to make up
the objects being fabricated. If the fabricator allows the use of less expensive materials than before, this may be a benefit.
• Material waste. The cost of fabrication material that does not go into the
fabricated objects. For subtractive processes, as well as for the Cubital
Solider, this includes material filling the entire negative space of the objects, which is the empty space of cavities and concave features . This cost
is the purchase price of the materials, plus disposal costs, or less recycling
resale value.
• Scrat). The cost of malfabricated objects due to machine malfunction, operator error, or statistical deviations. This cost is the purchase price of the
materials, plus disposal costs, or less recycling resale value.
• Consumables. These include cutting tools, coolant, and lubricant for
milling machines, cleaning solvents for photopolymer fabricators, and
other materials necessary to the operation of the machine. This cost is the
purchase price of the materials, plus disposal costs, or less recycling resale
value.
• Utilities. Electricity, water, inert gases, or other supplies that can be obtained at an established cost based upon usage.
• Maintenance. This includes the cost of service contracts, routine adjustment and calibration, anticipated routine replacement of worn parts and
subsystems (such as lasers), and a contingency for unanticipated repairs
not covered by the service contract. This item will be a benefit if the fabricator will replace an old machine that requires excessive maintenance.
• Floor space. This may be a benefit if the fabricator replaces several machines or manual workstations, and if there is a use for the vacated space
that would otherwise have required expansion of the facility.
• Property taxes on capital equipment and supplies inventory.
• Insurance on equipment and for liability.

Operating Benefits
The benefits of an installation include those categories of operating costs which
are reduced by the new equipment. These benefits are discussed under Operating
Costs above. But there are other benefits, not related to operating costs, which can
be the most dramatic advantages of making the purchase.
• Increased sales. The use of an autofabricator may improve sales prospects
in several ways:
• If the fabricator is used in production, it may result in higher capacity, shorter lead times, improved quality, and ability to respond more
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efficiently to customer change requests. All these factors can be used
by the sales department to attract new customers or increased orders
from existing customers.
• The use of the fabricator in prototyping may result in products that
are designed more quickly and economically and in better manufacturability and customer satisfaction. Use of prototypes in marketing
may improve customer contribution to the design process and customer commitment to the product. These factors, exploited judiciously, will tend to make the products more attractive and more salable.
• Impact on other manufacturi11g processes. For example, the use of the
fabricator may result in parts that are easier to assemble, thereby reducing
assembly costs.
• Improvements in subcontracting. A fabricator may make it feasible to
include models with bid requests. These can improve the prospective contractors ' understanding of the project, resulting in lower bids and better
quality parts.
• Reduction in subcontracting. The fabricator may make it possible to
bring back projects which formerly had to be sent outside. The benefit is
the reduced cost of doing the ·work inside, including reduced inspection,
freight, and other related costs.

Mitigation of Operating Benefits
The advantages of autofab will not be immediate, nor will they come without
substantial effort. It is helpful to expect the following problems:
• Learning curve. Benefits will be delayed, and will appear gradually as
personnel become experienced in the use of the equipment and optimize
their operating procedures.
• Downtime. If the equipment is less than full y mature, it may have reliability problems in either or both of its hardware or software. This is especially
likely if the equipment is still undergoing "beta testing" or is a new model
of machine (even from an established vendor) without a substantial record
of successful installations. The Jesuit is frustra tion and wasted time of personnel and delays in completion of projects. (Note, however, that the opposite effect may occur if the fabricator is replacing older equipment that has
excessive reliability problems.)
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Learn from Others ' Experience
It can be difficult to know what the real costs of installing and operating a new
type of machine will be. Even the vendor, when the machine is first introduced,
may not know all of the little items that might have to be purchased to make the
installation successful. In such circumstances, one can benefit from the experience
of existing owners of the equipment, if they are willing to share their experiences.

In the case of StereoLithography, Lavern D . Schmidt of Chrysler Corporation
has been good enough to publish an analysis of its capital and operating expenses
for an installation of two SLA-250s. (See the reference for StereoLithography: The
g ood, the bad and the ugly on page 345.) The bottom line of this analysis was that
the capital cost of the installation was found to be $291,790 for a single SLA,
excluding CAD software, or 158 percent of the $185,000 base price of the machine
at that time. The portion of operating costs relating to service contracts, fabrication
materials, and consumables wa~ reported as $57,400 for the first year.
With respect to routine maintenance, Schmidt counsels SLA buyers to expect to
need a wiper blade adjustment once a month and to be prepared for the occasional
laser and power supply failure . In other words, while his machines are generally
running 24 hours per day, there is downtime required for both scheduled and
unscheduled maintenance.

Deciding Which Fabricator to Buy
How does one choose the machine, or the type of machine, to use for a particular project, or to install in a facility that deals with certain types of fabrication
challenges? This is not an easy question to answer. Aside from technical issues of
material properties and accuracies and economic issues of cost and speed, the right
choice also involves personalities. It is important that all levels of users of the
machine, including the operator and the engineer or designer who is sending files
to be fabricated, be comfortable with its capabilities and its limitations. As in
choosing between a Dodge and a Chevy, or between a Macintosh and an IBMcompatible computer, the right fabricator is the one that (a) meets the technical
requirements of the tasks it must perform, (b) is made by a vendor with whom you
feel comfortable, (c) fits the available budget, for both initial installation and
ongoing operation, and (d) you enjoy using.

Involve the Ultimate Users
For the manager in a large organization who is considering the installation of a
new fabricator in one of the company' s facilities, the first principle of technology
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selection to heed is that no tool, no matttr how capable, is useful unless it is used.
A fancy machine that sits in a corner collecting dust because no one really wanted
it, or because it conflicts with someone else 's agenda, is nothing more than a waste
of money. On page 181, the importance of promoting the use of the fabricator
within the organization is mentioned in the context of operations issues. But the
time to start this process is long before the final decision to purchase the fabricator
has been made. It is important to involve the prospective users of the technology in
the setting of priorities for machine selection and possibly representatives from
concerned departments in the selection procedure itself.
Robert L. Brown of The Gillette Company makes this point about the importance of early contact with the ultimate users of the technology. " We entertained the
idea of establishing a rapid prototyping center to provide service support to the
divisions, but recognized that we did not fully understand what information our
product designers were extracting frolll prototypes." Brown recommends the
following elements to a successful selection procedure:
• Identify the potential users.
• Understand their needs and priorities. Some departments may be using or
planning to purchase what may be perceived as competing technology.
Rather than confronting them, work to understand how well these other
methodologies are satisfying their needs, and whether the different technologies can complement each other in some ways, so that these departments can continue to get a return on their investments, while still further
improving their productivity.
• Educate the potential users about the opportunities and limitations of the
new type of technology. It is imiJOrtant to be forthcoming about limitations
in order to maintain credibility. The education process must be noninvasive and allow people to learn al their own pace. Resource materials, such
as videos and computer programs, that can be taken home for study in a
relaxed environment may be helpful.
• Invite and encourage the potential users to participate in an exchange of
information and ideas that will ultimately lead to the decision of whether
to make a purchase, and which device to purchase. Gillette R&D accomplished this by publishing a short, pithy newsletter on additive fabricators
on an occasional basis. Each ne1vsletter was accompanied by a brief questionnaire eliciting feedback on th.e prototyping needs of Gillette divisions
worldwide. Based on the extraordinarily high, 90 percent response rate, it
was possible to formulate a tecltnology strategy that made sense for the
company.
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Shopping for a Fabricator
Define your needs. The first step in selecting a fabricator is to identify the required capabilities. It is best to do this in terms of results, not in terms of materials
or methods. For example, rather than specifying that you need to make parts in
aluminum or polyethylene, state the required strengths, mass densities, and other
properties. (See Section 7.2.) This may open up some surprising new possibilities
for utilizing modern materials. Similarly, rather than saying that you need, for
example, 5-axis milling or laser curing, specify the output characteristics that you
need, such as geometric complexity, size, throughput, and so on. Use these defined
requirements to select a field of candidates.
Be careful when determining these requirements. For example, you might want
to look for a system that has established compatibility with the CAD software
currently in use in your organization. This can be a good idea, unless the choice of
that software is itself due for a second look. Another tricky criterion to set is
accuracy. Not only is accuracy hard to define, but it is also not always clear just
how much you need. There is more on this subject below.
Create and submit a benchmark. After laying out your requirements and
choosing candidates for consideration, create a benchmark design, or a set of
designs if necessary, that presents the challenges typical of your fabrication needs.
Consider wall thicknesses, undercuts, cantilevers, sculptured curves, flat surfaces,
small features , precisely positioned holes, snap fits, and so on.
Establish a fair medium for transmission of this design to fabricator vendors or
job shops. If your field of candidates is entirely subtractive or entirely additive, then
the design may be submitted in NC or StL code, respectively, if you currently have
the capability to generate it. Otherwise, if all of the recipient sites are equipped to
work with a CAD program that you use, you may be able to directly submit CAD
files . This may be the case if you have a popular system, such as CADAM, CATIA,
Intergraph, or Pro/Engineer. Alternatively, IGES may be an appropriate medium.
In any case, it is important, if possible, to provide the design data to all parties in
the same format, in order to create a uniform benchmarking arena .
Submit the design data to appropriate facilities that operate the candidate fabricators. This may be demonstration sites of the vendors, or it may be job shops or
ordinary users who are willing to cooperate. If submitting to job shops or other
users, check with the vendor that it is comfortable being represented by that site.
The vendor will want, and reasonably so, its equipment to be demonstrated by
people who are experienced in operating it properly and may want to recommend
other sources to have the benchmark fabricated . Costs may vary from zero for
fabrication by the vendor, to cost of materials at a friendl y user 's site, to full job
shop charges. Typically, the first choice would be to have the fabrication done by
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the vendor or an authorized distributor, if they have the capacity to respond within
a reasonable time.
Submit the design to each selected site and request that the output object be
returned along with a report on
• Computer preprocessing necessary to turn the submitted file into a form
acceptable to the fabricator, and the time required for this.
• Time taken for fabrication.
• Any special problems encountered during fabrication.
• Postprocessing operations performed on the output, and the time taken to
do them.
Site visits. With the field narrowed by the results of this preliminary test, visit
the site for each remaining candidate to personally witness the fabrication process.
Take the original data file, so you will see the preprocessing as well, which can be a
substantial part of the overhead of operating a fabricator.

In a one-day visit, issues will probably come up that eliminate certain machines
from consideration and suggest a ranking of remaining candidates. The issues may
be related to, for example, ease of operation, amount of postprocessing necessary,
unreliable functioning of the machine, or inadequate output quality that may have
been masked by postprocessing operations performed on the objects returned from
the unsupervised benchmark test.
At this point, there should be one, two, or three strong contenders for selection.
In an extended visit of several days' duration to each of these vendors, machine
issues can be thoroughly investigated, such as data transfer, reliability, accuracy,
throughput, and so on. As the team becomes focused on one or two leading choices,
the important matters of the vendor relationship should be discussed, for example
training, maintenance, technical support, and upgrades.
Negotiate. Even if there is one clear winner in your consideration, it is best to
keep at least one or two alternative vendors in a backup position in case negotiations fall through with the first choice. Your willingness to fall back to a different
vendor will preserve your leverage in the discussions. Final price may be negotiable, or a firm price may be subject to inclusion of additional options, accessories, or
other non-price concessions. Also, do not forget to establish a delivery schedule.
Many vendors have a backlog of several months. You can use this delay to begin
the process of recruiting and training operators and preparing the engineering or
design staff for the new tool. But you will want the machine to arrive on time, so as
not to dissipate the excitement built up in waiting for it.
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Accuracy and Speed*
Accuracy and speed are the two most talked about and least understood features
of fabricators. They are talked about because they are genuinely important; they are
misunderstood because they are genuinely complicated.
Roughly speaking, the accuracy of a fabricator is its ability to faithfully generate
a particular geometrical shape and size. Speed is the ability to generate objects in a
short period of time. However, neither accuracy nor speed can be defined in a
general way that applies broadly to all projects and all processes. This is because of
the infinite variety of shapes, sizes, materials, and other parameters of objects to be
fabricated, as well as the many issues that enter into determining the faithfulness of
the final object to the design, and the time taken to generate it.
The issues relating to accuracy and speed can be broken down into machine
issues and process issues. The following discussion of these issues uses the term
" tool" to speak of the element of influence that a machine applies to a raw material
to do its fabricating work. This tool may be (a) a cutting tool, such as a mill, drill ,
or cutting laser beam, (b) a curing or sintering laser beam, (c) the material stream
from an extrus ion or particle-jet nozzle, or (d) the edge of a die against which a
bending or shaping operation is performed. Note that some tools work on a small
point at a time, as in the case of a narrow drill or a laser beam, while others work
along a line (slitter, saw blade, EDM wire, or bending die), and still others influence an entire surface area simultaneously (face mill , masked lamp for photocuring).
It is usually the machine issues, and not the process issues, that are under the
control of the machine designers and builders, so it is usually only machine
accuracies and speeds that are listed on specification sheets. However, an exception
to this rule often occurs when an innovative vendor is the only one marketing a
machine that uses a particular process. In this case, the user does not usually have
much liberty to vary the implementation of the process in the machine, so the
vendor can specify overall accuracies and speeds for the process. It is very
important to distinguish between machine specifications and process specifications
in the data provided by a vendor.

Machine accuracy relates to how close to a predetermined position the machine can place its tool. After putting the tool there, other issues arise, such as how
much it will vibrate around that position, how well it can be made to follow a
particular path from that position, and how well the temperature of the workpiece
and/or tool can be monitored and adjusted to maintain thermal stability.

TI1is segment has benefited from a technical review by, am ong others listed on page xxiii:
Steve Klabunde, Vice President for Engineering, Giddings & Lewis, Inc.
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Machine SJ>eed relates to how quickly the tool can be caused to move. This
involves not only the simple speed of that motion, but also other issues, such as (a)
the rates of acceleration and deceleration, (b) the speed of enacting any process
changes, such as changing tools in a machining center or setting a new platform
level in a photopolymer fabricator, and (c) any difference in speed between moving
while working (i.e. , while cutting, curing, or depositing) and simply moving to
another spot on the surface to begin working there.

Several points must be kept clearly in mind when looking at machine data:
• Machine data can only be used to compare machines that operate by the
same process. Because of differences in the process issues, a quoted positional accuracy, for example, has different significances for milling machines, EDMs, laser-curing fabricators, and so on.
• It is only for subtractive machines, so far, that standards have been defined
to clarify the actual meaning of machine data. There are no standards at all
for additive machines, and quoted data by different vendors of additive
fabricators may have vastly different meanings.
• Even in the subtractive world, there is not just one set of standards, but
several. When comparing quoted data, one must be sure that the methods
used to obtain them were the same, or at least understand the differences.
For example, for a 1-meter (39-inch) machine axis, ISO defines
"positional accuracy" by a statistical analysis of 25 measurements taken in
sets of five every 20 em (8 in). JIS defines it as the largest of 20 measurements, taken one every 5 em (2 in). The results can vary by as much as a
factor of two for the same machine. Another example is in the quoted time
for changing tools in an automatic tool changer. Some vendors give just
the time needed to actually make the exchange of tools with the spindle in
a ready position. The more meaningful number is the "chip-to-chip" tool
change time, which takes into account the delay for retracting the spindle
from its cutting position, and returning there after the change.
Quotations of machine data should not be immediately translated into expectations for fabrication results, because the process issues are often more important in
determining the accuracy and speed of the actual fabrication.
Process accuracy relates to how well the effect of a tool , already located at a
precisely known position, can be predicted, and how well variations can be
compensated for in the machine control. This involves, for example, deflections in
the material due to forces imposed by the tool , effects of phase changes undergone
in additive processes, thermal effects, such as expansion and softening (or viscosity
changes) of the material, and many other factors. Accuracy is also complicated by
secondary processes, such as abrasion by chips in the flute of a drill , or internal
reflection of laser light in partially cured material.
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Process speed relates to how quickly the effect of a tool, such as cutting, curing,
or fusing, takes place. It depends on a combination of the machine speed, machine
power available to the process (e.g., spindle power, laser power), the properties of
the material being used, the geometry being fabricated , and many other factors,
including certain individual peculiarities of each process.
The prospective fabricator user need not be troubled with evaluating all the
myriad factors that go into determining process accuracy and speed. Rather, this is
the purpose of the benchmark test, suggested under Shopping for a Fabricator
above. lf the user will have a sample object fabricated which represents the typical
range of challenges that his or her projects would entail, then the results from
various machines can be evaluated to see if they are close enough and fast enough.
That is really what the user needs to know, and, due to the complexity of the issues
involved, all that can be known without undue effort and expense.

Special Notes on Accuracy
One important fact to remember about accuracy is that it is partially a statistical
phenomenon. This means that a set of measurements, no matter how carefully
done, will always involve some variation. This occurs because the factors that affect
accuracy and measurement include random effects that cannot be eliminated and
cannot be controlled.
The final accuracy of a particular fabricated object can actually be better than
either the machine or process accuracy. This can occur either by chance, when that
particular item happens to fall out with less than the statistically expected error, or
it can occur by dynamic tolerancing, or in-process inspection, in which the critical
dimensions of the object are continuously monitored to determine when acceptable
dimensions have been achieved. Dynamic tolerancing is becoming common on
subtractive fabricators , which may use a touch probe sensor mounted in the
automatic tool changer to measure the workpiece intermittently. There is also at
least one case in which dynamic tolerancing is implemented in an additive process.
This is in the Helisys LOM, a hybrid additive/subtractive fabricator. The LOM
measures the height of the fabricated object after each lan1ination and performs
software slicing in real time based on these measurements. This allows all vertical
dimensions to fall within the range defined by the thickness of the sheets and
prevents small variations in sheet thickness from accumulating as vertical dimension error.
When dynamic tolerancing is not available, such as in most current additive
fabricators, some users have resorted to trial and error in cases where accuracy is
important. lf the first fabrication outcome is not satisfactory, some adjustments are
made to the process parameters, and the fabrication is run again . This process is
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repeated until acceptable results are obtained. With experience, a fabricator
operator can improve his or her skill at this process and reduce the number of trial
runs needed to obtain the desired results.
Another way to improve the accuracy of an autofabbed object or to obtain a
certain surface texture or a certain level of surface smoothness is through surface
finishing . This may be performed by either hand tools or CNC milling. Some
people have criticized additive fabricators because close tolerances cannot always
be achieved in the machine and hand finishing is often necessary. But hand
finishing has long been a routine part of manufacturing, especially when close
tolerances or special textures or smoothness are demanded. Certainly, the ultimate
objective is to achieve highly accurate output automatically. But there is no shame
in adding finishing touches to an object by hand, when the machine has saved 90
percent of the labor by producing the object to whatever accuracy and surface
characteristics it is capable of.
One must evaluate just how important accuracy is in a particular application,
and not get distracted by the arguments among vendors as to whose product is more
accurate, unless you really need it. For many purposes, such as aesthetic design
evaluation, a tolerance of 0.1 mm (0.004 in) is perfectly adequate. It is primarily
when mechanisms are being designed for assembly from fabricated parts, or for
assembly of fabricated parts with parts produced by other processes, that accuracies
on the order of 25 ~m (0.00 1 in) or finer are called for.
At the Desktop Manufacturing Conference in Minneapolis in May 1991 , Phillip
Ulerich of Westinghouse made the interesting observation that " in cases where SLA
cannot meet a tolerance of 0.12 mm (0.005 in), a molded part from a permanent
mold will likely have the same problem." He told the story of an engineer who was
unhappy with an SLA-fabricated pattern of an intricate machine part because it was
off by 0.4 mm (0.015 in). The pattern was corrected by hand and used for a prototype run of plastic parts from a spray metal mold. When these copies showed up
with the same surface errors as before, the engineer was unhappy with the spray
metal process. The prototype copies were again corrected by hand in order to be
usable. Finally, the parts went into production in the same plastic material in a steel
mold, and again, the production parts came back with the same surfaces out of
tolerance as on the original SLA pattern. Ulerich concludes, "StereoLithography
had given us a very important signal that the design was unproducible. We ignored
that message and criticized the ' poor' models and prototypes, instead of reevaluating our own design ."
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Special Notes on Speed
There is an interesting phenomenon of ltuman nature: We never stay satisfied.
When given a new tool that dramatically iacreases the speed of performing some
process, we quickly adjust to the new rate of working and soon even become
impatient with its limitations. All computer users have experienced this phenomenon in themselves, when drumming their fingers on their desks and complaining
that "This thing is so slow," because it was taking ten seconds to sort a database of
5,000 records!
By this same phenomenon, people today >ometimes speak of fabricators as being
slow. When someone stands in front of a machine that methodically scans the cross
sections of an object the size of an apple, ard it takes an hour or two to finish , this
naturally seems "slow." No matter that the process is ten to one hundred times
faster than any previous method of generati11g a model with less accuracy and less
geometric complexity. It seems slow because it takes any time at all.
The prospective fabricator user should take notice of tl1is phenomenon and
consider it carefully when comparing the SJeeds of machines. Sometimes it makes
sense to get all the speed one can. But in other circumstances, a dramatic increase
in productivity is sufficient to justify a purchase without necessarily going for the
fastest machine available. A factor of two or three in speed will reduce a ten-hour
building time to three or five hours, or a one-hour project to 20 or 30 minutes. In
some cases, these reductions are significant; in others, they are not. Many users
find that overnight fabrication is quite sufficient.

Public Benchmarking Efforts
Many of the large users of additive fabricators have conducted extensive internal benchmarking tests to help guide their ongoing acquisition of new machines.
Most of these results are not made public. However, there have been a few
published results in this vein, and these are listed on page 346.
Readers who are seriously interested in the issues of benchmarking, especially
those who are planning to design their own benchmark test, should study those test
methods and results. However, the results are not sufficiently conclusive, and the
combined results do not present a sufficie11tly unified picture, to bear repeating
here. The benchmarking of fabricators is a relatively new activity, which needs, and
will certainly receive, greater attention.

§ 5. I

Technology Selection

175

Comparing Subtractive and Additive Processes
In comparing the additive and subtractive processes, one finds that each has its
own place in the modern manufacturing landscape. The following list of comparisons of the two families of technologies is compiled only in terms of machines that
are currently available on the market, not techniques that are under development in
laboratories.

Advantages of Subtractive Fabrication over Additive
Accuracy. The best fabrication accuracies are reported for fine grinders and
EDMs, on the order of 1 f!m (40 f!in) or better. High quality mills and lathes, even
inexpensive ones, report machine accuracies on the order of 10 f!m (400 f!in).
Today's additive fabricators are generally hard-pressed to yield results within 50
f!m (0.002 in) and are more comfortable promising 0.1 to 0.2 mm (0.004 to 0.008
in), or somewhat looser tolerances.
Surface finish. The subtractive processes often generate very rough surfaces in
their first passes at a workpiece. But special finishing tools and procedures are
available to achieve very smooth surfaces. Most additive processes still generate
objects in which diagonal surfaces exhibit staircasing in which the thickness of the
fabrication layers is evident.
Efficient bulk fabrication. A large object that is not very far removed from a
simple rectangular or cylindrical shape is very efficiently formed by a subtractive
process, since the raw material starts out very close to the desired end shape. To
make such an object by an additive process requires actively fabricating all of that
volume, which can take a lot of time.
Material versatility. Most subtractive processes can work with any solid material, although EDM requires an electrical conductor, and ordinary machining can
be very difficult witl! certain materials, such as ceramics, composites, and hard
steels. Most additive machines currently work only in plastics, although some can
use wax and one builds in ceramics. While the variety of materials and material
properties available are expanding rapidly, additive autofab is probably several
years away from useful direct output of metals and composites.
Large build enveloJ>es. The market for subtractive fabricators is mature and
large enough that machines are available in every size, from table-top models to
machines the size of a bowling alley. Furthermore, the subtractive processes make
it fairly easy to work on objects larger than the actual capacity of the machine by
simply supporting the part of the workpiece that extends past the edges of the table.
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Among the working envelopes of the additive machines available by early 1993,
the largest dimension available is 1.2 m (4ft). Also, none of the additive fabricators
allows for making objects that exceed its build envelope, except by making them in
sections which are later assembled.
Structural integrity. Machining an object out of a solid block of material gives
it an inherent physical strength and uniformity of properties (although this fact can
be changed if the cutting tool imposes undue stresses on a weak material). On the
other hand, the layering structure in which all current additive systems build yields
anisotropic (different in different directions) properties in the object which can
cause it to separate at the layer interfaces (delaminate). (For most systems,
however, this is not a significant problem if the machine is operated properly.)

Advantages of Additive Fabrication over Subtractive
Unlimited geometrical comJ>lexity. The additive processes make trivial work
of complex structures which would require refixturing, tool changes and multiaxis
tool paths to be machined. They can also build (easily) objects so intricate as to be
plainly impossible to machine, such as nested or convoluted structures and nearly
closed cavities. The best examples showing this capability to date have been made
by Cubital in its collection of working mechanisms of multiple moving parts, each
complete mechanism made in a single fabrication operation without assembly. (See
Figures 2-20 and 4-8.)
Engineered millistructure. Along with the ability to make arbitrary external
shapes, additive fabricators offer the radically new possibility of designing the
internal structure of fabricated objects. The advantages this offers in customizing
material properties are only beginning to be explored. See page 256 for a discussion
of some examples.
Unattended operation. The methodical laying down of particle after particle of
material, or layer upon layer, is easy to automate. In contrast, the full automation of
milling and other subtractive processes has been more difficult to accomplish.
Although unattended operation is becoming a more common feature in machining
centers, it is typically available only in the more expensive models. (In contrast, it
is primarily the most expensive additive fabricator, the Cubital Solider, which
cannot be left unattended.)
Wasteless fabrication. A subtractive process always wastes the entire " negative
space" of the object being built, that is, the material that is carved away. Most
additive systems eliminate this waste. (The Cubital Solider is the exception. It not
only consumes resin in the negative space (which can however be recycled for
partial credit), but it also consumes wax for the same space, plus resin and wax for
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the excess, removed thickness of each layer. Note also that the subtractive aspect of
the hybrid Helisys LOM generates the same amount of waste as any fully subtractive system.)
The importance of this advantage is reduced by the fact that the materials are
usually a minor cost in fabrication projects. Note also that photopolymer-based
fabricators generate a different kind of waste, which is toxic, as a result of the
cleaning procedures required for their output.

The Bottom Line in Selecting a Fabricator
This section, as well as the rest of this book, contains a great mass of data and
recommendations that might frustrate and discourage the prospective fabricator
shopper. This would be unfortunate, since the greatest benefit from fabricators
comes from owning and using one, not from studying the market in infinite detail.
In conjunction with the rest of the information in this book and other sources, the
shopper will be well served by keeping the following three suggestions in mind :

Do not get bogged down in the analysis. There is no perfect fabricator, even for
one particular set of circumstances and needs. The issues are complex, and the field
of offerings is changing rapidly. Make the most comprehensive study you can
within the constraints of your budget and the urgency of your needs, and then make
a decision.
Deal with obsolescence by accepting it. It is now an inevitable fact of technological life that any new equipment purchased, whether hardware or software, will
be superseded by something better, faster, or cheaper within a year. Base purchasing decisions on whether the current technology will pay for itself by improvements
in productivity, independent of what may be available in the future .
Consider future needs. Although the equipment purchased today will be obsolete a year from now, some vendors establish programs to ensure or enable
expandability or upgradability. Such programs can help preserve the value of the
fabricator investment, even after it has paid for itself many times over.
These rules actually serve well in the purchase of any modem technological
devices, whether computers, software, televisions, automobiles, or artificial
satellites. The world is too complicated to allow a perfect understanding of every
decision. But with reasonably careful analysis and planning, and with vigorous and
judicious implementation, the fabricator user is likely to reap substantial gains.
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Selling the Fabricator to Management
In a sizable organization, the prospective purchaser of a fabricator must also
take on the role of the salesman when it comes time to convince the company
management that the investment is worthwhile. If the analyses described above, in
connection with determining whether or not to buy a fabricator and which one to
buy, have been performed carefully, they should provide enough data to present the
case. In addition, case studies showing the benefits realized from using fabricators
in similar companies will help establish the validity of the anticipated benefits.
Lavern D. Schmidt of Chrysler suggests the following strategy for making a
fabricator proposal to management:
• Convince yourself first. This is the process of analysis detailed throughout the rest of this section. Satisfy all your own questions about why and
how to implement the technology. This will give you the confidence to
stand up to others ' questions without backing down.
• Find a friend on the investment committee. If you are not experienced at
making these presentations, find a sympathetic ear who will hear you out
in advance, help with the proposal, and prepare you for some of the grilling that you will get in the meeting or meetings.
• Prepare a one-11agc document. In addition to a comprehensive study that
provides great detail on your research into how the fabricator will make
your company more profitable, present a one-page summary that provides
the most important conclusions and benefits at a glance.
• Offer "realistic" projections. Make sure the benefits are believable. It
may actually be necessary to use overly conservative projections to maintain credibility. While recoupment of investment in six to eight months is
fairly normal for a fabricator purchase (and is what Chrysler experienced),
accountants are prone to dismiss such projections as overly optimistic. Recoupment in two years should be enough to justify the investment and is
more likely to be accepted as possible.

5.2

Installation and Operation

The fact that this section appears after the previous one on technology selection
does not imply that their issues can be treated separately and sequentially. The
appearance of fabricators in an organization can dramatically impact many aspects
of its operation, including employee morale, optimal plant layout, product development, and sales. The study of and planning for these potential effects may even
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start long before you begin to actually shop for a particular machine, and they
should continue indefinitely as the technology and market landscape change.

Downsizing
For a manufacturing company, the key impact of fabricators is in the ability to
generate high quality objects, from concept models to production parts, with less
human effort than before. It falls on management to decide how to deal with this
impact. The options come down to various combinations of
• Reducing the number of employees,
• Reducing the working hours of employees, and
• Arranging for different utilization of the skills of people no longer needed
to operate manual machines.
None of these is easy to carry out without degrading either the culture or the
profitability of the organization. Furthermore, the third option cannot be a careless
reassignment of personnel from the shop to desk jobs, but must result in overall
increased efficiency of personnel utilization. Note also that it is not only machine
operators whose jobs come into question. A whole tier of " middle managers,"
whose responsibility has been the quality and efficiency of the departments
employing those operators, may become redundant.
Donald E . Brown, Vice President of Conway Quality (Nashua, New Hampshire), suggests the following steps for a company or department that is looking at
automating a substantial portion of its operation. T his applies equally to a 25person model shop making unique items one at a time, and a high-volume manufacturer with thousands of employees:
• Stop hiring new people from outside.
• Take a close look at the demographics of the organization. What is the mix
of ages, experience, and skills?
• Estimate the expected decline in staff due to attrition: ordinary retirement
and other voluntary departures, as well as possibilities for accelerated retirement.
• Consider the potential for moving staff in endangered roles to new positions. Sometimes this may involve retraining, such as in computer or fabricator operation or maintenance. In other cases, there may be shop operators who have acquired knowl~dge and wisdom through years of quality
work that can be applied to evaluative tasks in other parts of the company.
• Study the related issues of non-personnel resource utilization, as they will
be impacted by the automation. Will the new machines require additional
floor space or will they free up floor space by replacing existing equipment? Include also space taken up by raw materials and work in process in
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this calculation. How will they effect energy consumption in the plant?
Will they increase or decrease the generation of waste?
• Make the hard decision of whether staff must be laid off, or whether all
current staff can be efficiently utilized in a profitable increase in production. If cuts are needed, make them.
• After any cuts are made, involve all (remaining) personnel in an open exchange of information about the plans for implementing the new technology. Provide appropriate education and training to prepare the staff for the
changes. Demonstrate the commitment of top management to the plans
and to the people remaining in the organization. Allow for some individual growing pains, adjustment difficulties, and mistakes as people learn to
deal with the new structure and new equipment. Encourage the people to
grow and learn and to take on new types of responsibility.

Organizational Issues
Some thought should be given to the physical environment of the fabricator.
Many of the new additive machines, as well as subtractive fabricators performing
high-precision work, will benefit from temperahue and humidity controls. In
addition, some require adequate ventilation and special utility hookups. The larger
machines, and those that use toxic materials, should be in a shop where they will
get the necessary special attention and where they will not attract the unwanted
attention of curious fingers . On the other hand, some of the smaller units are being
promoted for installation in the office or studio environment where their output is
directly available to the engineer or designer sending the data.

If the fabricator is to be installed in an organization with a computer network,
think about installing the fabricator as a node available to the entire engineering
group. This will enable wider utilization.
Some fabricators require particular safety measures to be followed. This ranges
from leaving safety shields in place during fabrication to special handling of
machine output with rubber gloves before a postcuring operation has been
completed. Be sure to obtain the complete list of safety procedures from the vendor
before purchasing the equipment, so that appropriate plans can be made for the
required equipment, utilities, and workspace.
See the discussion, on page 166. The suggestions offered there in the context
of choosing a fabricator are just as important in relation to using it.
There is no "right way" to organize activity around a fabricator. Many different
types of setups have been successful. What is important is that the setup fit the
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culture of the organization and promote productive, safe utilization. Here are some
of the variations that are possible:
• Some companies set up an additive fabricator in a " rapid prototyping" department, and the engineers decide which jobs to submit there and which
to send to the separate CNC machine shop or hand modeling shop. Other
companies install additive fabricators in the model shop, alongside CNC
machines and hand modeling craftsmen. Here, the engineers submit jobs to
the model shop, and the shop personnel decide which technology to use on
each one.
• In some companies, the new fabricator operators like to get right to work
on real projects, recognizing that they will make mistakes and planning to
learn from them. In other companies, the operating team takes a period of
time to practice with the machine and get up to speed before offering to
accept designs for real projects.
• At some companies, the fabricator is put in a shop which operates as a
profit center and charges other departments for its services. Other companies see sufficient advantages in promoting the use of the technology that
fabricator services are offered free to any department that wants to use
them.
Michael McEvoy of Baxter Healthcare stresses the importance of promoting use
of the technology within the organization. Do not wait for the engineering staff to
come asking for models. Pick a project that is in progress and fabricate a model for
the project leader just prior to a product review meeting. There is a good chance
that he or she will be surprised by the improvement in his or her own understanding of the project that comes from handling this model.
Do not limit this promotion of the technology to the engineering staff. Fabricator models have also proved valuable to marketing and purchasing departments, as
described in Section 4.2.
On the other hand, McEvoy warns, do not oversell the technology. For additive
fabricators, emphasize the utility as a design tool , not as production equipment.
Although there are some production applications, they are immature and still
experimental.
William C. Soares of Swarovski Jewelry suggests setting up a careful program
of data collection on projects run . Keep data on the sizes of objects built, build
times, machine settings used, laser power, accuracy of the results, and so on. This
information constitutes your experience in using the machine.
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Periodic Review
As is advisable in relation to most major projects, one should periodically take
some time to reflect on the results of the fabricator installation. Consider such
questions as
• Has the system provided the desired benefits?
• What mistakes did we make in implementing the technology? (Or, what
mistakes have we made since the last periodic review?)
• Have we taken all possible advantage of having the machine, or is there
something we could be doing to increase its utility?
• Has everyone in our organization who could benefit from using the fabricator had a chance to see what it could do for them?
• What else is on the market now that might do the job even better? Is it
time to upgrade, and if we get another machine, would we sell the first one
or could we benefit from keeping both busy?
This kind of periodic review will keep the utilization of fabricators in your organization fresh, vigorous, and profitable.

5.3

The Job Shop Option

It is not necessary to own a fabricator to take advantage of the new opportunities
they offer. In most major industrial cities, as well as in many smaller locales,
businesses are set up to offer the services of fabricators on a contract basis. These
facilities are known variously as job shops, machine shops, contractors, service
bureaus, or by other designations. The process of using such a facility is often
called outsourcing or subcontracting. These shops range from long-established
contract manufacturers and model-making shops that have upgraded their facilities
to include CNC machine tools, to new startups that have been formed around one of
the modern additive fabricators . They also range from two-man garage-type
operations, to large divisions of billion-dollar companies, where several dozen
people may be employed in filling orders for both internal corporate jobs and
outside customers.

In the United States, the National Tooling and Machining Association (NTMA)
reports that about 80 percent of its 3, 100 members, which are primarily small
machine shops with less than 20 employees, are using CNC equipment. This
This section is adapted from Automated Fab rication Service Bureaus by Marshall Bums in DesignNet,
Aprill992.
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represents a tremendous selection of subtractive autofab services available on
demand within convenient driving distance from almost anywhere in the country.
Additive services are also beginning to proliferate, with some 40 shops in the
United States and about 75 worldwide offering time on SLAs, Soliders, LOMs, and
other addWve fabricators . Some of these shops are in fact owned by the equipment
vendors themselves and were created as part of the effort to market the machinery.
But most are bona fide independents which have purchased a fabricator and will
live or die based on their ability to provide useful output from it.
As a result, designers who need to rapidly produce physical prototypes or mold
patterns from CAD models, but cannot afford their own fabricator now have a wide
range of options for contracting the work out. This section will discuss some of the
issues to keep in mind when choosing and using a job shop.

Choosing a Shop
How should a prospective customer choose where to get its fabrication done if it
chooses not to invest in a machine just yet? As with any purchase decision, this
depends on the customer's needs. For one thing, if very large objects are to be
made, or if high precision is needed, one might want to limit the selection to shops
with subtractive machines. On the other hand, an object with complicated shapes
and crevices may call for an additive process. There are also job shops for many
other manufacturing processes that do not meet the criteria of automated fabrication, but may do the best job on any particular project. So one may also want to
consider, for example, laser cutting, grinding, ram EDM, and so on.
If an additive process is to be used, another aspect of the selection may be
material desired. If polycarbonate is needed (and some porosity is acceptable or
desirable), find a shop with a DTM Sinterstation; if wood-like properties are
desirable, look for one with the Helisys LOM. If the job calls for wax investment
casting patterns, the choice is between the DTM Sinterstation and Stratasys' 3D
Modeler. On the other hand, investment casting shells and cores, without patterns,
can be fabricated by a shop with Soligen 's DSP machine.
Another factor to be considered in choosing a contract shop is a match between
the customer's and the shop ' s CAD software. Many job shops work with several
different packages to help make this match easier. The dominant complaint among
autofab users is the difficulty of communicating design data from computer to
fabricator. The standard data formats (NC code for subtractive processes, StL for
additive) are not perfect, and it is not hard to generate a file that will crash the
fabricator or cause it to build erroneously. Nor is the standard inter-CAD language,
IGES, without its problems. For many additive fabricators, the instruction file must
incorporate "supports," a thin scaffold-like structure that holds the object in place
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while it is being fabricated. Unless there is qualified experience in-house, it is
probably best for the design engineer to stop at creating the 3-D CAD model of
what he wants. The CAD file can then be given to the job shop for transfer to NC
or StL, with supports to be added if necessary. This transfer of data is most
smoothly accomplished if the shop supports the CAD package that the engineer is
using. Also, if the shop makes necessary changes in the design, the engineer will
want to take back the modified file to use as the starting point for future revisions.
It is not necessary to have an in-house CAD capability to work with an autofab
shop. Even a lone inventor who wants to prototype a new idea can simply take in a
paper drawing and have the shop engineers render it into CAD for input to the
fabricator. There are several disadvantages to this route, however. First, of course,
there will be a cost associated with having the shop do the CAD work. Second, the
need to schedule this extra work may delay completion of the project. In fact, the
CAD input often (or usually, for CNC machining) takes longer than the machine
time. But the most important problem with supplying paper drawings is that the
designer is then trusting the shop's CAD operator to interpret them correctly,
which is not always a reliable bet. The machine output is most likely to represent
the intentions of the designer if the designer does the CAD himself. Since several
shops work with AutoCAD/AME, a $4,000 package which runs on PCs and
Macintoshes, it may make sense for even the lone inventor to acquire at least this
CAD capability rather than let the shops do this work for him .

There is an important exception to this advice. Several shops offer, aside from
just CAD input, some design and engineering support. This is useful if, for
example, the customer is a manufacturer without a sophisticated engineering staff
but with a desire to make a particular improvement to its product line. The right
shop can then act as a consulting engineer on the project, taking it from concept
through prototypes, and all the way to production, if desired. It is not as important
for this type of customer to invest in a CAD capability.
Customers in Chicago, Detroit, or Los Angeles have a huge variety of job shops
to choose from in their neighborhoods. Choosing a shop down the street can be
helpful in terms of facilitating closer personal and hands-on contact with the
projects in progress. Some customers like to know that their fabricating supplier is
just across town, easily visited if there is a problem or just for an occasional face-toface meeting. Some customers, however, do not rate this factor of great importance,
feeling quite comfortable to send data by modem and have their work returned by
Federal Express. There are some contract shops that are working to expand the
geographical areas in which they can offer personal service by implementing
networks of sales representatives in various territories.
There is an interesting difference of opinion among customers over the desirability of specialization in a job shop. Some have found and prefer a StereoLithog-
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raphy shop that does nothing else. These customers appreciate the depth of
experience and knowledge that relates directly to how to get the machine output as
close to the design specifications as possible. Such a customer prefers, if a model is
to be used as a pattern for a secondary process such as spray metal tooling or
silicone rubber molding, to receive the pattern from the SLA shop and deliver it to
another shop with specific expertise in that other process. However, other customers disagree. This second group works with a shop that either has brought in
ancillary molding equipment to offer these secondary processes themselves, or is
itself a division of a molding or castings business. These customers are often happy
never to see the fabricator output. What they like is to turn over a CAD file and get
back their, say, 30 prototypes cast in polyurethane. As part of the selection process,
a prospective customer should decide which of these categories its needs put it in.
Whether or not a particular shop offers secondary processes, it is important for a
prospective customer to consider not only the depth of the shop's expertise in
general, but also the type of that expertise. Some shops have a great deal of
ex'})erience working with automotive clients, or with aerospace contractors, or with
consumer products manufacturers. The special needs and concerns of a particular
industry may make it advisable to work with a shop that is familiar with that
industry. Similarly, the prospective customer should think about the kinds of
models it will be needing to have built, in terms of size, shape, wall thickness,
geometrical complexity, and so on. Ask the candidate machine shops to show
examples of models it has built that fit the general description of those anticipated
needs.

The Purchase/Contracting Decision
For companies that have a sufficient capital budget, several factors go into the
decision of whether to install a fabricator in-house or use the job shops. Some
things to consider:

Contract Out to Job Shops
• Save on capital, space and
personnel costs.
• Immediate expertise available on
the fabricator as well as in CAD
and secondary processes (making
molds, etc.).
• Freedom to use different
technologies for different projects.
• No risk of investing in the "wrong"
teclmology.

Operate Own Fabricator
• Lower cost for high-volume usage.
• Data and design security.
• Immediate attention to priority
projects.
• No delay for physical delivery of
machine output.
• Potential new profit center.
• Develop expertise in-house.
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The opportumt1es are not mutually exclusive. Many companies that own
machines also use job shops for overflow work, for problematic projects, or to try
out a new machine or a new material before buying it. The job shops can also be a
first step, in helping with the learning curve toward the anticipated purchase of a
fabricator.

Alternatives to Job Shops
Just as job shops are an alternative to installing a fabricator in-house, there are
also alternatives to using regular job shops. While some companies that own
fabricators have them in use around the clock, others use theirs only occasionally.
Some of these (not all) are willing to sell time on their machines when they are not
busy and may be willing to do so at prices below what any job shop would charge.
While this availability often comes with little or no support, that is not always the
case as some companies are downright neighborly about sharing their expertise
with local noncompetitive businesses. This is especially true if the larger company
has any reason to believe that that local business may at some time become a
customer for any of its other products and services. In such a case, it is not unheard
of for autofab services to be made available free of charge.
One specific alternative source of fabricator services is suppliers of other products and services. At some large companies, a fabricator has been purchased mainly
as a marketing tool for the primary line of business and serves little or no internal
need at all. For example, Hoechst-Celanese, the large chemicals manufacturer,
offers prototyping services, including access to its SLA-250, to companies that will
use Hoechst 's engineering resins when the prototyped product goes into production.
Another example is Precision Castparts, the large investment castings house in
Portland, Oregon, which uses its SLA to provide fast turnaround in its castings and
for prototyping items to be cast. Such companies may also be willing to run models
for anyone when their machines are not busy, but priority service will certainly go
to their major customers. In some cases, customers who are buying the company 's
primary product or service may obtain the fabricator services at a very nominal rate
(possibly free), or with a credit toward the other purchases.
Another alternative source, believe it or not, may be your own customers. In
today' s business environment, it is popular for businesses to establish close ties to
their suppliers and look for ways to help those suppliers improve their products. So
a company that is looking for an autofab job shop might consider looking over its
own customer list to see if it is selling highly valued or specialized products to a
company that owns a fabricator . If so, there may be an opportunity for a symbiotic
relationship that leads to better product development all the way around. Some-
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times the customer may seek a discount on the supplied products in return for time
on its fabricator, but in other cases it will not bother.

