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TO OUR READERS

Industry’s catalytic role in the development process is changing in response
to the new global pattem of rapid and accelerating technological change,
sweeping trade hberalization, far-reaching dereguiation of markets -
including the privatization and commercialzation of state-ownied enterprises
- and the globalzation of international business. Consequenty, the pattern
and nature of industnalization have changed radically over the past two
decades, with farreaching implications for national industrial policy and for
corporate strategies at the enterpnise level In the Uruguay Round era,
economic decision-making, at national and firm levei, 15 increasingly
influenced by cross-border considerations. National markets are being
regionalized, and national firms are increasingly being challenged by foreign
rather than domestic competitors as the progressive implermnentation of the
Uruguay Round Agreements means that trade barriers are loweted.

Competitiveness will increasingly depend on the strategy and management
of enterprises and on the manner in which entrepreneurs and managers
perceive ther industry, the role of their enterprise in a competitive, global
market and their abilty to take inttiative in specific, changing situations. The
crucial role of processing technolegy for the competitiveness of firms in global
markets has to be viewed in terms of not only entry to such markets, but also
of their capability to continually remain in them. The competitiveness of
enterprises in the medium- and long-term is often a direct resuk of their ability
to iearn continuously and to buiid - at lower cost and more rapidly than
competitors - the core capabilities that enable them to gencrate new
products, services and value-added activities in the shortest possible time.

Due to the worid-wide competitive situation, interest in new methods,
business practices and technologies to improve and accelerate product
development, have ircreased continuously over the last few years.
Production benefits in industry have been obtained with such techniques as
simultaneous engineering and totai quality management and CAD, CAM,
CAP and NC technologies In product development, rapid prototyping and
rapid product development have proven to be the instruments 1o save time
and money and develop innovative products

it is clear that flexible manufacture, increased automation, rapid prototyping
and associated software have emerged as essential technological features
of manufacture in industrialized countnes and that this process will be further
extended during the next decade. Vo the extent that such technologies are
gradually extended in developing co: ntries, substantial changes in
structures will be required for the management of technology at the
enterprnse level, together with policy and institutional support at the inttial
stages All these technologies are shortening the time between the design
of a new product and its manufacturing thus speeding up their appearance
on markets

Many of our readers will be interested in knowing that all the Momitors will
soon be available on the intemet. The UNIDO World Wide Web (WWW)
server (hitp /Mmww unido org) was opened to pubiic access on 24 November
1995, with some 140 documents available so far Any document may be
located via an integrated full text searching faciity Interaction is made
possible by a growing number of on-ine forms and clickable e-mail
addresses providea in every document The system has been designed to
accommodate by e-mail a delivery service at a future stage of development

Viadimir Koarnovitch
Techmcal Editor
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A. LEAD ARTICLE

RAPID PROTOTYPING AND NEW MATERIALS

Dipl.-Phvs. Martin Geiger
Fraunhofer-Institut far Produktionstechnik
und {wtomatisierung (IP4), Stutigart, Germanmy

1. Introduction

Due to the world-vwide competitive situation, interest
in new methods. business practices and technologies to
mprove  and accelerate  product  development  have
mereased continuously over the last few years. Production
benefits in industry have been obtained with such
techniques as simultancous engincenng and total quality
managemeni and CAD. CAM, CAP and NC technologies.
In product development, rapid prototvping and rapid
product development have tumned out to be the instruments
to save ume and money and develop innovative prodi:cts.

Beginning in the late 19705, new technologies have
been developed aimed at improving and hastening the
manulacturing time of prototy pes. Contrary to other auto-
mated fabrication technologies i use. the basic principle
of these new technologies 1s an additive process, where an
object 15 built by joiming particles or layers ol material.
Conventional automated prototy ping normally uses subtrac-
tive processes such as NU milling or grinding. The first
commercial apparatus was presented at the AUTOFACT
show 1 Detroit (TISA) in 1987 and was based on selec-
tivels cuning a surface layer of photopoly mer using a faser
and binlding three-dimensional objects with successive
lavers. Up to 1990 about 150 commercial machines based
on stereolithography were sold before the first new additive
fabricators such as fused deposition modeling. laminated
object manutacturing. sohid ground cunng and selective
laser sitening came on the market At Jhat time. the sys-
tems were relatnvely inaccurate and the choice of materials
Lrited. bui it was possible to manufacture prototypes in
davs instead of months Therefore. first applications and
benetits were possible m raprdly manufacturing prototypes
of low quahits . which were used for design tests and as
acquisition and communication tools According to these

protolyping”