Quality and Costs of Services
Getting Good Service
Beyond the technical specifications of a shop ' s facilities and specialties, there is
the important feature of quality of service. The competition among autofab shops in
the United States seems to have induced an almost heroic level of customer service
among some of them, as each one strives to develop a loyal following among its
customer base. Several customers tell stories of sales reps personally driving
hundreds of miles to deliver a model to the customer in time for a crucial meeting.
Quality of service is one of the questions that should be asked when calling the
references given by the shop.
Do be sure to ask for and call references. A client list with impressive company
names does not say anything about whether those companies were satisfied or
repeat customers. Not all experiences are happy ones. Even the most fanatically
loyal customers have disaster stories to tell . These may be about models that came
back undersized because the CAD operator scaled them incorrectly, or tall, thinwalled StereoLithography models that could not support their own weight in the vat
and bowed before fully curing, or complex models that never got made because the
computer could not handle the size of a data file created in processing.
These kinds of problems are to be expected; the important question is how
quickly and happily the shop fixes them . They will be more common with the
newer methods of additive autofab which have not acquired the breadth of field
experience that CNC machining and StereoLithography have. A new technology
always calls for specialized expertise, not only to do the job right, but to know the
difference between a job which can be don e and one that cannot. For the most part,
that kind of expertise is one of the things to be looked for when choosing a contract
shop. But if there is anything unusual about a project (and this does not mean that
it seems unusual to the customer, but that it hits the limit of some parameter in the
fabricator) then the results may be disappointing. A more experienced shop may be
better at spotting such a problem case before trying to build it, but no one has all
the experience there is yet to be had, even with the established processes. Unless the
project involves fairly routine and repetitive iterations, it is best to have something
of an adventuring spirit. This is, after all , a cutting-edge technology.
Another problem mentioned by one shop customer is that when a job comes
back, he has to put it on his coordinate measuring machine to find out how well the
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dimensional specifications have been met. If it is out of spec, the shop will redo it,
but he asks, " Why should I have to go through the trouble of measuring it, and
complaining if it's wrong?" He would like every model made for him to arrive with
a dimensional report. This is an interesting idea that service-minded shops should
think about. When shopping for autofab services, ask the shops if they will provide
such a report.

Getting Fast Service
One feature that is important to users of automated fabrication, the reason the
industry is often called "rapid prototyping," is speed. How does using a job shop
affect the ability to get models made quickly? There are several factors at play here.
First, a job at a shop will usually be waiting for other projects ahead of it to finish.
Depending on the shop and the time of year, this backlog will vary from nothing to
several weeks. Sometimes the backlog can be circumvented by paying a rush fee (if
conflicting promises have not been made to other customers) or by scheduling
guaranteed machine time in advance.
For a user who is inexperienced or is trying something new, a good shop may
cut project time by understanding the issues around the project and guiding it
smoothly through completion. This is one of the reasons that even a company with
its own fabricator will sometimes contract out work on the same type of machine: to
get a job done right the first time when it is anticipated that the in-house staff
would need several trial runs.
As mentioned above, the turnaround time for a project will be reduced by supplying the designs to the shop in a CAD format it supports. If the customer has the
required expertise, the time can be reduced still further l?y supplying the design in
NC or StL format (or another format read directly by the particular fabricator to be
used) . If the file is created properly, then the shop can simply load it and run the
model on the machine.
If it is necessary to let the shop do the CAD work, the turnaround time may still
be improved by playing the backlogs of various shops against each other. Suppose
that your favorite fabricator shop will have machine time available in a few days
but is occupied with a high priority CAD project for another customer that will take
more than a week. To get the project started, the CAD portion of it can be contracted to another shop that may have just the opposite scheduling imbalance: an
occupied machine but CAD operators standing idle. This, again, is a strategy that is
also available to a company that has a fabricator in-house; it may turn to a job shop
to alleviate a critical backlog in one side of the process that is holding up the other.
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Costs of Using a Job Shop
What do autofab services cost? A survey of additive autofab shops and customers in the United States was conducted in 1992 by Ennex Fabrication Technologies
and sponsored by DesignNet. The survey found that the price for fabricating a
single item ranges from $100 to about $10,000 depending on several factors . These
factors included the size and complexity of the object to be built, how its design was
conveyed to the shop, how accurately the specified dimensions needed to be met,
what sort of post-building processes were needed (such as hand finishing, painting,
or replication by molding), and which shops were asked to quote on the job.
Machine time is not that expensive, usually running between $100 and $200 per
hour plus a setup charge. More important are how efficiently the machine will be
used and how much human effort will also be required.
In the EnnexJDesignNet survey, a division of Hewlett-Packard reported a range
of jobs done that represents the spectrum of fabrication costs well. A plotter
carriage cover about 10 em (4 in) long was fabricated by an SLA shop for just $100.
A much larger, but not complex, printer case that measured 46x46x25 em
(18 x 18x 10 in) was built on a Cubital Solider for $9,000. Jobs can be much more
expensive than that if they involve multiple copies, multiple iterations, great
geometric complexity, components that need to be assembled, or if secondary
processes like injection molding or investment casting are to be included.
Among the 38 additive autcaab shops interviewed, all but three reported lowestpriced jobs in the range of $100 to $400. All of these were for small objects ra nging
in size from a button to several centimeters (a couple of inches) on a side. The three
exceptions reported lowest prices of $1 ,000. These more expensive jobs did not
seem to be any larger or more complicated than the low-cost jobs at the other shops,
so this suggests that a little comparison shopping may not be a bad idea. For the
most part, job shop customers reported being satisfied with the prices charged.
Usually price is one of the lower priorities in sourcing a project, behind the need for
speed, accuracy, and special technical expertise.
When asking a shop to quote on a job, remember to ask that any necessary
finishing processes, such as removing supports, sanding, and painting, be included
in the price. Some shops include these services at no additional cost, while others
charge extra for them . If the finishing services are done at extra cost, but the rest of
the quote is reasonable, it may be more economical to receive the models unfinished
and have the support removal, sanding, and painting done at the customer's own
facility.
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The Politics of Job Shops
3D Systems and the job shops owning its fabricators have engaged in a stormy,
love-hate relationship over their few years of mutual existence. Among the shops,
which owe their livelihoods to the equipment vendor and rely on it for perpetual
product and process enhancement, some complain that 3D installed too many job
shops in certain markets and never came through with promised customer leads.
On the other side, at 3D Systems, which gains needed exposure from the grassroots marketing efforts of local job shops, salespeople can get upset when one of
these shops pitches a prospective equipment customer on the advantages of their
hired services over machine ownership.
There are those in the industry who accuse 3D Systems of overzealous selling
and shortsighted marketing strategy with respect to supporting its job shops. But
one should remember that 3D was a lone pioneer in selling additive fabricators for
over three years and had no one 's mistakes but its own to learn from. Other vendors
have benefited from studying the course charted by 3D and have either established
their own job shops or set in place a definite policy for supporting and monitoring a
network of unaffiliated shops, or both. Now 3D Systems has opened its own
"Technology Center" where prospective users can buy StereoLithography services
direct from the developer of the technology.
The winners in the arguments between 3D Systems and its job shops have been
the customers. Availability of hourly or contract services keeps definite downward
pressure on the prices 3D can demand for its equipment and increases the pressure
on it to provide quality training and other support services to make in-house
implementation of the technology less daunting . On the other hand, the proliferation of contract shops keeps competitive pressure on the prices contractors can
charge and induces them to offer the heroic levels of service mentioned above in
return for their fees.

Conclusion
Autofab job shops represent a magnificent opportunity for businesses and
individuals to take advantage of automated fabrication without incurring the capital
and operating costs of owning a fabricator. They are also useful to owners of the
equipment for outsourcing overflow work and obtaining special capabilities that
cannot be handled by the particular machines they have insta lled. Finally, they
allow prospective purchasers of autofab equipment to evaluate and compare the
output of the various machines on the market before committing to a particular
technology.
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6
Data Input
If it's a good idea, go ahead and do it. It's much easier to
apologize than it is to get permission.
-Rear Admiral Grace Murray Hopper,
Developer of COBOL, the first computer
programming language for business applications

From one point of view, a fabricator is just a sophisticated output device for
computers, the 3-dimensional analog of a computer printer. Most of this book is
concerned with this output side of the problem of automated fabrication, the
technologies for generating 3-dimensional shapes in solid material. This chapter
looks at the important issue of input to the fabricator, the source of the data that
tells the machines what to fabricate .
Notice that what is input from the point of view of the fabricator is output from
the point of the computer. In the following diagram, the arrows represent the flow
of information. Each arrow is the output of the element to its left, and the input of
the element to its right.

IDesigner HcomputerHFabricatorH

Object

I

In this diagram, it is assumed that the shape of the object to be built originates
in the mind of a human designer. Actually, this is not necessarily the case. There
are three basic sources from which fabricator input can originate. They are shown
This chapter has benefited from a teclmical review by, am ong others listed on pages xxiii, 195, and 203 :
Terry T. Wohlers, Principal Consultant & President, Wohl ers Associates, and
L. Stephen Wolfe, Publisher, Computer Aided Design Report and Rapid Prototyping Report.
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in the following diagram, along with the special computer devices required to
capture them.

The boxes in the leftmost column represent the source of the abstract geometry,
the shape of the object to be fabricated. The first category is an original human
design, which may come from an engineer, an industrial designer, or an artist. This
design is conveyed to the computer by using a 3-D CAD (computer-aided design)
system. These special computer programs are discussed in Section 6.1.
The second source of geometry is an existing object. This may be a handmade
industrial model, an old machine part to be duplicated (reverse engineering), or a
work of art to be copied. The shape of the object is captured by the computer
through a 3-D shape digitizer, such as a laser or computer tomography scanner.
These devices are the subject of Section 6.2.
Finally, the geometry to be fabricated may be that of some scientific or mathematical data, which may the outcome of a computer calculation or an experiment.
This idea is briefly discussed in Section 6.3.
While CAD is usually used to create original designs, it can also be used to
modify the data originating by one of the other methods. For example, an engineer
may start a project by laser-scanning an existing mechanism and then feeding the
resulting data into a CAD program to make modifications. A plastic surgeon may
do aCT scan of a patient's existing bone structure and use CAD to design proposed
changes. And an artist may use mathematical data as the starting point for an
abstract sculpture, with artistic nuances implemented on a CAD system. Thus the
data flow diagram can be modified once more:

Whatever the source of the geometry, it must be represented in the memory of
the computer in some form and then transferred to the fabricator. Computer
representations of 3-dimensional shapes come in various flavors :
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• Surfaced wireframe. A set of l-dimensional line segments with skins
drawn across them like a tent hanging on its tent poles.
• Constructive solid geometry (CSG). A combination of simple solid
shapes, such as cubes, cylinders, and cones. The basic shapes are added to
and subtracted from each other to form more complicated shapes.
• Faceted boundary-reJlresentation (Faceted B-rep) solid. A combination
of solid polyhedra, shapes whose boundary surfaces are made up of flat
polygons.
• Analytic boundary-representation (Analytic B-rep) solid. A combination
of solid shapes whose boundary surfaces are defined in terms of maUlematical equations. A popular type of analytic B-rep is the NURBS
(nonuniform rational B-spline) technique.
• Layered (or sliced, or contoured) representation. The 3-D shape is broken down into a sequence of cross sections, like the contours on a topographic map.
• Voxel representation. Information on the material content of each point
in space. The points are called volume elements, or "voxels," by analogy to
the "pixels," or picture elements, on a television or computer screen. There
has not as yet been any significant commercial use of the voxel representation.

CSG and the two kinds of B-reps are often grouped together as "solid" representations.
A single installation of a CAD system and a fabricator will operate with several
different representations. CAD programs are not limited to using just one representation, and most modern ones use a combination of several to take advantage of the
strengths of each. The CAD program will probably use a CSG or B-rep, or both,
internally. This will usually be translated into a special kind of wireframe representation (StL code) for communication to an additive fabricator or into a set of direct
machine instructions (NC code) for a subtractive device. An additive fabricator will
then most likely slice the wireframe into its own layered representation to generate
the machine instructions needed to lay down the fabrication material in the right
places.
Section 6.4 looks at other software issues related to automated fabrication ,
including the all-important data transfer problem.

§ 6.1 3-DCAD

6.1
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3-0 CAD

To generate an original design on a fabricator or to make changes to an existing
geometry, the user must have a way of communicating with a computer in threedimensions. The tools for doing this are called 3-D CAD (computer-aided design)
devices. At the present time, these devices generally consist of a high performance
computer running a special CAD program with a high resolution color monitor, a
keyboard, and some graphical input device, such as a mouse or digitizing tablet.
Today's CAD programs are not easy to use, are not easy to learn how to use, and
usually have substantial limitations as to what can and cannot be designed on them.

It may be helpful to put the difficulty of using CAD into perspective. Modern
word processing programs are said to be easy to use. However, this statement makes
the rather bold assumption that the prospective user knows how to type. Typing is a
highly specialized skill that requires considerable manual dexterity and at least
several months of practice to acquire. When the typewriter was first introduced in
1873, its operation was considered a tremendous talent; today it is mundane. Thus
the difficulty of CAD arises not only from inside the programs themselves, but from
the unfamiliarity of the required tasks to the great majority of people. CAD will
become easier not only due to improvements in the interface hardware and software
but also through increased proliferation and use in the workplace.
On the technology side of this issue, CAD systems in the next century will
probably replace the monitor with some type of 3-dimensional display and replace
the keyboard and mouse with a combination of voice recognition and 3-dimensional
tactile input. These future systems may also replace the computer and CAD
program with a special purpose neural network. For more on these developments,
see Chapter 10.
As to proliferation of the required skills, that is underway as well. Market Intelligence Research Corporation estimates that there were 540,000 CAD systems in
use in manufacturing in 1992. This number is growing at greater than ten percent
per year.

Guidelines for Choosing a 3-D CAD Program
A CAD system consists of a computer running a CAD program . The computer
includes various hardware peripherals, operating systems and other software, and
1llis secti on was written with the assistance of:
W. Bradley Holtz, President, WBH Associates, Betl1esda, Maryland.
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possibly network connections. Those items are important considerations in the
selection of a complete CAD system, but they are not discussed here where the
focus is specifically on CAD software. A buyer should first select a CAD program
that meets the requirements of the projects to be undertaken. After making this
decision, one can then begin to consider the combination of hardware that will
deliver the best performance of that software.
Do not be confused by 2-D CAD or by 3-D CAD that uses simple, unsurfaced
wireframes. These programs are not capable of generating the 3-D output needed
for fabricators .
When it comes to comparing CAD programs, unfortunately, there are no good
benchmarks. One reason is that the performance of a CAD system depends so
strongly on the training and ex'J)erience of its operator. The most primitive CAD
program operated by an expert familiar with it can outshine a sophisticated system
being run by a novice. For this reason, be careful when attending CAD demonstrations where the experienced operator's "sleight of mouse" may make very complicated procedures appear simpler than they are.
There are two basic questions to ask yourself when evaluating a CAD program
for use with a fabricator:
• Does it allow for the entry of designs of the kinds of objects that we typically work with?
• Does it generate good quality output files that can be read by the fabricator(s) we want to use?
Both of these questions will take some work to answer. While some aspects of them
can be answered by reading this chapter and articles in relevant journals and
magazines and by talking to current users of the machines, both questions can
involve subtle nuances that can be answered only with introspective analysis of your
specific requirements.

Limitations on Geometry Input
Not all CAD programs can represent all possible 3-dimensional shapes. This is
because the representation of 3-dimensional geometry in computer data is a
challenging problem that is still being worked out by computer scientists. Figure 61 shows some examples of shapes that not all CAD programs can handle.
A 3-D fillet (pronounced FILL-it) is a rounded intersection of two surfaces.
Sculpted surfaces are the kinds of gently sweeping shapes that make modern cars
and consumer products into works of art as well as useful tools. Fillets are more
easily handled in the CSG representation. On the other hand, wireframes and Breps are better suited for sculpted surfaces, especially if they use NURBS.
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Figure 6-1. Shapes that present a challenge to some CAD programs. (Left to right:) A fillet with
a varying radius, intersecting fillets, and a sculpted smface.

A problem with the facetization of spheres has been pointed out by David
Wernick of Cubital. Most CAD programs that use a faceted representation tessellate
spheres in trapezoids by a method analogous to the geographer' s lines of longitude
and latitude. The trapezoids are not of uniform size; they are largest at the equator
and smallest at the poles. This causes two problems. First, it is inefficient since the
facetization error is determined by the largest trapezoids and many more facets are
generated than are necessary to achieve the desired level of error. Second, the
asymmetry of the representation is unappealing and possibly visually misleading.
Both of these problems are most severe in models composed of many spheres, for
example in a large, complex molecular model. Wernick suggests that spheres are
better represented by polyhedra, such as the truncated icosahedron, famous as the
regulation shape of a football (in the U.S .: soccer half). A chemist who is thinking
of using automated fabrication to generate molecular models, or anyone who is
planning to generate output containing large numbers of spheres, and is considering using a CAD program with a faceted representation, may want to ask the CAD
vendor about its method of sphere facetization . If a CAD program is purchased that
uses trapezoidal tessellation, the user may want to manually replace the spheres
with polyhedra .
To check out the compatibility of your projects with a particular CAD program,
arrange an appointment with the CAD vendor and ask that an experienced operator
be on hand for a demonstration. Take to the meeting some sketches, blueprints, or
actual products that represent the kinds of geometries you generally deal with and
ask the operator to enter them on the system. Watch carefully, take notes on the
procedures used to enter the design, and ask if there is anything particularly
challenging about this project.
Related to the issue of what can and cannot be represented is how easily
changes can be implemented. There are two basic approaches to the design of CAD
software that make changes easier for the user:
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• Parametric design. The user chooses certain dimensions of the design to
be put on a "parameter list." These dimensions can be changed at will at a
later time, and certain portions of the design will scale accordingly. Notice
that some programs allow additional elements of the design to be put on
the parameter list later, while others do not. This is an important feature
since one cannot always predict what aspects of a design may need to be
changed in the future .
• Constraint-driven design goes a step further than parametric by allowing
relationships among elements in a design to be incorporated into the design database. For example, instead of specifying the length and diameter
of a piston in centimeters, you might define them in terms of a formula
based on the capacity of the engine. Then, if the specifications change
from a 305 cc to a 320 cc engine, the pistons will scale accordingly. Such
relationships can be established not only for length dimensions but also for
such structural parameters as the number of teeth on a gear.

Quality of Output to Fabricators
To be used with a fabricator, a CAD program must be able to generate its output
in a format that the fabricator understands, or at least in a format that can be
translated into one the fabricator understands. There are two standard data transfer
formats in wide use: NC code for subtractive, and StL code for additive, fabricators .
However, several fabricators accept other formats, and there is talk in the additive
industry about improving or superseding the StL format. (See the subsection on
data transfer in Section 6.4.)

It is not enough that a CAD program is advertised as generating output in a
format used by your choice in fabricators . There are varying levels of experience in
the CAD industry when it comes to writing interfaces to fabricators, and some are
better at it than others. Certain types of shapes and orientations present special
challenges on which some CAD programs may choke and generate bad data. In
other cases, some CAD programs just generate bad data without good reason.
Figure 6-2 shows some examples of such situations that arise in the StL format,
which is a faceted boundary representation in which all the facets are triangles.
A gaJ> in a surface, or at an intersection of surfaces, confuses the fabricator
because it loses track of where the edge of the object is. The result may be bleeding
of solid material out into the exterior of the object, or voiding of material from what
should be the solid interior, or some other sort of mess. Collapsed triangles can
happen when a shape becomes so narrow that the CAD program loses track of its
thickness and represents it with no thickness at all . Again, the fabricator does not
know what to do with such nonsense. The case of inconsistent orientation is
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Figure 6-2. Problems that can lead to incorrect StL data. On the left, the arrows point to a gap
between intersecting surfaces. The arrows in the middle point to a set of collapsed triangles. On the
right, the arrows indicate inconsistent orientation of triangles.

particularly pernicious. Here two adjacent triangles come with conflicting information as to which direction is interior and which is exterior. Such a geometrical
paradox cannot lead to useful fabricator output.
There are programs available to check fabricator files for problems like these
and to make corrections where possible. (See page 222.) But, even if these programs were perfect, which they are not, it is a much better solution to use a CAD
program that generates valid files in the first place. Unfortunately, this is not easy
to check. If you go through the process described on page 197 where you ask the
CAD vendors to enter a design for you, you might then conclude the session by
asking the operator to generate the fabricator file for you. You can then buy or
borrow one of the file checkers and look at what you have received from each CAD
program.
Another aspect of quality of fabricator output is the size of the files generated
and the time it takes to generate them. Keep these factors in mind when comparing
systems, as they will become very important once you are up and running with your
CAD/fabricator system.

Other Communications
Aside from making output for fabricators, a CAD program should be able to
communicate in both directions with other hardware and software facilities. The
specific requirements for this communication will vary from user to user. They may
include the ability to load designs from other CAD programs, to send files to
rendering and physical analysis programs and retrieve modifications made in those
other programs, and to output various views of a design to 2-dimensional printers

200

A utomated Fabrication- Improving Productivity in Manufacturing

and plotters. In some cases, the ability to receive files from certain major customers
may take priority in choosing a CAD package over other important issues.
Many CAD vendors are responding to the needs for exchanging data among
various platforms by building their CAD program around a "kernel" which is
designed to be able to communicate with other programs in a logical fashion. While
the advantage of this approach is that it should lead to standardization of communication protocols in the i11dustry, the problem is that there are now at least five such
"standards" competing for prominence. Consider buying a program based on a
kernel that seems to have a good chance of surviving. The current contenders and
some of the programs that use, or plan to use, them, are
• ACIS (Spatial Technology). ConceptStation (Aries), Solid Designer
(Hewlett-Packard), AutoCAD (Autodesk), PDGS (Ford Motor internal),
and many more.
• CV DORS (Computervision). CADDS 5 and other Computervision products.
• Parasolids (EDS). Unigraphics (EDS).
• DesignBase (Ricoh). CADra (Adra).
• Shapes (Xox). Ansys (Swanson), CADKey (CADKey).
Some CAD vendors are taking a different approach. Without building the software around a kernel that communicates directly with other software, they offer
integration tools that allow third-party developers to access their CAD databases
and imitate their user interfaces. The primary examples are AutoCAD (Autodesk),
Pro/Engineer (Parametric Technology), and I-DEAS (SDRC). The advantage of
this approach is the seamless engineering environment that results from integrating
the auxiliary programs with the CAD program. However, this advantage is limited
to auxiliary programs whose developers have the resources and inclination to buy
and use the necessary integration tools.
Another communications issue to consider is the availability of an application
device interface (ADI). A. CAD program with an ADI allows a fabricator vendor to
write its own interface so that its fabricators will be able to accept direct output
from the CAD program. You might wish to ask the vendors of the fabricators you
are considering if they have written, or plan to write, interfaces based on any of the
CAD ADis and if the resulting interfaces will be included in the prices of the
fabricators or charged as optional items. However, some CAD experts doubt the
importance of ADis and recommend focusing on the other communications
developments described above.
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Other Features to Look For
Check that the CAD vendor you are considering has a substantial customer base
in your industry or has somehow demonstrated a substantial commitment to
supporting the special kinds of problems that will arise in your industry.
In the early days of personal computers, there were auxiliary programs available, such as spelling checkers, to complement a word processing program. Today,
most word processors include spell checking as a feature, and some even include
grammar checking. In a similar way, specialty programs available from separate
vendors will eventually become standard elements of 3-D CAD programs. As
customers in this industry, you should be asking for these features now, in order to
let the CAD vendors know that they are wanted. Some programs that would be
useful if integrated into 3-D CAD programs are listed here. See Section 6.4 for
more information on the current availability of these facilities.
• Fabricator interface. Most of the major CAD vendors now offer either
NC or StL code generator, or both, as a separate option. Coordination is
needed among the fabricator and CAD vendors to arrive at an improved
standard.
• Support generators. Most fabricators cannot just built the object you design. They have to build it sitting on a scaffold-like platform or "support"
that holds it in place while it is being built. A support generator designs
these structures automatically, based on the geometry of the object and the
needs of the particular fabricator. Very handy.
• Geometry checker. This analog of the grammar checker in word processing would warn the user of physical features that would be difficult or impossible for certain fabricators to build. Another related feature would be
commentary on the pros and cons of building the object in various orientations.

A Selected List of 3-D CAD Programs
The field of CAD software is huge, even when restricted just to those programs
that work in three dimensions. Of 142 vendors of CAD/CAM packages listed in the
1992 Guidebook to CNC Technology and Manufacturing Software, 67 offer a 3-D
CAD capability as well as some form of output to subtractive fabricators (CNC
machines) . The third edition of the CAD Rating Guide provides comprehensive
information on the products of over 75 vendors. Of the over 90 different products
covered, more than 70 offer some 3-D capability. These important references for
CAD shopping are listed under Chapter 6 in Appendix C.
For working with fabricators, the availability of an NC or StL translator from
the CAD vendor not only provides one way (not the only way) to get your design to
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the fabricator, but it also suggests that the vendor may be paying attention to this
portion of the industry and therefore may support your needs better. Table 6-1 lists
some 3-D CAD programs that provide either NC or StL output, or both. Notice that
this list may not be complete, that the data are subject to change, and that the
quality and price of the output feature vary widely from one vendor to the next.
For more information on CAD programs available on the market, study the
references listed under Chapter 6 in Appendix C.

Table 6-1. 3-D CAD Programs with Fabricator Output

Vendor
Alias Research
Aries
Autodesk
CAD Key
CAMax
CISIGraph
CNC Software
Computervision
Dassault (IBM)
EDS
Gerber Systems
Hewlett-Packard
Intergraph
Matra Data Vision
MCS
Parametric Tech.
Point Control
Schlumberger
Schroff Development
SDRC
Surfware
Varimetrix
Wavefront Tech.

CAD Program
Alias/2
ConceptStation
AutoCAD EMS
CAD Key
CAMand
STRIM 100
MasterCAM
CADDS5
Personal Designer
CADAM, CATIA
Unigraphics
Saber-5000
Solid Designer
I-EMS, MicroStation
Euclid
Anvil500
Pro/Engineer
SmartCAM
Bravo 3
SilverScreen
I-DEAS
SurfCAM
Varimetrix
Visualiser

NC Code Stl Code
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3-D Shape Digitizers

Sometimes the desired fabricator output is not a new design, but an accurate
replication of an existing object. In this case, the input data for the fabricator can be
prepared by a special device that reads the 3-dimensional shape of the object and
translates it into a computer representation. This representation may either be in a
form that is directly ready for transfer to a fabricator, such as NC machine code or
StL format, or it may be in a fom1 that can be read by a CAD program for checking
and manipulation before sending to the fabricator.
The field of geometry digitization is every bit as big and complex as that of
automated fabrication itself. This section is a brief discussion of several important
aspects:
• The different levels of detail that a digiti zer might provide,
• The three elements of a 3-D shape digitizer: the matter sensor, the scanner, and data interpretation software,
• Types of matter sensors, including those in currently available machines as
well as technologies under development, and
• Applications of shape digiti zation in automated fabrication .

Levels of Digitization
Depending on the sophistication of the method used to collect the data, one of
four levels of detail may be obtained by a digitizer: flat or spatial relief, and surface
or spatial detail.
Flat relief. This simplest case determines the shape of the object with respect to
a particular flat plane, as in measuring the topography of a mountain range in
terms of meters (or feet) above sea level. Flat relief data are useful for objects with
moderate features, all on one face, such as a medallion or a terrain model. For some
thin flat objects without much edge stmcture, such as the human hand, a fairly
good representation can be obtained by merging a flat relief for each side. Flat relief
is measured by ilie touch probe and optical sensors described below.
Spatial relief. At the nexi level, the shape is determined with respect to a nonflat reference surface, as in measuring the topography of the whole Earth, both
mountains and ocean floors, against an imaginary spheroid called "sea level."
Ideally, these measurements are equally good everywhere on the reference surface,
This section has benefited from a technical review by, among others listed on pages xxiii and 192:
Stephen Koch, President, Digibotics, Inc.
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but in practice this is often not the case, as data are taken with less resolution at the
"poles" than at the "equator." For example, a spatial relief of a human head would
probably be made with more attention to the face than to the top of the head.
Spatial relief can be calculated by combining the flat relief of an object from several
directions, or by scanning a sensor continuously over the surface of an object.
Surface detail. Beyond reading a single height above or below each point on a
reference surface, one may wish to determine the shape of the surface in more
detail , including open cavities and convolutions. For the Earth 's surface, such
detail would include the empty space under bridges and inside open caves. For a
human head, surface detail would include the open cavities of the nostrils and the
ears, whereas spatial relief data would indicate only the outward-facing surfaces.
Surface detail is very hard to obtain in an automated system because it requires
looking into " nooks and crannies," which requires knowing that they are there,
something machines are not yet good at.
Spatial detail. Here, instead of just measuring the surface of the object, the
entire object, outside and in, is mapped. Closed interior cavities are detected and
represented. Spatial detail is available from computed tomography, nuclearmagnetic resonance, and ultrasonic sensors, described below.
To better understand the distinction in these levels of detail, consider an automobile with its windows open and the hood and trunk closed. Flat relief data taken
from above would show the roof, windshield, hood, trunk lid, and bumpers in their
proper relative positions in space, but little else. Not even the tires would be
detected because they are hidden from above by the fenders . Spatial relief data
would fully map all the exterior surfaces of the car, including the doors, the outer
walls of the tires, and the underbody. It would show a vague cavity between the
windows, but little detail of the interior. Surface detail data would not only
represent the exterior, but also the seats, dashboard, and doorknobs. However, they
would know nothing of the engine or the interior of the trunk. A spatial detail
would, aside from the complete exterior and interior, also show the empty space in
the trunk, the engine under the hood, and, depending on the level of detail, possibly
even the empty spaces in the engine cylinders and manifold.

The Elements of a 3-D Shape Digitizer
There are three primary subsystems of a 3-D shape digitizer: a matter sensor, a
scanner, and data interpretation software.
The matter sensor. The core of a 3-D shape digitizer, this is a device that detects the presence or absence of matter in some region of space. The sensor may
work by probing individual points in space one at a time (probe, point-range, and

§ 6.2 3-D Shape Digitizers

205

LiDAR sensors), or it may detect a series of points along a line (line-range sensors),
or an array of points on a surface (planar interferometers), or it may measure a 3dimensional array of points in a whole region of space simultaneously (CT and
NMR sensors). The different types of sensors are discussed below.
The scanner. In some cases, such as in planar interferometry, a single reading
by the sensor may obtain all the data that are needed about the object. But usually
several readings or several million readings will be needed. In this case, the sensor
must be scanned along the object to collect data from different regions or from
different angles, or both. The scanner must have some level of intelligence, or
human control, if it is to be able to scan objects of different sizes or radically
different shapes. Basically, it must know, or be told, what to look at.
Data interpretation. The data collected by the sensor are usually in a fom1 that
represents discrete points in space. This is not a fom1 that is directly useful for most
CAD programs or fabricators . Data interpretation software must be used to connect
the points into a software representation of the surfaces which the points define.
This is best done by a fairly intelligent program, because the sensor will usually
have picked up much more data than are needed to characterize the shape of the
object, and the redundant or subresolution data should be discarded so they do not
waste storage space. Also, the sensor will have picked up spurious data, or "noise,"
and the interpretation software should have algorithms for dealing with this. With
today's level of machine intelligence, all of these procedures require human
supervision or operation.

Types of Matter Sensors
As mentioned above, the sensor in a 3-D shape digitizer is a device that detects
the presence or absence of matter in some region of space. Various types of sensors
are described here.

Touch Probe and Trigger Sensors
Like a blind man with a cane, a touch probe sensor extends a little shaft and
feels for resistance. While this may seem primitive, and is in fact quite slow, its
accuracy in the probed direction can be as fine as one micron (40 ).!in), which is
better than what is available from most other methods. The contact of the probe
with the object is a disadvantage for soft or unstable materials.
Touch probe measurements can be either discrete (one point at a time) or continuous. Scanning can be automated by mounting on a coordinate measuring
machine (CMM) or CNC machining center, or it can be manually guided with the
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probe mounted on an arm that keeps track of where it is. For discrete measurements, typical scanning speeds are about 3 to 5 measurements per second, which is
painstakingly slow if any reasonable kind of resolution is desired. Touch probes are
most useful for flat surfaces with simple, smooth-edged holes or features . (See
Figure 6-3 .)
Touch probe sensors are the core of coordinate measuring machines (CMMs).
Some vendors are Brown&Sharpe (North Kingstown, Rhode Island), Renishaw
(Chicago, Illinois), and Heidenhain (Traunreut, Gem1any). They are also available
as accessories to most modern CNC machining centers.
Trigger sensing is similar to taking discrete touch probe measurements in that
individual points are detected one at a time. However, instead of the sensor feeling
for resistance from the surface of the probed object, the operator manually moves
the sensor to the desired position and presses a foot switch or a trigger on the probe
handle to instruct the device to read that position of the sensor. This allows the
measurement of soft surfaces, such as upholstery or organic tissues in surgery. A
variety of position detection techniques also allows these devices to measure fairly
large objects, such as auto bodies and aircraft. The substantial disadvantage of this
technique is that it inherently cannot be automated.
The different position detection methods include mechanical (from Faro
Technologies, Lake Mary, Florida, and Tokyo Boeki, Tokyo, Japan), optical (from

l

Figure 6-3. Scanning patterru for a discrete touch probe sensor. On the left, the stylus touches
successive points proj ected down from a pattern of straight lines. The slower method shown on the
right is needed for steeply sloped regions, and generates a series of contours, as on a topographic map.
It is up to the operator to specify wh ich parts of the object will be scaru1ed by which method. (Courtesy
Heidenhain GmbH.)
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Pixsys, Boulder, Colorado), sonic (from Science Accessories Corp. , Stratford,
Connecticut) and electromagnetic (from Polhemus, Colchester, Vermont).

Optical Sensors
The next three types of sensors described below, point range, line range, and
planar interferometry, are all based on the principle of triangulation: lf light arrives
at a surface from a particular direction and if the reflection is observed from a
different direction, then the position of the surface can be inferred from the
direction in which the reflection arrives at the observer. (The principle is explained
much more clearly by the illustration of the point range sensor in Figure 6-4.) The
first two types of triangulating sensors, the point range and the line range sensors,
are currently the most common types of sensor used for 3-D shape digitization.
Simple triangulation can be used to calculate a flat relief, because it can measure how the height of a surface varies from point to point. However, by moving a
triangulating sensor around an object, or by using an array of correlated sensors
aimed at the object from different directions, a complete surface relief can be
obtained.
In all three techniques, it is important that the object being digitized have a dull
(i.e., not shiny) surface, so that the incident light is diffusely scattered and not just
reflected in a single direction. Also, since triangulation requires an angle between
the incident and observed light rays, there will be some shadowing on fine details.
Some sensors deal with this by using two detectors ("two-eyed sensors") to catch
light reflected on either side, and scanners can deal with it by trying different
orientations to reduce shadowing. But there is always a limit to the depth of narrow
cavities that can be measured.
A point range sensor, the simplest kind of triangulating sensor, emits a narrow
beam of light, usually from a laser, and measures the direction from which the
reflection arrives. This process is repeated by scanning the sensor over the surface
to be digitized, measuring as many points as necessary to obtain the desired
resolution . Typically, the sensor can be scanned to measure 50 to 200 points per
second. This translates to a scanning time of about one to three minutes per square
centimeter at a resolution of 0.1 mm. (See Figure 6-4.)
CyberOptics (Minneapolis, Minnesota) is the largest manufacturer of point
range sensors, while other vendors include Renishaw (Chicago, Illinois), UBM
(Germany and Roselle, New Jersey), and Zygo (Middlefield, Connecticut).
3-D shape digitizers based on the CyberOptics two-eyed point range sensor are
available from Laser Design (Minneapolis, Minnesota) and Sharnoa (Plymouth,
Michigan). Other types of point range devices are available from Digibotics
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Figure 6-4. The point range sensor. I'>Z represents the difference in the heights of two points on
the scanned surface. Light reflected from these two points arrives at points on the detector separated by
M . (Courtesy CyberOptics Corporation.)

(Austin, Texas) and Hymark (Ottawa, Canada). The Digibotics sensor has a
ranging length of up to 60 em (2 ft) , allowing it to scan a surface from a fixed
distance without being moved in and out to follow the relief, as may be required
with other point range sensors.
In line range sensing, the sensor emits a beam of light which is fanned out in
one direction, so that it projects a line on the surface to be measured. The result of
triangulation is that the straight line is distorted by the shape of the surface. The
shape of the distortion is recorded by performing a triangulation calculation on
each of a large number of points along the line. A line range sensor is therefore
equivalent to a large number of point range sensors working in tandem. The
resulting increased speed comes at the cost of some accuracy. (See Figure 6-5.)
If the line is long enough, the shape of the whole object may be calculated by
scanning the sensor in one direction. Otherwise, the object can be scanned in
swaths. Some line range sensors are designed to allow the length of the line to be
adjusted, trading off scan width against data resolution.

CyberOptics (Minneapolis, Minnesota), along with its point range sensors, also
makes line range sensors. Cyberware Laboratory (Monterey, California) sells a line
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Figure 6-5. The line range sensor works by the same principle as the point range sensor except
that the distortions of a large number of points in a straight line of light are mapped on a detector and
measured simultaneously instead of one at a time. (Courtesy Cenci~ Inc., subsidiary of Universal Vision Company, Rye Brook, New York)

range digitizer that also detects color. (See Figures 4-33 and 4-35 .) Another line
ranging system is available from Vision 3D (Toulouse, France).
Mallinckrodt Institute of Radiology (St. Louis, Missouri) is developing medical
applications for an interesting digitizing system called Cencit. The array of six line
range sensors in this system can digitize a human face and head in less than a
second. The technology is owned by Universal Vision Company, a partnership of
Parsons & Whittemore (Rye Brook, New York) and photographic concessionaire
CPI Corp. (St. Louis, Missouri).
A method that combines triangulation with the physical phenomenon of M oire
patterns is planar interferometry . Here, the sensor emits a 2-dimensional grid
pattern of coherent light onto the surface to be measured. The shape of the surface
distorts the lines in the grid just as it does for a line range sensor. However, instead
of performing a triangulation calculation on individual points, the sensor allows the
distorted grid to "interfere" with an image of the undistorted grid, forming a Moire
pattern. An analysis of this pattern provides relief data for the surface.
For a flat relief of one surface, if the area of the projected grid is large enough,
and if the surface curvature is not too great, then a single reading may be sufficient.
Otherwise, multiple readings can be taken over different patches of the surface, and
from different angles, and the data correlated to characterize the total geometry.
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A planar interferometry scanner is available from EOS (Munich, Germany), the
manufacturer of the Stereos fabricator. (See page 58.) Interesting work on planar
interferometry digitizing was for a time conducted by Maurice Halioua at the New
York Institute of Technology (Old Westbury, New York.)
All the above optical sensors use variations of the principle of triangulation. A
different approach is taken in LiDAR (light detection and ranging), which is the
laser analog of radar. A pulse of light is emitted at the object, and the time for its
reflection to return is measured. A LiDAR digitizer is available from Perceptron of
Farmington Hills, Michigan.

Spatial Sensors
A spatial sensor is capable of reading the interior as well as the exterior of a
solid object. The most important examples are computed tomography (CT) and
nuclear-magnetic resonance (NMR), which are described briefly here. Ultrasonic
sensors have also proved useful in this application. Researchers at several
universities have developed software for transferring CT and NMR data directly to
fabricators for imaging.
In computed tomography (CT, also sometimes called CAT, for computer-aided
tomography) , an X-ray beam is spread out and aimed at the object, and a detector
on the other side records the X-rays that pass through. The object is rotated and the
procedure is repeated to obtain several profiles of X-ray opacity of the object. From
this data it is possible, by a complicated mathematical procedure, to map out in
three dimensions just what parts of the object are X-ray opaque. In a human body,
for example, these regions are the bones. (See Figure 6-6.) But CT is beginning to
be used in industrial applications as well. For example, a CT scanner can detect
voids in a metal casting.
For automated fabrication, CT has found application in imaging human bony
systems for surgical planning and implant manufacturing. (See Figures 4-34 and 436 for case studies.) While activity in this area has been limited, it has a great
potential for growth since there are already over 3,500 CT scanners installed in
hospitals and other medical facilities in the United States alone.
Another technique for spatial sensing is nuclear-magnetic resonance (NMR,
also called MRI, for magnetic resonance imaging). Here, an oscillating magnet sets
up an electromagnetic wave that passes into the object. The wave is tuned to a
resonant frequency of the nuclei of a particular species of atom. When the wave hits
an atom of this type, the nucleus absorbs the energy from the wave, becoming a site
of opacity. The parts of the wave that pass through the object unabsorbed are
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Figure 6-6. Cf scan of human bone and model made from it on an SLA-250. (Courtesy DePuy
Inc. and Society of Manufacturing Engineers.)

detected on the other side. A mathematical procedure similar to that used in CT
calculates the distribution of atoms of the tuned species based on this data.
NMR does not work in metals because the magnetic waves would be dissipated
by electrical currents. So far, the significant applications of NMR have been in the
medical field where it is useful for digitizing the shape and density of soft tissues.
(This is difficult to do with CT because the tissues are transparent to X-rays.) The
combination of NMR and automated fabrication has been proposed for imaging
tumors in cancer patients. This would be helpful for both surgical planning and
tracking the effectiveness of a treatment program.

Other Types of Matter Sensors
Several other sensing technologies may be useful in digitizing 3-dimensional
geometry. Geographic information system (GIS) satellites are constantly mapping
the topography of the Earth, and methods are under development for the digitization of that data . Similarly, astronomical probes relay photographic images of
planets, asteroids, and comets that can be used to model these bodies in solid material. But technologies do not have to be sophisticated to be useful. A terrain model
for an architectural site can be digitized by manually inputting the data acquired by
the surveyor crew.
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In addition to the shape of an object, sometimes it is desirable to record other
characteristics, such as color, mass density, material composition, temperature, and
so on. Many of the instruments available and being developed to record 3dimensional shape also incorporate sensors for one or more of these other
properties. Certain shape digitizing technologies lend themselves naturally to
capturing certain of these other data. For example, tomographic scanners automatically measure not only the presence or absence of matter inside an object but also
the density of the material. Nuclear-magnetic resonance sensors are tuned to detect
atoms of specific elements, and so naturally record material composition. A
digitizer based on a white-light optical sensor can easily measure color by incorporating wavelength discrimination into its photodetectors.

Autofab Applications of 3-D Shape Digitization

Hand Models
3-D shape digitization has served as an interesting bridge between low-tech and
high-tech in industrial prototyping operations, allowing old-fashioned hand
modeling and modem fabricators to work together. For consumer products with
eye-pleasing curves, hand modeling is still the design method of choice. The reason
is both that CAD programs are still too hard to use for such "sculpted" surfaces and
that most of the talented industrial designers who perform the design work are not
proficient CAD users. This situation will change as CAD becomes easier to use and
more popular. But in the meantime, a digitizer can take a wood, clay, or foam
model created by a designer and produce a computer file from it. This file can be
used to generate NC or StL code for direct refabrication, or it can be translated into
a CAD format to become the basis of further modifications.
An example is provided by Karsten Manufacturing of Phoenix, Arizona, makers
of the world 's top-selling line of golf clubs. Karsten's club-heads are still designed
by the company founder, Karsten Solheim, who cuts a rough model in metal on a
manually operated mill. According to the former procedure, this model would be
used as a pattern for an epox)' mold from which stainless steel prototypes would be
cast for testing. Now, instead, the model is digitized on a Laser Design Surveyor, a
point range scanner. The data is converted to an IGES format and uploaded into
CAMand and I-DEAS. Finite element analysis is used to optimize the head
thickness and the face profile, and designers refine other aspects of the design.
Then CAMand generates NC code to cut an aluminum pattern for the epoxy mold.
The analysis and refinement between initial design and casting have improved the
quality of Karsten ' s clubs, while development time has been cut by four to six
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times. All this in an environment in which the initial designs are still made by
hand!
Other industries that still rely very heavily on hand models are automotive (for
car bodies), toys, and all kinds of consumer products. Laser Design has reported
case studies of Peugeot, Mattei, and Royal Appliance using its Surveyor digitizer to
translate hand models into CAD data.
A variation on the idea of digitizing hand models is digitizing a hand-reworked
autofab model. Sometimes an engineer will find that a fabricated prototype,
although made to spec, does not fit in its designed environment. He will play with
the model, grinding it down or gluing on a shim until it fits . As these changes were
made by trial and error, they are hard to recreate in a CAD model. So the engineer
can simply digitize the modified model, and use that to fabricate a new test piece.

Reverse Engineering
Reverse engineering is another major application of 3-D shape digitizers to
automated fabrication. In India, parts of Soviet jet engines and cars were digitized
after spares ceased to be available from the original manufacturers. In 1990, the
U.S. Air Force had to scan a 25-year-old F -II fighter jet because the specifications
had been lost for the wing flaps, doors, and other parts. Another example is a U.S.
hydraulics controls manufacturer whose Southeast Asian supplier of machine lever
handles went out of business. In order to continue using its successful design of
handle grips, the company turned over samples of the handles to Digibotics, which
provided digitized data from which EDM electrodes were cut.

Clothing
Many people have difficulty finding properly fitting shoes, hats, or other clothing because their sizes or configurations deviate from those of "the norm." Soft
garments are different from the kinds of objects discussed in this book, because
their shapes are largely determined by the bodies of the people wearing them.
However, the 2-dimensional fabric pieces that go to make up a garment are cut
according to a pattern that is determined by the 3-dimensional body it is intended to
fit. Therefore, the fit of a garment for an individual can be improved if it is sewn up
from pieces cut according to a pattern based specifically on the shape of that
person's body. As 3-D shape digitizers, automated fabric cutters, and automated
assembly become more readily available, such perfectly "tailored" clothing will
become affordable. (See Figure 6-7.)
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Figure 6-7. The surface relief of a human body digitized by a planar interferometer developed by
Maurice 1-Ialioua. Data such as this can be used in the automated fabrication of gannents, especially
for special applications such as in outer space, deep sea, and harsh chemical or radiation envirorunents.
(Courtesy New York Institute of Technology.)