These technologies set the stagting-point for a lot of

rescarchand developmentactivities atuniversities. research
centres and industrial enterprises The additive technologies
have taken enormous strides and rapid protots ping became
a magie formaba i ndustnal prodict development During
the last few years the understanding of rapid protots ping
has constapily changed. which s best represented in the
proceedings of international cvents of rapud prototyping
Lip to 1991 most representations at rapid protots ping con-
ferences reported on new addilive processes and improve-
ments of svstems Nowadavs, o lot of addiional technolo
gios nchaling subtractine. e tast NC-nulhing and
compressive primeples (casting. moulding and forging) to
paprdiy produce protofypes and a wide range of applhi-
sations Tor diferent branches of mdustry, are the content
of these conferences o period of only a few vears raprd
prototvping has changed from a nienber of maccurale
technologies widely met with a pitving simile. 1o a mmghty
sigmficant 1ool Now at s hard not 1o mmagine that it 1s not
used an the sutomotive industey and related branches

Some vears ago there were only a handful of processes
under development and the rapid prototyping R&D familv
was quite small. Nowadays. R&D) activities on rapid proto-
tvping are located at a large number of universities and
research centres and the number of additive fabricators 1s
still increasing, even if most processes have stll not
been commercialized. In addition w the rapid prototyp-
ing technologies, new methods of organization, coopera-
tion and business practices using the rapid prototyp-
ing technologies are being developed, examined. tested
and summarized under the term “Rapid Product Develop-
ment”.

The object of this article is to give an overview of the
present state-of-the-art, commercial technologies, R&D
activitics and trends in rapid prototyping (RP) aad rapid
product development (RPD). Because RPD) and RP ongi-
nate from the addinve fsbncators (AF), principles,
processes and machines of the difterent AFs and available
accuracy and materials are discussed in more detail.
Thanks are given to Bernd Keller of the Institut fur
Kunststoffprifung und Kunststeftkunde (IKP) at the
University in Stuttgart, who gave a lot of information on
materials. Although an international view on rapid proto-
typing is intended, one should consider that the author is
a FEuropean resident. Therefore, although practical
experience was only made n Europe, a lot of knowledge
arose from visits and contacts in the UISA and much
mformation 1s summarized from books, proceedings and
atticles It is furthermore intended to give the reader a
source to  start their own investigations on RP 1o
supplement the information given and to search for special
information. Therefore, books considered as important,
proceedings, annual intemational events and  Internet
addresses are listed without claiming to be complete.

2. Fundamentals of additive fabricators
In the late 19705 and carly 1980s in Minncapolis and

i Calitornia, several activities started in developing
automated prototy ping concepts based on selectively curing
a surface laver of photopolymer and building three-
dimensional objects with successive lavers The activities
in Califorma resulted in a complete system called stereo-
lithography . which can automatically build detailed parts
The first  stercohthography  apparatus  (SLA-1) was
presented  at the AUTOFACT Show in Detroit in
November 1987 This was the start ol the growing
significance of new “additive fabricators™ (AF), which are
mostly pubhished under the name “rapid prototyping™,
because of therr ability 1o produce prototypes out of CAD
data dircetly without a tool

In the meantime, there are over 30 RP sy stems and
related iochnologies under development While the system
acenracy and the material propertics improved, more effi-
cient system software, improved CAD systems and benefits
of combimation with cenversion technologies such as
Gienum cashing and investment casting were developed.
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thereby increasing the industrial use of these techniques
considerably.

2.1 Working principle
Present commercial AFs allow the building of

prototypes in a limited choice of materials. Most materials
used are photosensitive polvmers, nylon, polycarbonate. a
wood-like material and some other plastics. Recent
developments allow direct production in a metallic altoy.
To obtain prototvpes in other materials. post-processing
such as surface finishing or sintering. or subsequent
processes such as moulding or casting are necessary.
Nevertheless, the number and quality of materials is
increasing rapidly. The size of the process chambers of all
systems is still below one metre in each direction. Larger
objects have to be built as separate small parts and glued
together afterwards.