Hard garments, such as boots, helmets, gas masks, and pressure suits are more
immediate applications of automated fabrication . The U.S. Army has been using
point range scanning with StereoLithography for several years in the development
of more effective gas masks and chemical warfare body suits. The U.S. National
Aeronautics and Space Administration (NASA) has sponsored research on the
shape digitization of the human hand for the fabrication of custom fitting space suit
gloves. Possibly the first consumer clothing item that would find a market for
digitization and autofab would be boots for snow skiing, in which a comfortable fit
often takes priority over cost. Although no fabricators currently output materials
appropriate for footwear, a fabricator could be used to generate an exact replica of
the customer' s foot, which could be used as a pattern (called a " last" in the shoe
industry) for molding the interior cavity of the boot.
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Medical Applications
Prostheses and orthoses. These are similar to clothing in their need to fit the
shape of an individual human body, but the precision of the fit here is critical.
Prostheses and orthoses are artificial devices which are installed inside or adjacent
to the body to replace or augment a natural body part or organ. Dentures are an
ancient example of prostheses. The precise fit of the teeth is important for both the
comfort of the patient and the usefulness of the teeth for chewing, and the tooth
sizes and exact shapes are unique to each individual. Maurice Halioua at the New
York Institute of Technology has investigated digitizing the shape of natural , but
decayed, teeth prior to extraction and using the data in the fabrication of the
replacement dentures.
Biomet uses computed tomography and the Stratasys 3D Modeler to generate
custom-fitting orthopedic implants. The CT scanner is used to obtain the precise
geometry with which the implant will interface. The fabricator application combines prototyping and mold patterning. First, the proposed implant is modeled in
Stratasys' durable nylon-like Plastic200. When the surgeon has approved the
model, it is built again in investment casting wax from which the metal implant is
made. This procedure has been used with several patients, and good results are
reported.
Imaging abnormal anatomy. Still another reason for shape digitizing of human skeletal structures is the solid imaging of abnormal or damaged structures for
surgical planning. Two very touching stories come from the University of Kentucky
in this regard. In one case, a man had attempted to kill himself by shooting himself
in the mouth. However, the shot missed his brain and shattered the right side of his
jaw. Doctors fashioned a replacement jaw from a piece of the patient' s thigh bone.
By scanning the intact left jaw and fabricating a mirror-image model by StereoLithography, the surgeon was able to begin with the jaw design prepared in
advance, resulting in a faster and more esthetically accurate operation. In the other
case, a woman had a deformity that caused one eye to be seated lower than the
other. The problem was very difficult to diagnose until a StereoLithography model
was made from CT scan data. When the surgeon saw the model , he instantly
understood the problem and was able to plan corrective surgery.

Other Applications
Digitizers can be used for output verification, as well as for data input. After a
fabricator has generated an object, a 3-D shape digitizer analyses it to see if it has
been fabricated correctly according to the design data. If there is a deviation,
adjustments are made in the fabricator controls or in intermediate software manipulations, such as shrinkage compensation, and the object is refabricated. Future
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developments will see digitizers incorporated directly into fabricators to constantly
monitor the fabrication process, providing in-process feedback used to adjust
machine parameters. This is, in effect, what is already being done by a touch probe
sensor or laser interferometer mounted as a tool in a CNC machining center,
although these devices generally measure only key points on the object being
machined rather the whole 3-dimensional geometry.

3-D fax. The ability to produce an electronic representation of an existing object
raises the possibility for an exciting future technology, the 3-dimensional analog of
today's facsimile (fax) machines. The first demonstration of such a capability was
made in August 1991, by Scientific Measurement Systems, a manufacturer of
industrial CT scanners, and the University of Texas at Austin, the developers of the
Selective Laser Sintering technology. The first company scanned a 6 em-long
section of an automotive piston and sent the data over the phone lines to the
university, ten miles away, which sintered up a reduced-scale replica as the data
came in. The total time to scan, transmit, and fabricate was about two hours. A
similar capability demonstration was performed in November 1991 by Laser Design
and Stratasys in Minneapolis.
Non-autofab applications. Geometry digitizing has numerous applications
outside automated fabrication. The field is somewhere near the intersection of
machine vision and metrology, the technology of measurement. As such, it is
important to robot guidance, manufacturing quality checking, mechanical fault
(including medical) diagnosis, change analysis, and motion analysis. It has also
been used by movie animators to create computer images from handmade models,
which become the basis of the animation. This was the origin of the underwater
creature in the motion picture Th e A byss.

6.3

Abstract Mathematical Data

CAD programs help engineers and designers create original shapes for fabricators to make. Digitizers copy existing shapes. The third category of fabricator input
is data that do not represent shapes at all until a scientist decides to render the data
in three dimensions, or that represent shapes based on mathematical data, such as
models of molecules or topological surfaces. This new capability opens a new
chapter in the field of scientific graphical analysis. For examples of this application
of automated fabrication, see Section 4.4.
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There are no special tools for creating scientific or mathematical data for fabricator input because the data are generated by the specific tools related to the
problem under investigation. Those tools are either analytical (computerized
computation of theoretical predictions) or experimental. There is a need in the
scientific market for various software tools that will convert these data into
appropriate fabricator formats, such as NC and StL codes, but such products do not
yet exist.
Ironically, the most extensive, if not the only, use of fabricators to generate
mathematical shapes has been by a man who considers himself primarily an artist.
Stewart Dickson generates most of his computer sculptures in Mathematica, an
algebraic computing program. The sculptures are actually 3-dimensional representations of various algebraic formulae, exactly the application addressed in this
section, except that Dickson makes them for aesthetic, not scientific, purposes. For
examples, see Figures 4-32 and 4-38.
To make his sculptures, Dickson wrote his own translator to convert the
Mathematica representation of polyhedrons into the StL format. This conversion
required the assignment of "normals" to the polyhedral surfaces to distinguish
interiors from exteriors, and it required a thickening algorithm to allow the representation of infinitesimal surfaces. Dickson is considering a commercial product
based on his translator, but no decision has been made as of this writing.

6.4

Other Related Software

This section covers the following ancillary issues that relate to getting good use
out of a fabricator:
• Computer visualization. Representation on a computer screen or other
display medium of images that represent the realistic appearance or physical properties and behavior of a designed object. May include animation.
• Data translators. The crucial problem of conveying data from computers
to fabricators .
• Fabricator-accessory software. Miscellaneous programs created to make
the fabricator user' s life easier.
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Computer Visualization
These programs allow the fabricator user to check out the results of fabrication
in advance. There are two basic types of visualization software:
• Computer rendering presents images according to the instruction of the
user which, while photorealistic in quality, may or may not be in accord
with the laws of physics.
• Physical analysis and simulation computes the approximate structural,
thermal , dynamic, and other physical properties and behaviors of components and assemblies and represents the information graphically on the
computer screen.
Computer rendering presents a CAD design in such realistic detail that the
result looks like a photograph of a physical object or an entire physical landscape.
The details include highlights due to simulated lighting, reflections in tabletops,
and natural phenomena, such as wood grains and clouds. In addition, many
visualization programs incorporate animation, allowing their scenes to be put into
motion.
Physical analysis programs model the physical properties of CAD-designed
objects under simulated external or internal influences and predict response
behavior, such as deformation and motion. Properties modeled can be steady state,
such as mechanical stress and thern1al expansion, and/or dynamic, such as
vibration and aerodynamic turbulence. Some programs allow analysis to be carried
out for mechanical assemblies as well as individual components. Since these
programs work by making various kinds of approximations, the results are subject
to various types of computational error, which the user must understand rather than
trusting the output implicitly.
The most common method of physical analysis is finite element, or h-method,
analysis, which breaks up an object into polyhedral elements (of side length, h) and
calculates physical forces and interactions on and among the elements. A newer
variation on this idea is geometric element, or p-method, analysis, in which the
element boundaries are defined by polynomial expressions rather than straight
lines. Other methods also in use include those specialized for modeling fluid
dynarrucs. The latter has been used, for example, to analyze and optimize the flow
of molten plastics in injection molding.
When it comes to animation, the difference between rendering and analysis
becomes most important. Rendering programs usually give the user free reign to
create any kind of motion desired, whether it obeys the laws of physics or not.
Analysis programs, on the other hand, do not ask the user what kind of motion to
show, but tell the user what kind of motion will result from any particular set of
circumstances.
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To use rendering and analysis in conjunction with fabricators, they should be
well integrated into the designer' s or engineer's CAD environment, so that
rendering, analysis, animation, and simulation can be carried out as natural parts of
the design process. As changes are incorporated in a design, the engineer or
designer checks out the effect of those changes on the aesthetics and integrity of the
project. In the case of physical analysis, many programs include optimization
features that will recommend their own changes to the engineer. Once it seems that
the best design or a selection of equally attractive alternatives has been reached in
software, the results can be sent to the fabricator.
Some people think that computer visualization is commercially competitive with
automated fabrication. They suggest that people will not need fabricators if they can
model their prototypes accurately on the screen. But, in fact, just the opposite is
true. What high-quality computer rendering and analysis do for fabricator users is
allow them to come closer to understanding what they are about to fabricate before
actually starting the process. This results in less need for physical trial and error
and thereby increases user satisfaction. So greater proliferation of visualization
software will lead to more utilization of fabricators, not less.
The same is true of 3-dimensional display techniques, as used in creating
"virtual reality" environments. Developments in this area include not only the
presentation of visual information but also tactile feedback, simulating for the user
the feeling of touching and holding the displayed object. In some not-too-distant
future these technologies may actually merge with autofab, and the user may not
always know the difference between a real object, which has been physically
fabricated, and a virtual one, which exists only in the software and the artificially
created user perceptions. Such software will improve, not replace, the utility of
fabricators, because the virtual objects will only be predicting what the real objects
can do; they will not be capable of doing anything physical themselves.
The field of computer visualization is burgeoning with new products monthly
and continuous improvement of existing ones. For further information, and to keep
up to date, see the references listed for Computer Visualization under Chapter 6 in
Appendix C.

Data Transfer
Few issues are as central and basic to the design of a computer system as data
transfer, which is intimately related to the issue of data representation. Every
computational process is a combination of two types of operations performed on bits
of information: (a) inspecting or manipulating the bits to extract elements of or
modify the information represented and (b) moving, including copying, the
information from one location to another. The problem of data transfer is to carry
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out the moving operations as efficiently as possible while supporting the needs for
the data to be inspected and manipulated at both ends of the move.
From one point of view, the whole field of automated fabrication is nothing but
a set of solutions to one of the most vexing data transfer problems ever, that is, to
communicate a 3-dimensional geometric shape from the core of a computer to the
brain of a human being. This subsection will look at the more elementary problem
of communicating the geometric information from a computer to a fabricator.
The data transfer problem can be broken down into two sequential elements:
• Form. First, it must be decided what form of information it is most desirable to convey. In the case of 3-D geometry, the choices include those described on page 193: surfaces, various types of solids, points, and contours,
but may also include more complicated forms.
• Format. Having chosen a form , one must decide how to represent the resulting information. This is equivalent to selecting a language for the
transfer to take place in.
In most cases, neither choice is up to the user; both are constrained by the
capabilities of the fabricator and the CAD system (or other source of the geometric
data). However, some vendors do provide for generation or acceptance of more than
one format. The availability of translators, discussed below, provide additional
flexibility .
There is an animated debate underway in the autofab industry as to the optimal
form and format for transferring 3-D data to a fabricator. There are, at present, two
separate standards an10ng the vendors of subtractive and additive devices.

NCCode
Subtractive machines for the most part accept NC (numerical control) code.
This form and format go back to the early days of automated milling. It specifies
the type of tool to be used for each cut, the position or path of the cut, and whatever
other details are needed, such as the turning and traveling speed (spindle speed and
feed rate), the rate of coolant flow, and so on. The form of the geometry information is therefore very specialized, not only to the particular machine to be used, but
even to the geometry itself as well as the material it is to appear in. Since the
information is so specific, the format is very simple, mostly coming down to
specifying coordinates for cuts. Other types of instructions are conveyed in two sets
of codes. G-eodes are preparatory instructions, such as system of units (English or
metric), type of interpolation (for determining cutting path between specified
points), whether coordinates are absolute or incremental, and so on. M-codes are
other miscellaneous instructions, such as change tool , turn on coolant, and
direction of tool rotation.
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Modern CAM (computer-aided manufacturing) programs provide substantial
assistance in the generation of NC code. The most important part of this, the part
that was most tedious and error prone in the manual methods, is the generation of
tool paths, that is, the specification of starting, intermediate, and end points for
cutting based on the desired shape. The software may also set certain parameters,
such as spindle speed, feed rate, and coolant flow, based on a database of properties
of materials and cutting tools. Other decisions are made by the operator, such as
selecting the actual tool to be used for each cut.
There is also one additive fabricator on the market that uses NC code. Movement of the extrusion head in the Stratasys 3D Modeler is conveniently handled in
this format. While the 3D Modeler software accepts StL, it converts it to NC in
order to drive the extruder.

StL Code
For additive machines, the standard is StL ("StereoLithography") code. This is
the format that was originated by 3D Systems for use with its StereoLithography
Apparatus. The form of 3-D geometry conveyed is a triangle-faceted surface.
Because of its importance in the industry, the format is described in full detail in
Section 6.5.
There has been considerable talk in the additive segment of the autofab industry
about replacing the StL standard. Some of the proposals stick to a faceted surface
representation, but make changes to the method of faceting and/or the format of the
representation. Others suggest using different forms entirely, such as slice contours
or 3-D solids. In late 1992, 3D Systems itself announced adoption of a new slice
fom1at called SLC. However, since the format is proprietary, it cannot be considered to be a candidate for an industry standard.
The StL format was established in 1987 when StereoLithography was making
small, fragile models that underwent gross shrinkage during postcuring. There was
not a lot of reason at the time to be concerned about the size of the data files and
the accuracy of the data representation down to microns (or thousands of an inch) .
Also, in 1987 CAD software based on solids was almost unheard of and the
tessellated StL structure was a reasonable extension of the common wireframe
method of representing 3-D geometry. In many cases, a wireframe model could be
converted to StL by simply having diagonals drawn through its rectangular patches.
StereoLithography has come a long way since 1987. Chrysler has used an SLA500 to model an engine block and Johnson & Johnson has reported achieving
accuracy in the neighborhood of 25 11m (0.001 in) on medical device prototypes.
Solid modeling software based on NURBS boundary representations is capable of
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representing 3-D geometry with high precision in a compact form . Taking a CAD
solid model today and converting it to StL is very likely to result in significant loss
of information and an increase in file size by a factor of 20 or more.
Even without the advances in solid modeling software, the StL format is wasteful of data storage space. Referring to the rules for determining facet orientation
(page 228), one can see that the normal vector is not really needed. Although its
presence saves some processing time, it also increases the file storage requirements
by 33 percent. Also, the vertex-to-vertex rule (page 229) means that every vertex is
listed at least three times, and often many more than that, which is needlessly
redundant.
Another problem with StL files is errors in the generation of the triangle data by
the CAD-to-StL translators. 3D Systems and other fabricator vendors incorporate
StL verification routines into their process software, but errors can and do slip
through. An error such as overlapping triangles can lead the slicing program to
generate noncontiguous boundaries in the cross-section data. This can cause the
fabricator to lose track of which areas of the cross section are interior to the object
being built and which are exterior. Such a situation obviously leads to gross
malfabrication.

Proposed Alternatives to StL
At the Second International Conference on Rapid Prototyping in Dayton, Ohio
in June 1991 , Richard Donahue of Computervision and Robert Turner of the
Uruversity of Dayton presented a paper on this subject that sparked a lively
discussion in the otherwise sleepy auditorium. Several of the fabricator vendors in
the audience chimed in with their approval of dropping or modifying the StL
standard. While these vendors may have had the ulterior motive of wanting to
deprive 3D Systems of its status as the creator of the industry standard data transfer
format, the Donahue-Turner paper did offer valid criticism of the StL format and
made an interesting suggestion for an alternative.
Donahue and Turner pointed out that most CAD programs have efficient and
robust cross-sectioning algorithms and that it is a simple matter for them to output
slice data directly. The advantages of such an approach would be:
• CAD software that uses a highly precise geometry representation, such as a
NURBS-based B-rep, could generate slice data without loss of precision.
• The CAD program could take advantage of any other special properties of
its own internal representation to optimize the slice algorithm.
• The entire data storage requirement of the StL file would be eliminated.
• The processing time taken to generate, verify, and slice the StL file would
be reduced by collapsing that process into just a slicing operation.
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The problem with this idea is that there is no standard for cross-section data
representation. Perhaps 3D Systems could have established such a standard in 1987
if it had published its slice file specifications and asked CAD vendors to write
interfaces to that instead of to the StL format. Perhaps 3D Systems still has enough
momentum to take that step now and have its slice format accepted as a new
industry standard. There is certainly no other vendor of fabricators or CAD systems
that has the market share to single-handedly declare a standard. There have,
however, arising out of the discussion at the 1991 Dayton Conference, been some
meetings among the minority vendors about collaborating on a standard. It is yet to
be seen what will come of that initiative.
Another problem with adopting a cross-section standard for communicating
CAD data to fabricators is that it formali zes the notion that fabricators build objects
strictly in a succession of horizontal layers. This will not always be the case, as can
be seen from the techniques used to achieve cantilevers in Incremental Fabrication
and 3-D welding. (See page 269 and Section 3.3, respectively.) These advanced
fabrication methods will require a whole new level of sophistication far beyond
tessellation and slicing. It would be good for the industry to keep this in mind as it
works toward a new standard.
Several other proposals have been made for new autofab data transfer standards.
These include
• STH (Surface Triangles Hinted) format. Developed by Brock Rooney &
Associates, which also markets a line of data translators for several CAD
and fabricator platforms. Uses surface triangulation with flexible rules for
efficient storage of vertex and connection information.
• CFL (Cubital Facet List) format. Tessellates the surface in terms of arbitrary polygons instead of just triangles. Uses a pointer-referenced list of
vertices. Also provides for specific representation of holes.
• RPI (Rensselaer Polytechnic Institute) format. Allows for either tessellated or CSG representation.
• LEAF (Layer Exchange ASCII) format. Proposed by the Helsinki Institute
of Technology. A sliced representation.
• A general proposal for a format based on an analytic surface representation
has been put forward by DTM Corporation.
• Another suggestion was made by Quadrax Laser Technologies for a format
based on either the European SET standard or the U.S. PDES (Product
Data Exchange Specification).
Several fabricator vendors are responding to the lack of a standard by accepting
several formats . For example, the Stratasys 3D Modeler accepts both an IGES
(Initial Graphics Exchange Specification) subset and NC code, as well as StL. The
DTM Sinterstation accepts an IGES subset and StL. The Cubital Data Front End,
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which is part of the Solider 5600 but can also be used to drive an SLA and other
fabricators, accepts StL, CFL, VDA-FS (a German automotive format), DTM
(digital terrain model data, not related to DTM Corporation), and proprietary
formats from CT and NMR scanners.

Translators
Many vendors of 3-D CAD programs and 3-D shape digitizers offer either NC
or StL output, or both, as an optional feature. (See Table 6-1.) These translators
vary in both price and quality. Buyers should test the CAD output with a design
that is fairly representative of their needs and includes both broad curves and small
details.
One is not necessaril)' confined to the data transfer options provided by a particular combination of CAD program (or other geometry source) and fabricator.
Table 6-2 lists several data format translators that are available from independent
sources.
In some cases, users of particular CAD software have found that these
independent translators work better than the translators provided by their CAD
vendors. So it may be worth looking at using one of the independents even if your
CAD program offers output in the format you need, perhaps even if this requires
going through IGES as an intermediate. But also notice that "IGES" usually means
some well-defined subset of the IGES specification, so be sure to confirm that any

Table 6-2. Independent Fabricator Data Format Translators

Vendor
Brock Rooney &
Associates
(Birmingham,
Michigan)

C-TAD Systems
(Ann Arbor, Michigan)

Enigmatic Assoc.
(Costa Mesa, Calif)

Source
IGES or
Computervision
(CADDS 414X/5 or
Personal Designer)

StLor
STH
IGES or
FordPDGS or
VDA-FS
StL
DXF (AutoCAD)
StL

Destination
StL or
CFLor
STH

Price
$3 ,995 (MS DOS)
$4,995 (SunOS)

IGES or
Computervision
StL
IGES
StL
DXF

$9,975 (SG Iris or
IBM RS/6000)
including view
program
$595
$300

I
I
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translator under consideration can handle all the graphics entities that your CAD
program will generate in representing your designs.

Fabricator-Accessory Software
Several programs have arisen in the marketplace to ease the work of fabricator
users, and more are under development. This subsection looks at two prominent
problems and software available to deal with them.

Supports
Most fabricators cannot just build an object by itself. In a subtractive machine,
there must be special tooling, called fixtures or fixturing , to hold the raw block of
material in place without blocking the paths of the cutting tools. In additive
processes, a scaffold-like platform, called supports or a support structure, is needed
to hold the growing object in place while it is being built. Both fixtures and
supports take some ingenuity and time to design properly by hand. In the subtractive case, fixturing is di.fficult to automate for the same reasons that generating
good tooling paths is, but we can expect to see rapid progress in this area in corning
years.
Design of support structures for additive fabricators is easier to automate, and
several research centers have reported useful results in this area, most notably
Clemson University (Clemson, South Carolina). A commercial product available
for this purpose has been receiving excellent reviews from its users. This is
Bridgeworks from Solid Concepts (Valencia, California).
Bridgeworks was originally conceived for use with the 3D Systems SLA. However, there have been some reports that it may also be useful with DTM' s Sinterstation and the Stratasys 3D Modeler. In laser sintering, the structures are usually
called "anchors" because their chief purpose is to keep cantilevers from curling
upwards.
Supports are required when photocuring is performed in a vat, for the following
reasons:
• Hold the object up off the fabricator platform, so it is easier to remove,
• Compensate for any deviation of the platform from the flat horizontal,
• Maintain registration of layers by keeping the object from sliding around.
• Keep unconnected regions of layers (islands) from floating away from each
other,
• Keep arches and cantilevers from sagging or curling up, and
• Keep gravitationally unstable structures from falling over.
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Clemson University has reported two useful results regarding when supports are
necessary in StereoLithography. The first finding is that inclined beams fabricated
in resin XB-5081 can be built without supports if the new unsupported length in
each layer is not more than 1.8 mm (0.07 in). This translates into a minimum angle
of incline which varies with layer thickness. The data are shown in Table 6-3.
Structures that extend from the body of an object at less than the stated angle from
the horizontal should be supported. Note that these results may vary significantly
for different resins.
Table 6-3. Minimum Unsupported Incline Angle
(SLA-250 with XB-5081)

Layer Thickness

0.13 mm (0.005
0.25 mm (0.010
0.38 mm (0.015
0.51 mm(0.020

in)
in)
in)
in)

Angle

4.1°
8.1°
12.1°
15.9°

-

The second result regards gravitationally unstable structures. Clemson
researchers found that vertical structures, even as narrow as 6x 13 mm (0.25 x0.5 in)
and 15 em (6 in) tall do not need to be supported. This work needs to be supplemented to find out just what sort of geometry is prone to falling over. Users have
found that "V' shaped structures definitely do need to be supported. Bridgeworks
does not automatically generate supports for such structures; the users ' manual
suggests they be built upside down.
One of the challenges in good support design is to supply adequate support with
minimal structure. There are two reasons for this. First, the supports cost time in
the computer processing, fabrication, and clean-up stages, and second, they mar the
appearance of surfaces to which they attach. Bridgeworks does a good job of
generating sufficient supports for most buildable geometries and tends to err on the
side of generating more structure than is needed. Experienced fabricator operators
will sometimes find ways to optimize the results. Aside from removing excess
supports, the operator will also want to make some other improvements, such as
deleting gusset corners (to assist in post-build clean-up) and providing drainage
from trapped volumes.

User Interface
In the future, CAD programs will provide an adequate direct connection to
fabricators, whether subtractive or additive. Just as today' s word processing
programs allow the user to set the parameters of peripheral laser and impact
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printers, often supporting hundreds of different printers, tomorrow's CAD systems
will directly accommodate fabricators as standard peripherals and provide for
setting parameters and performing optimization routines.
While this is not yet the case, a class of software is beginning to emerge for
providing this user interface outside the CAD environment. Some portion or
offspring of these programs will probably become the early versions of modules that
become incorporated into CAD programs to provide the desired integrated
environment.
As in support generation, Clemson University has done some leading development work in this field . Its CIDES program (Clemson Intelligent Design Environment for StereoLithography) is a graphical environment that allows for viewing,
modifying, and slicing files in various formats (StL, sliced, or merged), adding
supports, and sending to the SLA or other fabricator.
A commercial product in this area is the Cubital Data Front End (DFE). Designed as the user interface for the Cubital Solider 5600, it is also being sold for use
in conjunction with other fabricators . In addition to SLA installations, the MIT 3-D
Printing laboratory has licensed the DFE for use with its droplet deposition process.
Besides the usual capabilities for viewing and modifying files, the DFE claims
to offer the following useful features:
• Segmentation. Objects too large to be built in a particular fabricator can
be logically divided into smaller pieces for later assembly. To support this
operation, the program allows for the placement of registration pins and
sockets along the partition surfaces.
• Topological compression. This set of techniques reduces the size of data
files by merging coplanar triangles into more general polygons. The procedure also applies to triangles that are approximately coplanar, with the
level of approximation set by the user. Notice that this process effectively
translates an StL file into the CFL format, so it cannot be used with all
fabricators .

6.5

The StL Format

An StL ("StereoLithography") file is a triangular representation of a 3dimensional surface geometry. The surface is tessellated or broken down logically
into a series of small triangles (facets). Each facet is described by a perpendicular
direction and three points representing the vertices (corners) of the triangle. These
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data are used by a slicing algorithm to detemtine the cross sections of the 3dimensional shape to be built by the fabricator.
This section describes the technical details of the StL file format. Most fabricator users do not need to be concerned with this. It is included here for those who are
interested in developing hardware or software that will read or write StL files .

Format Specifications*
An StL file consists of a list of facet data. Each facet is uniquely identified by a
unit normal (a line perpendicular to the triangle and with a length of 1.0) and by
three vertices (corners). The normal and each vertex are specified by three coordinates each, so there is a total of 12 numbers stored for each facet.

Facet orientation. The facets define the surface of a 3-dimensional object. As
such, each facet is part of the boundary between the interior and the exierior of the
object. The orientation of the facets (which way is "out" and which way is "in") is
specified redundantly in two ways which must be consistent. First, the direction of
the normal is outward. Second, the vertices are listed in counterclockwise order
when looking at the object from the outside (right-hand rule). These rules are
illustrated in Figure 6-8.
Vertex-to-vertex rule. Each triangle must share two vertices with each of its
adjacent triangles. In other words, a vertex of one triangle cannot lie on the side of
another. This is illustrated in Figure 6-9.

1

3

2
Figure 6-8. Orientation of a facet is detennined by the direction of the unit normal and the order
in which the vertices are listed.

*

StereoLithography Interface Specification, 3D Systems, Inc., October 1989.
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Figure 6-9. The vertex-to-vertex rule. The left figure shows a violation of the mle. A correct
configuratjon is shown on the right.

The object represented must be located in the all-positive octant. In other words,
all vertex coordinates must be positive-definite (nonnegative and nonzero)
numbers. The StL file does not contain any scale information; the coordinates are
in arbitrary units.
The official 3D Systems StL specification document states that there is a provision for inclusion of "special attributes for building parameters," but does not give
the format for including such attributes. Also, the document specifies data for the
"minimum length of triangle side" and "maximum triangle size," but these numbers are of dubious meaning.
Sorting the triangles in ascending z-value order is recommended, but not
required, in order to optimize performance of the slice program.
Typically, an StL file is saved with the extension "StL," case-insensitive. The
slice program may require this extension or it may allow a different extension to be
specified.
The StL standard includes two data formats , ASCII and binary. These are described separately below.

StL ASCII Format
The ASCII format is primarily intended for testing new CAD interfaces. The
large size of its files makes it impractical for general use.
The syntax for an ASCII StL file is as follows :
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solid name
facet normal n; n1 nk
outer loop
vertex vi X vi y vi Z

+

vertex v2x v2Y v2.
vertex v3X v3y v3 Z
end loop
end facet
endsolid name

Bold face indicates a keyword; these must appear in lower case. Note that there is a
space in "facet normal" and in "outer loop," while there is no space in any of the
keywords beginning with "end." Indentation must be with spaces; tabs are not
allowed. The notation { ... }+ means that the contents of the brace brackets can be
repeated one or more times. Words in italics are variables which are to be replaced
with user-specified values. The numerical data in the facet normal and vertex
lines are single precision floats, for example, 1.23456E+789. A facet normal
coordinate may have a leading minus sign; a vertex coordinate may not.

StL Binary Format
The binary format uses the IEEE integer and floating point numerical representation.
The syntax for a binary StL file is as follows :
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Data type

Description

80

ASCII

Header. No data significance.

4

unsigned long integer

Number of facets in file

4
4
4

float
float
float

i for normal
j

4
4
4

float
float
float

x for vertex 1
y
z

4
4
4

float
float
float

x for vertex 2
y
z

4
4
4

float
float
float

x for verte:~: 3
y
z

2

unsigned integer

Attribute byte count

t

I +

k

The notation { ... means that the contents of the brace brackets can be repeated
one or more times. The attribute syntax is not documented. It is specified that the
attribute byte count should be set to zero.

7
Fabrication Materials
When God made the world, He left it a little incomplete ... .
Rather than the earth being made of bricks, it is made of
clay so that we can make bricks. Why did He do that? So
we can be partners in the act of creation.

-

Jewish parable, as told by Dan Bricklin,
Inventor of the computer spreadsheet program

The materials used by fabricators, especially of the subtractive variety (CNC
machines), are all of tlle materials in the world when in their solid forms. This
includes ordinary solids at "room temperature and pressure," as well as lowmelting-temperature materials, such as ice and mercury, in cryogenic applications.
In order to understand how to take the fullest advantage of fabricators, it is
helpful to understand
• What solid materials are (Section 7.1).
• The properties that solid materials can have, so that one knows what characteristics need to be considered in selecting a material for an application
(Sections 7.2 and 7.3).
• The properties that are available in objects made by current fabricators,
and important information related to the safe storage and handling of their
raw materials (Section 7.4).

This chapter has benefited from a technical review by, among others listed on pages xxiii and 254:
Ani I R. Chaudhry, Teclmology Transfer Manager, Edison Materials Teclmology Center,
Prof Bri an D. Fabes, Materials Science and Engineering Department, Uni versity of Arizona, and
Robert D. Reid, President, Reid Product Development.
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The first two topics are deep subjects that have filled entire libraries of data
books, textbooks, and journals. The coverage given to them here is the barest
introduction needed by the nontechnical fabricator user, such as an industrial
designer or department manager. However, the professional engineer may also find
the first two sections of this chapter to be a helpful review of materials science and
materials issues in engineering. What is unique here is, in Section 7.2, the unified
approach to the properties of all solid materials side by side, instead of breaking out
metals, plastics, and ceramics for separate discussions. This holistic view is
increasingly important in a world with machines, such as the Sinterstation, that
may soon be capable of generating objects in all of these types of materials.
The data that are publicly available for the third topic are voluminous for subtractive fabricators (CNC machines), but very scarce at present for additive
fabricators . An attempt is made here simply to bring together available information
in as useful a form as could be achieved and offer guidelines for asking the right
questions of fabricator and materials vendors in order to fill in the gaps.

7.1

An Introduction to Solid Materials

At the atomic level, one useful way to think of a solid material is that it is made
of atomic cores in a cloud of electrons. An atomic core is the nucleus of an atom
together with its inner electrons. The cloud consists of the outer electrons of all of
the atoms. Since the atomic cores have a net positive electric charge, the cloud of
negative electrons acts like a glue that holds them all together, while neutralizing
the net electric charge of the whole system. The different ways this happens can be
roughly broken down as follows :
• Metallic bonding. A freely movi ng gas of electrons is shared evenly
among the atoms in the material. The atoms may be arranged in a crystal
lattice, or they may be disorganized, forming an amorphous (glass) material.
• Covalent bonding. One or more electrons are shared evenly between two
atoms, or among the atoms in a speciiic group, such as a chain or a ring.
The atoms are part of a molecule, crystal, or glass.
• Ionic bonding. One or more electrons are shared among a group of different kinds of atoms, and they spend most of their time in the vicinity of one
kind. This makes those atoms more electrically negative and the others
more positive. The result can therefore also be described as a collection of
positive and negative ions held together by their mutual electric attraction.
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The atoms are part of a crystal or glass. (In a fluid, the atoms could also
form a molecule.)
• Van der Walls bonding (including other weak intermolecular bonding,
such as hydrogen bonding). This weak type of bond occurs when two different molecules, or two parts of one molecule, have a slight imbalance in
the distribution of positive and negative charge. One part of a molecule is
slightly positive, while another part is slightly negative. These two parts
can attract, forming a weak version of an ionic bond.
Figure 7-1 illustrates each of these methods of bonding.
With these methods of bonding, the atoms in solids arrange themselves with
three kinds of structure: amorphous, crystalline, and polymeric.
A random jumble of atoms, held together by metallic, covalent, or ionic bonding
without any long-range geometric pattern, is called an amorphous material, or a
glass. Some materials are naturally amoi]Jhous but others, such as some metallic

Figure 7-1 . Schematic representation of chemical bonding in solids. ll1e black circles represent
atomic cores, while the shading indicates the outer electrons. The types of materi als shown are (top
left) a metallic crystal, (top right) a covalent crystal, (bottom left) an ionic crystal, and (bottom right) a
molecular material with Van der Walls bonds. In the covalent crystal shown, each bond involves a pair
of electrons shared between two atoms, while each atom is involved in four such bonds. In the ionic
crystal, dark shading represents a positive ion, while light shading represents a negative one. The
background shading represents the probabilistic presence of electrons throughout the material, without
well-defined atomic boundaries. The pictures do not represent any real materi als, but only convey the
general distinctions among the types of bonding.
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alloys, can be glassified by supercooling from the liquid phase. This means freezing
so quickly that the atoms or molecules do not have enough time to take on an
orderly pattern.
A symmetric 3-dimensional crystal lattice is called either a metal, if the bonding is metallic, or a ceramic, if it is covalent or ionic. The crystalline structure may
extend uniformly throughout an object, which is then called a single crystal.
Alternatively, a poly crysta/line material is a collection of crystal grains, which may
be anywhere from microscopic to fairl y large, randomly oriented with respect to
each other.
A material made of long-chain molecules held together by covalent bonding is
called a polymer or t>lastic. The chains may be simple (called linear, which does
not mean that they are straight), or they may have branches and crosslinkages, all
covalently bonded. The chains may lie in a random spaghetti-like amorphous
jumble, they may be neatly folded in a symmetric crystalline pattern, or there may
be both amorphous and crystalline regions within the material. Polymeric materials
are further subdivided into two categories:
• In a thermoplastic, a number of chains are held to each other by entanglement and by Van der Walls bonding. When a thermoplastic is heated, it
softens and melts because the Van der Walls bonds are broken and the
tangles are loosened.
• In a thermoset, chains are crosslinked and extend throughout the material,
making each solid object a single huge molecule. Under heating, a thermoset does not soften, but remains solid until the temperature is raised sufficiently that the material decomposes, such as by burning.
For a brief discussion of polymer chemistry, see Section 8.1. Notice that, although polymers may be either amorphous or crystalline, these designations have
very different meanings than when used for glasses, metals, and ceramics, as
described above.
While some materials are either amorphous (glass), crystalline (metal or ceramic), or polymeric (plastic), a solid object can contain a combination. For
example, a metal that is cooled rapidly may be primarily crystalline with some
amorphous regions. Conversely, some glasses can be devitrified, a heat-treatment
process that induces crystallization, the result being again a combination of
amorphous and crystalline regions.
Most materials have impurities of various sorts, and some "impurities" are now
added to materials on purpose to enhance certain properties. In crystals, these extra
atoms may take specific places in the regular crystal structure, or they may lodge
themselves randomly into dislocations in the structure, such as at the interface
between two crystal grains.
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A material that consists of two or more different basic materials, lying next to
each other throughout the material but remaining distinct, is a composite. Examples of artificial composites are reinforced concrete (steel rods in a ceramic) and
fiberglass (glass fibers in a thermoset plastic). The most complex composites are
natural organic tissues, such as skin, muscle, bone, and wood, which are intricate
structures of crystalline and polymeric materials.

7.2

Properties of Solid Objects

The properties of an object are its characteristics, for example, what it looks
like, how it feels, and how it behaves. These properties are measured by observing
the object in interaction with various specialized devices and instruments. The
results of these tests depend on
• Composition. The atoms, molec1Jles, and/or crystal units that make up the
object, including primary components and impurities.
• Structure. How these components are arranged to form the whole, including all levels of structure, from atomic bonding to the gross shape of the
object and its surface texture.
• History. Processes and other influences to which the object or its constituent material has been exposed in the past, such as casting, annealing,
chemical reagents, and nuclear radiation.
• Environment. External influences, such as temperature, air pressure,
chemicals in contact, mechanical forces, and so on.
Technically, all the effects of past processes and the current environment are represented in the object's composition and detailed structure.
But it is not possible to collect enough data to understand the composition and structure completely, so the history and environment are useful indicators of the condition of the object.
• Method. Metrology is as much an art as a science. The consistency and
meaningfulness of measurement results depend on the choice of techniques
and the skill with which they are applied. Also, many properties, such as
strength, depend on the speed with which external forces are applied.

Because of the complexity of influences on material properties, there is, for
example, no such thing as "the tensile strength of aluminum." One can, however,
measure the ultimate tensile strength of a cold-drawn bar of 99.9 percent pure
aluminum at room temperature and one atmosphere under a constant tensile force
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applied slowly by a particular clamping mechanism made by a certain manufacturer.
To deal with this ambiguity in properties, standards have been devised for their
measurement. For example, tensile strength is usually measured by pulling on the
ends of a specially prepared specimen of the chosen material. This is called
variously a "tensile bar," a "tensile rod," a "tensile coupon," or a "dog bone," the
latter designation referring to the general shape. The specimen is made in a size
and shape specified for the material and its proposed use by a major standards
organization, such as the American Society for Testing and Materials (ASTM).
Even the surface finish is prepared according to a prescribed procedure because
surface flaws or differing texture will affect the tensile strength of the specimen.
Depending on the specifications, the specimen is screwed or clamped into a device
that pulls on its ends with a prescribed force applied at a prescribed rate. Measurements are taken of the elongation, onset of necking, and other changes. Finally,
since the results are so dependent on circumstances that can be affected by material
flaws and procedural errors, the test should be repeated on a substantial number of
specimens. The final results consist of a statistical analysis of the data collected.

Role of Structure in Properties
There is a very simple way to demonstrate the major role that structure plays in
physical properties. Although paper has virtually no fle>.:ural strength (resistance to
bending), a simple sheet of paper, folded in half and then given about ten accordion-like folds, is capable of supporting the weight of a large book. The sheet of
paper acquires flex-ural strength due to its folded structure. Another example of the
effect of structure on material properties is found in certain glasses, whose tensile
strength is enhanced by a factor of 20 to 30 when they are drawn out into narrow
fibers under 10 ).till (400 ).tin) in diameter. The reduced incidence of microscopic
surface cracks in such fibers prevents the development of fractures in the material .
Borosilicate glass fibers have ultimate tensile strength at least double that of bulk
steel.

It is helpful to consider the structure of a solid object in terms of five roughly
delineated scales:
• Nanostructure. Interactions and arrangements of atoms and molecules
within the material.
• Microstructure. Beneath visual perception, but gross on the atomic scale.
• Millistructure. Visible, but requiring precision instrumentation to be
analyzed or manipulated. This includes very fine surface texture.
• Macrostructure. In the domain of ordinary, hand-held tools.
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• Megastructure. For reasons of sheer mass, reqwnng mechanical
assistance for handling the material or the tools, or both.

The natural nanostructure of matter is the subject of Section 7 .1 . The examples of
structure in the previous paragraph are at the macro- (folded paper) and millilevels
(glass fibers) . Some examples of techniques in manipulating millistructure to
modify the properties of a fabricated material are given starting on page 256.
Today's fabricators, both subtractive and additive, work comfortably at both the
milli- and macrostructure levels. CNC machining centers are also available for
megastructural work. Some of the laboratory investigation of opportunities for
autofab at the micro- and nanolevels are discussed in Section 3.4.

Nonjudgmental Approach
There are no "good" or "bad" values for material properties. The advantages
and disadvantages of various properties depend on how the material is intended to
be used. For example, low friction is desirable for wheel bearings, but high friction
is important in tires. High fracture strength is important in a piston, but low
fracture strength is crucial to the operation of a flip-top beverage can.
A nonjudgmental approach to material properties needs to be encouraged more
and more with the proliferation of additive fabricators. These devices are creating
new forms of matter that did not exist five years ago, and the dozens of more
processes currently under laboratory development will bring on yet more. If these
novel materials are viewed with the same analysis that was appropriate in the
engineering landscape up through the 1980s, a whole realm of opportunities will be
missed.
Consider, for example, the porosity of laser-sintered plastics. A great deal of
effort has been applied, with some success, to increasing the extent of sintering in
the material in order to reduce this porosity. This is important progress, because it
will allow the Sinterstation to fabricate objects with properties similar to the
familiar "fully dense" properties of the materials being used, whether wax, nylon,
or aluminum. However, too little attention has been paid to the potential advantages
of leaving the material porous. Laser sintering may actually be offering us a new
way of generating thermoplastic, metal, and ceramic "sponges," with unimagined
applications that take advantage of reduced weight, increased surface area, fluid
permeability, and other unique aspects. The successful engineer of the 1990s and
the twenty-first century will constantly be on the lookout for new ways to use
materials and will often find them in materials that others rejected as having
"detrimental properties."

§ 7.2 Properties of Solid Objects

239

Types of Material Properties
There are two broad kinds of properties of solid objects that relate to its material. The inertial properties are static characteristics that are independent of the
object's relationship to the rest of the world. These include the fundamental
properties of composition and structure as well as related properties, such as mass
density, porosity, and isotropy. The interaction properties describe how the object
interacts with certain aspects of its environment. These may be further categorized
as

• Mechanical properties describe responses to mechanical forces, such as
stretching, compression, twisting, and bending.
• Thermal properties describe responses to thermal influences, such as
heating and cooling.
• Electromagnetic properties, including optical properties, describe the
interaction with the electromagnetic field.
• Chemical properties describe both responses ofthe object to the chemical
influence of solvents, moisture, and so on, and the chemical influences exerted by the object on its surroundings, such as staining, smell, and toxicity.
• Economic properties describe response to economic forces, such as supply, demand, and government regulation.
Each of these categories is discussed in turn in Section 7.3.
This classification of material properties is far from exact. Many properties
overlap the boundaries of two or more categories. For example, the strength-toweight ratio of a material involves both mechanical and inertial properties, flammability is both thermal and chemical, and the piezoelectric and magnetostrictive
phenomena are both mechanical and electromagnetic in nature. Another source of
ambiguity is that some properties are not specific to a single material but involve
the interaction of one material with another. This is the case for many of the
chemical properties as well as for the mechanical phenomenon of friction.

Extensive and intensive properties. All properties are discussed here in a form
that is independent of the gross size of the object, if possible. These are the socalled extensive properties, such as mass density as opposed to the corresponding
intensive property, mass. The use of eJ.tensive properties inclines the discussion to
dependence on aspects of the properties related more to the material composition
than to gross structure. But remember that the two cannot be completely severed.
(See the discussion of the role of structure on page 23 7.)
Relationships between properties. Often the importance of a property is not
just in its specific value, but in its relationsllip to some other property. For example,
in aerospace applications, one is not only concerned with the absolute strength of a
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component, but with the relationship between its strength and its weight, that is, its
strength-to-weight ratio .

Smart Materials
One property of some materials that does not fit into any of the above categories
is intelligence. A smart material has the ability to respond to its environment in
very special ways. The stimulus may be a mechanical, thermal, chemical, or other
kind of influence, or some combination of these. The simplest kind of smart
materials are shape-memory alloys and shape-memory poly mers. Bending or
twisting rods or sheets made from these materials sets up internal stresses that
remain dormant at room temperature. Under heating, the stresses equilibrate,
returning the material to its original shape. Proposed applications include selfunfurling satellite antennas, automotive choke valves, and kink-resistant catheters.
Another simple example of a smart material is photochromatic glass, which
becomes darker under bright light and is used to make self-darkening sunglasses.
In 1992, researchers at the University of California at Los Angeles announced the
development of another kind of smart glass that changes color in response to
chemical stimuli .
While not yet available for industrial applications, the most useful smart material to date is an organic tissue called muscle which came into service some 400
million years ago. This amazing material is capable of contracting to a small
fraction of its relaxed length and can exert sufficient force in the process to lift an
object several thousand times its own weight. It is controlled by the concentration of
special chemical reagents in the environment of its fibers .
Tills sort of capability is no longer in the exclusive domain of natural animals.
Muscle-like contractions can be obtained in artificial amino polymers that respond
to changes in ambient temperature, pressure, or pH (acidity). Thus these bioelastics
are more versatile than muscle. Since they may be able to be made even stronger
than muscle, while sharing its advantages of being nontoxic and biodegradable,
they may find wide application in medical implants, robotics, and industrial
transducers.
The subject of smart materials is becoming an active field of investigation, so
much so that it is the subject of a new journal started in 1990. A leisurely scan of
the first two years ' contents of the Journal of Intelligent Material Systems and
Structures portends astounding things to come in the world.
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A Partial Catalog of Properties of Solids

This section is a partial catalog of material properties of solid objects. Each
entry gives a brief definition of the property, examples of values for common
materials, and some examples of benefits and drawbacks of certain values of the
property for important applications. The listing is divided among inertial properties
and each of the types of interaction properties defined in Section 7.2.

Inertial Properties
The properties of a solid object that relate only to itself, independent of any
present external forces and influences, are its inertial properties. (Notice, however,
that although these properties are defined independent of outside influences, they
can be affected by such influences, and they can only be measured by imposing
such influences.)
The inertial properties include the fundamental properties that determine everything else about the object, its chemical composition and structure. In fact, all of
the rest of the properties discussed in this section are approximations for describing
the effects of chemical composition and structure. The different kinds of chemical
structure are discussed in Section 7 .1. In this section, the importance of structure in
determining material properties is discussed on pages 237 and 256.
One of the most important properties for engineering applications, the mass
density of an object, is the ratio of its mass to its volume. Low density materials are
used to reduce the overall mass of machines, such as airplanes, cars, and portable
computers, and to achieve low mass in special purpose components, such as highspeed actuators. High density materials are useful for low-volume ballast and
balance applications.
The heaviest materials are the heavy metals, especially iridium at 22.5 glee
(1400 lb!ft\ and including tungsten and gold, both at 19.3 glee (1200 lb!ft\ Lead
contains 11.4 glee (712 lb!ft\ The densities of metals runs as low as 1.7 glee (109
3
lb/ft ) for magnesium. Ceramics and glasses typically run about 2 to 6 glee (125 to
375 lb!ft\ while plastics are usually light, in the range of 1 to 2 glee (62 to 125
lb!ft\ Most wood is lighter still. The quoted densities are for natural forms of each
material. Lower densities can often be achieved by making the material in a porous
form, such as by foaming .
The distinction between mass and weight becomes important in space applications. For example, Earth structures are engineered to withstand the compressive
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force of gravity, whereas lunar and orbiting designs must take more account of the
tensile pressure of the interior air against the vacuum.
Porosity is roughly defined as 1-(VsfVr), where Vs is the volume of solid material in the object, and Vr is the total volume enclosed by its approximate outer
surface. It depends on the size and population of internal voids, or pores, which
may be open or closed. If closed, the pores may be evacuated, or they may contain
air or another light fluid. (If the pores contained a solid or a heavy fluid, then they
would not be considered voids, and the total material would be a composite.)
Porosity may be detrimental if it degrades the mechanical or other properties of a
material, but it can be helpful for reducing mass density, and for damping sound
and other vibrations. Open porosity is useful in adsorption applications or for
allowing restricted fluid flow, such as in filtration . Porosity is also used in ceramic
bone implants to allow natural bone tissue to grow into them, creating strong
integration of the implant in the body.
Two properties that affect many others are homogeneity and isotropy. Within a
homogeneous, or uniform, material, the properties are the same from place to
place. Whether a material is homogeneous or not may depend on the scale on
which it is measured. A single crystal is uniform on all scales above the atomic. A
polycrystalline material may appear uniform at scales much larger than the crystal
grain size, is inhomogeneous at the scale of the crystal grains, and may again be
homogeneous within each grain down to the atomic scale.
Isotropy refers to the sameness of properties when measured along different
directions in the material. Common examples of anisotropic materials are graphite,
mica, and plywood, all of which have a layered structure. These materials have
more strength in the plane of the layers than in the direction that separates layers.
All current additive fabrication processes build in layers, and objects made by these
processes need to be subjected to independent testing to determine the isotropy of
their properties. Metals and thermoplastics both acquire enhanced strength in
response to stretching, but in the process the strength becomes anisotropic, favoring
the direction of stretching. Another example of anisotropy is in the thermal
expansion of some oxide ceramics.
Materials whose atoms spontaneously decay, and thereby change their chemical
composition, are radioactive. The decay processes involve emission of highly
energetic particles, especially helium nuclei (a. particles), neutrons, electrons (~
particles), and photons (y rays) . Radioactive materials must be handled with
caution, as their radiation can be toxic. Most materials can be made radioactive,
while the heaviest elements, such as uranium, are naturally so. Radioactivity is
useful for energy production, with applications in steam-turbine generation of
electricity, space propulsion, and toxic explosives. It is also used in medicine for
tissue marking and targeted destruction of cancer cells.
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Interaction Properties
The interaction properties of a solid object describe how it interacts with certain
aspects of its environment.

Mechanical Properties
Mechanical properties measure the response of an object to mechanical forces
exerted on its material, such as stretching, compression, twisting, and bending.
Note that this excludes the common mechanical forces of pushing and pulling
because the resulting acceleration is irrelevant to this discussion, except insofar as
it causes compression in the material.

An elastic material submits to a certain amount of stress and then returns
quickly to its original size and shape when the stress is removed. This is called
elastic or reversible deformation . The stiffness of an elastic material is its resistance to this reversible deformation. Tensile (stretching) and compressive stiffness
are measured by Young's modulus, also called the modulus of elasticity or tensile
modulus. Torsional (twisting) stiffness is measured by the shear stiffness or shear
modulus; flexural (bending) stiffness, by the flexural stiffness or flexural modulus.
Elasticity is the inverse of stiffness.
Ceramics tend to have the highest stiffness, followed by oxide glasses, metals,
and other glasses. Plastics have low stiffness, especially elastomers (rubber).
A ductile material, when stressed beyond its limit of reversible deformation,
undergoes plastic or permanent deformation before it fractures. The material's
ductility measures the extent of this maximum permanent deformation. Ductility is
measured under tensile stress by either the increase in the length of a test specimen
before it is pulled apart (relative elongation), or the reduction in the cross-sectional
area of the specimen at the point of fracture. Related to ductility is malleability or
workability.
High ductility is a property of some thermoplastics, especially polyethylene,
polypropylene, and plasticised PVC. Metals tend to be fairly ductile, except
tungsten. Some thermoplastics, and thermosets in general, have low ductility, while
ceramics and glasses have essentially none.
Strength and toughness are two related measures of the resistance of an object to
becoming fractured. Strength expresses this resistance in terms of the stresses the
material can withstand, toughness in terms of the energy needed to fracture the
material.
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The strength of a material is its resistance to being permanently deformed or
fractured, where this resistance is expressed in terms of the various levels and types
of stress the material can withstand, such as,
• Yield strength: Resistance to permanent deformation under a constant
load.
• Ultimate strength : Resistance to the nonuniform deformation (called necking in the case of stretching), under a constant load, leading to fracture.
(Note that the "ultimate" strength is less than or equal to the fracture
strength, if they are measured in terms of "true" stress. See a good engineering text for the distinctions.)
• Fracture strength : Resistance to fracture under a constant load.
• Fatigue strength: Resistance to failure (fracture or buckling) under a cyclical load, as a function of the number of cycles.
• Endurance limit: Resistance to failure under infinite repetitions of a cyclicalload.
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Figure 7-2. The general tensile (stretching) behavior of metals. Strain is a measure of how far
the material is stretched out (related to elongation). Stress is the pressure exerted on the material and
exerted by the material in return. TI1e stages of behavior are (I) reversible elongation, during which
the material can return to its original state if the stress is released, (2) pem1anent, but uniform,
elongation, (3) "necking," in which the material develops a thin, weak region that stretches more than
the rest, and finally (4) fracture. This behavior is related to the tensile properties ofstiffuess, ductility,
strength, and toughness, as shown in Table 7-1.
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Each of these and other types of strength can be applied to stretching (tensile),
compressive, twisting (torsional), and bending (flex<Jral) stresses. Thus, for
example, one may speak of ultimate tensile strength or flexural yield strength .
The highest tensile strengths are measured in narrow, single crystal "whiskers,"
followed by narrow glass fibers and fibers of metals and ceramics. Ceramics have
very high compressive strength, especially cubic boron nitride. Many metallic
alloys have high overall strength, especially those of molybdenum and of iron
(steels). Other alloys and most pure metals are fairly strong, while plastics and bulk
glasses are not.
Toughness is the energy per unit volume that must be exerted to fracture a
material. Since this energy depends on both the stress that must be applied (fracture
strength) and the distance through which the stress acts (elongation), toughness
increases with either higher strength or higher ductility. Brittleness, the inverse of
toughness, increases with lower strength or lower ductility. Many metals are
relatively brittle at low temperatures, and undergo a marked increase in toughness
at a threshold called the ductile/brittle transition temperature. Toughness also
depends on how quickly the stress is applied to the material. When the stress is
applied quickly, the property measured is called impact toughness or shock
resistance.
The discussion of mechanical properties so far has introduced the fundamental
concepts of stiffness, ductility, strength, and toughness. These properties are
intimately related to each other and to the general behavior of solid materials under
mechanical stress. These relationships are illustrated in Figure 7-2 and Table 7-1
for the special case of tensile stress in metals.

Table 7-1 . Fundamental Tensile Properties of Solid Materials

Property

Measure

Stiffness

Modulus of elasticity

Ductility

Relative elongation

Strength

Formula

1-l
f 0
- 10

=

Relationship to Curve
in Figure 7-2

Sjr:.y

Initial slope

exp (r:.r)-1

Extent to the right

Yield stress

sy

Ultimate stress
Fracture stress

su

Extent upwards

sr
Er

Toughness

Toughness

jS(e) de
0

Area underneath
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Density relations. Of particular importance for some applications, such as
aerospace and automotive, are the relationships between the mechanical properties
of strength and stiffness and the mass density of the material. These relationships
are called strength-to-weight and stiffness-to-weight ratios.
Hardness is the resistance of a material to plastic flow, as in surface indentation. There are many tests in use for measuring hardness, with indentations caused
by various sizes of steel balls or various configurations of diamond points, all under
various levels of impact force and speed. The tests may measure permanent or
reversible indentation, depending on the material. Hardness is intimately related to,
but not the same thing as, strength. Scratch resistance and abrasiveness are also
related to hardness.
The hardest of all materials is diamond, and many other ceramics and glasses
are also very hard, although graphite is a very soft ceramic. Metals also have a wide
range, from hard steels to fairly soft tin and lead. Plastics tend to be soft, especially
elastomers.
Notice that ductility, strength , toughness, and hardness all relate to permanent
deformation. The distinctions are as follows :
• Ductility refers to the total amount of deformation that can take place in an
object before fracture .
• Strength measures the resistance to deformation of an object in terms of its
internal stresses.
• Toughness measures the resistance to deformation of an object in terms of
the energy needed to deform it to fracture .
• Hardness refers to the resistance to deformation due to a stress localized in
a very small region of an object' s surface.
It is important to understand that hardness does not imply toughness. For example,
diamond, the hardest existing material, is quite brittle.
The tendency of a material to fracture can be increased by the presence of surface imperfections, which serve as sites of stress concentration and can grow into
cracks. The importance of this phenomenon to the toughness of a material is known
as its notch sensitivity.
When an elastic band is stretched, it gets thinner, and when a rubber ball is
squeezed, it bulges. Poisson's ratio for a material measures its tendency to
compensate for stretching or compressive forces by contracting or bulging in the
plane perpendicular to the direction of the force . Most materials of all kinds have a
value in the range of 0.25 to 0.35, while rubber is about 0.5 and the ceramic silicon
carbide comes in low at 0.14.
When an elastomer (rubber) is reversibly stretched or compressed, it absorbs
some of the energy imparted to it before returning to its original state. This is
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known as mechanical hysteresis. The absorbed energy is dissipated as heat. This
property is useful for damping of vibrations, sound proofing, and shock absorption .
Some materials are prone to slow transformations in size and shape over time.
This may be a response to a small but constant force, such as gravity or the stress
imposed by a connected structural member, or it may be due to internal stresses in
the material working themselves out. In either case, the phenomenon is called
creep, and freedom from this tendency is dimensional stability. Creep caused by
an external force is the long-time analog of ductile deformation. Glasses and
amorphous polymers are most prone to this effect because their atoms or molecules
can slide past each other more easily than those locked in a crystal structure could.
When two materials are moved in contact with each other, a tangential force
acts against this motion. The magnitude of this force depends on the contact
pressure and the coefficient of friction of the pair of materials. Friction is useful in
anti-skid applications, such as in shoes, floor mats, and tires, and in abrasive
processes, such as grinding. Reduction of friction is desirable in most moving
machinery, such as engines.
The most important property for the subtractive autofab processes is one that is
fairly vague and ill-defined. Machinability is often measured in terms of how fast
the material can be cut in order to obtain an acceptable surface finish with an
acceptable level of tool wear. It also relates, however, to the force and power
required to remove material and the shape of chips produced in the process. Long,
thin, curled chips can become entangled in the cutting zone and interfere with the
operation. Factors involved in determining machinability include hardness,
strength, ductility, stiffness, melting temperature, thermal conductivity, and others.
Recent developments in high-speed machining are introducing new factors into the
property of machinability.
In steel, machinability is improved by alloying with lead, bismuth, sulfur, or
calcium. Stainless steel in particular is difficult to machine. Metals that machine
well are aluminum (especially the harder grades), brass, magnesium, and zirconium, but the latter two metals require extra care because they are flammable . It
can be difficult to maintain dimensional tolerances in alurninum because of its low
stiffness and high thermal expansion.
The softness of plastics makes them generally easy to machine, but can lead to
problems if insufficient cooling lets the chips gum up the tool. Ceramics and
glasses, on the other hand, are very difficult to machine because they are hard,
abrasive, and brittle.
For more ex1ensive discussion of this issue, see the books listed under Chapter 8
(Machining section) in Appendix C. See especial ly Chapter 1 of the TMEH
handbook and Section 20.9 of the book by Kalpakjian.
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Other machinabilities. One can also speak of the ease with which a material is
subjected to other subtractive processes aside from milling. For example, water-jet
machinability is similar to the above, except that stiffness is not as important
because the process does not tend to deform the material. On the other hand,
machinability under EDM, laser, and electron beam are more like ablatability,
which depends mostly on the thermal properties, described next.

Thermal Properties
The thermal properties of a material refer to the characteristics and results of
the flow of heat into, in, or from it.

Thermal transformations. Depending on their structures, solids exposed to
high temperatures may melt (crystals, including highly crystalline thermoplastics),
soften (glasses and amorphous thermoplastics), or decompose (thermosets). At its
melting temperature, a crystalline material undergoes a distinct change of phase
between solid and liquid. The glass transition temperature of an amorphous
material is not as definite, but can usually be defined by a change in the rate of
thermal expansion. Even harder to pin down is the decomposition temperature of a
thermoset. The polymer may gradually decompose, or it may char or burn. The
three types of thermal transformation are not always mutually exclusive so that a
plastic material , for example, may have both a glass transition and a melting
temperature.
A high melting point is generally desirable for components of hot-running
machinery, such as engines and furnaces . From a process point of view, a low
melting point is helpful for fusion-based fabrication methods, such as sintering, hot
extrusion, welding, and casting.
Ceramics have very high melting temperatures, followed by the refractory metals, such as tungsten at 3407°C. The melting temperatures of metals then range all
the way down through tin at 232°C, to -39°C for mercury. For glasses, the glass
temperatures range from 580 to 1540°C or wider, depending on composition, while
for plastics they are typically in the range of -100 to 100°C.

Specific heat is like the density of heat in a material. It gives the amount of
heat energy it takes to raise the temperature by a certain amount. A high specific
heat means that the material can absorb a lot of heat without getting very much
hotter. This is useful in applications that generate a lot of heat, such as through
friction or electrical current.
Most solid materials undergo reversible thermal expansion with increasing
temperature. Materials with low melting points generally undergo high thermal
expansion, and vice versa.
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In applications with substantial temperature fluctuations, adjacent components
with different rates of thermal expansion will incur mechanical stresses that may
lead to fatigue and failure. Thermal expansion and contraction can also cause
mechanical failure in a single, brittle material, a phenomenon known as thermal
fatigue or thermal shock, depending on whether it occurs after several, or just one,
thermal cycles. This occurs when either the thermal conductivity is low, so that
different parts of the material expand and contract out of synch, or when the
thermal exlJansion is anisotropic (has a different rate for different directions in the
material).
Thermal expansion and contraction can also be put to practical use, as in the
shrink-fitting of a hot rim on a cool shaft and in thermal sensors.
The degree to which heat can flow through a material is called its thermal conductivity. This is important in hot-running applications, to allow heat to dissipate
from inside the machine to outside. Low conductivity is desirable for insulation
applications, such as in cryogenics and in shielding from hot equipment. Metals are
typically the best thermal conductors, but not all of them, while plastics, ceramics,
and nonmetallic glasses are usually good insulators. There is a rough correspondence between thermal and electrical conductivity.

Electromagnetic Properties
The electromagnetic field is a physica l phenomenon that permeates all space
and all materials and interacts with particles that have an electric charge or a
magnetic moment. The interactions of a material with the electromagnetic field are
described by its electromagnetic properties.
The freedom of electrons to flow in a material is measured by the electrical
conductivity. Both electrical conductors and insulators are important for all
manner of applications in electrical and electronic devices. Metals are generally the
best electrical conductors. Polymers, ceramics, and nonmetallic glasses are
generally insulators, but "conjugated" polymers, such as polyacetylene, exhibit
excellent, anisotropic electrical conductivity. There is a rough correlation between
electrical and thermal conductivities.
Semiconductivity is a property of a special class of ceramics that allows them to
be switched between being conductors and insulators by the application of an
electric voltage. This property is fundamental to the entire solid-state electronics
industry.

Electric insulators, also called di electrics, withstand an electric voltage without
passing a current. However, there is a limit to how much voltage they can take
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before they undergo "electric breakdown." This limit of voltage, per unit thickness,
is called the dielectric strength.
Certain metals, most notably iron, exhibit the property of ferromagnetism in
which the material responds to an external magnetic field by aligning the spin
directions of its atoms, or other components, parallel to the field. (It is only one
electron per atom that changes direction to accomplish this.) When the external
field is removed, the material is left magnetized. This property is important for
making certain electrical devices, such as motors and generators, as well as
magnets for such applications as material handling and navigation (compasses).
There is a useful interaction between the mechanical and electromagnetic properties of some special materials. In piezoelectricity, the material expands or
contracts in response to an electric field and, conversely, generates an electric
current in response to mechanical pressure. This is exhibited by certain ceramics,
including quartz, and also by some polymers. It is used to make sensitive pressure
transducers, such as microphones. Magnetostriction, occurring in nickel and some
of its alloys with iron, is similar in that the material expands or contracts in response to a magnetic field. This can be used to obtain high frequency vibrations in
mechanical devices, such as ultrasonic cleaners.
A major subcategory of the electromagnetic properties, the optical properties of
a material, describe the interactions between the material and light
(electromagnetic radiation; see page xxi). Some important optical properties
include
• Color, including stability of color against chemical and photo-bleaching,
• Opacity, and
• Index of refraction.

Chemical Properties
A material 's chemical properties relate to opportunities for chemical interaction
between the material and its environment. This includes effects of nearby reagents
on the material, as well as effects of the material on other nearby materials. Some
chemical properties include
• Solubility,
• Susceptibility to oxidation, corrosion, and other degradation or passivation
(development of protective skin due, for exan1ple, to oxidation),
• Susceptibility to staining and cleaning,
• Flammability, and
• Taste and smell.
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Toxicity. When a material is poisonous, or is harmful to skin, eyes, or mucous
membranes, or emits fumes that are harmful when inhaled, or has detrimental
effects if deposited in sewers or in the open environment, it is said to be toxic . The
reason is some kind of harmful chemical interaction with living tissue. Toxicity is a
major problem in industry today, and every effort should be taken to ensure that
materials used and produced in various processes are benign. In some cases,
toxicity is used in pest control, but this has been losing favor to nontoxic, "organic"
methods.

Economic Properties
The economic properties of a material relate to its interaction with the natural
forces of supply and demand, as well as with such artificial forces as governmental
regulation and subsidies. Economic properties include
• Need (demand), including seasonal or other changes in need,
• Availability, including reliability of supply,
• Cost of procuring the natural raw material,
• Cost of shipping, processing, packaging, and so on, and
• Recyclability.
Both supply and demand require consideration of the following factors :
• Forms: Sheets, rods, blocks, powders, filaments, curable resins, and so on,
• Grades: Purity, uniformity, treated, coated, and so on,
• Quantities needed and available.
For example, for a customer who needs a material 99 percent pure in powder, a
ready supply of 95 percent pure blocks may be useless, unless the customer has a
facility for processing the material. Conversely, a supplier who has a material in
carloads may not be willing to subdivide those units to sell smaller quantities.

Properties Data for Common Solid Materials
Table 7-2 gives data for a selection of properties of some common materials.
Most of the materials listed are important in industrial applications, while a few
others, such as ice and human tissues, are included for comparison purposes. The
data are compiled from various engineering handbooks. Note that one must be wary
in comparing published data from different sources because of possible variations in
the techniques used to measure the properties. Also note that data are given for one
specific form of each listed material or a narrow range of forms . Observed properties will vary widely based on differences in purity, processing, structure, and other
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Table 7-2. Some Properties of Common Solid Materials

Material

Metals:

Mass
Density

Tensile
Stiffness

Flexural
Stiffness

Ult. Tens.
Strength

(glee)

(GPa)

(GPa)

(MPa)

(Where applicable, data are for unalloyed, annealed form.)

Aluminum
Brass: 70% Copper, 30% Zinc
Gold
Iron
Steel: stainless
Steel: mild
Titanium
Uranium (> 99% U138)
Zinc

2.71
8.53
19.3
7.9
7.9
"'7.85
4.5
19.0
7. 1

69
11 0
83
21 1
195 ± 5
2 10
105 ± 2
165
105

69
303
13 1
350
660
450 ± 50
4 14 ± 172

1.04 ± 0.04
l.l 8 ± 0.02
l.ll ± 0.03
1.20 ± 0.02

2. 15 ± 0.75
2.9 ± 0.2
2.4 ± 1.0
2.30 ± 0.05

2. 15 ± 0.75
2.9 ± 0.2
2.8 ± 0.7
2.3 ± 0.1

4 1 ± 14
55± 14
64 ± 26
60 ± 2

l.l 6 ± 0.02
0.98 ± 0.06

1.7 ± 1.4
0.004 ± 0.002

2.0 ± 1.7

45 ± 35
28 ± 4

3.9
3.3 ± 0.2
1.65 ± 0. 15
2.4
2.23
2.5
2.7
0.92

380
935 ± 115
8.0 ± 4.5
13.5 ± 3.5
65
84
55 ± 15
9. 1

! 55 ± 45

Thermoplastics:
ABS (various grades)
Acrylic (cast sheets or rods)
Nylon 6 (general purpose)
Polycarbonate (general purpose)

Thermosets:
Epoxy: bisphenol A (cast)
Rubber: isoprene

Ceramics:
Al umina (AJ,O,)
Carbon: diamond (single crystal)
Carbon: graphite (gen. purpose)
Concrete
Glass: borosilicate, bulk
Glass: type S, fiber
Granite
Ice

350 ± 50
6.2 ± 3.4
2
55
4650 ± 170
5
1.7

Organic Tissues:
Cotton
Human bone: thigh (longitudinal)
Human hair
Human muscle: skeletal
Human nail
Human skin
Wood: balsa (along grain)
Wood: white pine (along grain)
Wood: white oak (along grain)

1.52

0. 14
0.37
0.7 1

17.3

18.3

3.5 ± 1.5
8.5
12.3

3.4
8.3
12.4

370
122 ± I
193
0.0 1
18 ± 2
7.7 ± 5.2
30 ± 10
59
105
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(See explanation of table starting on page 251 .)

Ult. Flex.
Strength

Tensile
Ductility

(MPa)

(% elongation)

Shock
Resistance Hardness
(lzod, kJ/m')

(Brine II)

43
66
45
30 ± 5

"' 130
.. 270

66 ± 58

I

"' 35

100 ± 95
5±3
30 ± 25
11 2 ± 22

59 ± 2 4
100 ± 17
75 ± 5
90 ± 8

I

30 ± 28
630 ± 130

320 ± 215
21
100 ± 60
800 ± 160

I

59 ± 48

I

2.9 ± 0.4
3.0
4.9
6.5 ± 0.1

I

"' 10

M: 2050
D: 700
M: 20 11

" 450

G: 950

"' 10,000
13± 8

(US$/dm 3)

M: 96
M:2 10 ± 10
M: 132

11 5
70

I

Cost

(•C)

M: 652 ± 5
4± 1
M: 935 ± 19
22 ± 1
M: 1063
240,000±26,000
M: 153 5
M: up to 1500
24 ± 6
4 ± 0.3
M: up to "'1500
M: 1660 ± II
113 ± 18
M: 1149
300 ± 100
M: 420
12 ± 2

19
"' 100
"' 30
.. 75
153 ± 7

20 ± 5
4
6± 5

Thermal
Transf'n

1.7

220,000±120,000
0.002

5.5 ± 0.2
M: O

160

8±2
1.4
40
61
14.5 ± 1.5
77 ± 34

0.09

24

----

--------

0.18 ± 0.09
0.34 ± 0.17

Automated Fab rication-Improving Productivity in Manufacturing

254

factors . Therefore, one should view the listed data as a starting point, rather than as
a set of constraints.
The properties for which data are given are discussed, with definitions and their
relationships to applications, in the preceding part of this section. In particular, the
common English word stiffness refers to what in engineering jargon is called
Young's modulus of elasticity or just modulus. The units used are metric. Under
thermal transformation, a "G" indicates a glass transition, an "M," melting, and a
"D ," decomposition.
Costs of the materials are stated in U.S. dollars, based on wholesale market
prices. For metals except manium, the prices are based on the market low and high
for January 1990 through December 1991. Other commodities are priced based on
industry information in early 1993. All materials are priced in their raw industrial
form, such as ingots (most metals), resin (plastics), and logs (wood). The cost of
fabricated forms, such as bars, sheets, or planks is usually much higher. This
manner of pricing is used for purposes of comparison with the cost data in Table 74. Prices vary widely over time and from place to place. The costs are stated per
cubic decimeter (61 in3) . This unit of volume is equivalent to the liquid measure of
a liter (1.05 U.S. quarts), and is roughly equal to a cube 4 inches on a side. In many
contexts, it is more common to quote cost in terms of weight, but cost per volume is
more informative here since most fabricator users design their objects first in size,
with weight being secondary. (See also additional comments on costs in the
explanation of Table 7-4.)

7.4

Materials for Automated Fabrication

The Dual Role of Material Properties
The properties of material objects, discussed in the previous section, come into
play in two ways in automated fabrication. First, they determine the suitability of a
raw solid for processing in a particular fabricator. For example, hardness, stiffness,
thermal expansion, and other properties determine whether a material can be
machined with sufficient speed and accmacy. (See Machinability on page 247.)
Similarly, melting or glass temperature, specific heat, and thermal conductivity
This section has benefited from a technical review by, among others listed on pages xxiii and 232:

Dr. Edward P. Gargiulo, Senior Research Associate, E. I. Du Pont de Nemours and Company,
Luke L. Kimble, Market Development Manager, DTM Corporation, and
Richard Leyden, Chemical Development Manager, 3D Systems, Inc.

§ 7. 4 Materials for Automated Fabrication

255

help to determine how well a material can be sintered, extruded, welded, or deposited. However, these processes, as well as those that use photopolymer resins for a
raw material, are also strongly dependent on the properties of the material's liquid
phase, such as surface tension and viscosity, and on the physical effects of the
transition between the liquid and solid phases, such as changes in mass density,
opacity, and thermal conductivity.
The second role that material properties play is in determining the suitability of
the fabricated object for particular end-use applications. Sometimes what is most
important is the ability to withstand certain stresses, such as mechanical impact,
high or low temperatures, or chemical reagents. But sometimes it is equally
necessary that the object be capable of submitting to certain forces. This is the case,
for example, when the design calls for a snap-fit assembly, a flexible tube, or a
bellows. In other situations, part of what is needed is more aesthetic than pragmatic, such as colors, surface finish, and possibly even a pleasant smell.
The specification of appropriate materials for various applications is one of the
most important talents of an engineer. To perform this part of a job, an engineer
refers to a library of reference books and catalogs listing properties of generic and
proprietary materials. (Some sources are listed under Chapter 7 in Appendix C.)
These data are similar to those in Table 7-2, except that they are thousands of times
more voluminous. Steel, for example, is available in thousands of grades and
formulations . One popular handbook lists over 1,100 brands and grades of nylon.
Yet despite this variety, an engineer working on a major project is not limited to
published materials. Many metal and plastics manufacturers offer the service of
custom formulations, including, for a good customer, the research necessary to
match properties to a specification. So in fact, the number of available materials is
actually, and literally, infinite.

The Role of Additive Fabricators in Determining Properties
Now additive autofab introduces yet another degree of freedom for the engineer.
As mentioned on page 237, the structure of an object plays a large role in determining its properties, so that folded paper can support a heavy book, and glass fibers
can be made stronger than steel. In the past, engineers procured materials and
structure in separate stages, and this limited the scale at which it was practical to
specify structure. A design could be enhanced with ribs, but these ribs would have
to be either incorporated into a mold or affixed with fasteners. Now, for one thing,
it is no harder to build a ribbed structure directly than to build a flat surface. But
more importantly, the whole notion of what a rib is can be changed because it is
just as easy to generate a series of tiny honeycombed layers as it is to make wide or
thick ribs. This ability thoroughly blurs the distinction between material and
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structure. No longer does the engineer have to specify solid materials in rods, bars,
tubes, and I-beams. Whatever structure is desired, including tiny interior structures,
can be fabricated along with the basic material itself.

Autofabricated Millistructure at 30 Systems
The kind of fine structure discussed above is what is defined on page 237 as
mil/istructure. Not surprisingly, as one of the pioneers in the technology that is
making the manipulation of rnillistructure possible, 3D Systems has been most
innovative in taking advantage of the new capability. In the late 1980s, models built
in the SLA-250 were plagued by curling and other distortion effects that occurred
both in the vat and in the curing oven. In order to attack this problem, some resin
manufacturers have formulated photopolymer resins that do not shrink so much in
curing. But making a liquid turn solid without shrinking is no easy matter. Scientists at 3D Systems attacked the other side of the problem. Instead of changing the
chemistry of the photopolymer, they changed the structure with which solid
material is fabricated from it.
The original "build style" used to solidify resin in the SLA vat was a "tri-hatch"
(triangular hatch) pattern, shown in Figure 7-3 (left). The laser would scan the
desired cross section in th.ree series of parallel lines oriented at 60° with respect to
each other. The result was an array of equilateral triangles. Inside each triangle,
liquid resin would be trapped and would wait until postcuring to be solidified. This
method had been devised with the intention of minimizing the amount of time
taken to scan each layer with the laser, and so enhancing building speed. However,
the large volume of resin left uncured by the laser caused unacceptable distortions
during postcuring.
3D Systems first brought out a new build style called Weave in 1990. (3D
Systems designates the style by the trademark "WEAVE," with all capitals.) This
technique at least partially cures 96 percent of the object volume in the vat by using
a closely spaced rectangular hatch, as illustrated in Figure 7-3 (center). This simple
change of the scan pattern from a loosely spaced triangular hatch dramatically
reduces postcure distortions. Ironically, although it requires much longer scanning
distances, it also leads to faster fabrication . This is because the peculiarities of
photochemistry allow Weave lines to be drawn much faster than tri-hatch lines.
Even with the improvements brought about by Weave, StereoLithography users
still encountered troublesome problems related to curling of large, flat, horizontal
surfaces and the development of mysterious cracks in horizontal surfaces. These
problems were solved by the introduction of yet another build style, called StARWeave (staggered-, alternating-, and retracted-hatch Weave), in 1991. (Again the
trademark is all-capitalized, "STAR-WEAVE.") This is one of those cases where
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Figure 7-3. Evolution ofStereoLithography scan patterns. (Left:) Tri-hatch creates an array of
equilateral triangles that trap resin for later postcuring. (Center:) Weave cures most of the resin in the
cross section with a closely spaced rectangular hatch pattern. (Right:) Retracted hatch attaches each
hatch line to only one border. The structural differences brought about by these techniques trade off the
dimensional stability with the strength of the resulting fabrication material.

the solution looks so obvious once someone has thought of it, but it was not at all
easy to figure out. The interesting story is told in some detail in Section 8.3 of
Rapid Proto typing & Manufacturing (RP&M) . (See reference on page 336.)
The aspect of StAR-Weave that is of most importance to the present discussion
is the "R" part of it: retraction of the hatch lines. (See Figures 7-3 (right) and 7-4 .)
When a cross section is being scanned, typically its outline is scanned first, and
then hatch lines are drawn inside this border. In the original build styles, all hatch
lines are drawn right up to the borders in order to attach the interior of the fabricated object to its surface. As important as this is, it was discovered that the
dynamics of curing leaves mechanical stresses in the pattern, which can relieve
themselves by distorting the fabricated material. A partial solution is to draw each
hatch line so it attaches only to one border and stops just short of the border at its
other end. This simple technique reduces the internal stresses and thereby reduces
in-process distortions. The "staggered-" and "alternating-hatch" aspects of StARWeave also reduce internal stresses that can lead to bowing and cracking. (For a
detailed description, again see the account in RP&M, cited above.)
The motivation for developing Weave and StAR-Weave was to reduce the inprocess and postcure distortions of an SLA-fabricated object and thereby improve
the accuracy with which the fabricator can reproduce the intended dimensions
represented in a CAD design. But from an engineer's point of view, what these
build styles do is more profound. They modify the dimensional stability of the
"green" object in, and just out of, the vat. Since dimensional creep due to curing
tends to continue for some time after the postcuring operation, these methods may
improve the long-term dimensional stability as well. (Preliminary tests of this
hypothesis are inconclusive.) On the other hand, DuPont has published data in
which tri-hatch is shown to produce substantially higher tensile stiffness, ultimate
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Figure 7-4. Micrograph of retracted hatch at about 35 x magnification. The image is taken from
a sintered metal medallion cast in a rubber mold cast on an SLA pattern, and so is actually a secondgeneration "fossil" of the hatch pattern. (Courtesy Forschungszentrum Jillich GmbH.)

strength, and ductility than Weave. So the different build styles may offer the
engineer a tradeoff between dimensional stability and strength. Since build style is
a parameter set in the fabricator operating software, this suggests that engineers
may have acquired the new opportunity to literally program variations in
material properties into their objects to be fabricated.
In 1992, 3D Systems introduced yet another build style. This one was created
for the purpose of reducing compressive strength. Attempts to use SLA-generated
models as patterns for investment casting by the shell method had proved
frustrating because during bum-out, the pattern would undergo thermal expansion
and crack the ceramic shell. (For a brief description of investment casting, see page
141.) The new build style, called QuickCast'", works by scanning the interior of the
object in a honeycomb pattern which leaves a large portion of the interior uncured.
Unlike tri-hatch, however, the new style does not trap the resin, but leaves open a
system of ports, so the uncured resin can drain out. The result is a thin-walled
honeycomb-like network that has sufficient compressive strength for a ceramic
mold to be cast on it, but is not strong enough to crack the mold under thermal
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expansion. Instead, when the pattern starts to expand, it yields and begins to
collapse upon itself, assisting the burn-out process.
Both the Weave-StAR-Weave progression and the QuickCast build style demonstrate the ability of a fabricator to determine not only the material and macrostructure (gross shape) of an object, but also to create that material with an
appropriate millistructure (see page 237) for the particular application. The
modification of millistructure changes the properties of the material. This radically
changes the working circumstances of the engineer, making his or her job both
easier and more difficult. Both the increased ease and difficulty come from the
broader range of options available to accomplish any particular goal in materials
properties.

Curing Properties of Photopolymer Resins
At the 1991 Dayton Conference, Bert Evans and Paul Jacobs of 3D Systems laid
out a theory of photocuring. (The treatment is also reported in Chapter 4 of Rapid
Prototyping & Manufacturing, referenced on page 336.) In this theory, progress of
polymerization (curing ) is characterized by the development of stiffness in the
liquid resin under the influence of incident light. (See pages 243 and 245 for a
discussion of stiffness, called modulus in engineering jargon and photomodulus in
this context by Evans and Jacobs.) The process of acquiring stiffness can be called
gelation. Although the distinction is not usually made, in this context it is important to notice the difference between curing and gelation. Any region of liquid resin
that is impinged upon by light of the right wavelength undergoes the photochemical
polymerization reactions known as curing. However, it is only after the region
receives a certain critical amount of light energy that it begins to gel, or acquire
stiffness that indicates it is turning solid. There are four experimental parameters
that determine the gelation behavior of a resin.
Light incident on the surface of a resin is absorbed as it passes into and through
the liquid. The penetration depth, Dv, is defined as the depth at which the intensity of the light has been reduced to about 1/J (actually to 1/e:::::,0.37) of its value at the
surface. Do not confuse this quantity with the gel depth, defined below. Dv is a
fundamental property of a resin; gel depth depends also on the intensity and
duration of the incident light.
As light impinges upon a particular region of resin over time, if the total exposure (incident energy per unit area) is less than a certain value, then the photochemical reactions do not proceed far enough for the resin to gel or acquire
stiffness. In other words, that region of resin does not turn solid. If, on the other
hand, the region is exposed to more than this amount, then it does turn solid. This
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amount of exposure required for gelation is the critical exposure, Ec, and the
stiffness acquired by the resin depends on how much the exposure exceeds this
value. The existence of this critical value of exposure is one of the fundan1ental
assumptions of the Evans-Jacobs theory.

DP and Ec are of great importance to the fabricator operator because, together
with the intensity and duration of incident light, they determine the gel depth . This
is the maximum depth of resin that acquires any stiffness under a particular
exposure. (This is often called the "cure depth," but this term may be misleading
because curing reactions actually take place far beyond this depth.) The operator
uses the gel depth, in conjunction with parameters controlling the incident light, to
determine important aspects of the build process, such as layer thickness, the width
of the gel region (if the light source is a laser), and gelation efficiency. Published
values of DP and Ec for many commercial fabricator resins are given in Table 74(b) .

In laser curing, the stiffness acquired as gelation proceeds approaches a limiting
value, which is substantially less than the ultimate stiffness acquired after postcuring. This is the green stiffness limit, Ygreen• in which " Y'' stands for Young 's modulus, the technical term for stiffness. "Green" is the term used for photopolymer that
has been laser cured, but not postcured, by analogy to lumber, which is called green
before it undergoes oven drying. This limit is called Ymax by Evans and Jacobs. The
different subscript is used here to emphasize that the limit is relative to laser curing
and is not the ultimate limit for the material. The reported values of Ygreen for
Cibatool resins are given, along with the postcured values, in Table 7-3 .
The stiffness coefficient, K , determines the rate of gelation with respect to
increased exposure. It has the dimensions of inverse length, and Evans and Jacobs
interpret it in terms of how close together (spatial frequency) are the microscopic

Table 7-3. Photopolymer Stiffness, Green and Postcured

Resin

XB 5081-1
XB 5131
XB 5134-1
XB 5139
XB 5143

Ygreen

(GPa)

0.5
0.75
0.35
2.0
0.38

Ypostcured

(GPa)

3 ± 0.5
3.5 ±0.5
1.2 ± 0.2
3.25 ± 0.25
0.7

Change (factor)
:::::6

:::::5
:::::3
:::::2
:::::2

Source: Yveen: Rapid ProtOI)ping &: Manufac turing plus PauJ Jacobs, personal commwtication.
Y.,._..,,: Ciba-Geigy product data sheets.
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regions of curing polymer that must find each other and crosslink in order to
establish gelation. A larger value of K means that the resin is inclined to form these
regions with a greater density, making it easier for crosslinking and solidification
to occur. For Cibatool resins, values of K are reported in the range of 0.16 to 0.87
~m- l

Properties Data for Commercial Fabricator Materials
For subtractive processes, the candidate materials consist of the entire inventory
of the world' s solids (see Table 7-2 on page 252), and appropriateness for processing is determined by the property called machinability. This very complex combination of other properties is discussed briefly on page 24 7 and in the references
listed there. The rest of this chapter focuses on materials for additive processes.

The Additive Materials Data Chart
Since millistructure determined by an additive fabricator can modify the material properties of its output, as explained earlier in this section, one should view
published properties data as a starting point, rather than as a constraint. One must
also be wary in comparing published data from different sources because of possible
variations in the techniques used to measure the properties.
Data sheets on fabricator materials usually provide what are called "typical
properties," meaning that the data are representative of results that users who run
the same tests might get. Differences will arise from using different test methods or
apparatus, calibration differences in the fabricators, using different build styles,
environmental differences (temperature, humidity, vibrations, etc.), and other
factors. The vendors are not withholding more definite information; more definite
information cannot exist.
With these provisos, comparative data are given in Table 7-4 on most of the
additive fabricator materials on the market at the beginning of 1993 . Another
necessary proviso is that all this information is as provided by the material vendors
themselves and has not been verified by outside sources.
Part (a) of the table (the first two pages) has the same format as Table 7-2 on
page 252. The properties listed in this part are discussed, with definitions and their
relationships to applications, in Section 7.3 . In particular, the common English
word stiffness refers to what in engineering jargon is called Young's modulus of
elasticity or just modulus. The units used are metric. All data are stated for the
final , solid state of the material, after fabricator processing and any necessary post-
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Table 7-4 (a). Some Properties of Additive Fabricator Materials

Vendor I
Line

Density
Material

(Change)

Tensile
Stiffness

Flexural
Stiffness

Ult. Tens.
Strength

(glee)

(GPa)

(GPa)

(MPa)

Helium-cadmium-tuned photopolymer resins for SLA-190, -250, souP-H. JSC- 1000, COLAMM:
Ciba-Geigy I
Cibatool SL

DSM Dcsotech
DeSolite SLR
DuPont /
SOMOS
Allied-Signal
Loctite

Asahi Denka
Kogyo

XB 5081-1
XB 5134-1
XB 5139
XB 5143
XB 5149
950-805
950-806
2110
3110
2201
8100
8101
HS-660
HS-661
HS-663
HS-666

3 ± 0.5
1.2 ± 0.2
3.25 ± 0.25
0.7
1.1
0.53 (secant)
1.1 (se<:ant)
0.037 (sec, 1%)
0.81 (sec, 1%)
1.45 ± 0.28
1.0
0.73
2.3
3.0
0.57
0.12

1.2 (+7%)

[1.07]
1.20 (+3%)
1.20 (+6%)
1.1 6 (+2.5%)
1.19 (+6.5%)
1.14 (+4.8%)
[1.153)
[1.14]
[1.13]

60 ± 10
37 ± 12
72 ± 7
35
24
62
7.1
21
55 ± 7
32
17.23

0.015 (seo, 1%)
0. 65 (sec, 1%)
2.24 ± 0.05

50.5

3.6
2.2
0.71
0.078

32
16.2
9.8

Argon ion-tuned photopolymer resins for SLA-500, SOUP-A. JSC-2000, -3000. Stereos, Solifonn:
Ciba-Geigy I
Cibatoo1 SL
DuPont /
SOMOS
Asahi Denk.a
Kogyo
JFC

1.2 (+7'/o)

XB 5131
XB 5154
2100
3100
HS-671
HS-672
SCR-100

3.5 ± 0.5
1.1
0.037 (sec, 1%)
0.81 (sec, 1%)
1.6
2.5
1.2

1.20 (+3%)
1.20 (+6%)
[1.16]
[1.1 6]
[1.08)

70 ± 10
35
7.1
21
29
35
31

0.015 (sec,1%)
0.65 (sec, 1%)
2.3
2.5
1.45

Broad-band photopolymer resins for Solider:
Coates I
Solimer
DSM I DeSolite

TypeG
Type F
4112-143-1

[1.12)

Heat-sensitive adhesive sheet (roll)
Helisys

Paper
Polyester

0.88 (sec, 2.5%)
0.23 (sec, 2.5%)
1.0 (sec, 2.5%)

[1.1]

I
I

35
13
36

for LOM:

[0.83]

0.39

34

I

Thermoplastic powders for Sinterstation:
BFGoodrich
I Laserite

LN-4000
LPC-3000
LWX-2010

Thermoplastic filaments
Casting Wax
Stratasys

1.20
1.05

0.9
0.83

40
15

for 3D Modeler:
0.92

Machinable Wax

Plastic200
Plastic300
Source: Vendors.

1.02 (+67'/o)
0.82 (+46%)
0.98 (+56%)

0.90
1.1

0.62
0.55

9.1
12.2
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(See explanation of table starting on page 261 .)

Ult. Flex.
Strength

Tensile
Ductility

(MPa)

(% elongation)

(lzod, kJ/m')

2.5 ± 0.5
9.5 ± 2.5
3 ± 0.5
15
10

3
15 ± 5
7.5 ± 2.5
40
22 ± 2

89 ± 2
80 ± 2
ShoreD 87 ± 2
ShoreD 80 ± 2
ShoreD 78

!50
15
21.5 ± 0.3

41
80
ShoreD 80
Shore D 72 ± 2
ShoreD 78
Rockwell M 128

110
71
29
8.8

10
7
46
9.2
8±2
II
20
2.7
2.1
11
15

75
65
62

2.5 ± 0.5
10
46
9.2
1.4
1.9
5

43±2

I

I

I

I
41
34

I

16
55
18

Shock
Resistance Hardness

ShoreD

Rockwell
Rockwell

I

D:

104
82

70
37.5

G: 150
G: 50 ± 10
G: 110 ± 10
G: 80 (broad)
G: 83 (broad)

137
138
140
155
175
(89)

G: 65
G: 61.1
G: 51

147
152
178
102
"' 168

54

(125)

G: 150
G: 83 (broad)

125
158
147
!52
(125)

M 85
M 40

89 ± 2
78
Shore D 41
ShoreD 80

ShoreD

ShoreD

Rockwell

D:

(US$/dm')

ShoreD

3
20.5 ± 2.5
150
15
7.1
10

I

Cost

(. C)

ShoreD

16.8
15
29
>64

I
38
4

ShoreD

Thermal
Transf'n

56 .. 61
G: 54

R 115

I

I

I

I
I

I

G: 70
G:41
G: 100

I

I
M: 177
G: 153
M:63

I

:::;
4
28

146
135
161

172
10.6
14.6

4.7
3.5

9
13

ShoreD

58

255

ShoreD 70
Data collected in collaborntion with Rapid Prororyping Report.
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Table 7-4 (b). Additional Properties of Additive Fabricator Materials

Comments

Material
H elium-catlmium-tuned photopolymer resins

.. _ ~~.
HS-663

1 --- ---

.
1

w

315 (25)
. ·- · -

1

1

1

ror SLA- 190, -250, souP-H. JSC-1000, coLAMM:

Epoxy-based. Cure by cationic polymerization.
Claims no postcuring needed.
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processing, if this information is available. For mass density, if only the density of
the raw material is available, it is given in square brackets. Positive density change
represents volumetric shrinkage from the raw state, such as resin or powder. (Note
that lower volumetric shrinkage does not automatically provide better process
accuracy.) Under thermal transformation , a "G" indicates a glass transition, an
"M," melting, and a "D," decomposition (e.g., charring or delamination due to
failure of adhesive).
Cost is stated in U.S. dollars per cubic decimeter ($/61 in\ This unit of volume
is equivalent to the liquid measure of a liter (1.05 U.S. quarts), and is roughly equal
to a cube 4 inches on a side. Cost is more usefully stated per volume than per
weight, since most fabricator users design their objects first in size, with weight
being secondary. Note that since the data are given in terms of the final solid
material, if available, prices stated are different from those quoted by vendors,
which are for the raw materials, with the difference being due to shrinkage,
porosity, and so on. If the density of the final material is unavailable, then the cost
of the raw material is given in square brackets, just as is done with the density data.
When comparing these materials prices to those in Table 7-2, which would
apply to subtractive processes, keep in the mind the distinction between displacement volume and enclosing volume. Displacement volume is the difference between
the enclosing volume and the total volume of cavities, concavities, and any other
regions void of material. Subtractive processes, since they carve the object out of a
solid block, need somewhat more than the enclosing volume. On the other hand,
most additive and formative fabricators consume approximately only the displacement volume. (Many additive fabricators also consume material for supports. The
Cubital Solider, however, consumes substantially more than the entire enclosed
volume in resin, plus a great deal of wax and a small amount of toner.) So the
material cost for generating any particular object may depend on the process and
the proportion of void regions in the object, as well as on the material and the
overall size.
Part (b) of Table 7-4 (the third page) gives, along with general comments on the
materials, data for three properties specific to photopolymer resins. The pros and
cons of the first property, viscosity, are discussed on page 43 . The other two,
penetration depth, DP, and critical exposure, £ 0 , are two of four fundamental
parameters that detem1ine the curing behavior of a photopolymer resin, according
to the theory of Evans and Jacobs. (See page 259.) Of the four, these two are
established in the photopolymer literature, and so their typical values are published
by the resin manufacturers. The other two parameters, the green stiffness limit,
Ygreen' and the stiffness coefficient, K, are original to Evans and Jacobs' theory, and
so have not yet been measured, except for the Ciba-Geigy resins. The values of Ygreen
and K for those resins are given on page 260.
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Wide Range of Properties
Engineers can get down to work analyzing Table 7-4 and use it to start considering additive processes for particular projects. For nontechnical readers, the
message to be received is the wide variety of properties available from StereoLithography and other additive processes.
In the early years of StereoLithography, some people were disappointed by the
brittleness of objects emerging from the SLA-1 and later the SLA-250. In those
days, the late 1980s, the formulations of laser curing resins available from DeSoto
(which later became DSM Desotech) and Ciba-Geigy had cured properties similar
to those of today ' s XB 5081-1 (the first resin listed in Table 7-4). While this
polymer is quite strong (UTS "" 60 MPa), it is very stiff and has low ductility and
low shock resistance. That is why models in this material shatter so easily. Compare those properties to the data for XB 5143 or BF Goodrich's Laserite LN-4000
nylon (high shock resistance with moderate stiffness). Notice the high elasticity
(low stiffness) of DuPont SOMOS 2100 and 2110, shown in Figure 7-5 . Vendors
now delight in demonstrating the wonderful properties of their materials with
creative torture tests, as shown in the example in Figure 2-12.

Figure 7-5. Bellows made from Du Pont SOMOS 2110 demonstrate an application for this
fl exible photopolymer. Another use has been in modeling new designs for squeeze bottles, such as for
shampoo or ketchup. (Courtesy E. I. du Pont de Nemours and Company.)
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Safety Issues of Fabricator Materials
Two of the major classes of raw materials for additive fabricators, photopoly mer
resins and bulk powders, are industrial materials that require strict adherence to
established procedures in their use, handling, transportation, and storage. In the
United States, vendors of industrial materials are required to supply a material
safety data sheet (MSDS; usually is actually several sheets) to their customers.
Customers are responsible for reading these information sheets and following the
procedures and taking the precautions described in them. After several years of
commercial use of additive fabricators, there are a few reports of users experiencing
physical symptoms that may have been due to carelessness or to hypersensitivity. It
is hoped that new users and their managements will treat these technologies with
the respect that they deserve, so that the industry will not be marred by unnecessary
toxicity reactions.
The following paragraphs explain some of the safety issues related to handling
of some fabricator materials. This is for explanatory and introductory purposes
only. Precautions mentioned in the following discussion do not

substitute for the relevant MSDS, which must be read and understood before handling these materials. Also notice that this discussion is
entirely related to the materials used in fabricators. There are other safety issues not
related to materials that must be observed when operating various fabricators, such
as those related to lasers, heat, and electricity.

Toxicity of Photopolymer Resins
Photopolymer resins are liquids that consist of small molecules that combine
(polymerize or cure) to form a solid material. (See Section 8.1 for an explanation of
polymer chemistry.) These small molecules are highly reactive and may react in
unfriendly ways if brought into contact with human or other living tissue. They can
also evaporate easily, causing vapors that may be flammable . Once the resin is fully
cured (solidified), all of the small reactive molecules have been combined into large
stable molecules that no longer pose a danger. Thus the concerns are with the
material in its liquid form, not its solid form . However, sanding, filing, or machining a solid photopolymer may create a fine dust. If the object from which such dust
is generated was fully cured, then the dust should not be reactive. However, as with
any dust, precautions should be taken to avoid inhaling it into the lungs.
When handling photopolymer resins, care must be taken to prevent contact with
eyes, skin, and clothing and to prevent inhalation of fumes . Fabricator operators
should wear goggles, impervious gloves, and a protective smock, and the facility
should be adequately ventilated. Curing of any photopolymer object should be
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allowed to proceed to completion before handling without these precautions, or
before leaving it in a place where it may be contacted by others who are unaware of
the required precautions. If sanding or machining solid polymers, avoid breathing
the dust. Follow other measures detailed in the relevant MSDS.
One component of some resins, vinyl pyrrolidinone (also called v-pyrol or NVP
for the alternative chemical designation "n-vinyl pyrrolidinone"), has been linked
to cancer developed in rats that inhaled it in various concentrations for two years.
Notices that a particular brand of resin does not contain this suspected carcinogen
do not mean that that resin is not toxic. All photopolymer resins must be treated
within the general guidelines described above, according to the particulars in their
MSDS.

Powder Concerns
Bulk quantities of powder can be a problem for two reasons. First, the finest
powder particles can be whipped up into dust, which is just airborne powder
particles. High concentrations of dust can be harmful if inhaled. Second, a powder
is a solid with a very high surface-area-to-volume ratio. In the presence of oxygen,
the large surface area provides a high density of potential ignition sites, presenting
the possibility of explosion. This is the reason the Sinterstation is sealed in
operation with an inert nitrogen atmosphere inside. As with photopolymers, the
concerns exist only for the raw form of the material and do not apply to fully
sintered objects.
During the laser sintering process, polymer powders may also emit harmful
fumes which must be vented properly.
When handling bulk powders, care must be taken not to whip up or inhale dust
and to prevent any concentrated source of energy, such as a spark or flame, from
contacting the powder. Fabricator operators should wear gloves and goggles and
should not smoke, and the facility should be provided with appropriate electrical
grounding and ventilation. Follow other measures detailed in the relevant MSDS.

Metals by Additive Processes
The ultimate dream of the inventors of additive fabricators is to develop their
machines to be able to output final useful products, not just prototypes and mold
patterns. One of the first challenges in realizing that dream is obviously to fabricate
in useful materials. That is why everyone is so anxious to see a machine that builds
directly in metal.
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Several of the machines currently on the market have the theoretical potential to
work with metals. DTM's laser sintering and Stratasys' robotically guided extrusion, which both currently build in varieties of wax and plastic, are immediate
candidates. Helisys' technique of stacking laser cut sheets could also use metals,
although it will be more of a challenge to achieve full metallic properties unless the
process is modified to forego the adhesive and actually fuse the layers. The droplet
deposition process invented at MIT and marketed by Soligen could also be applied
to metals. Of these four vendors, DTM has already demonstrated some success in
its development of metals processing; the results, in copper, steel and other metals,
are primitive but promising.
Other processes on the horizon also hold a lot of potential in this important
field, for example Carnegie Mellon's "MD*" process, Incre ' s Incremental Fabrication, and the 3-D welding processes from the University of Nottingham and
Babcock & Wilcox. (See Sections 3.2 and 3.3.)
However, there is an interesting t~ist to this expectation of seeing automated
fabrication in metals. The same progress in materials science that is promoting the
development of additive fabricators is constantly pushing forward the limits of
engineered materials made from plastics and ceramics, and especially composite
materials consisting of all kinds of combinations. It is an ironic possibility that as
additive metal fabricators begin to hit the market in force, processing of nonmetallic materials may usurp the respected position of metals as the engineer' s material
of choice. It will be interesting to watch the unfolding of these events.

8
Underlying Science
The combination of the causes of phenomena is beyond the
grasp of the human intellect, but the desire to find those
causes is innate in the soul of man.

-

Leo Tolstoy,
in War and Peace, 1869

Automated fabrication is high technology. One cannot fully appreciate the
current magic or the future promise of these processes without knowing something
about their underlying physics and chemistJY.
This chapter explains some of the underlying science related to two of the most
interesting additive processes now on the market. This is not to be taken to imply
that there is not interesting science behi nd the subtractive processes. There is.
Removing chips from the surface of an aluminum block with a tool rotating at
40,000 revolutions per minute introduces a host of challenging questions about the
physics at the moving interface between tbe two materials. However, information
on the additive processes is harder to find tcday, so this chapter focuses in that area.
For the technical side of machining, see the related references listed under Chapter
8 in Appendix C.
The technical issues discussed in this chapter presented severe challenges to the
developers of today ' s fabricators . Equally, they offer a plethora of opportunities for
future enhancement and entire new directio!ls for development.
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Photopolymers

A photopolymer is an organic resin that solidifies (cures) under the influence of
light. This occurs because, when the resin is exposed to light, its chemical components combine to form larger molecules. The components may themselves be large
chain polymers that undergo crosslinking, or they may be relatively small molecules which polymerize when irradiated.
Photopolymers have a long and distinguished history and enjoy a central role in
the modern printing and electronics industries.

History and Development of Photopolymers
The first type of material to be used for 3-dimensional automated fabrication,
photopolymers, happens also to be the first type of material used to create an
artificial 2-dimensional image. The first known photograph is a shadowy image of
a neighborhood near Chalon, France, taken by Nicephore Niepce from his attic on a
sunny afternoon in 1826. (See Figure 8-1 (left).) It was made by exposing a pewter
plate coated with bitumen of Judea to the scene for several hours in a primitive
camera. Bitumen of Judea, a light asphalt originating in Syria and a common

Figure 8-1. The first photograph and the first photoengraving, both made by Nicephore
Niepce of France in 1826 using the natural photopolymer bitumen of Judea. (Courtesy Gernshei.m
Collection, Harry Ransom Humanities Research Center, The University of Texas at Austin.)
This section has benefited from a technical review by, among others listed on page xxiii:

Dr. Robert W. Peiffer, Research Associate, E. I. DuPont de Nemours & Company, Inc.
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masking material used by engravers of the day, had the property of becoming
resistant to solvents after lying in the sun. Taking advantage of this, Niepce
removed the plate from the box of the camera and washed it in a mixture of oil of
lavender and mineral spirits. In those regions that had not been irradiated the
bitumen dissolved away, while those areas receiving sunlight remained on the plate
to become a faint image of the neighborhood scene.
In the same year, Niepce also applied the light-sensitive material to a printing
process. He took a line drawing made on thin paper, soaked it in oil to render it
translucent, then laid it over an engraver's copper plate that had been coated with
bitumen of Judea. When, after several hours, the plate was washed as before, the
bitumen that had laid in the shadow of the lines of the drawing was dissolved away
while the rest of the resin remained on the plate. The plate was then immersed in
acid in the common engraver' s practice. The undissolved bitumen protected the
copper underneath, but the acid etched away the copper along the lines where the
bitumen had been removed. The resulting narrow channels in the copper plate
would later hold the printer's ink that would be soaked up by capil1ary action into
moist paper pressed onto the plate. The resulting print is shown in Figure 8-1
(right).
In photography, bitumen of Judea gave way to silver halides as the preferred
photosensitive material, but the use of a photohardening resin to make reproduction
plates has grown to become the basic technology of the printing industry. As the
photopolymer of choice, biturilen of Judea was soon replaced by dichromated
gelatin because of its better light sensitivity and greater reduction in solubility when
exposed. In the 1930s, progress in chemical synthesis led to an effort to replace
dichromated gelatin with an even better synthetic photopolymer. This was first
realized by Louis Minsk of Eastman Kodak with poly(vinyl cinnamate). (See page
279 for the chemistry of photocrosslinking, the curing mechanism for both dichromated gelatin and poly(vinyl cinnamate).)
As the printing substrate, copper plates gave way first to the polished limestone
blocks already used in lithography. The stone surface would be coated with
dichromated gelatin on which a negative of the desired image was projected
through a transparency. After washing away the unirradiated gelatin, a greasy ink
rolled on would stick to the cured gelatin but not to the exposed stone. Eventually,
the stones were replaced with grained aluminum cylinders, which are still in use
today in the offset variation of this process.
Besides lithography, photopolymers have found application in most other
important printing technologies as well. In serigraphy or screen printing, the
substrate is not a transfer plate but a fine-woven mesh through which ink is allowed
to pass except where blocked by the photohardened negative of the image being
printed. Letterpress printing is the descendent of the oldest form of printing, which
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originally used woodcuts or metallic type, and is the source of the term
"typesetting" for establishing the layout of text on a page. Here again, photopolymers have taken over. The polymeric letterpress plate was invented at Du
Pont in 1956 by Louis Plambeck, Jr. It took advantage of recent developments in
synthetic photopolymers and was the first practical application of photoinitiated
polymerization. (See page 277 for an ex1>lanation of photoinitiated radical
polymerization, the most important type of photoinitiated polymerization.)
While photopolymers are naturally useful for printing because their photosensitivity makes it easy to replicate an image projected on them, they have also found
wide application in coatings, sealants, adhesives, and other areas. The advantages
that photopolymers offer over paints and other standard coatings and adhesives are
speed of curing (typically in a fraction of a second, even in cure-inhibiting air), low
energy consumption, operability at ambient temperatures, lack of solvent emission,
and high quality.
Photo initiated polymerization offers the additional feature of tailored properties.
By selecting the monomer and other constituents of the starting resin, one can
affect the hardness, solubility, permeability, adhesiveness, color, and refractive
index of the final product. Some such variations are beginning to show up in the
resins available for StereoLithography from the various chemicals manufacturers.
(See Section 7.4.) In the long run, with further development of customized initiators, photo initiated polymerization may allow almost any type of plastic to be cured
by photopolymerization.
Photopolymerization is the opposite side of an issue that has always plagued
plastics producers, photodegradation . Early synthetic plastics had poor weatherability; prolonged exposure to sunlight would cause the plastic polymers to break
down. This was solved by the development of photostabilizers, additives that inhibit
the detrimental effects of ultraviolet radiation on plastic. Between photopolymerization and photodegradation, the photochemistry of plastic polymers has become an
active field of investigation with a very large literature.
There is also a useful opposite process to photopolymerization. While in the
context of automated fabrication, we think of photopolymers as materials that
solidify under the influence of light, the original motivation for their development
was not solidification but resistance to dissolution. As described above, this
characteristic is used with photographically produced negatives to produce printing
plates. In the opposite process, a light-induced chemical reaction enhances the
solubility of a resin, allowing plates to be produced directly from an image positive.
This has become the dominant metl1od of semiconductor microlithography.
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Polymer Chemistry
In order to understand photopolymers, it is helpful to start with the chemistry of
polymers in general. Photopolymers are just polymers whose growth is powered by
light energy.

Definition of "Poly mer " and Explanation of Properties
A polymer is a chemical whose molecules consist of repeated units of a smaller
molecule called a monomer. (The word polymer is from the Greek polymeres,
meaning "having many parts. " The related monomer, dimer, and oligomer are
formed by analogy from the Greek words monos, dyos, and oligos, meaning "one,"
"two" and "few.") The simplest example of a polymer is polyethylene, in which the
monomer is ethylene:
H

Ethylene:

Polyethylene:
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While ethylene is a light gas, polyethylene is a hard, tough plastic used to make
bottles and other containers. The reason for the difference in behavior is simply in
the length of the chain of carbon atoms. Ethylene is a gas because each molecule is
small and light. Polyethylene is a solid because its molecules are big and heavy; it
is hard and tough because its long chains lie entangled with each other, making
them very difficult to pull apart.

Polymerization: How Polymers Grow
In general, the growth of polymer chains involves three stages:
• Initiation. Usually the cleavage of simple molecules (initiators) by heat,
light, or chemical stimuli to form reactive species.
• Propagation. Repetitive reaction of the reactive species with monomers to
form chains.
• Termination . Occurrence of a circumstance or mechanism that halts
propagation.
Within this framework , there are many polymerization processes. Some examples are radical, condensation , and cationic polymerization. Radical polymerization is the most common mechanism involved in photopolymers, although cationic
polymerization is used with an epox'Y-based resin in the SOUP fabricators from
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CMET and in the vinylether-based Exactomer resin for the SLA from AlliedSignal. The latter process has the advantage of not being inhibited by oxygen, as
radical polymerization usually is. The following few paragraphs describe the
radical polymerization process at work in all other photopolymer fabricator resins.
In radical polymerization, the reactive species formed from the initiators is a
radical. A radical is a chemical compound that is not quite a stable molecule on its
own; it has a strong inclination to combine with other compounds. When a radical
is formed in the resin solution, it acts like a catalyst to induce a large number of
monomers to form a chain. It does this by first combining with a single monomer,
with the result being not a stable molecule but a new radical that still wants to
combine with another monomer.
This process can be illustrated as follows . The symbol "R" is used for a radical.
"M'' stands for a monomer. A dot "·" next to a structure means that it is looking for
something to combine with, that is, it is a radical. (Since an "R" is a radical, it
always either has a dot on it, "R· ," or is already combined with something.) After
some curing influence is imposed, such as heat, light, or a chemical agent, certain
regions within a vat of resin contain free radicals and monomers :

R-

M

M

M

R·

M

M

M

M

The free radicals combine with monomers, forming larger compounds that still
behave like radicals:
(RM) ·

M

M

(RM)·

M

M

(RMM) ·

M

M

(RMMM) ·

M

M

These larger " radicals" will attract more monomers:
(RMM)·

M

and more monomers:
(RMMM)·

This process carries on until it has consumed a large proportion (though usually not
all) of the monomers (unconsumed monomers are not shown here):
(RMMM) ·

(RMMMM) ·

but then the resulting chains still have the nature of radicals, so they want to
combine with something. They can either combine with each other:
RMMMMMMMR

or they can find some more free radicals floating around and combine with them:
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RMMMR

RMMMMR

In either case, the result is that monomers have been combined into long chains
(polymerized) with a radical at each end. Th.is is radical polymerization, the most
common process used in photopolymers.

Making Polymers Even Stronger: Cross/inking
As mentioned above, polymers are hard and tough because their long-chain
molecules are intertwined and so are difficult to pull apart. But if the polymer is
heated, then the molecules begin to jostle around and the tight network of intertwined chains gets loosened up, causing the polymer to soften. This can be
prevented by bonding the individual molecules to each other in several places so
that they cannot easily be loosened up by heating. This cross/inking of polymer
chains is illustrated schematically as follows:

Intertwined polymer molecules:

Crosslinked polymer molecules:

~

~

In effect, crosslinking combines the individual polymer molecules into a single
giant molecule. Two famous examples of crosslinked polymers are epoxy and
vulcanized rubber. Vulcanization is a crosslinking process for rubber.

Polymers as Monomers
Sometimes the units from which a polymer is built, its monomers, are themselves polymers of smaller monomers. When this is the case, the monomers are
often called oligomers, meaning "small polymers" in Greek.
Crosslinking can be viewed as a polymerization in which the monomers are
actually long-chain polymers.
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Photopolymers
Photopolymers are just polymers whose growth is powered by light energy
(electromagnetic radiation; see page xxi). The basic component of a photopolymer
resin is monomers. Under the influence of light, these monomers undergo a
chemical reaction that joins them into polymers. Since the polymer molecules are
very large and heavy, the resulting material is solid. Since these large molecules are
randomly intertwined, it is very difficult to pull them apart, so the materials are
hard and insoluble.

Photoinitiated Radical Polymerization
Photoinitiated radical polymerization works by the scheme described for ordinary radical polymerization (page 274), with the special circumstance that the
radicals are generated by the interaction of a particular wavelength (color) of light
with a special compound called a photoinitiator. The photopolymer resin therefore
contains a mix1ure of the monomer and the photoinitiator. Light incident on the
resin excites the photoinitiator to form reactive radicals, which mediate the combination of monomer molecules into a polymer.
photoinitiator

light

+

~

reactive radical (R·)

The reactive radical is what is represented by the symbol "R·" in the scheme on
page 275. The procedure then carries on as described there.
The most common types of photopolymers are based on acrylic oligomers.
These are short polymers (e.g. , epoxy, polyurethane, polyester, or polyether) that
incorporate the acrylate functional group, C~=CH-COO-. A common radical
for initiating polymerization is the benzoyl group, © -C=O. (" @ " is the symbol
for a benzene ring, C6H 1) The role of the incident light radiation is entirely in
terms of generating the radicals. ("y," the Greek letter gamma, is the symbol for a
single photon of light.)
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This example initiating reaction uses an oligomer called tripropyleneglycoldiacrylate or TPGDA. Notice that what happens in this reaction is that the double
bond on the left side of the TPGDA molecule is converted to a single bond, and the
dot representing the radical behavior has moved from the benzoyl group to one of
the carbons of that formerly-double bond. As explained under Polymer Chemistry
above, this combination of the benzoyl radical and the oligomer is itself a radical,
ready to combine with another oligomer. Several repetitions of this process will
yield:
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The TPGDA oligomers are joining to form a vinyl polymer, which could be
called poly(vinyl TPGDA). A vinyl polymer has the general form (CH,CHX)n,
where X is anything. In this case, X is the TPGDA oligomer. Notice that each
oligomer still has a free acrylate group dangling at the other end. These free
acrylates will be taken up in other vinyl chains started by different radicals. In this
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way, the result is guaranteed to be crosslinked in a very complicated pattern. A very
simple example of a small region of a crosslinked poly(vinyl TPGDA) network
would be:
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Photocrosslinking
There are some photopolymers that work strictly by crosslinking. These start
with long-chain polymers as their " monomers," and link the chains together to
form giant macromolecules. While the resulting physical properties are inferior to
those obtained from radical or cationic polymerization, two examples of historic
interest (see page 272) are described here.
, The first example of photocrosslinking is found in the natural photopolymer,
dichromated gelatin, which was the workhorse of the lithography industry for
nearly a century. A gelatin is a mixture of protein molecules suspended in a liquid.
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Proteins are large polymers of amino acids. In dichromated gelatin, the liquid also
contains dichromate ions, Crp/-. Under the influence of sunlight or another
source of ultraviolet radiation, the chromium dissociates into trivalent ions, Cr3+.
These ions then form crosslinks between the amide (nitrogen) groups of the
proteins:
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As discussed above, when carried out on a large scale, this crosslinking effectively
joins all of the individual protein molecules in a part of the gelatin exposed to light
into a single macroscopic molecule. The resulting enormous molecular weight
causes the gel to harden and become less susceptible to solvents.
Another example of photocrosslinking is the mechanism of the first synthetic
photopolymer, invented by Louis Minsk of Kodak, poly(vinyl cinnamate). The basic
component is cinnamic acid, which undergoes photodimerization (light-induced
pairing) to form truxinic acid and truxillic acid.
Cinnamic acid:

/F\\- c= c- c"""' 0
Y:::::::!J H
'-- 0 H

-!~

Truxinic acid:

H

H

.P"Q

\'::::'l - c~- c~- c"oH

©

/ OH

- CCC~ Q
H
H
or

+

y

§ 8.1 Photopolymers

281

~

Truxillic acid:
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Poly(vinyl cinnamate) is a polymer in which the important part of cinnarri.ic
acid, the cinnamoyl group, is repeated on a vinyl (similar to polyethylene) backbone.
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Dimerization between cinnamoyl groups on different vinyl backbones crosslinks the
individual vinyl chains in a sample into a single macroscopic molecule.
This basic idea leads to many other ways of creating crosslinking polymers. One
alternative is to make a polymer in which the cinnamoyl group is part of the
backbone instead of hanging off of it. And instead of cinnamoyl, many other
reactive groups have been found to undergo photodimerization that can lead to
crosslinking.

Special Characteristics of Photopolymers
The use of light to induce curing causes some differences from other types of
polymerization. The chief distinction is that, since the light is applied from outside
the resin, the process is inherently nonuniform, whereas thermal and chemical
curing can achieve high uniformity. While it is the nonuniforrnity that makes
applications to automated fabrication possible, it can also cause some problems. For
example, either unconsumed monomers or radicals may become trapped in the
interior of the solid object formed. Monomers are usually consumed by a postcuring
process which bathes the object in light of the right wavelength for a period of time.
However, remaining trapped radicals can lead to subsequent reactions taking place
over time, which may lead to distortion and warpage of the object.
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There are other problems with current formulations of photopolymer resins.
None can yet yield material properties comparable to those of choice "engineering
plastics," such as ABS. The popular descending platform method of layer advancement (see Figure 2-11) is very dependent on the viscosity of the resin and is
thereby also dependent on ambient temperature and humidity. Low viscosity is
desirable for quick leveling of each new layer surface, but reduction in viscosity is
typically achieved by dilution with small oligomers that degrade the properties of
the cured material. Current photopolymer resins are also sensitive to industrial
contamination, including that caused by insufficient cleaning of the vat when
changing resins.

8.2

Sintering of Thermoplastic Powders

The process invented by Carl Deckard and Michael Feygin and marketed by
DTM Corporation is a new twist on the very old technology of sintering, as used in
powder metallurgy and in firing ceramics. Laser sintering expands this field outside
the domain of just metals and ceramics to include also plastic powders. To cover
the whole field, the term "thermoplastic" has been expanded beyond its former
domain of organic polymers to include now metals and ceramics. A thermoplastic
material is defined as one which undergoes repeated softening and hardening under
repeated heating and cooling. Along with this property comes the tendency in a
powdered form to fuse into a solid mass when heated.
The physical processes in laser sintering are substantially different from those in
bulk sintering. In the DTM Sinterstation, the powder particles are actually raised to
the melting threshold, whereas this is seldom done in powder metallurgical
processing. The description in this section applies most particularly to the bulk
techniques that do not actually melt the powder, because the available literature is
much more developed in this area. The purpose here is to provide some background
to help in understanding the dynamics of laser sintering, but the reader should be
aware that the physical processes described are not identical to what is happening
in the Sinterstation. (See also the related remarks at the end of the section.)

This section has benefited from a teclmical review by, among others listed on page xxiii:
Prof Randall M. German, Brush Chair in Materials, Pennsylvania State University, and
Dr. Ming-Shen Martin Sun, Department of Mechanical Engineering, University of Texas at Austin.
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History and Development of Sintering
The baking or firing of clay pottery is a prehistoric manufacturing process. In
fact, its products are among the earliest archeological records of human civilization. Firing is a sintering process in which the liquid water medium is evaporated
and the fine sand particles of the clay are fused into a strong, impermeable solid.
Metal powders have been used in fabrication processes since the dawn of
history. Egyptian ironsmiths used iron powder as far back as 3000 B.C., and the
Incas were known to fire gold powder onto jewelry. The Delhi column in India was
made in about 300 A.D. from 6 metric tons (6.5 tons) of iron powder derived from
the reduction of iron oxide ore.
Ceramic and metal sintering have both benefited from and contributed to the
development of modern scientific and industrial techniques. One of the crowning
achievements of household technology, the electric light bulb, first became practical
with the ability to sinter tungsten filaments. This continues to be the primary
method for manufacturing this core component of incandescent bulbs.
The long history of sintering is restricted to applications to metals and ceramics.
The scientific literature on sintering of plastic powders, going back to 1951, is quite
small. This is because one of the primary reasons for using sintering, prior to laser
sintering, was to avoid the need to elevate the materials to their high melting
temperatures. The ability to fabricate complex shapes under computer control
presents a new and powerful incentive for using sintering on any thermoplastic
material, whether plastic, metal, or ceramic.

The Physics of Sintering
Powder Fabrication
Powders can consist of many different sizes and shapes of particles, including a
large variation within a particular batch. Figure 8-2 shows three examples of
metallic powders enlarged by a scanning electron microscope.
Powdering a material requires delivering sufficient energy to it to create new
surface area. The basic techniques for achieving this fall into four categories:
Mechanical. Pounding, rubbing, grinding, or compressing of the solid material.
Yields irregularly shaped particles. Can use scrap from other industrial processes,
such as machining.
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Figure 8-2. Three examples of metalllc powders, illustrating the variety of particle sizes and
shapes. (Left:) Milled niobium, angular chips, enlarged 140x . (Center:) Centrifugally atomized iron
alloy, spheroids, enlarged 40 x. (Right:) Gas reduced tungsten, polygonal aggregates, enlarged 2600 x.
(From Powder Metallurgy Scienc~ by R. M. Gennan, Metal Powder Industries Federation, Princeton,
New Jersey, 1984, page 10 .. 11. Reprinted with permission.)

Chemical. A chemical reaction, such as oxide reduction, thermal carbonyl formation and decomposition, or solute precipitation. Allows for adjustment of particle
size and shape by controlling reaction variables. Applicable to almost all materials.
Electrolytic. Dissolution of a metal at the anode of an electrolytic cell with
precipitation at the cathode. Results in high purity powder with a dendritic or
sponge-like shape and high porosity. Applicable to elemental metals, such as
titanium, palladium, copper, iron, and beryllium.
Atomization. Melting and spraying the material through a nozzle in a fluid
medium or throwing off of a rotating or vibrating drum. Often provides clean,
spherical particles with reasonably good control of size. Works with many materials
and is the primary method of powder fabrication today.
After the formation of a powder, several other processes may be used to prepare
it for sintering, depending on the material and the application. These processes
include size screening, mixing, and coating with organic binders or lubricants.

Compaction
In standard powder metallurgical processing, sintering is preceded with highpressure compaction of the powder in a precision-shaped die set. The two reasons
for this are to approach the full natural density of the material in use in the finished
product and to establish the shape and dimensions of the product. The second
reason is not relevant in laser sintering, where the shape and dimensions are
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determined by layering and by the scan pattern of the laser. But the first reason,
achieving high density, is important for most applications. While the Feygin patent,
which describes a laser sintering process very similar to that used by DTM, calls for
compression of each layer of powder by a heated roller or press prior to sintering,
the Deckard patent followed by DTM does not. DTM has had some trouble
approaching full density of most materials in the Sinterstation. However, it claims
to have found ways to improve on this problem. In any case, the current implementation of sintering for automated fabrication does not use a compaction step.
An advantage of not compacting is that it makes it easier to remove unsintered
powder after the fabrication is complete. Also, full density is not desirable for all
applications. For example, in fabricating patterns for vacuum forming or in fabricating filters, a high degree of porosity is desirable.

Sintering
Sintering is a process in which solid particles fuse at temperatures below the
melting point of their material by the motion of atoms from other parts of the
particles into the region between the two particles. The accumulation of atoms in
this interstitial region causes the growth of a "neck" joining the two particles. This
is illustrated in Figure 8-3.
Sintering takes place because the existence of a large surface area, as in a powder, is a condition of high energy. (Remember the comment on page 283 that
powdering a material requires delivering sufficient energy to it to create new
surface area.) A physical system always wants to find its way to a state of lower
energy. So a powdered material will want to eliminate its excess surface area by
fusing its particles if it has a way to do so. At ordinary temperatures, there is no
such way. But at elevated temperatures, although still far below the melting point,
there are several mechanisms that can nove atoms from other parts of a powder
particle to the vicinity of the neck.
These processes fall into two classes according to whether atoms are moved
strictly from surface regions (surface transport) or from the entire particle mass
(bulk transport).
The surface transport mechanisms arc
• Evaporation-condensation,
• Surface diffusion, and
• Rarely, lattice (volume) diffusion of atoms that originate at a surface.
These processes move atoms from the surface regions of the particles into the neck
regions. They lead to growth of the neck without a change in the interparticle
spacing, that is, without densification or shrinkage.
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Fig ure 8-3. Early neck fomtatlon during sintering of nickel powder. The spherical particles, 33
iJl11 (0.00 13 in) in diameter, have been sintered at 1890°F (I 030"C) in vacuum for 30 minutes. The
melting point of nickel is 2647°F (1453"C). (From Powder Metallurgy Science by R. M. German,

Metal Powder Industries Federation, Princeton, New Jersey, 1984, page 146. Reprinted with
permission.)

The bulk transport mechanisms are
• Lattice (volume) diffusion,
• Grain boundary diffusion, that is, diffusion along the grain boundaries,
• Plastic flow due to dislocations induced by heating, and
• Viscous flow (for amorphous solids).
In these processes, atoms move from the interior of the particles into the neck
regions. They result in a net motion of the two particles toward each other, thus
yielding densification of the material and shrinkage of the product.
As the necks between particles build up, the character of the system gradually
changes to one which is better described as a continuum broken by grain boundaries and a network of cylindrical pore structures. The persistence of the grain
boundaries is due to the presence of any impurities that may have been on the
surface of the powder particles prior to sintering, and, in a crystalline structure, also
due to differences in lattice orientations from one particle to the next. In an
amorphous material, the grains may eventually merge.
The sintering process can be roughly broken down into four stages, as illustrated in Figure 8-4.
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Figure 8-4. The four stages of sintering: point contact, neck growth, grain boundary growth, and
pore isolation.

Point contact. This is the stage before sintering begins. The particles touch at
geometric points of contact.
Neck growth. Formally, this is defined as the period from the start of neck formation until the ratio of neck length to particle diameter is 30 percent. This stage is
driven primarily by the existence of sharp surface curvature in the vicinity of the
neck, a strong driving force that causes rapid processing. The pores are of irregular
shape and are fully interconnected.
Grain boundary growth. Pores have become cylindrical and are still interconnected. Development of final material properties takes place in this stage. The
driving force is a tradeoff between decreasing surface area and increasing grain
boundaries; processing is slow. Toward the end of this stage, merging of grains can
occur, with consequent disappearance of some grain boundaries and motion and
isolation of pores.
Pore isolation. This final stage begins as the porosity of the sintered material
drops below 8 percent. At this point, the cylindrical pore network becomes unstable
and the pores collapse into isolated spheres. Processing is ''ery slow.

The Differences among Metals, Ceramics, and Plastics
There is a very large literature on the sintering of metal and ceramic powders
but little on the sintering of plastics. However, one can speculate on some of the
differences in processing due to the structural differences of these materials.
Metals and ceramics are either crystalline or amorphous. As such, the establishment of any bonding between particles is likely to be essentially isotropic.
Plastics, on the other hand, are long-chain polymers. In the case of thermoplastics,
of interest here, these chains are not crosslinked but aie randomly intertwined,
something like a ball of microscopic spaghetti. The diffusion processes, which are
the primary transport mechanisms in metals and ceramics, will not play a promi-
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nent role in plastics because the atoms are tightly bound in the polymer chains and
the chains are too large to diffuse. Thus the primary transport mechanisms in
plastics should be plastic flow and viscous flow. These are bulk transport mechanisms, which are generally associated with the grain boundary growth and pore
isolation stages of sintering. This suggests that the dynamics of neck formation may
be slower in plastics than the other stages of the sintering process. On the other
hand, the softness and lower melting point of plastics will make them much more
susceptible to the influence of applied heat.
Metals and crystalline ceramics exhibit grain boundaries based on variations in
lattice orientations. This would not apply directly to plastics. Grain boundaries
would form initially in plastics, just as two clumps of spaghetti on a plate do not
spontaneously merge. But the thermal motion would eventually cause the polymer
chains from different particles to become intertwined with each other, and the grain
boundaries would therefore dissolve. It would be an interesting topic of investigation to study the time required for this merging of grains to occur in various plastics
and how completely such merging takes place in a laser-sintered plastic.

The Differences between Bulk Sintering and Laser Sintering
As mentioned at the beginning of this section, laser and bulk sintering dynamics
differ substantially in that the former actually melts the powder, while the latter
does not.
There are a great many special techniques that have been developed in the
powder metallurgy and ceramics processing industries to meet certain goals in final
product properties and process efficiencies. Some of these techniques include hot
isostatic pressing, activated sintering, and liquid phase sintering. Sintering by laser
beam is a new field that may stand to learn some tricks from these established
techniques and may bear some new lessons for improving the older processes.
Another possibility for development beyond laser sintering is using particle beams
to deliver the energy stream.
An important operational difference between laser and standard sintering is the
time available for fusing each pair of particles. Standard bulk metal and ceramic
sintering will often process a powder compact for several hours, whereas in laser
sintering any one site will be subject to laser excitation for only a fraction of a
second. This is one reason that graduating from plastics to metals has been such a
challenge for DTM. However, metals do offer some characteristics that assist the
laser sintering process. First, surface tension, which drives the fusing of molten
particulates, is higher for metals than plastics. And second, metals have lower
viscosity when melted, which results in less resistance to fusion of particulates.
These factors have contributed to the success that the University of Texas, in its
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work for DTM, has exhibited in fabricating metal objects in the Sinterstation. It
will be interesting to watch the technical literature as it describes the evolving
understanding of the physical processes involved in achieving powder fusion from
the quick pass of a laser beam.
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9
Economic and Sociological Impact
Autodesk got on board a relatively minor technological
transition in 1982-the second subwave of personal
computers, which was a ripple of the microprocessor surge,
itself part of the semiconductor tide, contained within the
automation industrial revolution. Even so, we managed to
turn a hundred thousand dollars into more than a billion in
less than eight years.
Just imagine what you could do with a real industrial
revolution.

-

John Walker,
Cofounder of Autodesk, publisher of AutoCAD

Automated fabrication ("fabricators") has the potential to have an even more
fundamental impact on society and society's economics than automated computation ("computers"). The introduction and growth of computers have been heralded
by some to indicate the dawn of a new era of human history, the so-called
"information age." This idea supposes that the greatest value in our society is now
placed on information and the tools and skills for storing and manipulating it. But
it is possible that the information age will be short-lived, soon to be superseded by a
new age in which man acquires untold powers to manipulate the properties of
matter in much the same way that computers manipulate information .

This chapter has benefited from a technical review by, among others listed on page xxii i:
Prof Ira Heilveil, Department of Psychiatry, University of California at Los Angeles Medical Center, and
Prof K. Ravi Kumar, School of Business Administration, University ofSouthem California.
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This chapter contains a philosophical section and two practical ones. Section
9.1 is philosophical because it asks more questions than it answers. It is an
invitation to the readers of this book to contemplate the overall ramifications of
automated fabrication, rather than just the :financial advantages it can bring to a
single organization. Through such contemplation, it is hoped that we can undertake
a more responsible collective implementation of the technology, perhaps recognizing steps we can take along the way to mitigate some sociological drawbacks.
The changes underway in the structare of the manufacturing industry are the
subject of the next section. Autofab is part of a wave of technology that is
undermining the mass production paradigm of manufacturing initiated less than
100 years ago. Section 9.2 discusses what manufacturers need to think about to
participate in these changes, instead of being outmoded by them.
The final section points out some of the opportunities that are arising or will
arise due to the advent and proliferation of fabricators.

9.1

Impact of Automated Fabrication on Society

The Growth and Importance of Awareness in Society
A new technology can change the \l'ay people and nations interact with each
other and with their environments, how they acquire goods and services for survival
and betterment, and how they assign value to various sorts of available goods and
services. Dramatic changes in these elements of life have occurred with the
inventions of (in approximate chronological order)

Hand tools, fire, artificial shelter (clothing and roofing), agriculture,
language, the wheel, metals processing (e.g ., the "iron age"), numbers, the sail, the telescope, mechanical power (the "industrial revolution"), photography, antiseptics and antibiotics, electric power, automobiles, radio (telecommunications), flight (winged and rocket) ,
nuclear power, plastics, and computers.
The interesting difference in man's circumstance in the 1990s from the eras of
these earlier inventions is our level of awareness of who we are, where we have
come from, and how much control we have over our individual and collective
destinies. It is only in the twentieth century that we have discovered

The archeological history of life and human culture, the existence of
galaxies, the expansion of the universe, the four-dimensional context
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of spacetime, the atomic basis of chemistry and biology, and the
chemical coding which instructs our cells how to build us and determines the colors of our hair and skin.
It is also only in this century that we have

Mapped our entire planet, gained virtually instantaneous knowledge of
its goings-on, and become able to easily go almost anywhere on it in
the space of one day.
This level of awareness is by no means complete. It seems, rather, to be similar
to the awareness of community attained by an adolescent who has finished high
school and is ready to go off to college. That is to say, it is an awareness that is
founded in the joy and pain of discovery and the attainment of new skills. There is
yet much we do not know. For example, we have no knowledge of

The origin and context of the universe itself, the limits of atomism, the
fundamental nature of intelligence and consciousness, and how to
create political structures without violence and economic disparity
while preserving personal freedom .
The impact that a new technology has on the lives and fortunes of people and
nations is generally a combination of benefits and drawbacks. The advantage that
our substantial level of awareness gives us over previous generations is an ability to
anticipate the effects of automated fabrication (and other radical technologies
coming along, such as genetic manipulation) and plan for them. Like an adolescent
learning to accept new responsibilities, humankind has reached a stage of development that calls for an adult kind of evaluation of our circumstances. We can have
the ability to make wise choices if we prepare and equip ourselves with thoughtful
consideration of the potential consequences of our actions.
In his essay, Science and Technology: Who Gets a Say?, John M.
Staudenmaier, S.J., Professor of History of Technology at the University of
Detroit- Mercy, discusses some of the positive and negative effects of technological
development. He uses three very different examples: automobile manufacturing,
criminal rehabilitation, and television. Staadenmaier summarizes the benefits and
drawbacks of these technologies as follows: '

All these stories abound with instances of the same paradox:
Ford's Model T provides geographical mobility for an entire generation of people with modest means, giving them access to sophisticated transportation technology, both cheap and easy to repair.
Meanwhile the much more sophisticated system that produces them
• Science and technology: Who gets a say by John M. Staudenmaier, S.J. , in Tech nological Development
and Science in the Industrial Age: New Perspectives on the Science-Technology Relationship, edited
by Peter Kroes and Martijn Bakker, Kluwer, Boston, Massachusetts, 1992, p 205 .. 30
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encloses Ford workers in prison factories hedged about with enforcers
and impermeable fences . Bentham's Panopticon would free the
criminal from torture and dungecm but offers re-instatement into society at the terrible cost of programmed conformity to a mythic, omnipresent, and invisible scrutinizer. Twentieth century citizens break
free from the suffocation of minuscule village perspectives through
the mediation of global and instantaneous electronic media. At the
same time their capacity for adive participation in public discourse
and the political order erodes.
Automated fabrication will have a similar mixture of benefits and drawbacks. It
is too early at this time to know exactly how autofab will affect society, but it is not
too early to begin to ask the question. It is hoped that this section will stimulate
further thinking on the human dimensions of automated fabrication.
Some activist rhetoric, especially popular in the 1970s, has blamed many of the
drawbacks of some technologies on the large corporations that either produce or use
them. The activists accuse business leaders of crass disregard for the well-being of
their fellow people and the human envi ronment. However, this is not always fair. A
corporate leader of the 1970s or 1980s was trained in the 1950s or earlier, when a
smokestack was a sign of modernity and the pride of every little community that
had one. People, at first, just did not understand the perils attached to our technological development and did not understand the steps that were necessary to live in
peace and health with them. To a larEe degree, we still do not understand these
issues, but we are beginning to learn, and we have at least learned that we have
something to learn.
This is the major sense in which the human race is analogous to an adolescent.
In causing the horrific pollution of our planet during the second half of the
twentieth century, we have been like an infant defecating in its crib. We, or most of
us, did not know any better. The activists did know better, and the population as a
whole has the activists to thank for walcing us up to the necessity to "toilet train"
ourselves and our industries. Although a child usually learns to use the toilet well
before adolescence, this is only as a conditioned response to training from an adult.
It is not until adolescence that a person becomes aware of the issues behind that and
other aspects of social training and becomes responsible for choosing which aspects
of that training to accept and which to n ject or modify.
Prior to these closing years of the t~entieth century, it was common to look to a
Heavenly Father for the rules by which to run the world. But the Bibles of various
religions offer no guidance on how to deal with acid rain, worker displacement by
automation, or the influence of television advertising on teenage smoking and
drinking. On these matters, which can determine the survival of a society worth
living in, we have found that we are on our own. Like an adolescent returning
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home from college for a home-cooked meal, we may still return to a Heavenly
Father or Mother for spiritual guidance and comfort, but we have moved out of
Their House, and must now make our way by the strength of our own wits and conscience. (Interestingly, in this view one migb.t see the Biblical story of the expulsion
from Eden as a prophesy which is only now being fulfilled. There is therefore still
room for the belief that our actions are being judged and may be messianically
overridden at some point.)

How Automated Fabrication Can Affect Human Society
Individual power. The most dramatic impact of the industrial revolution,
starting perhaps with the inventions of the steam engine and the spinning machine
in the 1760s, was the increased mechanical power that became available to an
individual human being. This led to a ne\v breadth of the distribution of wealth.
Automated fabrication has the potential to extend this phenomenon. This will be
the cause of the next two items listed below, new opportunities and reduced demand
for labor.
Entrepreneurial opportunities. The rise of automated fabrication brings opportunities for participation in the developlllent, manufacturing, distribution, use,
and repair of fabricators and related hard1vare and software technologies. These
opportunities are discussed at greater lengthin Section 9.3.
Reduced demand for skilled labor. Fabrication facilities are already realizing
hundredfold and thousandfold productivity increases in terms of output per
machine operator. While this influence has been resisted by large American
manufacturers and their unions, there is underway a relentless decline in the
amount of human effort needed to produce manufactured goods. The ultimate effect
of this trend is yet to be determined. It may be one or a combination of (a) displacement of workers resulting in an expansion of poverty in industrial nations, (b)
absorption of workers by successful new ventures arising from the opportunities
mentioned above, or (c) a global agreemellt on reduced working hours, causing
expanded leisure opportunities for worki ng people and expanded markets for
leisure products.
Greater customization. The availability of fabricators and ancillary systems for
assembling their output into useful mechanisms will allow manufacturers to tailor
their products to suit unique, individual needs. In some types of products, this will
replace the modern paradigm of mass production with a new style of customer
coconstruction . This idea is explored in some detail in Section 9.2.
Decline of manufacturing giants, return of the ''village craftsman." The reduced viability of mass production may undermine the growth and stability of
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centralized producers of goods. In a coconstruction environment, the customer may
be served better by a local owner and operator of a manufacturing facility . For
marketing purposes, these job shops may be united into chains or franchises, but
the facilities and expertise will be distributed widely to meet local needs.
Since a great deal of wealth is invested in, and a great many people are employed by, the major manufacturers and their direct suppliers, their decline would
cause substantial anguish and suffering in the world. As mentioned above, whether
this suffering would persist in an expanded poverty class or would be superseded by
well-distributed wealth generated by the smaller local manufacturers is yet to be
determined.
Better product quality. The automation of fabrication processes, together with
automated methods of inspection and assembly, are improving the quality and
durability of manufacturing output. This effect is seen in many industries, as recent
cars, televisions, and refrigerators, for example, are lasting much longer than
earlier models. The unfortunate irony for manufacturers is the resulting declining
need for replacement goods. The useful life of manufactured products, however,
will continue to expand, as output quality increases yet more, and distributed
capability for generating replacement parts proliferates.
Reduced "desirability lifetime" of products. Offsetting the extended durability of goods is the continuous onslaught of product improvements. This makes older
products, while still fully useful, less desirable than the latest models. Since the
1950s, this has been an artificial marketing strategy used most effectively by
automobile and clothing manufacturers to induce current owners to buy again.
Today, it is a technology-driven process, with rapid real product innovation
constantly driving down the price/performance ratio in many product segments.
More recycling. If an older model of a product continues to serve its purpose
well, then trading up to a newer model will be harder to justify unless the cost of
trading up is minimized. One way to reduce the cost of trading up is to consume the
older model in the fabrication of the new one. This is an established practice in the
automotive parts industry where the prices of rebuilt parts, including everything
from brake shoes to engine blocks, are quoted to include a discount for turning in
the old part for reuse. The modern additive fabrication processes, some of which
build up objects from melted plastics and metals, may raise the practicality of
recycling these materials to new heights. Other processes that require pure blends
of specialty plastic resins may take advantage of new chemical degradation and
separation techniques.
The ancillary benefits to the community from increased recycling will be a reduction of the impact on natural environments caused by mining natural resources
and discarding refuse.
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Process-based commerce. Instead of going into a store to buy goods, the
customer of the future will probably select designs from a computer simulation. For
simple items, such as a new picture frame or new dinner dishes, it may suffice to
purchase an attractive design to be run on a simple home fabricator or "personal
factory. " For more complex and larger jobs and those that require specialized
assembly procedures, such as a new body style for the family car or a computer
keyboard with customized size and placement of keys, a local fabricator shop or
contractor may be called in. In either case, it is the process of generating the
product that becomes the focus of the purchasing decision, rather than the product
itself. In fact, any one product may go through several iterations, with each
unsatisfactory one being recycled to generate the next until the final product is
accepted.
Today' s difficult legal problems of establishing fair practices for the use and
protection of software designs and algorithms may become the basis of future
practices with regard to design and fabrication algorithms for physical objects. Just
as easily as software can be copied and illegitimately distributed now, it will one
day be possible to copy and distribute the design of a Rolex watch, a Panasonic fax
machine, or a Cadillac automobile. Even fabricators themselves will be able to be
fabricated by other fabricators. Possibly, as software is sold today with a license for
use on one machine at a time, fabrication designs may be sold with a license for
one-time use. Fabrication process algorithms may be licensed for implementation
on generic machines, with usage royalties automatically metered for payment to the
inventor as ASCAP collects and distributes royalties from radio stations for playing
music on the air.
On the other hand, it is possible, though difficult to imagine, that the modem
structure of commerce that underlies the concept of royalties may become obsolete.
If the world of fabricators turns out to be a world of easily satisfied needs, there
may be little incentive for the complex bookkeeping required to calculate royalties.
It may be easier, and become popular, to simply share what one has created with
the public, as is done today with software distributed freely on computer bulletin
boards.
New feasibility of space habitation. The ability to carry tools that fabricate
other tools and structures out of locally available materials will increase the
feasibility of inhabiting the Moon, the asteroids, and Mars. Some technical aspects
of this subject are discussed in Section 10.2. The sociological and economic impact
on human life could be as great as those caused by the European and African
habitation of the Americas over the past 500 years. A new harsh environment
would challenge the imaginations of young adventurers and profiteers to embark on
risky voyages. While many of these ventures will fail , some will establish new
centers of commerce and new nations.
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New medical treatments. The autofab technologies have already found
important applications in the medical industry. The first purchaser of an SLA, the
first commercial additive fabricator, was Baxter Healthcare, which continues to be a
leading user and proponent of this and similar technologies. As the scale of
automated fabrication recedes to the nanostructure level, such companies will be
able to manufacture medical instruments that are no bigger than a common drug
molecule. This will bring along new capabilities for noninvasive investigation and
treatment of diseases, reversal of natural tissue decay, and even artificial restructuring of tissue contrary to the ingrained genetic design of an individual. The
expansion of life span will continue and accelerate, the health of old people will
improve, and people will gain the ability to painlessly redesign their bodies.
How the increased useful longevity of the population will interact with declining
demand for human labor, mentioned above, is yet to be determined.
New weapons. There will also arise new opportunities for thieves, police, governments and citizens to express their wills in force . However, the style of combat
may become unrecognizable to anyone from previous centuries. Bombs may become
obsolete because of their inefficient distribution of destructive force. Likewise guns,
which project passive bullets by an explosive impulse, may become outmoded.
More useful will be intelligent mechanisms that incorporate capabilities for
reconnaissance, locomotion, and infliction of damage or other influence. The most
frightening prospects could raise the heinousness of germ warfare to new levels. It
will become possible to create artificial, intelligent microorganisms and disperse
them in the air to selectively attack the internal organs of identified enemies.
Freedom from need. As automated fabrication improves, it will approach being
the realization of the age-old dream of humankind for a magical incantation or
genie that can grant one' s wishes for any object of desire without effort. The
resulting freedom from need might have the potential to usher in a new golden age
of art, music, and scientific discovery. But the open question is whether people
want such freedom and will rejoice in it. In life, it is often found that the greatest
satisfaction comes, not from getting what one wants but from working for it. Some
wars have been fought, not so much for the chance to win a particular booty, but for
the thrill of engaging in combat. This is one of the major reasons that new technologies can prove so frustrating for society. Even if displaced workers are put on
comfortable pensions, many may be left with the dissatisfaction of not knowing
what to do with their days. People need, more than anything else, to feel needed.
The greatest challenge facing humankind as we proceed into the age of automated
fabrication is to find a meaningful use for ourselves as we allow our machines to
take over the satisfaction of our material needs and desires.
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Twenty-first-Century Society
The combined effect of these changes could be dramatic. It is conceivable that at
some point in the twenty-first century a small mountaintop community will be selfsufficient with a collection of fabricators and a solar power generator. While
economically independent, it will be linked by satellite, jet, and rocket to other such
villages around the world and on the Moon, with which it will freely trade in
specialized commodities, including information. Protecting its territory with
sophisticated electronic weaponry, it will express limits on its willingness to
support a centralized, tax-collecting federation .
That description entails a fairly radical change from our modem society. If it
seems farfetched, take a look back a mere one hundred years in time to the threshold of the twentieth century. At that time, a scant four generations ago, the most
advanced populations on Earth traveled by horse-drawn carriage and steam-driven
rail coach, read by the light of kerosene, and communicated overseas by cable in
Morse code! Now consider not only how different our technology is today but also
how much more rapid are its growth and development. It would be an incredible
surprise if life at the dawn of the twenty-second century is not very much more
different from life today than our lives are different from those of our great-greatgrandparents.
Several questions arise about the hypothesized mountaintop community:
• How is it governed? How are goods and services allocated among its citizens?
• What do its citizens do from day to day? Do they work at arts, science, and
athletics to improve themselves and entertain each other? Do they engage
in sporadic battle with each other and with neighboring communities, and
if so, are these battles playful or vicious? Are the people satisfied or bored
with life?
• Do people travel and migrate freely among the various communities, or are
they segregated and provincial?
• Do all the people in the world live in such communities in which their
needs are satisfied by fabricators, or is this the residence of a wealthy class
of people? If the latter, do the fabricator owners take special steps to prevent the others from obtaining the technology? Do they do this in order to
enslave them, and if so, for what purpose, or only to enjoy a feeling of superiority?
One might summarize these questions by asking whether fabricators will elevate
humankind to new heights of civilization, or render civilization, along with the
assembly line, obsolete.
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As mentioned in the introduction to this chapter, this section is primarily
philosophical, in that its purpose is to ask questions. The reader is invited to ponder
the issues raised by these questions and think about what steps might be taken to
influence the answers for the better.

9.2

From Mass Production, through Mass
Customization, to Customer Coconstruction
Contributed section by K. Ravi Kumar*

The age of mass production began at about the turn of the twentieth century.
One of the pioneering events in this ma11ufacturing revolution was the introduction
of the Model T automobile by Henry Ford. Ford's idea was simple: Build a car that
is practical, of good quality, and priced as a commodity rather than a luxury, so that
it is affordable by large numbers of people. The concept was elegant and had
enormous impact.
To achieve Ford' s objectives, many manufacturing processes had to be redesigned, including part fabrication and assembly. One of the many innovations of this
era was the assembly line, wherein the assembly process was broken down into
many subprocesses, or tasks, and an individual workstation was dedicated to each
task. Another innovation was the decentralization of assembly plants, which
allowed individual, specialized subassembly plants to be geographically separated.
The concept of the specialization of assembly work at individual task stations
was part of the scientific principles of management developed by F.W. Taylor.
These principles governed most of the productivity improvements in manufacturing
during the first half of the twentieth century. Taylor's vision of management called
for increased productivity of labor by the scientific analysis of its work into its
various elements. This also required innovations in production methods and tools
and the development of technology that would facilitate volume production.
The success of mass production was evidenced by dramatic price reductions in
automobiles and other manufactured goods. The implementation of the concept at
Ford Motor Company paid off with the rapid growth of its market share to ap-

* Associate Professor and Chainnan, Department of Information and Operations Management,
School of Business Administration, University of Southern California, Los Angeles, California
Kumar gratefully acknowledges the contributions of Prof. Firdaus E. Udwadia to the concept of customer
coconstruction, which appeared in their joint paper, listed in the references for this chapter in Appendix C.
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proximately 50 percent by 1920. The weakness of Ford's strategy, however, was in
his emphasis on standardization of design. Ford responded to calls for more design
variety, in particular in colors, by saying, "You can have any color car you want, as
long as it's black."
Alfred P. Sloan, President of General Motors, capitalized on this weakness of
Ford by embracing market segmentation as a cornerstone of GM's strategy. Like
Ford's idea, Sloan's was simple yet powerful: Consumers are different, with
different wants and needs, and will pay lllarginally higher prices for specialized
product designs that suit them better. This led to innovations in both marketing and
engineering. Design was never static, and became, in fact, a dynamic process that
improved by incremental change. The :mnual model-change prevalent in the
automobile industry today arose out of this strategy of General Motors. The need for
variety was met through product line policies and innovations within organizational
divisions such as Chevrolet and Pontiac. This was enhanced by the sharing of
components and subassemblies between lines, and the centralization of component
and subassembly plants. Thus emerged a new paradigm of limited variety within
the economies of mass production.
Built on Sloan' s ideas, scientific procedures for the analysis of market segments
and consumer characteristics within each segment were developed in the 1950s and
1960s. Market research became both an academic discipline and a burgeoning
service industry. Sophisticated methods evolved for conducting consumer surveys
and focus groups and for analyzing the resulting data with mathematical techniques
such as multivariate analysis, multidimensional scaling, and discriminant analysis.
The strategy of combining product variety with the economies of scale won
General Motors a dominant position in the automobile industry from the 1930s
through the 1970s. Eventually, however, Sloan' s original concept of variety was
eroded as component commonality amortg the GM divisions made all of its
offerings look alike. A similar decline in innovation on product and process
technology occurred in many U.S. manufacturing sectors.
This opened a window of opportunity f()r Japanese and other foreign companies
to enter the lucrative U.S. market with higher quality and lower cost products and
with rapid and prolific product innovation, instead of just incremental changes. The
success of these ventures irtitiated another paradigm shift in the manufacturing
industries. The Japanese advanced this new philosophy of mass production with
unlimited variety, or mass customization, to an art form and have profited well
from the endeavor.
The advancement of mass customization has been assisted by the development
of new technologies, such as computer-aided design, computer-integrated
manufacturing, automated fabrication, and robotics. The constant improvement of
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these techniques is creating ever-newer opportunities for producers worldwide to
meet and exceed segmented customer expectations. They give a manufacturing
enterprise the ability to be flexible in its product specifications, production volumes,
and delivery schedules. Taking advantage of the new technologies, Baxter
Healthcare routinely makes working prototypes of complex medical instruments
within 24 hours after receiving specifications. Fuji Electric's new facility manufactures and delivers orders for 8,000 varieties of electric machinery, also within 24
hours.
Customers are responding to the increased variety of product offerings by
raising their expectations. Rather than being dealt with as parts of market segments, customers would like to be understood in all the unique aspects of their
individualities and treated accordingly. This is opening a new window of opportunity for companies that are willing to address themselves to the individual demands
in the marketplace. The technology for meeting these demands, while still immature in most product areas, is developing rapidly. But the new manufacturer needs
techniques not only for meeting individual needs with specialized products but also
for finding out what those needs are . Just as mass customization required technologies of market research and analysis, the emerging paradigm of manufacturing
calls for techniques for determining the wants and needs of individual customers.
The successful manufacturer of the twenty-first century will invite the customer into
the process of product design and development, advancing beyond mass custornization to customer coconstruction.
In the customer coconstruction paradigm, the producer not only satisfies a
variety of wants and needs, but helps customers decide what it is that they want and
need. Customers may have a general idea of how certain products should fill their
needs but are often not able to articulate the exact form of the desired products in
advance. Eliciting the appropriate input and translating it into product specifications require an organized program of customer involvement to explore and resolve
ill-structured desires. In turn, this calls for radical changes in the management of
the producer organization. While the enabling technologies, such as computeraided design, virtual reality environments, and automated fabricators, may be
purchased, various elements of management, such as pricing, promotion, risk
management, and intellectual property management, have to be rethought and
redesigned for effective implementation of the customer coconstruction strategy.

The customer coconstruction activity can encompass any or all stages of design,
development, and production. The manufacturer incorporates the expertise and
knowledge of the customer in designing, developing, and manufacturing the
product, whose specifications are ill-defined before this process starts.
Not all of the needs in the marketplace require the level of consumer-producer
interaction represented in coconstruction. Many products are probably adequately
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' diversified at the level of mass customization, for example basic nondurables, such
as toothpaste and cookies. Customers may not feel that it is worth the increased
expense of further customizing the already substantial selection available in such
products. But other products, such as automobiles, computers, telecommunications
equipment, and home furnishings , can benefit from further customization.

Examples of Customer Coconstruction
The essence of customer coconstruction is not new. It has long been common
practice in some professional fields, such as architecture, where the client is
expected to be involved in the design process. A modern variation of this sort of
interplay is developing in the kitchen remodeling industry. There are outlets in
which the customers are invited to use specially designed CAD software to design
their new kitchens. The software provides 3-dimensional views of the layout with
icons for standard elements such as refrigerators, ovens, and dishwashers. Such
tools help the customer and cabinetmaker work together to translate the customers'
general feelings of how their kitchens should look and feel into concrete designs
and plans.
There are several other fields in which the final product is normally designed by
this sort of interplay between the professional and the customer. These include
landscaping, furniture making, flower arranging, tailoring or dressmaking, plastic
surgery, and even hair styling.
A bicycle-manufacturing subsidiary of Matsushita provides dealers with terminals with which they communicate the data from a customer fitting to the factory .
There are 11 ,231,862 possible variations of bicycle that can be manufactured based
on the customer's measurements and needs.
Customer coconstruction has also gone quite far in the field of software engineering, where a common pattern of product development is
• Work with the customer to develop and execute a process for establishing
the requirements which the software must meet. These requirements are
typically only vaguely understood before such a process is undertaken.
• Create a working prototype of the desired software with suitable, rapidly
reconfigurable development tools.
• Let the user "exl'eriment" with the software design and suggest changes,
including changes to the specifications.
• Finally, create a working product that satisfies the customer's current
needs but has the capacity to grow or otherwise be modified as needs
change.
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Perhaps the largest example of customer coconstruction is in the United States'
Strategic Defensive Initiative (SDI) program where part of the effort undertaken by
SDI contractors is aimed at finding out what effort needs to be mounted, which
goals need to be reached, and how the interplay between the different dimensions of
the various projected, and often conflicting, needs will be accommodated.
In these examples, one sees the customer as not just a purchaser and user of a
product but as the cooriginator, coinventor, cocreator, and coconstructor of the
product, without whose involvement and knowledge the specific product itself
would not exist.

Implementation of Customer Coconstruction
How does a manufacturer equip itself to address the ill-defined needs of individual customers? How can the manufacturer create a product which its customers
cannot describe, or whose actual mode of use is not known? One approach uses the
tools of computer-aided design together with automated fabrication to prototype the
product and allow the customer to "play" with it and explore its nuances. The
customer can then explain where enhancements are needed, what features can be
eliminated as extravagant, and what elements do not function as anticipated.
Another approach to the problem is to simulate the operation of a new product
through virtual reality devices. This may allow more rapid and less expensive
experimentation with a great variety of possibilities. After the selection is narrowed
down to a practical number of variations, these can then be rendered in solid
prototypes by autofab for actual physical testing.
Providing a greater degree of customer involvement requires increased flexibility in, and integration of, the design, production, and marketing operations of the
manufacturer. The emphasis shifts to serving the customer in a problem-solving,
rather than a widget-making, mode. The end result should be a higher level of
customer satisfaction and loyalty, and higher-quality, unique products geared to the
needs of the customer.
It is best that the manufacturer think of itself as a high-contact service firm . In
doing so, it automatically promotes its service capabilities, rather than any
particular product line. This will also impact on the type of people hired, the
technical and people skills exercised by personnel, and the nature of internal
training. It encourages an organizational structure in which the people at the front
lines of customer contact are technical designers as well as salespeople.
The implementation of customer coconstruction changes the nature of the life
cycle of a product. In the mass production and mass customization paradigms, a
product is observed to go through several distinct stages in its " life": introduction,
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gestation, growth, market shakeout, maturation, and finally extinction. However,
one of the underlying assumptions behind the concept of the product life cycle, that
the product is designed for mass consumption, is violated in the coconstruction
paradigm. Instead of a terminating product life cycle, coconstruction engenders an
ongoing product-innovation life cycle .
In the concept of the product-innovation life cycle, what the customer is buying
is not so much a physical artifact or product, but the process of generating the
product. This process includes not only the initial design and manufacturing of the
product but also its ongoing improvement through redesign and remanufacturing. It
also includes an ongoing process for monitoring feedback from the customer to
constantly reevaluate his changing needs with respect to the product. Thus the
product is constantly and radically evolving through the participation of the
customer as codesigner, making obsolescence an unusual event. The customer does
not just answer questions on a survey and choose from among existing products, but
is actively and creatively involved in, and contributes his knowledge and expertise
to, the development and production processes.
Once the customer has entered the design process, he could be considered
captive, inviting escalated prices. However, the customer is still free to shop around
for other producers if the level of service deteriorates, or if the price rises unaccountably. On the other hand, in the coconstruction paradigm, the customer is
likely to have an invested stake in the development of the product. This may be the
case through either direct participation in the financing of product development, or
through the contribution of intangible knowledge and expertise to the project. To
the extent that this expertise can be utilized by the producer in other projects, t11e
customer may be entitled to ongoing compensation for it. Thus the simple model of
a purchasing transaction, in which a product is traded for a stated amount of
money, becomes outmoded in the coconstruction paradigm, which may require
complex negotiations of formula-based transfers of payment.
A fundamental assumption in advertising mass consumption products is tltat the
product already exists. But in the coconstruction paradigm, the product comes into
being only with the participation of the customer. This suggests a shift from
promoting a particular product to promoting a set of capabilities for producing a
range of customized products to meet a certain set of needs. This may be accomplished by exhibiting hardware, software, and personnel resources available to
projects, as well as examples of previous products with testimonials from satisfied
customers.
The high degree of contact with the customer also affords the opportunity to
structure distribution through appropriate channels to best suit the customer' s
delivery requirements. The methods of delivery may range from mailing or trucking for specialty items, to warehousing at retail or wholesale outlets for more
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frequently purchased products. Distribution may even be linked to some form of
automated data retrieval system that monitors usage levels in order to schedule
deliveries automatically.
When the customer participates in the design of a product, it seems appropriate
that he accept some responsibility for the functionality of the product and the risks
involved in using it. This probably includes some form of guarantee to purchase a
certain quantity of the product over some predetermined period of time. It also
includes the cost of insurance and any litigation related to malfunctions or any
property or personal damage the product may cause or promote. The risks involved
in assuming these responsibilities are additional costs, similar to the shared
development costs mentioned above under "pricing." These issues should be
considered in the overall negotiations between manufacturer and customer. Risk
averse customers may elect, if the manufacturer is willing, to acquire indemnification of some risks at the cost of increased unit prices, or in return for some other
concession in the negotiations.
Along with the drawback of product risks, the participating customer may find
itself with a share of the rights in valuable new technology. Again, the way of
dealing with this issue is a matter for negotiation. Some manufacturers may
consider patent ownership important enough to acquire at the cost of certain
concessions, such as lower unit prices, acceptance of certain development costs, or
acceptance of certain elements of risk. If rights are shared, then the manufacturer
and customer become partners in the technology. There may then be future
opportunities to license it or spin off a new venture based on it, with profits
accruing to both parties.

Summary
New technologies, such as computer-aided design, computer simulation, and
automated fabrication, are creating opportunities for manufacturers to satisfy
unique needs of individual customers. But to satisfy its customers ' needs, a
manufacturer has to work with them to establish what those needs are, which is not
always clear, even to the customers. The establishment and resolution of ill-defined
needs may be best accomplished by inviting the customer into the design,
development, and production process. This is likely to lead to new products, not
previously anticipated, of which the customer is then a coconstructor.
In the coconstruction paradigm, customer interaction shifts from one-time eliciting of specifications to ongoing experimentation with prototypes, both simulated
and physical. The relationship between manufacturer and customer becomes longer
term, with greater customer loyalty (as long as the quality of service is maintained).
Product liability and other risks may be shared, along with patent rights to new

308

A utomated Fabrication- Improving Produ ctivity in Manufac turing

technology. Marketing promotion is based on "process prowess" of the manufacturer, as opposed to the features of specific products. Pricing is an element of
possibly complex negotiations. Distribution channels may also be selected to meet
the delivery needs of the customer.
Customer coconstruction comes about from a shift in manufacturing opportunities from economies of scale to economies of scope. It represents a major change in
the way manufacturers function in relation to their customers. Manufacturers must
prepare for these changes as they acquire and implement the new technologies that
are making them possible.

9.3

Entrepreneurial Opportunities

At the beginning of this chapter, it is stated that autofab has the potential to be
as important an industry as computers. If this is the case, it is due to undergo a
tremendous amount of growth. In 1991, IDM, the world's largest computer manufacturer, had sales of $64.8 billion. Meanwhile, sales of the largest machine tool
producer, Amada, which include grinders and laser cutters that do not fall under
the definition offabricators used here, were only $1.3 billion. In the United States
alone, 1991 sales of the 25 largest computer companies totaled $140 billion,
according to the 1992 Fortune 500 listings. By comparison, Market Intelligence
Research Corporation reports that worldwide sales of CNC machining centers, the
biggest segment of the fabricator market, were $5 .9 billion in 1991.
While it is possible that the IDM of automated fabrication is already in business,
that is not necessarily so. Today's processes, as incredible as their outputs are, are
primitive on the scale of what is technologically possible. Even the ultramodern
additive processes use large lasers, build in small chambers, use expensively
preformulated materials, are driven by frustratingly complex software, and work at
resolutions that result in unwanted visible texturing. Therefore, the opportunities to
break into this industry do not lie only in small, fringe niches. The opportunities
consist of the entire industry.
The opportunities in automated fabrication can be broken down into various
industry segments.
Technology-based products:
• Fabricators.
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• Operating software, such as CAD and related software programs,
and also including related hardware, such as 3-D computer displays
and shape digitizers.
• Specialty materials, like those needed by today' s additive fabricators: photopolymers, powders, filaments, heat-sensitive paper.
Information-based products and services:
• Soft designs. Canned, customizable product designs available for
purchase on disk or for downloading by telephone and ready to send
to a fabricator. This is the 3-dimensional analog of computer "clip
art" for desktop publishing.
• Fabricator services on a contract basis, as provided by a job shop.
This could be a local business, like the old-fashioned machine shop,
or it could be built into a national or international chain, franchise,
or network, like the Kinko 's photocopy shops.
• Ancillary services, such as maintenance and repair, including laser
replacement, training classes, and consulting on applications, machine selection, implementation, and so on.
Commodities:
• Commodity materials, like those used by today' s subtractive fabricators: blocks of steel, aluminum, ABS plastic, wax, and so on.
For each segment, the opportunities can be further broken down in terms of the
stage of the marketing process that is tackled:
• Process invention and product development. See the discussion of this
subject below.
• Manufacturing. One does not have to be a technological wizard or an inventor to move forward in this industry. There are many avid technologists
working on new ideas and many of them will need assistance bringing
those ideas to fruition and to market.
• Distribution. Acquiring local, regional, national, or international distribution rights to various machines and related software and materials.
Opportunities in all of these categories exist today, although none of them in a
mature form . All of them will go through substantial growth and redefinition over
the next 10 to 20 years.

Process Invention and Product Development
None oftoday's technologies will operate in their current forms through the end
of this century. In just the five years since the inception of 3D Systems, there has
been a pace of autofab development that dwarfs the computer revolution. This is not
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surpnsmg because the developers of automated fabrication technologies have
capitalized on the mature state of computer technology to advance their own work.
The most difficult, and most fulfilling, challenge to tackle is the development of
a new fabricator: a new method for creating 3-dimensional solid output from CAD
data. The competition is intense. There are at least several dozen laboratories
around the world, if not hundreds, working on ideas in this area. These are at
universities, large corporate development centers, government agencies and small
start-up companies. The challenges are technical and difficult, but definitely
surmountable.
There are several sorts of advances that would turn this industry on its ear, such
as
• A small, self-contained build mechanism that would lay down material robotically without an umbilical connection to its control device.
• The ability to consume common materials in generating its output, thereby
doubling as a recycling station.
• A scale variance that permits biological-scale detail work alongside very
rapid bulk deposition.
• The ability to generate output of composite colors and composite materials.
Anyone with a good idea of how to accomplish one of these has a shot at success.
But many other mundane improvements would generate just as much, and more
immediate, interest. There would be immediate demand for a machine that is faster,
smaller, more accurate, less expensive or that builds larger objects than any of
today' s fabricators .
Autofab technology development does not mean just fabricators . There are also
fantastic opportunities for the software geniuses of the 1990s. Today' s CAD
software is slow, cumbersome, difficult to learn, and difficult to use. Fabricator
operators are crying out for better input methodology. And fabricator vendors are
clamoring for ways to make their machines more user-friendly. A brilliant application of a combination of neural network and virtual reality technologies that creates
a fabricator-user interface as easy to use as a modern word processing program
could be the stroke that opens up the floodgates of this industry, as VisiCalc created
the first substantial demand for desktop computers.
Aside from CAD, there are other important support technologies. Ever faster
and larger-capacity desktop computers are needed for composing designs and
driving the fabricators. Real-time 3-D displays are required for the upcoming
virtual reality CAD software. Non-CAD input devices and software, such as shape
digitizers and translators of GIS, surveyor, mathematical, and statistical data, will
open up new fields of autofab application. Automatic support removers and surface
finishers will make fabricators easier to use. Robotic assembly devices that
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automatically assemble fabricated objects into mechanisms will make fabricators
more directly useful.

Maneuvering through the Second Industrial Revolution
For the long-sighted entrepreneur, the problem is not just to find the right technology but to understand how to market it in a changing world. As discussed in
Section 9.1, the era of the manufacturing giants may be coming to an end. The
advent of fabricators may be ushering in a new era in which manufacturing is more
efficiently done in distributed, independently owned facilities that are in closer
contact with the customers. This raises the important question: How are fabricators
themselves to be manufactured?
It is argued in both Sections 9.1 and 9.2 that in the new era of manufacturing,
the focus of purchasing decisions is shifting away from the product toward the
process for generating the product. If this is true, then it may apply as well to
fabricators as to the products they help to build. Thus the fabricator manufacturer
must begin to prepare for the day when it may no longer manufacture fabricators,
but will license its fabrication processes to job shops that can manufacture them to
meet specific customer needs more efficiently. This is unless the fabricator
manufacturer wants to initiate a distributed chain of local job shop facilities itself.
In either case, the fabricator manufacturer will cease to be a fabricator manufacturer. If it licenses the technology to job shops, then it becomes a technology
developer and software publisher; if it sets up its own job shops then it becomes a
fabrication services provider.

One cannot be certain that this scenario will play out. It is possible that some
economic influence may stall the decline of centralized manufacturing. And even if
General Motors and IBM continue to decay, it is possible that fabricators are an
exception to the new rule and that fabricators will be best provided by large
manufacturers who develop and distribute the equipment from centralized facilities .
As is always the case for entrepreneurs, one must be prepared for all possibilities
and have a plan that can adjust profitably to various economic climates.

10
Prospects for the Future
If you can determine exactly how much it will cost, exactly
how long it will take, and exactly what the result will be, you
are doing the same old thing again .

-

Mark Mullin,
in Rapid Prototyping for Object-Oriented Systems

Automated fabrication is a viable technology, having proven itself by saving its
users millions of dollars in production and prototyping applications. Yet, after 45
years of development, the industry is really just beginning to bloom. This chapter
looks at where we can expect autofab to go and where we can expect it to take us.
The first section discusses some prospects for fabricator and related technologies
over the next 10 to 15 years. Then Section 10.2 proposes applications of these
machines that could open up the space frontier.
Off on the horizon, one can see these technologies being refined in accuracy to
become the kinds of machines that Eric Drexler has been prophesying for
nanotechnology, machines that build things, anything, one atom or one molecule at
a time. When the methods rue advanced to that level, the form of the raw materials
available will be unimportant; only their atomic content will matter because the
machines will be capable of rearranging the molecular structures of the feed
materials in order to generate almost any conceivable object from them. This will
not only be the ultimate style of manufacturing but it will also solve our recycling
problems.
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It is difficult to say how far away that kind of capability is. It certainly seems
fantastic in terms of modern technology, but the growing pace of development may
make it nearer than we can suspect.

10.1 Autofabrication Development
across the Turn of the Millennium

There are five likely areas in which we can ex,ect to see development in automated fabrication over the next 10 to 15 years. They are
• New processes,
• Increased material versatility for the additive processes,
• Wider span of machine costs,
• Software, and
• Robotic interfaces.

New Processes and Process Combinations
As revolutionary as today 's additive fabricators are, chances are that most
people alive today will come to look back and chuckle at how slow and sloppy they
were. The ultimate direction of this industry will merge its machines into the realm
of nanotechnology, where objects are built up one molecule at a time. (See Section
3.4.) Machines will combine low- and high-resolution modes to allow the fast
generation of bulk material, yet with intricate details expressed in selected interior
and exterior regions. At the 1991 Dayton Conference, Charles Hull predicted that
"the ultimate resolution of photopolymer laser printing is sub-micron." In addition
to today's additive processes of selective photocuring and sintering and robotically
driven extrusion and welding, we are seeing dramatic improvements in the old,
standard subtractive ones, giving us such processes as micromachining, microgrinding, and microetching. Newer additive technologies are also coming along,
such as selective vapor deposition. And eventually, we will see fully automated
formative processes, such as autoconfigurable molds and electromagnetic forming.
(See page 7.) Another trend will be more versatile combinations of processes in
single machines, much like today' s CNC machining and turning centers, but incorporating additive, subtractive and formative processes together.
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New Additive Materials
The limitations of the additive processes to primarily plastics and wax will be
overcome to allow fabrication in ceramics, metals and advanced composites.
One of the most intriguing developments to have watched over the past few
years was how quickly the additive side of this industry has been responding to the
need for versatility in the materials that can be fabricated . The first machines for
direct fabrication in ceramics emerged in early 1993 . But even for the StereoLithography Apparatus, which is supposed to be limited to that single kind of
material called photopolymers, the chemists have come up with an impressive array
of materials properties, from a soft, flexible material that feels like a hard rubber to
a tough, machinable plastic able to withstand a good deal of abuse. The ability to
extend photoinitiated polymerization to a wide variety of monomers, together with
the inherent versatility of the other additive processes, may eventually bring almost
all of the diversity of plastics manufacturing into the domain of additive autofab.
Meanwhile, work is underway with both SLAs and LOMs on fabricating in
advanced composite materials. Developments in laser sintering, droplet deposition,
robotically guided extrusion and 3-D welding will bring direct, additive fabrication
in metals and various ceramics. Within 15 years, it is feasible for the entire inventory of natural and man-made materials to be within the domain of additive
autofab, including soft organic tissues and refractory metals.

Both Higher and Lower Prices
Some people complain about fabricators being too expensive. But that is just
plain silly. Take, for example, the highest priced additive fabricator on the market,
the Cubital Solider 5600. At a half-million dollars, the one word appropriate to
describe a machine that can automatically generate any arbitrary shape in a stable
material to within a tenth of a millimeter (a few thousandths of an inch) of its
design is "cheap." The best analog we have for the commercialization of additive
fabricators in the 1990s is that of computers in the 1950s. In each case, the new
machines are high technology for their times, require highly skilled operators and
special environmental controls, and offer such incredible capability that most
people on the planet cannot even imagine what useful purpose they could serve.
The Remington Rand UnivAC sold for about a half-million dollars, and in 1954
ffiM began its drive to market dominance by bringing out a "low-cost" computer
for about $250,000. Accounting for inflation, these figures make today' s fabricators
several orders of magnitude cheaper than early computers.
With this in mind, we can expect to see the prices of fabricators moving in two
directions, just as the prices of computers have. There will be small, tabletop
personal factories that \\~ll fabricate everything from guest-customized dinner
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plates to replacement dishwasher parts and will cost, like the fanciest desktop
computers, about the same as a car. At the other end of the spectrum, room-sized
superfabricators, generating large volumes of biological-scale mechanisms, will
fetch multiple millions.

Software: The 3-Dimensional Graphical User Interface
The bottleneck holding up explosive growth of this industry is CAD software.
Just as computers were brought down to Earth by the Apple Macintosh, autofab will
become a mainstream technology when it is as easy to create a 3-D design as it is to
type a document into a modem word processing program. This will require an
operating environment using virtual reality and real-time holographic projection,
possibly running on a neural network, which are all today still no more than
laboratory curiosities.
"Real-time holographic projection" should be taken generically to mean any
technology for displaying a moving 3-dimensional image in mid-air, whether or not
it turns out to work by the technology of holography. R. Don Williams at Texas
Instruments has worked out a method for creating such images using spinning
helical surfaces. Another company, Dimension Technologies of Rochester, New
York, has demonstrated a system using backlit LCDs to generate 3-D images.

Software: Matter Programming Languages
One of the great inventions that gave impetus to the growth of computers as
practical tools for more than just calculating logarithms and annuities was the
computer programming language. Prior to computer languages, operators had no
choice but to communicate with the calculating machines in terms of its stream of
" l "s and "O"s. The difficulty of this process was described in a recent BBC
documentary on the history of computers:•

The big problem with ENIAC [built in 1945] was that it was extremely difficult to program. ENIAC had to be set up afresh for each
new problem and was programmed using plug panels-matrices of
sockets into which cables were plugged . Programming the machine
effectively involved rewiring it. Problems which the ENIAC could
solve in minutes took up to two days to program using these tedious
manual connections.

• The Dream Machine by Jon Palfreman and Doron Swade, BBC Books, London, 199 1, p 45 .6. Emphasis
added.
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Since those early days, a progression of levels of programming languages, from
"assembler" through ForTran and C to BASIC and DBase has made computers
easier and easier to program.
The idea of a computer language was not immediately obvious to the early
developers of computers. Even if they dreamed of communicating directly with
their machines without the tedious setting of switches and reading of flashing
lights, it was a significant breakthrough to conceive of a method for enacting this
communication. A similar challenge faces the developers of automated fabricators.
Matter programming languages will be an important development because they
will allow an experienced fabricator user to express the design of an object in a
structured format. This is very different from designing with the friendly 3-D
graphical interface described above. A matter language will be more difficult to use,
but it will give the experienced operator more power over the parameters of the
build at every step of the process. The difference between designing an object in
CAD and in a matter programming language is analogous to the difference between
drawing a picture with a drawing program, such as Core!Draw, and programming
the picture pixel by pixel in BASIC or C.
Today ' s NC and StL codes (see page 220) are, in essence, rudimentary matter
programming languages. There have also been some attempts at developing design
languages for subtractive processes, such as APT (automatically programmed tool),
Compact II, and others. However, more sophisticated, process independent
approaches to this problem are needed and will be important progress.

Software: Nonserial Computation
Another challenge facing today's early developers of fabricators is to break
away from the standard serial (von Neumann) methodology of most commercial
computers. Miraculous as they are, modern computers still do their work one step at
a time, one step after another, which is really not optimal for a procedure as
complex as fabricating a solid object. The problem is not speed; today 's computers
are so fast that they can often appear to be doing many things simultaneously.
Moreover, there are parallel architectures in which many processors actually do
work on separate parts of a problem simultaneously. But this is not enough. The
problem is one of logic, and while they are not yet well understood, progress has
been made in the construction of nonserial computers, such as neural networks.
Fabricator instructions and matter programming languages may be appropriate
candidate applications for neural networks because they inherently involve
geometrical and topological relationships. In fact, the operation of neural networks
is sometimes called g eometric computation, as opposed to the analy tic computation
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performed by a serial computer. The field of neural networks is young and active,
as is the field of autofab. As yet, there has been very little interaction between the
two. One beginning approach is the work of Kazuo Yamazaki at the University of
California at Davis on applications of a neural network to intelligent control of
electrical discharge machining.
The current autofab processes are geared to take instructions from a serial
computer. The scanning of a laser beam or an ink jet, or the guidance of a robot
arm along a helical path are examples of the sort of ultra-simple procedures that
serial instructions limit us to. Future fabricators that operate under nonserial
instructions (whether from a neural network or some other scheme) will be radically different. Such a device may operate by commanding an annada of Drexleresque nanoassemblers, all functioning simultaneously and synchronously to create
the desired geometry. Perhaps a fitting analogy for a nonserial fabricator will be an
ant colony or a bee hive, whose members interact by very complex, nonserial
mutual interactions. The advantages of introducing this level of complexity into our
machines will be dramatic increases in the speed, precision, resolution, and
structural versatility of fabrication. One frightening disadvantage would occur if it
turns out that the operation of nonserial processes is beyond human comprehension,
so that we find ourselves unable to control them.

Interacting with Robots
"Fabrication" just means forming individual items out of raw materials. To construct a useful product requires a variety of such items to be brought together and
assembled. If this is accomplished by a human being reaching into the fabricator
and pulling the items out, then we are missing a tremendous opportunity to engage
the fabricator as an element in an entire chain of automation leading from design
through not only production of parts but also assembly of working mechanisms.
Engineers at Ford and Rover describe a future in which an automobile customer
may design his or her own unique vehicle at a terminal in a showroom. (See page
12.) This will require the unique aspects of these cars to be made on autofabricators, but to be practical it will also call for the output of those fabricators to be automatically removed, combined with standardized components, and assembled.
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10.2 Automated Fabrication in Space

When the European settlers came to America, they brought their hammers,
axes, saws, and barrels of nails. With these tools and materials they built cabins,
barns, and forts. They did not, however, bring wood, the most important construction material they would need because they knew they would find plenty of timber
at their new home site. In fact, in many cases they had to get to work cutting down
trees not only to provide lumber for construction but also to provide clear land to
build on.
When we go to the Moon, Mars, and the Asteroids, we know we will not find
any trees or wood. But we will find plenty of other construction and industrial
materials, such as iron, aluminum, and magnesium, from which we can build
shelters, factories, and machinery. The presence of these materials could save us the
expense of launching steel beams and aluminum habitat shells, except for one
major problem. What will stand as the modern analog of the settlers' hammers,
axes, and saws? What tools can we take with us to turn celestial rocks and dust into
walls and girders?
Until recently, this was a "Catch-22" situation. We need refineries and foundries to process raw ore into building materials. But refineries and foundries are
large, heavy facilities that consume voluminous materials in their own construction.
So how can a Lunar or other celestial settlement be bootstrapped out of the
indigenous soil?
The answer may lie in additive automated fabrication . As the quality and speed
of fabricator output steadily improves, we are gradually moving toward a time when
these machines will be able to participate in the construction of large structures and
make parts to be incorporated into working machinery. The ability of several
processes to work with metals, such as laser sintering, robotically guided extrusion,
and droplet deposition, may allow the launch of one or a small number of fabricators to spawn the construction of an entire colony.
Carl Deckard, one of the inventors of laser sintering, wrote in his patent application, filed in 1986, that "the apparatus .. . may be useful where size of production
facilities is a major constraint, such as on ship or in outer space." David Gore has
also been motivated in his research on droplet deposition by the prospects for
building structures in space.
This section is adapted from Automated Fabrication in Space by Marshall Bums in SSJ Update, Space
Studies Institute, Princeton, New Jersey, January/Febmary 1992.
The use of ilmenite reduction as a source of iron powder for lunar sintering was first suggested to me by
Hubert Davis of Davis Aerospace, Canyon Lake, Texas.
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The main problem with using laser sintering in space is that currently the
Sinterstation takes specially prepared powders as input. This is analogous to
" thermal" computer and fax printers that need specially treated papers to print on.
This is not good for space applications; what is needed is to use materials that are
readily available without much processing. What is interesting about the Moon in
this regard is that its surface is blanketed in metallic powder. It would be worthwhile for experiments to be conducted on sintering Lunar dust to see if items of
structural strength can be produced. Another important question is whether
sufficient energy density could be delivered by scanning a tightly focused beam of
sunlight, which would eliminate the need to take lasers as part of the sintering
equipment.
There is also another possible source of metallic powder, aside from Lunar dust.
As mentioned in Section 8.2, one of the methods of producing metallic powders
here on Earth is the chemical reduction of metallic oxides. Such reduction of a
common Lunar mineral , ilmenite, has been under consideration for a long time for
the production of the most important material, oxygen. The chemical reduction of
ilmenite produces pure iron powder as a byproduct. Therefore it is possible that this
single process may turn out to provide future travelers with two very precious
commodities: oxygen for both breathing and propulsion and iron powder for
fabrication of habitats and machinery.
A droplet deposition process, such as Gore' s, may be even easier to use with
lunar material. In this process, the raw form of the material is not important since it
needs to be melted anyway, which might be accomplished in a solar-powered
crucible or furnace. The problem may be finding pure enough materials to make
sound structures, but ilmenite reduction may again be a useful source here.
It is not necessary that the fabricators work on completely raw celestial material.
The European settlers did bring nails to assist in the construction of their homes
from native timber. A workable process could require processing rocks or dust with
a chemical agent that is brought for this purpose. As long as the chemicals needed
are several orders of magnitude less massive than the quantity of materials they can
be used to treat, the process that uses them will be a tremendous boon to space
construction and manufacturing.
There may even be a possibility of adapting photocuring for Lunar use. While
today's photopolymers are organic resins, it may be possible to synthesize
photopolymers based on silicon, an element in plentiful supply on the Moon.
Modem silicones are polymers with an alternating silicon-oxygen backbone. They
can be made into photopolymers, but currently this is done by hanging organic
functional groups on the inorganic backbone. Under the motivation of scarcity,
Lunar chemists of the twenty-first century may cook up totally inorganic polymers
to provide Lunar residents with the san1e wealth of plastic materials that Earth
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residents now have. If this is feasible, endowing the resulting resins with photoreactive properties would follow fairly easily.
As a commercial technology, additive autofab is only a few years old on Earth.
The various methods are undergoing very rapid refinement and improvement. New
methods will arise in the coming years that present currently unforeseen possibilities for building up objects from celestially available materials. These new methods
will allow explorers to venture forth with autofab machinery with which they will
build their homesteads and their industrial facilities. It has long been recognized
that machines with such capability would be necessary to really make space
settlement feasible . It may be that addilive automated fabrication will be the
breakthrough that finally cracks the barrier to space habitation.
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A
Chapter-by-Chapter Review
It's possible to discern the speed of work in a given field by
the way researchers use the term "recently. "

-

Francis Crick,
Nobel Laureate codiscoverer of DNA structure

To help the reader assimilate the information in this book, the following paragraphs review each of the preceding chapters in turn.

Introduction to Automated Fabrication (Chapter 1)
Automated fabrication is a family of technologies that generate 3-dimensional,
solid objects under computer control. They allow manufacturing engineers and
designers to "print" their 3-dimensional designs in order to test and improve their
ideas, and they allow manufacturers to produce complex machine parts quickly and
accurately with minimal human labor. The machines, called "fabricators," operate
by either (a) a subtractive process that removes material from a solid block, (b) an
additive process that builds objects up one particle or one layer at a time, (c) a
formative process that bends or presses a sheet or soft material into a desired
shape, or (d) some combination (hybrid) of these types of processes. Fabrication is
one important part of the manufacturing process, which includes also replication,
treatment, assembly, material handling and management. The automation of
fabrication is a rapidly growing market, with sales of close to $8 billion in 1991 .
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Commercially Available Fabricators (Chapter 2)
Commercial automated fabricators range from a small table-top lathe costing
under $2,000 to huge behemoths going for many millions. There are many hundreds of models of subtractive fabricators available from over 100 vendors. The
additive market has also started to diversify, with vendors in the United States,
Europe, Japan, and Israel offering at least 17 models. A few hybrid machines are
also available. Subtractive processes that meet the criteria of automated fabrication
are milling, turning, and wire EDM. The additive processes on the market are
selective photocuring, selective sintering, robotically guided extrusion, sheet
stacking, and droplet deposition on powder.

Processes under Development (Chapter 3)
Many new types of autofab methods, as well as improvements to the existing
processes, are being worked on in laboratories around the world. Some ideas are
poised for market release, while others still need a lot of work, and some have
already been under development for 20 yea rs or more. The most active field of
investigation is droplet deposition, and there are other interesting projects in dualbeam laser curing, thermal curing, electrocuring, 3-D welding, laser vapor
de1>osition, and even manipulation of individual atoms.

Applications of Fabricators (Chapter 4)
Fabricators are currently in use by most major industrial companies and many
small ones. The subtractive processes have been most useful for actual production
of machine parts. Subtractive and additive fabricators are both used in the increasingly important activity of prototy1>ing, in which a manufacturer tests out product
designs before committing them to production. Fabrication of molds, patterns, and
other types of replication tooling is another important application of both subtractive and additive processes. The additive processes are preferable for solid imaging
of mathematical and scientific data because of their ability to represent complex
shapes easily. Finally, fabricators have spawned the new artistic medium of
computer sculpture.

Implementation Guidelines (Chapter 5)
Bringing new technology into an established organization, or beginning to use
it oneself, is a challenging, and possibly risky, process. The steps involved should
be to (a) deterntine whether you really need a fabricator and how you will benefit
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from it; (b) do a formal cost/benefits analysis; (c) establish the criteria for the
fabricator to meet; (d) negotiate for the acquisition of the right machine; and (e)
continuously monitor the results of your decision and consider what other steps
need to be taken to achieve the goals for which it was made.
In following these steps, remember to integrate your decision process with that
for related purchases, such as computers and software. Involve prospective users
in your organization in the decision process. Be wary when studying claims of
accuracy and speed and understand the difference between machine and process
issues. Think about the instaHation and operational issues during the shopping
process and be ready before the machine arrives with a plan for modifying physical
plant, reducing staff, and/or restructuring the organization to best take advantage of the fabrication capability. Consider the option of using jobs shops, either
instead of, or in conjunction with, the acquisition of your own machine.

Data Input (Chapter 6)
The data that tell fabricators what to build come from any of three sources: an
original human design created in a 3-D CAD program, the digitization of the
shape of an existing object, or an abstract data set created by a mathematical or
scientific program or ex-periment. In any case, the data must be translated from the
source through a computer representation into a representation that the fabricator
understands as instructions. There is a great variety of 3-D CAD programs and
shape digitizers available. The fabricator user should also consider other related,
accessory software programs, such as visualization programs, data transfer
utilities, support generators, user interfaces, and others.

Fabrication Materials (Chapter 7)
Fabricators manipulate matter to form solid structures in desired shapes. The
material properties of solids are important for determining both suitability for
processing of the raw material and suitability for end use of the fabricated object.
Fabrication processes work at various levels, from nanostructure to megastructure, to determine the properties of the fabricated objects. Inertial properties
relate only to the intrinsic nature of an object, while the interaction properties,
such as mechanical, thermal, chemical, electromagnetic, and economic properties,
relate to the interaction of the object with its environment. Many new materials,
with a great variety of properties, are arising for use in additive fabricators . Some of
these involve moderate or substantial safety concerns and have to be handled
carefully. One of the most exciting prospects on the horizon is the direct additive
fabrication of metals.

A

Chapter-by-Chapter Review

325

Underlying Science (Chapter 8)
Automated fabrication works by a variety of chemical and physical processes. In
the future, it may be unnecessary for a fabricator user to understand the process
involved, but at the present stage of development an operator will find it helpful to
understand what is going on "under the hood" of his or her machine. The information in this chapter may also be helpful for those who are trying to push the limits
of what current fabricators can accomplish or develop alternative autofab techniques.

Economic and Sociological Impact (Chapter 9)
Fabricators may be more important in their effect on society and economics than
computers have been because they manipulate matter instead of just information.
The maturity of human technology that has led to autofab has also brought us to a
level of awareness of ourselves and our history that allows us to contemplate the
implications of a new technology in ways that could never be done before. The
effects of fabricators, a mixture of advantages and drawbacks for different people,
include, among others: individual power, entrepreneurial opportunities, reduced
demand for skilled labor, greater product customization, the possible decline of
manufacturing giants, and both new medical treatments and new weapons.
Increasing custornization may be leading to a new manufacturing paradigm of
customer coconstruction. There are many opportunities for entrepreneurs to
exploit while participating in this great adventure.

Prospects for the Future (Chapter 10)
Progress in autofab technology over the next 10 to 15 years is likely to occur on
five major fronts: development of new processes and process improvements,
increased material versatility for the additive processes, both lower-cost and
higher-cost machines, improved software interfaces through 3-dimensional
graphics, matter programming languages and nonserial computation, and improved
robotic interfaces. An outstanding, dramatic application of the technology and
these improvements will be to habitats and machinery in space settlements.

8
Molding Technology
In art one is either a plagiarist or a revolutionary.
-

Paul Gauguin,
Nineteenth-century French painter

Molding is any process in which a liquid or pliable material is put into or over a
female or male shape (called a mold or sometimes, if made out of metal, a die),
where it solidifies or hardens. The formed item is then separated from the mold, if
necessary by opening or breaking the mold. The material to be molded may either
be a molten or softened plastic or metal which solidifies by cooling, or it may be a
thermoset resin which solidifies by polymerization (curing). Either type of material
may be combined with reinforcing fibers or other additives, in which case the
material is called a composite.
Molding technology relates to automated fabrication on three different fronts.
First, autofab objects are used as patterns for making molds. Second, fabricators are
used to manufacture molds directly. (Both of these applications are discussed in
Section 4.3 .) And finally, future technologies will mimic the molding process
without the need for molds at all in what is called automated formative fabrication
(page 7).
The various molding processes form the backbone of modern manufacturing.
Molding is an efficient way to make large numbers of an object quickly and
inexpensively, although the speed and economy of the process are only realized
after a lengthy and costly process of "tooling up" (making the molds) is completed.
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Often, the production of a single obj«et involves several generations of molding.
For example, in a typical investment casting procedure, defined below, a metal
object is cast in a ceramic-shell mold. That mold was made by casting a ceramic
material around a wax pattern. The pattern was probably made by injection
molding. The injection mold may have teen machined in steel, or it may have been
cast in epoxy, based on another pattern. In the latter case, there would be four
successive molding operations involve:! in the production of each copy of the
product or part being made. More complicated examples involving even more
generations are not uncommon. For an example of a four-generation mold process,
see Figure 4-24.
Because of its importance and prevalence, molding comes in a enormous variety
of processes. This appendix provides a cursive glossary of some of the most
common ones.

Some Common Molding Processes
• Casting. The simplest type of molding, in which the material is poured
into or over a mold without pressure.
• Open mold processing. Same as casting, when the material is a
composite.
• Compression molding. The material is held in a mold cavity under pressure.
• Injection molding. The material, which is a plastic, is forced into a mold
cavity through a system of channels (called runners) .
• Die casting. Same as inje<Lion molding, when the material is a metal .
The mold is made from alligher-melting-point metal and is made in
sections called dies.
• Transfer molding. A type of injection molding in which the material
is a thermoset, and a shot of resin is held in a special chamber (called
a pot) before injection.
• Blow molding. The material, :1 hot plastic, is blown like a bubble against
the inside surface of a mold ca...ity to form a hollow shape, such as a bottle.
• Forging. The material, usually a metal, is pressed, usually after being softened by heating, against a ha rd mold (die) surface to give it the desired
shape and texture.

328

Automated Fabrication-Improving Produ ctivity in Manufacturing

• Thermoforming. Like forging, but the material is usually a plastic
sheet so the forces required are much less severe. The pressure comes
from vacuum, air pressure, stretching, or a combination of the three.
• Vacuum forming. Same as thermoforming, when the applied
pressure comes from vacuum.
• Rotational molding, also called rotomolding or rotocasting. The material
is dispersed over the interior mold surface by a rotary motion and forms a
skin as it solidifies.

Methods of Making Molds
• Machining. The mold is directly carved out of metal, plastic, or wood by a
subtractive fabrication process, which may be manual or automated.
• Casting. A pattern is created which is a positive image of the object to be
molded. The mold material is then packed around the pattern (for a female
mold) or in it (for a male). If the mold is to be a closed cavity, it may be
made in two halves by packing the mold material separately around the top
_
and bottom of the pattern.
Notice that casting is itself a molding process and that in this case it
is being used to make a mold. The complete process then involves two
molding steps, the first to cast the mold on the pattern, the second to make
the copy in the mold.
• Investment casting. This is a process which encompasses both the
casting of a cavity mold on an exrpendable pattern and the casting of
the desired object in this mold. The pattern is made of a low-meltingpoint or vaporizable material (wax, plastic, or foan1) and is packed in
a thermally stable material (ceramic or sand) with channels (called
runners) left open to the pattern inside. There are then two ways to
proceed. The pattern may be melted out, leaving the mold (called a
shell) which can be filled with a liquid material as in ordinary casting. Alternatively, hot molten plastic or metal may be poured through
the runners, vaporizing and displacing the pattern. In either case, the
packing material is then broken away to reveal the item formed in the
shape of the expended pattern.
• Lost wax, lost plastic, or lost foam casting. Varieties of investment casting in which the pattern is made from wax, plastic,
or foam.
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Mold Materials
• Hard mold or die set. A mold made from a durable metal and used for a
large production run of millions of copies. An example is a steel mold.
• Soft mold. A mold made of plastic or soft metal and used to make from
dozens to thousands of copies. Examples are silicone rubber and epoxy
molds. See Table B-1 .
• Spray metal mold. A mold made by spraying a soft metal, such as
kirksite (a zinc alloy), over a pattern and then backing up the result
with epoxy. See Figure 4-25 .
Notice that an aluminum mold is sometimes called a hard mold, and
sometimes soft, depending on the perspective of the person using the
terms. To a high-volume manufacturer, aluminum is considered soft because it may only be used to shoot a few million copies. To a prototype
shop, such a quantity is equivalent to infinity, so an aluminum mold is
considered hard.
Hard and soft molds are often caJled hard and soft tooling, although these
term may also include certain structures ancillary to the mold itself. Hard
and soft molds are also called permanent molds, in distinction from expendable molds.

Table B-1. Mold Life of Some Common Soft Mold Materials

Mold
Material

Casting of
urethane
[note I]

Silicone rubber

Mold Application
Injection
Casting of
wax
molding of
[note 2]
thermoplastics

20 to 30

Rubber/plaster
casting of nonferrous metals [3]

30 to 50

Epox)'

500

5,000

Spray kirksite

1,000

10,000

10,000

l: Urethane casting is usually used to prototype something to be injection molded in thermoplastics.
2: A wax casting is usually used as a pattern in investment casting.
3: Rubber/plaster casting is often used to prototype something to be die cast in metal.
Sourct: Frost Prioleau, President, Plynetics Corporation
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• Expendable mold. A mold made in an investment casting or similar process. It is used once and destroyed in the process of removing the molded
object. Common examples are plaster and sand molds, although molds
from these materials are not necessarily expendable.
• Ceramic-shell mold. A mold made by coating the pattern by dipping
it in a ceramic slurry.
• Flask or solid mold. A mold made by suspending the pattern in a
metal flask and then filling the remaining space in the flask with ceramic slurry. This is useful when the pattern is made of a material
that expands when heated, which could cause a shell mold to crack.

c
Information Resources
Properly, we should read for power. Man reading should be
intensely alive. The book should be a ball of light in one's
hand .

-

Ezra Pound,
Late American poet and literary critic

This appendix is a list of books, periodicals, conference proceedings, articles,
and video tapes that may be helpful to the professional or student who needs more
information on automated fabrication. This is only a cursory list of prime sources.
Most of the entries are drawn from the author's library and files on automated
fabrication, which contain, in addition to books and proceedings, over 1,000
articles from popular and technical journals, hundreds of patents, several dozen
video tapes, as well as brochures, press releases, and public financial documents of
relevant companies.
Resources are roughly categorized according to the outline of the book. Cross
references between chapters, or occasional repetition, are used when items fall
within more than one category. Within each category, listings are generally given
in reverse-chronological order, if applicable, and otherwise alphabetically. However, this rule is sometimes broken if an item is clearly important enough to be
listed out of order.
Some of the more important works are referenced by author in the general index. So the index may be used to find the key works of major authors.
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Chapter 1:

Introduction to Automated Fabrication

Manufacturing Technology
As of this printing, there are not yet any other books that cover the field of
automated fabrication in general, including both subtractive and additive processes
together. However, there are many good sources of information on manufacturing
technology in general, including automation of manufacturing processes, which
provide the background context in which autofab operates. Some of these cover
certain aspects of either subtractive or additive fabricators .
Textbooks

Computer-A ided Design and Man ufacturing
Farid M. L. Amirouche
Prentice Hall, Englewood Cliffs, New Jersey, 1993
Manufacturing Engineering and Technology
Serope Kalpakjian
Addison-Wesley, Reading, Massachusetts, 1989; 2nd edition, 1992
Mechanical Engineering Design
Joseph Edward Shigley and Charles R. Mischke
McGraw-Hill, New York, New York, 1963, 5th edition, 1989
Handbooks

Tool and Manufacturing Engineers Handbook (TMEH)
Society of Manufacturing Engineers (SME), Dearborn, Michigan, 7 volumes:
1: Machining, 4th edition, 1983
2: Forming, 4th edition, 1984
3: Materials, Finishing and Coating, 4th edition, 1985
4: Quality Control and Assembly, 4th edition, 1987
5: Manufacturing Management, 4th edition, 1988
6: Design for Manufacturability, 1992
Desk Edition (excerpts from volumes 1 to 5), 1989
Machinery's Handbook
Erik Oberg, Franklin D. Jones, Holbrook L. Horton, and Henry H. Ryffel
Industrial Press, New York, 1914; 24th edition, 1992
Marks' Standard Handbook for Mechanical Engineers
McGraw-Hill, New York, New York, 1916; 9th edition, 1987
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Periodicals
Advanced Manufacturing Technology, monthly
Technical Insights, Fort Lee, New Jersey
American Machinist, monthly
Penton Publishing, Cleveland, Ohio
Computer-Aided Engineering, monthly
Penton Publishing, Cleveland, Ohio
Design News, monthly
Cahners Publishing, Boston, Massachusetts
designfax, monthly
Huebcore Communications, Solon, Ohio
The Fabricator, monthly
Fabricators & Manufacturers Association, International (FMA), Rockford, Illinois
Journal ofManufacturing Systems, bimonthly
Society of Manufacturing Engineers (SME), Dearborn, Michigan
Machine Design, monthly
Penton Publishing, Cleveland, Ohio
Machinery and Production Engineering, biweekly
Findlay Publications, Kent, England
Manufacturing Engineering, monthly
Society of Manufacturing Engineers (SME), Dearborn, Michigan
Mechanical Eng ineering, monthly
American Society of Mechanical Engineers (ASME), New York, New York
Modern Machine Shop, monthly plus annual Guidebook
Gardner Publications, Cincinnati, Ohio
Modern Plastics, monthly
McGraw-Hill, New York, New York
Plastics Design Forum , monthly
Plastics Design Forum , Amagansett, New York
Precision, bimonthly
U.S. National Tooling and Machining Association (NTMA), Fort Washington,
Maryland
Tooling & Production, monthly
Huebcore Communications, Solon, Ohio
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Chapter 2:

Commercially Available Fabricators

Chapter 4:

Applications of Fabricators

These two chapters are listed together because information on commercial
machines and case studies on their use are often published together.

Automated Subtractive Fabrication
Periodicals
See all of the periodicals listed under M anufacturing Technology above.

Textbooks
Programming of Computer Numerically Controlled M achines
John Polywka and Stanley Gabrel
Industrial Press, New York, 1992
A n Introduction to CNC M achining and Programming
D. Gibbs and T. Crandell
Industrial Press, New York, 1991
NC M achine Programming and Software Design
Chao-Hwa Chang and Michel A. Melkanoff
Prentice Hall, Englewood Cliffs, New Jersey, 1989

Handbook
Guidebook to CNC Technology and M anufacturing Software, annual in March
Gardner Publications (Modern Machine Shop), Cincinnati, Ohio

Pamphlet
CNC Lathes: M ultifunction Machining Examples
Okuma Corporation, Aichi, Japan

Market Reports
World M achine Tool Cutting Tool Markets,
World Standard and Special Machine Tools M arkets, and
World Computer Numerical Controller .Markets
Market Intelligence, Mountain View, California, 1992
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Technical Papers

See also the items listed for Machining under Chapter 8, below.
The fundamentals of wire EDM
Donald B. Moulton
at Fundamentals of EDM Seminar, Cincinnati, October 1991 , Proceedings, Chapter
7

TRAN2- A computer graphics program to make sculpture
Robert Mallary
at Fall Joint Computer Conference, 1970
Historical Accounts

Numerical Control: Making a New Technology
J. Francis Reintjes
Oxford University Press, New York, New York, 1991
Forces of Production- A Social History ofIndustrial Automation
David F. Noble
Alfred A. Knopf, New York, New York, 1984

Chapter 1 of NC Machine Programming and Software Design
Chao-Hwa Chang and Michel A. Melkanoff
Prentice Hall, Englewood Cliffs, New Jersey, 1989
The Technical Problem , Chapter 2 of Designing Human-Centered Technology
Howard H. Rosenbrock
Springer-Verlag, London, England, 1989
Evolution of Numerical Control, Chapter I of Essentials of Numerical Control
Ralph G. Rapello
Prentice Hall, Englewood Cliffs, New Jersey, 1986
In art the ends just don 't always justify means
Michele Bogart
in Smithsonian , v 10, #3 , June 1979, p 104 .. 11
The Garret Workshop ofJames Watt
H. W. Dickinson
Science Museum, London, England, 1970
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Automated Additive Fabrication
Book
Rapid Prototyping & Manufacturing: Fundamentals ofStereoLithography
Paul F. Jacobs and contributors
Society of Manufacturing Engineers (SME), Dearborn, Michigan, 1992

Periodicals
Rapid Prototyping Report, monthly
CAD/CAM Publishing, San Diego, California
TechMonitoring!Rapid Prototyping, semiannual plus monthly
SRI International, Menlo Park, California

Conference Proceedings
The following are public conferences. Various companies and industry organizations, including users' groups of particular fabricators, have held closed
conferences for which the proceedings are for limited distribution.
Assises Europeennes du Prototypage Rapide
(European Conf erence on Rapid Prototyping, papers mostly in French)
Yearly in May or June, since 1992, Paris, France
Association Fran~aise de Prototypage Rapide, Paris, France
E uropean Conference on Rapid Prototyping
Yearly in July, since 1992, in Nottingham, England
University of Nottingham, Nottingham, England
International Conference on Desktop Manufacturing
Varying dates and frequencies, since 1990, in various locations
Management Roundtable, Boston, Massachusetts
International Conference on Rapid Prototyping ("Dayton Conference")
Yearly in June, since 1990, in Dayton, Ohio
Rapid Prototyping Development Laboratory, University of Dayton, Dayton, Ohio
International Seminar on Desktop M anufacturing
Once only in October 1988, in New York City
Technical Insights, Fort Lee, New Jersey
Photofabrication Symposium
Yearly in November, since 1990, in Tokyo, Japan
Rapid Prototyping Clinic and Tutorial
Twice yearly in April and September, alternately in Detroit and Chicago
Society of Manufacturing Engineers (SME), Dearborn, Michigan

c

Information Resources

337

Solid Freeform Fabrication Symposium
Yearly in August, since 1990, in Austin, Texas
University of Texas at Austin
Industry Reports

Rapid Prototyping
Joselito M. Pacheco
Manufacturing Technology Information Analysis Center, Chicago, Illinois, 1991 ;
2nd edition, 1993
Automated Fabrication Job Shops:
Bringing Rapid Prototyping and Manufacturing to the Little Guy
Ennex Fabrication Technologies, Los Angeles, California, 1992
Desktop Manufacturing
Danish Technological Institute, Aarhus, Denmark, 2nd edition, 1992
Desktop Manufacturing Systems- Rapid Prototyping Techniques Take the World
by Storm, and
Survey of Rapid Prototyping End-Users
Market Intelligence, Mountain View, California, 1992
Rapid Prototyping: Strategic Technology for Product Development Success
Technical Insights, Fort Lee, New Jersey, 1991
Rapid Prototyping: System Selection and Implementation Guide
Marshall Burns, editor
Management Roundtable, Boston, Massachusetts, 1991
Videos

Rapid Prototyping User Case Studies
Management Roundtable, Boston, Massachusetts, 1992
Rapid Prototypingfor DFM
Society of Manufacturing Engineers (SME), Detroit, Michigan, 1991
General Technical Articles

Factors affecting part accuracy
in Rapid Prototyping Report, v 2, #4, April 1992, p 4 ..7
For benchmarking (comparing) fabricators, see articles listed for Benchmarking
of Subtractive Fabricators and Benchmarking of Additive Fabricators under
Chapter 5 below.
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Technical Articles on Selective Photocuring
See also the items listed for Photopolymerization under Chapter 8, below.
Chapters 2, 3, 4, 8, 9, and 10 of Rapid Prototyping & Manufacturing:
Fundamentals of StereoLithography
Paul F. Jacobs and contributors
Society of Manufacturing Engineers (SME), Dearborn, Michigan, 1992

The Physical Basis of A utomated Fabrication
Marshall Burns
at Successful Applications of Rapid Prototyping Technologies, Society of
Manufacturing Engineers, April, 1992
Technology Focus: Solid Ground Curing
in Rapid Prototyping Report, v 1, #3, August 1991 , p 3 .. 8
Three-dimensional machining by laser photopolymerization
M. Cabrera, J. Y. Jezequel, and J. C. Andre
Chapter 3 of v 3 of Lasers in Polymer Science and Technology: Applications,
CRC Press, Boca Raton, Florida, 1990
Video-based calibration system f or galvanometric scanners
Matthew Pellechia and Allan J. Lightman
at Fourth International Conference on Rapid Prototyping, Dayton, Ohio, June
1993
Sculpting with light
EfremFudim
in Machine Design, March 6, 1986, p 102 .. 6
A new method of three-dimensional micromachining
Efrem Fudim
in Mechanical Engineering, September 1985, p 54 ..59
Solid Object Generation
Alan J. Herbert
in Journal of Applied Photographic Eng ineering, v 8, #4, August 1982, p 185 ..8
A utomated method f or fabricating a three-dimensional plastic model with photohardening poly mer
Hideo Kodama
in Reviews of Scientific Instruments, November 1981, p 1770 .. 73
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Technical Articles on Selective Sintfring
See also the items listed for Sintering under Chapter 8, below.

Physical Modeling of the Selective Laser Sintering Process
Ming-Shen Martin Sun
Ph. D. Dissertation, University of Texas at Austin, 1991
Technology focus: Selective Laser Sinterirrg
in Rapid Prototyping Report, v 1, #7, December 1991 , p 1..5
Part Generation by Layerwise Selective Sintering
Carl Robert Deckard
Master' s thesis, University of Texas at Austin, 1986
Selective Laser Sintering of metals and ceramics
Joseph J. Beaman, David L. Bourell, H. L. Marcus and J. W. Barlow
in International Journal of Powder Metallurgy, v 28, #4, 1992
Laser processing of sol-gel coatings
D. J. Taylor and B. D . Fabes
in Journal of Non-Crystalline So lids, v 147&148 (combined), 1992, p 457 ..62
Sintering and coating of ceramics using carbon dioxide laser
M. Okutomi
in Materials & Manufacturing Processes, v 6, #1 , 1991 , p 139 .. 59

Technical Articles on Other Processes
Direct shell production casting produces aluminum part, and
Research Notes (on MIT ' s 3-Dimensional Printing process)
in Rapid Prototyping Report, v 2, # 5 and 11, May, November 1992
Technology fo cus: Fused Deposition Modeling
in Rapid Prototyping Report, v 2, #3 , March 1992, p 3 .. 6
Technology focus: Laminated Object M onufacturing ,
Materials focu s: Paper for Laminated Obj ect Manufacturing , and
Product review: Helisys ' LOM-1 015 (Prototype Version)
in Rapid Prototyping Rep ort, v 1, # 1 and2 , June, July 1991

Perspective Pieces
Technologies enabling rapid product development
Allan J. Lightman
at Third Photofabrication Sy mposium, Tolcyo, Japan, November, 1992
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A utomated fabri cation in Europe: A U.S. p erspective
Marshall Burns
at First European Conference on Rapid Prototyping, Nottingham, England, July,
1992
From rapid prototyping to the Second Inrlustrial Revolution
Adam L. Cohen
at Third International Conference on Rapid Prototyping, Dayton, Ohio, June
1992, Proceedings, p 189 ..92
Rapid prototyping systems: Buy now . next year ... or never?
Terry T. Wohlers
at Third International Conference on Rapid Prototyping, Dayton, Ohio, June
1992, Proceedings, p 193 .. 8
Persp ectives on StereoLithography :
A utomated fabrication in the 19th, 20th and 21st centuries
Marshall Burns
at StereoLithography Users' Group Conf erence and Annual Meeting, San
Francisco, California, March, 199l

Chapter 3:

Processes under Development

Droplet Deposition
Thermal spray shape deposition
Lee E . Weiss, Friedrich B. Prinz, Duane A. Adams, and Daniel P. Siewiorek
in Journal of Thermal Spray Technology, v 1, #3, September 1992, p 231..7
"Incremental Fabrication " builds directly in metal
Marshall Burns
in Rapid Prototyping Report, v 2, #1 , January, 1992, p 2 .. 4
A utomated f abrication of net shape microcrystalline and composite metal
structures without molds
David Hauber
in M anufacturing Processes, Systems and M achines, Society of Manufacturing
Engineers, Dearborn, Michigan, 1987, p 461..6
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Three-Dimensional Welding
Welding takes on a new dimension
Marshall Bums
in Rapid Prototyping Report, v 2, #2, February, 1992, p 1..3
Robotic manufacture ofnear net shape components by the shape melting process
Charles M. Weber and Bruce M. Dingman
in Special Melting and Processing Technologies, Noyes Publications, Park Ridge,
New Jersey, 1989

Microjabrication
Book
Microsensors
edited by RichardS . Muller, Roger T. Howe, Steven D. Senturia, Rosemary L.
Smith, and Richard M. White
Institute of Electrical and Electronics Engineers (IEEE), New York, New York,
199 1

Periodicals
Sensors and Actuators
Elsevier Sequoia, Lausanne, Switzerland
Journal of M icroElectroMechanical Systems
Institute of Electrical and Electronics Engineers (IEEE), New York, New York
Journal ofMicromechanics and Microengineering
British Institute of Physics, Bristol, England

Conference Proceedings
Micro Electro Mechanical Systems Workshop
(formerly MicroRobots and Te leoperators Workshop)
Yearly in January or February, since 1987, in various U.S. locations
Institute of Electrical and Electronics Engineers (IEEE)
International Conference on Solid-State Sensors and Actuators
('Transducers Conference")
Odd-numbered years in June, since 1981, in various worldwide locations
Institute of Electrical and Electronics Engineers (IEEE)
Solid-State Sensor and Actuator Works hop ("Hilton Head Conference")
Even-numbered years in June, since 1984, in Hilton Head, South Carolina
Institute of Electrical and Electronics Engineers (IEEE)
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Technical Papers
Silicon as a mechanical material
Kurt Petersen
in Proceedings of the IEEE, v 70, #5 , May 1982, p 420 .. 57
Microfabrication techniques for integrated sensors and microsystems
K. D. Wise and K. Najafi
in Science, v 254, November 29, 1991 , p l335 ..42
Microsensors and Microactuators
Special issue of IEEE Transactions on E lectron Devices, v 35, #6, June 1988
Integrated fabrication ofpolysi Iicon mechanisms
M . Mehregany, K. J. Gabriel, and W. S. N. Trimmer
in IEEE Transactions on Electron Devices, v 35, #6, June 1988, p 719 .. 23
Integrated movable micromechanical structures for sensors and actuators
Long-Sheng Fan, Yu-Chong Tai, and Rictlard S. Muller
in IEEE Transactions on Electron Devices, v 35, #6, June 1988, p 724 .. 30
Micromechanica/ Velcro
Michael L. Reed
in Journal ofMicroE/ectroMechanica/ S)'stems, vI, #1 , March 1992, p 37
Microfabricated hinges
K. S. J. Fister, M. W. Judy, S. R. Burgett, and R. S. Fearing
in Sensors and Actuators, v A33 , #3 , 1992, p 249 ..56

Nanofabrication
Technical Books
Nanosystems- Molecular Machinery, Manufacturing, and Computation
K. Eric Drexler
Wiley-Interscience, New York, New York, 1992
Nanotechnology-Research and Perspectives
B. C. Crandall and James Lewis, editors
MIT Press, Cambridge, Massachusetts, 1992

Technical and Semitechnical Papers
Quantum dots
Mark A. Reed
in Scientific A merican, v 268, #1 , Januar:J' 1993, p 118 ..23
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Free Keep Up 1o Date Offer
Ennex Fabrication Technologies
914 Westwood Bo11levard, Unit 110
Los Angeles,. U.S.A. 90024

So do we.
Welcome to the Autofab Industry.
Tell us who you are, and ~e' 11 help keep you up to date.
Free trial subscription to
Rapid Prototyping Report

Free updated addendum to
Automated Fabrication

Our friends at the industry's premier
newsletter will send you three free issues
with the latest news on fabricators, technology development, applications breakthroughs and business announcements.
An invaluable resource in this dynamic
field.

As we keep abreast of the industry for
the next edition of Automated Fabrication-Improving Productivity in Manufacturing, we will occasionally issue an
addendum that brings your current edition right up to date. Your first addendum is free for the asking.
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Single electronics
Konstantin K. Likharev and Tord Claeson
in Scientific American , v 266, #6, June 1992, p 80 .. 5
Engineering a Small World: From A tomic Manipulation to Microfabrication
Special section of Science , v 254, November 29, 1991, p 1277, 1300 ..42
Nanoe/ectronics
Special issue of Texas Instruments Technical Journal, v 6, #4, July-August, 1989
Supramolecular chemistry-Scope and perspectives:
Molecules, supermolecules, and molecular devices
Jean-Marie Lehn (Nobel lecture)
inAngewandte Chemie, International Edition in English, v 27, #1 , January 1988, p
89 .. 112
Nontechnical Books and Papers

Engines of Creation: The Coming Era of Nanotechnology
K. Eric Drexler
Doubleday, New York, New York, 1986
Unbounding the Future: The Nanotechnology Revolution
K. Eric Drexler and Chris Peterson with Gayle Pergamit
William Morrow, New York, New York, 1991
What next? - Nanotechnology for manufacturing
John Walker
in Foresight Institute Briefing #3 , undated (from talk given May 10, 1990)
There's plenty of room at the bottom
Richard P. Feynrnan
in Miniaturization , edited by Horace D. Gilbert, Reinhold, New York, New York,
1961
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Chapter 5:

Implementation Guidelines

Manufacturing Management
Periodicals

See also all the periodicals listed for Manufacturing Technology under Chapter
1 above.

Design For Manufacture A lert (monthly)
Management Roundtable, Boston, Massachusetts
Books

A Passion for Afanufacturing
Richard Dauch
Society of Manufacturing Engineers (SME), Dearborn, Michigan, 1993
21st Century Manufacturing- Creating Winning Business Performance
Thomas G. Gunn
HarperBusiness, New York, New York, 1992
Manufacturing in the Nineties- How to Become a Mean, Lean, World-Class
Competitor
Harold J. Steudel and Paul Desruelle
Van Nostrand Reinhold, New York, New York, 1992
Reinventing the Factory If- Managing the World Class Factory
Roy L. Harmon, 1992, and
Reinventing the Factory-Productivity Breakthroughs in Manufacturing Today
Roy L. Harmon and Leroy D. Peterson, 1990
Free Press (Macmillan), New York, New York
Out of the Crisis
W. Edward Deming
MIT Press, Cambridge, Massachusetts, 1986
World Class Manufacturing· The Lessons of Simplicity Applied
Richard J. Schonberger
Free Press (Macmillan), New York, New York, 1986
Pamphlet

Investment Justification
Giddings & Lewis, Fond duLac, Wisconsin
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Implementation of Additive Fabricators
Conference Papers and Journal Articles

What 's important: People -machines - technology
Al Cassista
at Fourth International Conference on Desktop Manufacturing , Milpitas,
California, September 1992
Rapid prototyping integration: Now and in the future
Michael McEvoy
at Fourth International Conference on Desktop Manufacturing, Milpitas,
California, September 1992
A Strategy f or Determining if a Ne w Technology Solves the Company Needs
Robert L. Brown
at Fourth International Conference on Desktop Manufacturing, Milpitas,
California, September 1992
A re rapid prototyping systems modern day Bridgeports?
William C. Soares
at Fourth International Conference on Desktop Manufacturing, Milpitas,
California, September 1992
Automated fabrication service bureaus
Marshall Burns
in DesignNet, April 1992
The real cost of rapid prototyping
Terry T. Wohlers
at Manufacturing Engineering, November 1991 , p 77 .. 9
StereoLithography: The good, the bad and the ugly
Lavern D. Schmidt
at Second International Conference on Rapid Prototyping, Dayton, Ohio, June
1991 , Proceedings, p 184 .. 92
Running a rapid prototyping f acility: the economic and organizational issues
Terry T. Wohlers
at Second International Conference on Rapid Prototyping, Dayton, Ohio, June
1991, Proceedings, p 165..8
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Benchmarking of Subtractive Fabricators
A ll accuracies are not the same
James J. Childs
at American Machinist, September 1991 , p 75 .. 8

Benchmarking of Additive Fabricators
Comparison of rapid prototype systems
GeoffLart
at First European Conference on Rapid Prototyping, Nottingham, England,
August 1992, Proceedings, p 243
A brief benchmarking study of rapid prototyping processes
Douglas A. van Putte
at Th ird International Conference on Rapid Proto typing , Dayton, Ohio,
June 1992, Proceedings, p 251
Rapid prototyping technology: Benchmarking results
Lavern D. Schmidt
at Rapid Proto typing Technologies clinic, Dearborn, Michigan, April 1992
Schmidt's results were also reported in an article by Terry Wohlers in
Computer-Aided Engineering , October 1992, p 84 .. 90.

Testing rapid prototypers
Bruce Haase
in MCN (MicroCAD News), October 1991 , p 27
A rudimentary benchmarking scheme
Marshall Burns
in Rapid Prototyping: System Selection and Implementation Guide, August 1991 , p
53
The papers listed above provide results of studies that actually compare the
output of various additive fabricators . The following papers discuss methods which
have primarily been applied to one type of system but could well be applied in
comparative analyses as well. The first item listed, by Ed Gargiulo, has attracted
submissions for comparison from Cubital using masked-lamp curing and from the
University of Nottingham using CNC milling in aluminum.
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StereoLithography process accuracy
Ed Gargiulo
at Third International Conference on Rapid Prototyping, Proceedings, p 239
at Second International Conference on Rapid Prototyping, Proceedings, p 311
Dayton, Ohio, June 1992 (3rd) and 1991 (2nd)
Standard test-files for benchmarking RP systems
ltzchak Pomerantz
at AutoFact '91, Chicago, Illinois, November 1991
A study ofStereoLithography uniformity and repeatability
Douglas A. van Putte
at Second International Conference on Rapid Prototyping, Dayton, Ohio, June
1991, Proceedings, p 295

Chapter 6:

Data Input

Computer-Aided Design
Textbooks

Computer-Aided Design and Manufacturing
Farid M . L. Amirouche
Prentice Hall, Englewood Cliffs, New Jersey, 1993
Computer-Aided Design
Dean Taylor
Addison-Wesley, Reading, Massachusetts, 1992
Handbooks

CAD Rating Guide
W. Bradley Holtz
WBH Associates, Bethesda, Maryland, annual
Guidebook to CNC Technology and Manufacturing Software, annual in March
Gardner Publications (Modern Machine Shop), Cincinnati, Ohio
Pamphlet

How to Choose a CAD System
Joel N. Orr
Orr Associates, Virginia Beach, Virginia, 1992
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Periodicals

A nderson Report, monthly
Altus Marketing, Santa Ana, California
CAD Data Vault, quarterly on CD-ROM
Ariel Communications, Austin, Texas
Cadence, monthly
Miller Freeman, San Francisco, California
Computer-Aided Design, monthly
Butterworth-Heinemann, Oxford, England
Computer Aided Design Report, monthly
CAD/CAM Publishing, San Diego, California
ecCadence, monthly
Ariel Communications, London, England
Engineering Automation Report, monthly
Technology Automation Services, Englewood, Colorado
SoflAwareness, monthly
Ariel Communications, Austin, Texas
Industry Reports

CAD/CAM, CAE: Survey, Review & Buyers ' Guide , 2-vol. reference plus monthly
Daratech, Cambridge, Massachusetts
World Mechanical CAD/CAM Systems Markets
Market Intelligence, Mountain View, California, 1991
Articles on CAD for Automated Fabrication

Why is CAD so bad?
in Rapid Prototyping Report, v 2, # 12, December 1992, p 4 .. 7
Interfacing CA D and rapid prototyping
in Rapid Prototyping Report, v 2, #1 , January 1992, p 4 .. 6
Articles on Computer Visualization (rendering and physical analysis)

Getting Started with Rendering:
What 's important in modeling, rendering, animation software
Tim Forcade
in DesignNet, May 1992, p 25 .. 35
Planning your FEA strategy
in Computer A ided Design Report, v 12, #3 , March 1992, p 5.. 12

C

Information Resources

Chapter 7:
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Fabrication Mflterials

Data Books
See also Machinery's Handbook and Marks' Standard Handbook, listed for
Manufacturing Technology, under Chapter 1, above.

Materials Science and Engineering Handbook
edited by James F. Shackelford and William Alexander
CRC Press, Boca Raton, Florida, 1992
Materials Selector, annual in December
Penton Publishing (Materials Engineering), Cleveland, Ohio
Modern Plastics Encyclopedia, annual in October
McGraw-Hill (Modern Plastics) , New York, New York
Engineering Tables and Data
A.M. Howatson, P. G. Lund, and J.D . Todd
Chapman & Hall, London, England, 1972, 2nd edition: 1991
Strength ofBiological Materials
Hiroshi Yamada
Williams & Wilkins, Baltimore, Maryland, 1970
Periodicals

Advanced Materials & Processes
ASM International, Materials Park, Ohio
Journal of Intelligent Material Systems and Structures, monthly
Technomic Publishing, Lancaster, Pennsylvania
Materials and Manufacturing Processes, quarterly
Marcel Dekker, New York, New York
Materials Engineering, monthly
Penton Publishing, Cleveland, Ohio
Performance Materials, monthly
Performance Materials, Clarkburg, Maryland
Conference Proceedings

International SAMPE Conference
Yearly in April or May, since 1956, in Anaheim, California
Society for the Advancement of Material and Process Engineering (SAMPE),
Covina, California
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Electronic Databases
Many organizations, including materials vendors, offer materials data on CDROM or online. One of the more comprehensive, independent sources is

CenBASE Materials Database, portions updated quarterly, annually or periodically
Information Indexing, Garden Grove, Calif~rnia

Chapter 8:

Underlying Scieflce

Machining
The Structure ofMetals and Fundamentals of Cutting, Chapters 1 and 20 of
Manufacturing Engineering and Technology
Serope Kalpakjian
Addison-Wesley, Reading, Massachusetts, 1989; 2nd edition, 1992
M achining, Volume 1 of Tool and Manufac/uring Engineers Handbook (TMEfl)
Society of Manufacturing Engineers (SME) ,Dearborn, Michigan, 4th edition, 1983

Photopolymerization
See also Technical Articles on Selective Photocuring under Chapter 2, above.

Photoreactive Polymers
Arnost Reiser
Wiley, New York, New York, 1989
Effect of UV radiation on p olymers
Christian Decker
Chapter 13 (v 3, p 541..608) of Handb ook of Polymer Science and Technology,
edited by Nicholas P. Cheremisinoff, Marcel Dekker, New York, New York,
1989
Photoinitiated radical poly merization
S. Peter Pappas
in Journal of Radiation Curing, July 1987, p 6 .. 16
Ultraviolet curing chemistry: Past, present and future
Christian Decker
at RadCure Europe '87, Munich, West Germany, May 1987
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Sintering
See also Technical Articles on Selective Sintering under Chapter 2, above.

Powder Metallurgy Science
R. M. German
Metal Powder Industries Federation, Princeton, New Jersey, 1984

Sintering rheology of amorphous polymers
N. Rosenzweig and M. Narkis
in Polymer Engineering and Science, v 21 , #17, Mid-December 1981 , p 1167 .. 70
Viscous flow of crystalline bodies under the action of surface tension
J. Frenkel
in Journal of Physics (USSR), v IX, #5 , 1945, p 385 .. 91

Chapter 9:

Economic and Sociological Impact

Forces of Production- A Social History of Industrial Automation
David F. Noble
Alfred A. Knopf, New York, New York, L984
Impact of Customer Coconstruction in Product/Service Markets
Firdaus E. Udwadia and K. Ravi Kumar
in Technological Forecasting and Social Change, v 40, 1991 , p 261..72
Science and technology: Who gets a say
John M. Staudenmaier, S.J.
in Technological Development and Science in the Industrial Age: Ne w
Perspectives on the Science-Technology Relationship, edited by Peter Kroes
and Martijn Bakker, Kluwer, Boston, Massachusetts, 1992, p 205 .. 30
Science, technology and the Western miracle
Nathan Rosenberg and L. E . Birdzell, Jr.
in Scientific American, v 263, #5 , November 1990, p 42 .. 54

Chapter 10:

Prospects for the Future

Automated Fabrication in Space
Marshall Burns
in SSI Update, Space Studies Institute, Princeton, New Jersey, January/February
1992
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Important insights on future technology development can be drawn from careful
analysis by analogy to past developments. There are many ways in which additive
automated fabrication of the 1990s is comparable to electronic automated computation of the 1950s. For this reason, the history of computers may provide some
insights into the prospects and potential of fabricators. The following are excellent
sources. The first is a book released in conjunction with a four-part BBC documentary by the same name, which is also highly recommended. The second is a
collection of interviews with 25 of the personalities who created and advanced the
computer revolution, such as J. Presper Eckert, Thomas J. Watson, Jr., H. Ross
Perot, Steve Jobs, and William Gates.

The Dream Machine- Exploring the Computer Age
Jon Palfreman and Doron Swade
BBC Books, London, 1991

Computenvorld 25th Anniversary Edition
CW Publishing, Framingham, Massachusetts, June 22, 1992
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Index
Chances are if your parents never had any children,
neither will you.
-

Mark Mullin,
in Object Oriented Program Design

In the following listing, a boldface page number indicates a central source on
the given subject, such as the definjtion of the term or the beginning of a section or
chapter on the subject. A page number in italics indicates that the reference is to a
figure on that page.

3

SLA (StereoLithography), 6, 9, 14, 18, 32,
42, 43, 46, 49, 52, 58, 61 , 108,
122, 126, 133, 159, 166, 173, 214,
215, 221 , 225, 226, 256, 314, 336,
338, 340, 345, 347
SLA- 1, 14, 49, 67, 266, 299
SLA-190, 50
SLA-250, 44, 49, 50, 67, 11 8, 119, 122,
126, 127, 128, 129, 130, 131, 139,
140, 141 , 143, 148, 150, 151 , 152,

3-D fax, 216
"3-D hardcopy," 9
3-D Printing, See Massachusetts Institute of
Technology.
3-D Systems Inc. (Vancouver), 53
3-D welding, See development and see
University ofNottingham.
)-dimensional printing, 6
3D Modeler, See Stratasys.
3D Systems, Inc., 6, II , 15 , 46, 49, 154, 190,
259, Also see (Burt) Evans, (Raymond)
Freed, (Charles) Hull, (Paul) Jacobs,
and (Dennis)Medler
build styles, 256, 25 7
business affairs, 53
droplet deposition process, 97

154, 155, 186,2 //,256 , 266

SLA-500, 50, 51 , I 17, 131 , 221
StL code, 221 , 222, 228
Technology Center, 190
3D-CAM, Inc., 127, 129
3M Company
Tartan Tooling, SeeKe/Tool In c.
use of fabricators, 74
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Index

A
A Series, See Sodick.
ablatability, 248
ablation, 20, 38
ABR Enterprises, 114, 115
abrasive-jet cutting, 20
abrasiveness, 246
Abyss, The, 216
accuracy
fabricator, I , 9, 25, 65, I 06, 110, 112, 115,
168, 170, 172, 175, 221,257, 317,
337, 347, Also see benchmarking
and see individual Specification
Tables in Chapter 2 .
shape digitizer, 205, 208
ACIS, 200
adaptive control, 25
additive fabrication, See fabricator: additive and
see development.
Adra, 200
advantages, See automated fabrication: benefits.
aerospace applications, See applications.
AGV, See automatically guided vehicle.
Al lied-Signal Inc.
Exactomer resin, 43, 262, 275
use of fabricators, 67
Amada Co. Ltd. , 34, 308
American Machinist, 34, 333, 346
AMP Incorporated, 49 , 108, 160
Andre, Jean-Claude, 45, 89, 91 , 93 , 338
Ansys, 200
Apple Computer, Inc., 122, 315, Also see (Steve)
Jobs.
applications, 2, 108, 109, 157,3 23
3-D portraiture, 15 1
aerospace, 111 , 122, 129, 130, 144
archaeology, 109, 147,153
architecture, 109
art, I09, 153, 154, 155,217
astronomy, 109, 114, 12 7, 147
automotive, 12, 128, 130, 131, I 32, 138,
142, 143, 3I7
dental, 215
electronics, 1 13, 12 2
imaging, 145
importance of imaging, 147
jewelry, 109, 144
manufacturing production, 110, 164
by additive fabricators, 117, 118,120
medical, 86, 109, 118, 129,139,140,144,
147,151 , 152, 210,211,2 15, 299
military, 109, 299
molecular models, 147, 197
packaging, 266
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police, 109
prototyping, 122, 165
bidrequests, 123, 132
concept models, 123, 129
fit, form, and function, 123, 124, 129
fluid flow analysis, 126
importance of prototyping, 123, 13 5
marketing presentations, 123
replication tooling, 109, 136, Also see
molding.
epox-y molds, 139
investment casting, 76, 137, 138, 139,
142, 144, 183,215, 258,264
KeiTool (hard) molds, 145
sand casting, 141 ,142, 143
silicone rubber molds, 138, 139, 140
spray metal molds, 141, I 73
scientific, 109, 147, 148, 149, 150
space, 214,298,318
statistical analysis, 14 7
teaching, 109, 147
theater and film, 109, 216
toys, 132
Aries, 200
art, See applications.
Art Center College of Design, 154
Asahi Denka Kogyo, 54, 262
ascending contact window method, 41
ascending surface method, 40, 41
ascending suspension method, 40, 41
ASM International, 349
assembly, 11
Association Franyaise de Prototypage Rapide,
336
astronomical probes, See matter sensor.
AT&T, 32
ATC, See automatic tool changer.
AutoCAD, See Autodesk.
Autodesk, Inc., 292, Also see (John) Walker.
AutoCAD, 184, 200, 202
HyperChem, I 07
Automated Dynanucs Corporation, 95
automated fabrication, Also see fabricator.
applications, See applications.
benefits, I, 158, 164,295, 296
costs, 162, 189, Also see materials: cost.
criteria, 3
development, See development.
drawbacks, 2, 165, 295, 296
future, See flllure.
history, See history.
human assistance, 4
market, I I, 308
tenninology, 3, 8
Automatic Dewaxing Machine, See Cubital.
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automatic pallet changer, 23
automatic tool changer (ATC), 22
automatically guided vehicle (AGV), 23
automotive applications, See applications.
axis of control, 34

B
B-rep, See boundary representation.
Babcock & Wilcox Co.
shape melting, 101, 103
Baese, Carlo, 45
Ballistic Particle Manufacturing, 95
Battelle Development Corporation, 88, 89
Battery Ventures, 7 4
Baxter Healthcare Corporation, 49, 67, 181 , 299,
303
Beaman, Joseph J. , 339
benchmarking (comparing systems), Also see
accuracy and see speed.
CAD, l96
fabricators, 168, 172, 174, 175,346
benefits, See automated fabrica tion: benefits.
BF Goodrich Company, 70
Laserite powder, 262, 266
bid requests, See applications: prototyping.
bioclastic, 240
Biomet, Inc. , 74, 144, 215
bitumen of Judea, 271
blanking, 20
bolting, 4
boring, 20, 21
BostoMatic, See Boston D igital.
Boston Digital Corporation, 28
BostoMatic 5-Axis, 18, 28,29,125
boundary representation (B-rep), 194, 196
BPM Technology, Inc., 95
Bricklin, Dan, 232
Bridgeworks, See Solid Concepts.
Brigham Young University (BYU), 86
brittleness, 245
broaching, 20
Brock Rooney & Associates, 223 , 224
Brown & Sharpe Manufacturing Company, 24,
206
Brown, Donald E., 179
Brown, Robert L., 167, 345
build style, 256
overlapping vectors, 62
QuickCast, 258
StAR-Weave, 256
retracted hatch, 25 7, 258
tri-hatch, 256, 25 7
Weave, 256, 257
bulk curing, See curing.

bulk sintering, See sintering.
Burns, Marshall, 337, 338, 340, 341, 345, 346,
351 , 369

c
C-TAD Systems, 224
CAD, See computer-aided design.
CAD AM, See IBM: CAD software.
CADKey, 200
CADra, 200
CAD Rating Guide, 201 , 347
Carnegie Institution Observatories, 114
Carnegie Mellon University
MD* process, 96, 269, 340
spray-metal molds, 140, 141
Cassista, AI, 32, 118, 345
CAT (computer-aided tomography), See matter
sensor: spatial: computed tomography.
catch-bin, 24, 25
CATIA, See IBM: CAD software.
cationic polymerization, 274
cavitation, 2 1
Cencit, Inc., 209
ceramic, See materials.
ceramic shell, 76, 137, 142, 258,327, 330
CFL format, 223
Chem-Fonn, Inc., 86
chemical machining, 20
chemical property, 239, 250
chemical vapor deposition (CVD), I 04
chip conveyor, 24, 25
chip-forming, 20
Chrysler Corporation, 128, 130, 131 , 143, 160,
166, 178, 22 1
Ciba-Geigy Limited, 53
Cibatool SL resin, 49, 117, 144,262,266
Ren Shape, 130
Cibatool, See Ciba-Geigy.
CIDES (Clemson Intelligent Design Environment
for StereoLithography), See Clemson
University.
Cilas Alcatel Industrial Laser Company, 45
Cima, Michael, 75
Clemson University, 86, 225 , 226
Clemson Intelligent Design Environment for
StereoLithography (CIDES), 227
clothing, 213
CMET, Inc., 53
SOUP, 18, 42, 45 , 54, 55, 122,274
CMM, See coordinate measuring machine.
CNC (computer-numerical control), See
fabricator: subtractive.
origin oftenn, 5
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CNRS, See French Na tional Center for

Scientific Research.
Coates Coatings Ud.
Solirner resin, 262
coconstruction, See customer coconstruction.
Cohen, Adam L., 340
COLAMM, See Mitsui.
"color," defmition of, xx.i
complexity, geometric, See geometric

complexity.
composite material, See materials.
compressive strength, 241 , 245
reduced by QuickCast build style, 258
computed tomography, See matter sensor:

spatial.
computer sculpture, See applications: art.
computer-aided design (CAD), 195, 347
data transfer, 199
difficulty, 195
kernel, 200
limitations, 196
market, 195
quality of output, 198

Computer Aided Design Report, 348
computer-aided tomography, See matter sensor:
spatial: computed tomography.
computer-numerical control (CNC), See

fabricator: subtractive.
origin of term, 5
Computervision, 200, 222
concept model, See applications: prototyping.
ConceptStation, 200
concurrent engineering, 11 , I 58
constraint-driven design (in CAD), 198
constructive solid geometry (CSG), 194, 196,

223
contact window, See curing: selective.
contractor, See job shop.
"conventional" processes or materials, xxi
Conway Quality, 179
coordinate measuring machine, 205, 206
copy milling, 4, 136
cost control, ll , 13 5
costs, See automated fabrication: costs and see

materials: cost.
covalent bonding, 233, 234
CPI Corp., 151 , 209
creep, 247
Crick, Francis, 322
critical exposure, See photopolymer: resin.
crosslinking, 276, 279
Crump, S. Scott, 15, 74
CSG, See constructive solid geometry.
CT, See matter sensor: spatial: computed

tomography.

Cubital Ud. , 63, 121 , 197, 223
Automatic Dewaxing Machine, 67
Data Front End (DFE), 223, 227
Solider 5600 (Solid Ground Curing), 15, 18,

40, 41 , 42, 46, 47, 63, 64, 65, 66,
61, 92, 120, 122, 131 , 132, /42,
155, 164, 176, 189,265,314,338,
346
curing, 87, 259, Also see photopoly mer.
bulk curing, 3, 7, 87, 136, 281
selective curing, 6, 18, 40, 4I , 42, 87,338
commercial, See fabricator: additive:
photopoly mer.
contact window, 4 I , 91
development, See development.
electrocuring, 94
laser versus lamp, 42
masked lamp, 42, 63, 67, I 20, I 32, I 42,
I 55
one laser, 49, 52, 53, 55 , 57, 58, 59, 60,
62, 90, I 17, 122, 127, 128,
129, 131, 139,140,141, 143,
I48, I50, 152, 154,I55,21I,
266
thermal curing, 93
two lasers, 88
Curtiss, Alex, 115
customer coconstruction, 301 , 303
CV DORS, 200
CVD, See chemical vapor deposition.
CyberOptics Corporation, 207, 208
Cyberware Laboratory Inc., 151 , 153, 208

D
Danish Technological Institute (DTI), 86, 337
Daratech, Inc., 348
data, 192, 324
CAD, See comp uter-aided design.
digitizer, See shape digitizer.
mathematical, 216, 310
scientific, 216
transfer, 2 19
translator, 224
Data Front End, See Cubital.
Davis Aerospace, 318
Davis, Hubert, 318
Dayton Conference, See International

Conftrence on Rapid Prototyping.
DEC, See Digital Equipment Corporation.
Deckard, Carl Robert, 15, 70, 71 , 282, 285, 318,

339
decomposition lemperature, 248
deform ation (of material), 243, 244
Deming, W. Edward, 344

358

A utomated Fabrication- Improving Productivity in Manufacturing

DePuy Inc., 124, 129, 139, 160,211
descending platfonn method, 40, 41, 43
design for manufacturability, II
design optimization, 133
DesignBase, 200
DesignNet, 182, 189, 345, 348
" desktop manufacturing," 9, 32, 63, 70
Desktop Manufacturing Conference, See
International Conference on Desktop
Manufacturing .
DeSolite, See DSM Desotech.
development, 85, 313, 323, Also seefilture.
3-D welding, 7, 97, 100, 102, 223,269,3 14,
341
droplet deposition, 6, 95, 340
metals by additive processes, 268
nanofabrication, 103
robotically gu ided extrusion, 87, 91 , 3 14,
318
selective curing, 6, 86, 87
selective sintering, 86, 9 1, 314, 318, 339
stacked adhesives, 87
subtractive processes, 86
DFE (Data Front End), See Cubital.
Dickens, Phillip M., I 02
Dickson, Stewart, 150, 155, 217
die, 326
dielectric, 249
Digibotics, Inc., 207, 213
Digital Equipment Corporation (DEC), 32, 118,
122, 161
digitizer, See shape digitizer.
Dimension Teclmologies, 315
dimensional stability, 247
Direct Shell Production, See Soligen.
disadvantages, See automated fabrication:
drawbacks.
displacement volume, 265
Donahue, Richard, 222
Domier Deutsche Aerospace, 122
dovmsizing, See management.
drawbacks, See automated fabricalion:
drawbacks.
Drexler, K. Eric, 106, 312, 3 17, 342, 343
drilling, 5, 20, 21 , 29 , 33, JJ4 , 11 6
DrillMill, SeeKira Machinery.
droplet deposition, 8, 96, 98, 100, 255, 314, 3 18,
340
3D Systems, 97
conunercial, See Soligen.
development, See development and see MIT.
on powder, 6, 18, 75, 76, 77, 95, 137
DSM Desotech Inc.
DeSolite SLR resin, 262

DSP System, See Soligen: Direct Shell
Production System.
DTI, See Danish Technological Institute and see
U.K. Department ofTrade and
Industry.
DTM (digital terrain model) format, 224
DTM Corporation, 68, 86, 223 , Also see
sintering : selective.
Sinterstation 2000 (Selective Laser
Sintering), 15, 18, 69, 70, 11 9, 122,
144, 183, 216,223 , 233 , 238, 268,
269, 282, 285, 288, 3 19
Du Pont, See E. I. du Pont de Nemours and
Company.
ductility, 243 , 244, 245, 246
Duo-Fast, 125
dynamic tolerancing, 172
Dynell Electronics, I 5 I

E
E. I. du Pont de Nemours and Company, 46, 60,
61 , 257
development ofphotopolymers, 273
SOMOS resin, 43 , 4 7, 60, 62, 117, 144,
262, 266
Eastman Kodak Company
development of photopolymers, 272, 280
use of fabricators, 49, 71
Eckert, J. Presper, 14, 352
economic property, 239, 25 1
economics, xix, 292, 325, 35 1
EDM, See electrical discharge machining.
EDS, See Electronic Data Systems.
Eigler, Don, I 05
elast icity, 243
electrical discharge machining (EDM), 5, 20, 37,
175, 317
ram, 4, 7, 37, 136, 183
electrodes, 145
wire, 5, 18, 21 , 37, 38, 39, 137, 335
electrochemica l grinding, 20
electrochemical machining, 20
electrocuring, See curing: selective.
electromagnetic fonnin g, 8
electromagnetic property, 239, 249
electron-beam cutting, 20
Electronic Data Systems (EDS), 200
Electroset Synergistic Teclmologies Corporation,
94
Electrotechnical Laboratory, 87
elongation, 243
Emco Maier, 36
Unimat PC, 18, 36, 37
enclosing volume, 265
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Engineered Plastics Products Corporation (EPP),
115
Enigmatic Assoc., 224
"Ennex," definition of, 369
Ennex Fabrication Teclmologies, 189, 337, 369
EOS GmbH, 58
EOScan, 210
Stereos, 18, 42, 58, 59
epoxy, See materials: thermoset: epo).y and see
photopolymer: epoxy and see molding:
epoxy and see applications: replication
tooling: epoxy.
European Conference on Rapid Prototyping, 336,

340,346
Evans, Burt, 259, Also see Evans-Jacobs theory.
Evans-Jacobs theory, 259, 265
Exactomer, See A/lied-Signal.
extensive property, 239
ell:tmsion, 72, 248,2 55
robotically guided, 6, 18, 72, 73, 74, 82, 97,

100,118, 142,144,3 18
commercial, See Stratasys.
development, See development.
unguided, 3, 87, 136, 137

F
Fabes, Brian D. , 339
fabrication of sheet metal, I 0
fabricator, Also see automated fabrication and
see the vendors and methods listed in
Table 2-1 (page 18).
additive, 2, 3, 6, 7, 9, II , 12, 14, 15, 18,

103, 117, 122, 123, 136, 139, 172,
173, 175, 221,255, 265, 322, 323,
336,345,3 46
job shop, 183, 189
materials, 261 , 3 14
nonphotopolymer, 68
photopolymer, 40, 41 , 3 13
conunercial, 14, 308
development, See development.
formative, 3, 7, 265, 322, 326
hybrid, 3, 6, 8, 15, 18, 78, 79, 80, 81, 82, 83,
84, 154, 172, 177, 322, 323
install ing, 178
j ob shop, See job shop.
management, See management.
role in manufacturing, I 0
selecting, 157
shopping for, 168

subtractive, 3, 4, 5, 7, 9, II , 14, 15, 18, 20,

122, 130, 15 8, 164, 171 , 175,220,
225, 232, 247,261,265, 3 16,322,
323, 328, 334, 346, Also see
milling, turning , and wire EDM.
job shop, 183
using, See management.
Fabricator, The, I 0, 333
Fabricators & Manufacturers Association,
International (FMA), 333
Fabriduct, See Iowa Precision.
face milling, 30
facetization of spheres, 197
Fadal Engineering, 22, 114, 115
Faro Technologies Inc., 206
FDM, See Stratasys: Fused Deposition
Modeling.
FEA (finite element analysis), See visualization:
physical analysis.
Feygin, Michael, 15, 71 , 282,285
Feynman, Richard P. , 343
fiber placement (composites), 4
filan1ent
cost, 263
physical properti es, 262
filament winding (composites), 4, 136
filing, 20
finish (surface), 25, 175
finishing (surface), I 0, 332
distinguished from fabrication, 4, 5, II , 21 ,

!58
of additive fabricator output, 44, 173, 175,

189
finite element analysis, See visualization:
physical analysis.
firing, See sintering: bulk sintering.
fit, fonn, and function, See applications:
prototyping.
fixturing, 4, 23, 11 2, 126, 225
flexible cell, II
FMA, See Fab ricators & Manufacturers
Association, International.
Ford Motor Company
history, 294, 30 I
use of fabricators, 12, 67, 81, 132, 142,3 17
Formation Engineering Services Limited, 44
formative fabrication, See fab ricator: forma tive.
Fonnigraphic Engine Co. , 88, 89
Forschungszentmm Jiilich Gm bH, 258
Freed, Raymond S. , 49, 53
" freefonn fabrication," 9
French National Center for Scientific Research
(CNRS), 86, 87, 89, 91, 93
friction sawing, 20
Fudim, Efrem V. , 8, 46, 92, 338
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Fused Deposition Modeling, See Strarasys.
future, 12,312,325,351, Also see development.
market, 12

Hewlett-Packard Company, 32, 189, 200
HGG Laser Fare Inc., 48
history, 293
automated fabrication, 14, 26, 45, 100, 110,

!50, 335
automobile, 294, 301
computer, 10, 14, 192, 292,314,315,352
photography, 271
photopolymer, 271
sintering, 283

G
G-eode, 220
Gargiulo, Ed, 347
GEA (geometric element analysis), See
visualization: physical analysis.
gel depth, 259, 260
gelation, 259
General Motors Corporation
history, 302
use offabricators, 49, 67, 71 , 74, 81 , 122
geographic information system (GIS), See matter
sensor.
geometric complexity, 2, 3, 5, 108, 119, 122,

176, 189, 323
geometric element analysis, See visualization:
physical analysis.
Gern1an, Randall M., 284, 286, 351
Giddings & Lewis, Inc., 24, 26, 344
Planer-Type Machining Center, 1&, 26, 27
skin mill, 111
Gillette Company, The, 167
GIS, See matter sensor: geographic information
system satellite.
glass, See materials.
glass transition temperature, 248
gluing, 4
Gore, David W., 96, 97, 318
Green Bank Radio Telescope, 127, 129
green stiffness limit, See photopolymer: resin.
grinding, 4, 5, 20, 183
group technology, II
guided extrusion, See extrusion: roborically
guided.

H

Hoechst-Celanese, 186
Hokkaido University, 86
Holemaker/Mill, SeeKira Machinery: Dri//Mi/1.
holography, 45, 88, 161,315
Holtz, W. Bradley, 195, 347
Hopper, Grace Murray, 192
HotPlot, See Sparx AB.
Hull, Charles W., 46, 49, 53, 313, Also see JD
Systems and see UVP.
hydrogen bonding, 234
Hydronetics, SeeHelisys (former name).
Hymark, 208
HyperChem, See Autodesk.

I
I-DEAS, See SDRC.
IBM, See International Business Machines
Corporation.
IGES, See Initial Graphics Exchange
Specification.
inlaging, See applications.
impact toughness, 245
in-process inspection, 172
lncre, Inc., Also see (David) Gore.
Incremental Fabrication, 97, 98, 223, 269
Incremental Fabrication, See Incre, Inc.
inertial property, 239, 241
Ingersoll Milling, 27
Initial Graphics Exchange Specification (IGES),

223,224

Hadany, Israel, 155
Halioua, Maurice, 210,215
hardness, 246
Hauber, David, 8, 95, 340
Heidenhain GmbH, 206
Helisys, Inc., 9, 78, 87
adhesive sheet, 262, 339
laser sintering, 71 , 72
LOM (Laminated Object Manufacturing),
15, 18, 78, 79, 80, 122, 145, 154,

155, 172, 177, 183,269,314,339
Helsinki Institute of Technology, 223
Herbert, Alan J., 338

intensive property, 239
interaction property, 239, 243
interferometry, See matter sensor: optical:
planar inteiferometry.
International Business Machines Corporation
(IBM)

CAD software, 202
history, 14, 314
nanofabrication, 105
sales, 308
use of fabricators, 122
International Conference on Desktop
Manufacturing, 173, 336, 345

Index

International Conference on Rapid Prototyping
(Dayton Conference), 44, 222, 259, 313,
336, 338,340, 345,346, 347
investment casting, See molding and see
applications: replication tooling .
ionic bonding, 233 , 234
Iowa Precision Industries, Inc., 82
Fabriduct, 18, 78, 83, 84
iteration, I, 133

J
Jacobs, Paul Francis, 259, 336, 338, Also see
Evans-Jacobs theory and see Rapid
Prototyping & Manufacturing.
Jade Corporation, 71
Japan Fine Coating (JFC), 262
JFC, See Japan Fine Coating.
job shop, 122, 168, 182, 297, 309, 311 , 337
additive fabri cation, 183, 189
alternatives, 186
choosing, 183
cost of services, 189
purchase/contracting decision, 185
quality of service, 187
speed of service, 188
subtractive fabri cation, 183
Jobs, Steve, I, 352
Johnson & Johnson, 77, 221
Johnson Controls, 46
JSC, See Sony.
just-in-time manufacturing, II , 158

K
Kalpakjian, Serope, 332, 350
Karsten Manufacturing, 2 12
Kaufmann, Kurt, 154
KeiTool, See molding and see applications:
replication tooling.
KelTool Inc., 145
Kerekes, Tom, 148
Kerschenstei.ner, Thomas A , I 08
Kinko's, 309
Kira Machinery Co., Ltd., 29
OriiiMill, 18, 30,3 1
Kodama, Hideo, 8, 45 , 46, 53, 338
Kramer, Stephen D., 88
Kumar, K. Ravi, 301 ,3 51

L
" lan1inated obj ect manufacturing," 9
Laminated Object Manufacturing, See Helisys .
lamp, See curing: selective: masked lamp.
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Landfoan1 Topographies, 87
Lart, Geoff, 346
laser, See curing: selective: one laser, and see
curing: selective: two lasers, and see
sintering: selective.
Laser 3D, 9 1
laser cutting, 5, 20, 21 , 183
Laser Design Inc, 207, 2 12, 216
Laser Fare, SeeHGG Laser Fare.
laser sintering, See sintering: selective.
laser-induced deposition, I 04
Laserform, Inc., 126, 127
Laserite, See BF Goodrich.
lathe, See turning.
" layered fabrication, " 9
"layered manufacturing," 9
LEAF format, 223
letterpress, 272
Levi, Haim, 63
LiDAR, See matter sensor: optical.
" light," definition of, xxi
Light Machines Corporation, 32
proLight Series, 18, 32, 33
Light Sculpting Incorporated, 46, 86
LSI, 41, 42, 63,9 1
Lightrnan, Al lan J., 338, 339
line range sensor, See matter sensor: optical.
Lionheart Capital Corp., 53
lithography, 272
live tool, See motorized tool.
Loctite Corporation, 144, 262
LOM, See Helisys: Laminated Object
Manufacturing.
LR Series, See Okuma.
LSI, See Light Sculpting.

M
M+H Engineering, 112, 113
M-code, 220
machinability, 247, 261
Machine Design, 46, 333, 338
machine shop, See job shop.
machining, 5, 350
machining center, 5, 22, 23 , 24, 26, Ill , 205 ,
206, 313
Mack Industries, Inc., 81
magnetic resonance imaging (MRI), See matter
sensor: spatial: nuclear-magnetic
resonance.
malleability, 243
Mallinckrodtlnstitute of Radiology, 209
management, II , 156, 323, 344
check published claims, 160
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costs, See automatedfabricatron: costs and
see materials: cost.
downsizing, 179
involve the ultimate users, 166
learn from others' experience, 166
organizational issues, 180
periodic review, 182
purchase/contracting decision, 185
shopping for a fabricator, 168
unified approach, 16 1
Management Roundtable, 336, 337, 344
manufacturing process, 11
manufacturing production, See applications.
manufacturing, role of fabrication in, 10
Mark 1000, See QuadraxLaser Technologies.
market
automated fabricat ion, I I, 308
CAD, 195
Market Intelligence Research Corporation, II ,
195,308, 334, 337,348
marketing presentations, See applications:
prototyping.
Marquette University, 86
Martin-Marietta, I 1 I
Mamtani, Yoji, 45 , 53, 90
masked lamp, See curing: selective.
mass customization, 302
mass production, 30 I
Massachusetts Institute of Technology (MIT)
3-D Printing, 75, 76, 95, 138, 142, 227,269,
Also see droplet deposition: on
powder.
first NC machine, 26
Masters, William E. , 95 , 97
material handling, I I , 23
material safety data sheet (MSDS), 267
material stmcture, 241
millistmcture, I 76, 237, 256, 259, 261
role in properties, 23 7
materials, 232, 324, 349, Also see fi lament,
photopolymer, powder, and sheet and
see the vendors listed in Table 7-4 (page
322).
ceramic, 38, 71 , 76, 79, 86,91 , 175, 235,
238, 242,252, 269, 282, 287, 339
composite, 4, 75, 79, 87, 94, 136, 175, 236,
269,3 10,3 14, 326,327
cost, 253, 263
glass, 234, 252
metal, 235, 252
organic tissue, 206, 211 , 236, 240, 242, 252,
299,3 14
wood, 252
physical properties, 252, 262
thermoplastic, 235, 252

them10set, 235, 252
epoxy, 252, 276
Mathematica, 217
Matsushita Electric Works, 86
Mattei, 123, 213
matter sensor, 204, 205
astronomical probe, 211
geographic information system (GIS)
satellite, 146,211,3 10
optical, 207
LiDAR, 210
line range, 208, 209
planar interferometry, 209, 214
point range, 207, 208
spati al, 210
computed tomography, 210, 21 I , 212,
215, 216
nuclear-magnetic resonance (NMR ),
145,2 10,212
ultrasonic sensor, 21 0
surveyor crew, 211
touch probe, 22, 205, 206
trigger, 2 06
McCl ure, Paul F., 70
McDennott Inc. , 101
McEvoy, Michael, 181 ,345
MD* process, See Carnegie Mellon University.
mechanical property, 239, 243
medical applications, See applications.
Medler, Dennis, 43
melting temperature, 248
metal, See materials.
metallic bonding, 233, 234
Micro·Cut Engineering, Inc., 140
microfabrication, 104, 341
micromachining, 5, 86, 3 13
milling, 4, 5, 18, 20, 21 , 23, 24, 26, 27, 29, 30,
31, 32,33, 111 , 11 3,116, 125, 130,
142, 151, 153, I73 , 346
copy milling, 4, 136
manual-control, II
of plastics, JJ 5
subprocess in the Cubita l Solider, 64, 93
millistmcture, See material structure:
millistruclllre.
Minsk, Louis, 272, 280
MIRC, See Market Intelligence Research
Corporation.
MIT, See Massachusetts Institute o[Technology.
Mitsubishi Corp., 54
Mitsui Engineering and Shipbuilding Company,
86, 90
COLAMM, 40, 41, 42, 90
model, Also see applications: prototyping and
see applications: imaging.
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hand, 212
imaging, 145
industrial, 122
molecular, See applications.
Model One, Inc., 81

Modern Machine Shop, 29, 333, 334, 347
modulus of elasticity, See stiffness.
Moire pattern, 209
mold, 326
molding, 4, 8, 87, 136, 326, Also see
applications: replication tooling.
changeable-configuration mold, 8
epoxy mold, 139, 2 12, 329
expendable mold, 330
hard mold, 329
investment casting, 76, 141 , 144, 186, 327,
328,329,330
KelTool 01ard) mold, 145
sand casting, 141 , 142, 143
silicone rubber mold, 138, 329
soft mold, 329
spray metal mold, 139, 141,329
molecular model, See applications.
monomer, 274
motorized tool, 33
MRl (magnetic resonance imagin g), See matter
sensor: spatial: nrtclear-magnetic
resonance.
MSDS, See material safety da ta sheet.
muscle, 240

N
Nagoya Municipal Industrial Research Institute,

45, 53
nanofabrication, 105, 313, 342
NASA, See U.S. Na tional Aeronautics and

Space Administration .
NC (numerical control), See fabrica tor:

subtractive.
origin of tem1, 5
NC code, 168, 183, 188, 194, 198, 20 I, 202,

203,2 12, 217,220, 3 16
necking (under stretching), 244
negative shape, 37, 137, 138, 145, 164, 176, 272,

Northwestern University, 87, 11 8
notching, 20
NTMA, See U.S. National Tooling and

Machining Association.
NTT Data Communications Systems, 54
nuclear-magnetic resonance, See matter sensor:

spatial.
numerical control (NC), See fabricator:

sub tractive.
origin of ternJ, 5
NURBS, See nonuniform rational B-spline.
NVP (n-vinyl pyrrolidinone), See vinyl

pyrrolidinone.

0
obsolescence, I 77
Okuma Corporation, 34, 334
LR Series, 18, 34, 35, 116
oligomer, 274
opportunities, 296, 308
optical property, 239, 250
optical sensor, See matter sensor.
optimal domain, 134
optimization of desigJJ, 133
organic tissue, See materials.
Orr, Joel N., 347
Osaka Prefectural Industrial Research Institute,

45, 53, 90
output verification, 215
outsourcing, See job shop.
overlapping vectors, See build sty le.

p
pallet, 23
parametric design (in CAD), 198
Parametric Technology Corporation
Pro/Engineer, 200
Parasolids, 200
Parsons & Whittemore, Inc., 209
Parsons, Jolu1, II 0
parting, 20
patents, 15, 45, 49, 60, 71 , 74, 88, 90, 9 1, 94, 95,

97,99, 285,307, 3 18,33 1

273
negotiating, 169

PDES, See Product Data Exchange

neural network, 39, 195, 3 10, 315, 316
New York Institute ofTechnology, 210, 214, 215
nibbling, 20
Niepce, Nicephore, 271
NMR, See matter sensor: spatial: nuclear-

penetration depth, See photopolymer: resin.
Perception Systems, Inc., 95
Perceptron, 21 0
personal factory, 3 I 4
Peugeot, 213
photochromatic glass, 240
photocopy shop, I 09, 309
photocuring, See curing and see photopolymer.

magnetic resonance.
nonuniform rational 8-spline (NURBS), 194,

196,22 1, 222

Specification.
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photodegradation, 273
photography, 109, 151 , 209, 2 71, 293
photoinitiated polymerization, 273
photolithography, 20
photomodulus, See stiffness.
photopolymer, 6, 18, 40, 41 , 44, 86, 88, 90, 91 ,
119, 138, 144, 162, 177, 255,256, 259,
260,265 , 266,271 , 277,309, 313, 314,
338, 350, Also see curing.
epoxy,54, 56, 274
inorganic, 319
physical properties, 43 , 262
resin, Also see the vendors listed in Table 7-4
(page 322).
cost, 263
critical exposure, 260, 264
green stiffness limit, 260
penetration depth, 40, 93, 259, 264
stiffuess coefficient, 260
viscosity, 43 , 171 , 255, 264, 282
toxicity, 44, 267
photostabilizer, 273
physical analysis, See visualization.
Pittsburg (Kansas) State University, 74
Pixsys, 207
Plan1beck, Jr., Louis, 273
planar interferometry, See matter sensor: optical.
Planer-Type Machining Center, See Giddings &
Lewis.
planing, 5, 20
plasma cutting, 20, 21
Plastics Design Forum, 333
Plynetics Corporation, 71 , 144, 329
pocketing (milling), 30
point range sensor, See matter sensor: optical.
Polhemus, 207
polishing, 20
polycrystalline material, 235
polymer, 235, 274
polyn1erization, See curing.
Pomerantz, Itzchak, 15, 46, 121 , 347
powder, 18, 284, Also see sintering and see BF
Goodrich: Laserite.
compaction, 71,284, 285
cost, 263
fabri cation, 283
physical properties, 262
sintering, 285
Pratt & Witney, See United Technolog1es.
Precision Castparts, 49, 186
Printed Computer Tomography, See Texas
Instruments.
Prinz, Friedrich B., 340
Pro/Engineer, See Parametric Technologies
Corporation.

process combination, 23
process optimization, 22
Product Data Exchange Specification (PDES),
223
product-innovation life cycle, 306
production, See applications: manufacturing
production.
profiling (milling), 30
proLight, See Light Machines.
ProtoJet 3D Printing, See Texas Instruments:
Printed Computer Tomography.
prototyping, See applications.
punching, 20

Q
Quadrax Laser Technologies, Inc., 47, 223
Mark 1000, 41, 42, 47, 48
quality control, II , 135, 297

R
radical polymerization, 274
radio telescope, 12 7
" rapidprototyping," 9, 122, 124,181 , 188
Rapid Prototyping & Manufacturing, 124, 159,
257, 259, 336, 338
Rapid Prototyping Report, 95, 100, 148, 152,
/54, 263,336, 337, 338, 339, 340, 341 ,
348
Rapid Prototyping: System Selection and
implementation Guide, 337, 346
rean1ing, 20, 29
recycling, 64, 164, 176, 251, 297, 298, 310, 312
Reitz, Ronald P., 94
Ren Shape, See Ciba-Geigy.
rendering, See visualization.
Renishaw Inc., 206, 207
Rensselaer Polytechnic Institute (RPI), 86, 223
replication, I 0, 136
replication tooling, See applications and see
molding.
research and development, See development.
resin, See photopoly mer: resin.
reverse engineering, 193, 213
Ricoh, 200
riveting, 4
robotically guided ell.1rusion, See extru sion.
Roland Digital Group
CA.t\1M-3 , 32, 161
Rooney, Brock, See Brock Rooney & Associates.
routing, 20
Rover Group Ltd, 12, 317
Rovick, Joshua, 118
Royal Appliance, 213
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RPI fonnat, 223
rullller, 327

s
S4+P4, See Salvagnini.
Sachs, Emanuel, 75
safety, xvii, 267, Also see toxicity.
SALD, See University ofTexas at Austin:
Selective Area Laser Deposition.
Salvagnini s. p.a., 81
S4+P4, 18,78, 8/, 82
SAMPE, See Society fo r the Advancement of
Material and Process Engineering.
sand casting, See molding and see applications:
replication tooling.
Sandia (U.S.) National Laboratories, 7 1, 77
sanding, 20
sawing, 5, 20
scaMer (of shape digitizer), 205
Schiess, 27
Schmidt, Lavern D., 166, 178, 345, 346
Schwerzel, Robert E., 88
Scicon Technologies Corporation, 152
science, 270, 325
Science Accessories Corp., 207
Scientific Measurement Systems, 216
Scitex Corporation, 46
scratch resistance, 246
screen printing, 272
SCS, See Sony.
SDRC
I-DEAS, 200
seams, 4
Sears Portrait Studios, 151
segmentation, 227
Selective Area Laser Deposition, See University
ofTexas at Austin.
selective curing, See curing.
Selective Laser Sintering, See DTM Corporation.
selective sintering, See sintering.
sensor, See ma/ler sensor.
serigraphy, 272
service bureau, See job shop.
SET standard, 223
Sferro, Peter, 12, 13 2
shape digitizer, 203, 310
shape melting, See Babcock & Wilcox.
shape welding, See Thyssen.
shape-memory, 240
Shapes (CAD kernel), 200
Shamoa Corporation, 207
shearing, 2 0
Shectman, Stephen, 114
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sheet, 3, 8, 18, 80, 81 , 82, 84, 94, 172, 328, Also
seeHelisys.
cost, 263
physical properties, 262
sheet metal fabrication, 10
sheet stacking, 6, 18, 78, 79, 80, 87, 172, 269,
Also see Helisys.
shock resistance, 245
silicone rubber mold, See molding and see
applications: replication tooling.
simulation, See visualization.
single crystal, 23 5
sintering, 248, 25 5, 282, 286, 287, 35 1, Also see
powder.
bulk sintering, 75 , 145, 258, 288, 35 1
selective sintering, 6, 18, 68, 69, 70, 72, 11 8,
142, 144,288, 318, 339
anchor, 225
commercial, See DTM Corporation.
development, See development.
patents, 71
Sinterstation, See DTM Corporation.
Sked, Gordon, 12
skin mill, 111
SLA, See 3D Systems.
slotting (milling), 30
SLS, See DTM Corporation: Selective Laser
Sintering .
smart material , 240
SME, See Society ofManufacturing Engineers.
Smithsonian, The, 335
SNK, 27
Soares, William C., 181 , 345
society, xix, 292, 325, 351
Society for the Advancement of Material and
Process Engineering (SAMPE), 349
Society of Manufacturing Engineers (SME), 128,
1 2~13 1 ,143 , 211,332 , 333 , 336 , 33 7,

338, 344, 350
Sodick Co., Ltd. , 38
"A" Series, 18, 38, 39
software
accessory, 217
CAD, See computer-aided design .
matter programming language, 3 15
nonserial computation, 316
support generator, 201 , 225, Also see
support structure.
user interface, 226, 3 15
Solheim, Karsten, 212
solid (CAD representation), 194
Solid Concepts, Inc.
Bridgeworks, 225
Solid Designer, 200
"solid freeforrn fabrication, " 9
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Solid Ground Curing, See Cubital.
sol id imaging, See applications: imaging.
Solid Photography, 151
Solider, See Cubital.
Solifom1, See Teijin Seiki.
Soligen, Inc., 75, 269, Also see droplet
deposition: on powder.
Direct Shell Production System, 18, 76, 77,
95, 138, 142, 183,339
Solimer, See Coates Coatings.
SOMOS, See E. I. duPont de Nemours and
Company.
Sony Corporation, 57
JSC, 18, 42, 56, 57
SOUP, See CMEI'.
space, See applications.
Space Studies Institute, 3 I 8, 3 5 I
Sparx AB
HotPlot, 79
spatial sensor, See matter sensor.
Spatial Technology, 200
specification tables, 19
speed
fabricator, 60, 61, 80,170, 174, 256,317,
Also see benchmarking and see
individual Specification Tables
(Comments row) in Chapter 2.
shape digitizer, 206, 208
sphere, facetization, 197
spray metal mold, See molding and see
applications: replication tooling.
Squirt Shape, 118
SRI International, 336
stacked adhesives, See sheet stacking.
stacking, See sheet stacking.
staircasing, 17 5
StAR-Weave, See build style.
Stature Machining Teclmologies, Inc., 120, 142
Staudenmaier, S.J., John M., 294,351
Stereo Lithography, See 3D Systems.
Stereos (fabricator), See EOS.
STH format, 223
sti.ffuess, 243, 244, 245, 259, 260
stiffuess coefficient, See photopolymer: resin.
sti.ffuess limit, See photopolymer: resin: green
stiffness limit.
stiffuess-to-weight ratio, 246
StL code, 168, 183, 188, 194, 198,20 1, 202,
203,212,217,221,227, 316
alternatives, 222
problems, 199
Stratasys, Inc. , 72, Also see extrusion:
robotically guided.
3D Modeler (Fused Deposition Modeling),
15, 18, 73, 74, 122, 144, 183,215,

216, 221,223,269,339
thermoplastic filament, 262
strength (of material), 244, 245,246
strength-to-weight ratio, 240, 246
structure, See material structure.
sub-spindle, 34
subcontracting, See job shop.
subtractive fabrication, See fabricator:
subtractive and see development.
Sun, Ming-Shen Martin, 339
superfabricator, 315
support generator, See software.
support structure, 4, 97, I 83, 225, Also see
software: support generator.
surface finish, See finish.
surface finishing, See finishing .
surveyor crew, See matter sensor.
Swainson, Wyn Kelly, 45, 88

T
tape laying, 4, 136
tapping, 20, 21, 29, 33, I 16
Tartan Tooling, See molding: KelTool molds.
Teijin Seiki Co., Ltd. , 60
Soliform, 18, 42, 47,61,62
telescope, radio, 12 7
terminology
automated fabrication, 3, 8
general, xxi
international, xvii
terrain model, 211 , 224
Texas Instruments Incorporated
3-dimensional imaging teclmology, 315
nanofabrication, 343
Printed Computer Tomography, 97
use of fabricators, 74, 160
thermal curing, See curing: selective.
thern1al fatigue, 249
thern1al property, 239, 248
thern1al shock, 249
thermal transformation, 248
thennoplastic, See materials.
them1oplastic filament, Sec Stratasys.
them1oset, See materials.
three .. ., See 3 ....
Thyssen AG
shape welding, 100, 103
Tokyo Boeki, 206
tombstone (mounting fill.1ure), 23
tool management, 25
tooling, See applications: replication tooling
and see molding.
"tool-less manufacturing," 9
topological compression, 227
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touch probe sensor, See matter sensor.
toughness (of material), 244, 245, 246
toxicity, 44, 251 , 267, Also see safety.
Toyo Denki, 54
Tree Machine Tool Co.
Journeyman 325, 125, 126
tri-hatch, See build style.
trial and error
method of achieving accuracy, 172
reduced by visualization, 2 19
triangulation, 207
trigger sensor, See matter sensor.
Trinuner, David G., 124
Turner, Robert, 222
tuming(ona lathe), 4, 5, 18, 20, 21, 23 , 33, 34,
35, 36, 37, 11 6
turning center, 24, 34, 116, 313
turret, 34
typical property, 261

u
U.K. Department of Trade and Industry (DT1), 86
U. S. Air Force, 213
u.s. Army, 2 14
U. S. Department of Veterans Affairs, 11 8
U.S. National Aeronautics and Space
Administration (NASA), 214
U.S. National Radio Astronomy Observatory,
127, 129
U.S . National Tooling and Machining
Association (NTMA), 182, 333
UBM Corp., 207
Ulerich, Phillip, 173
ultrasonic machining, 20
ultrasonic sensor, See matter sensor: spatial.
Unigraphics, 200
Unimat PC, See E mcoMaier.
United Technologies Corporation
Pratt & Whitney Division, 32, 49, 7 1, 74, 77
units of measure, xx
Universal Vision Company, 209
University of Arizona, 87
University of California at Davis, 317
University of Dayton, 86, 87, 222
University of Illinois at Chicago, 153
University of Kentucky, 215
University of Louisville (Kentucky), 86
University ofNottinghan1, 336, 346
3-D welding, 102
University of Texas at Austill, 337
laser sintering, 70, 86, 2 16, 288, 339
Selective Area Laser Deposition, 104
University of T okyo, 86
University of Utal1, 86
UVP, Inc., 46

v
v-pyrol, See vinyl pyrrolidinone.
vacuum chuck, 1 I I
Vander Walls bonding, 234
van Putte, Douglas A , 346, 347
VDA standard, 224
Verber, Carl M. , 88
vinyl pyrrolidinone, 268
virtual reality, 161 ,219,303, 305,310, 315
viscosity, See photopolymer: resin.
Vision 3D, 209
Visioneering, Incorporated, 130
Visual Impact Corporation, 97
visualization
physical analysis, 218
rendering, 218
simulation, 2 18
voxel, 194

w
Wa ldrich-Siegren, 27
Walker, John, 106, 156, 292, 343
water-jet cutting, 5, 20, 248
Watt, James, 150, 335
wax fill method, 40, 41
WBH Associates, 195
Weave, See build style.
Weiss, Lee E., 340
welding, 248 , 255
3-D welding, See development and see
University ofNottingham.
seam welding, 4, I 12
Wernick, David, 197
Westinghouse, 173
Wi lliams, R. Don, 3 15
window, contact, See curing: selective.
wireframe, 194, 196
Wohlers, Terry T. , 12, 340, 345, 346
workability, 243

X
Xox, 200

y
YAC, 54
Yamazaki, Kazuo, 317
Young's modu lus, See stiffness.

z
Zygo Corporation, 207
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