3-D CAD data of an object is the common information
source for AFs. Because all AFs build the objects
layerwise, which means that material is added layer by
layer, all machines need information on a number of
paraliel cross-sections of the objects at a given distance.
Figure 2.1 shows the most commonly used procedure in
preparing 3-D CAD data for AFs. In most cases the CAD
data are converted into a neutral data format. In RP the
STL format became a de facto standard for the represen-
tation of the 3-D geometry description of objects. Th:
objects are represented by facets building an approximated
closed description of the surface of the objects. Basic
elements of the STL format are triangles with a normal
vector. Most 3-D CAD systems include an STL interface.
The STL file of an object is the input for a slice computer.
The result is a number of parallel cross-sections. Each
cross-section involves information where material has to be
added. The distance to the following cross-section fixes the
height of the single layer. Hence AFs could be seen as 3-D
plotters. The slices serve to control the fabricator dependent
on the actual principle.

A more detailed description of data preparation for
AFs 1s given later. The different systems may be cate-
gorized by the different basic working principles as:

1. Selective hardening of photosensitive material
by radiation:

2 selective fusing or sintering powder by a laser
beam;

3. Selective freeform deposition of material:

4. Contour cutting and adhering of sheets.

Most of the systems need some degree of post-
processing to influence tie Juality of the finished model.

2.2 Selective hardening of photosensitive
material by radiation

Basic to all systems is a photoinitiated radical
polymerization process. “Polymerization is the pracess of
linking small molecules (monomers) into larger molecules
(polymers) compriscd of many monomer units™ [Jac92]. A
loose bonding exists bhetween small organic molecules
(carbon compounds) based on Van der Waals interactions.
Therefore, these molecules tend to exist in a hiquid phase.
If the molecules have a carbon double bonding. it can be
forcibly broken by a catalyst. Such catalysts are commonly
free radicals which initiate 2 chain reaciton. Large carbon
chains arise from monomers in microregions near the site
of the catalysts. The Van der Waals interaction between
the molccules increases with the length of the molecules
and therefore the material cures in regions of polymeriza-
tion.

The key to an AF is to control the locations where the
polymerization happens. The materialis selectivelyexposed
by radiation (mostly UV light). The catalysts (free radicals)
are formed from a photoinitiator in the resin by a
photochemicai process. The photoinitiator is trimmed to
absorb photons with a special frequency. In conseouence,
if the resin is exposed to radiation with the right frequency.
the fluid is immediately hardened by low energy absorp-
tion. because of the initiation of chain reactions.

The different systems on the market and under
development are distinguished from one another hy the
illumination process and in some details of the construc-
tion. The most used procedure is hardening the resin point
by point with a laser beam. This procedure is mainly called
stereolithography., although different vendors use different
names fo. their systems.

2.2.1 Stereolithography

Figure 2.2 describes the principle and construction of
an SLA 250 made by 3D Systems Inc. The light source is
an HeCd laser. The laser beam is focused by lenses and
deflected to the surface of a vat by two rotating mirrors. A
computer uses the slice information to control the mirrors
(scanner). If one layer is ready. the platform is moved one
layer thickness downwards. The level of the resin surface
is measured by a HeNe laser using a triangulation method
and adjusted accerdingly. A recoating system wipes over
the resin and ensures a flat surface. The laser beam scans
the contours of the next slice. Then the interior of the
contours is scanned line by line. like a hatch pattern. The
speed of the laser beam and therefore the intensity over an
area is adjusted. so the exposed area cures in a depth a
little over the layer thickness to ensure geod bonding to the
last layer. The whole object is built by repeating this
process cycle up to the last layer. At the end the platform
is raised and the object removed from the platform.
Because the material is not completely hardened, the object
is usually cured in a UV oven.

One important characteristic is the necessity of a
support structure. it makes no sense to build an object
directly on the platform because this would cause problems
during the removal of the object. Furthermore. the environ-
ment is liquid and overhangs would sink down after the
first layer is exposed. Therefore, an additional frame has to
be built to support the ohject.

The distance between the mirrors and the resin surface
and the angle between the laser beam and the resin surface
changes dependent on the angle between the beam and the
perpendicular line. The beam is therefore defocused and the
shape of the beam on the surface becomes an cllipse.
Inaccuracy « € the parts is the result. This defocusing effect
is reduced with different mechanisms by the vendors.

Based on this process. there are several systems by
differemt vendors on the market. An overview of the
systems and some information of design differences is
given below. Most vendors have locations or distributors in
several countries. although only the headq.arters are
mentioned here.

3D Systems (Valencia. CA, 1ISA) offers three AFs
(SL.A-190, SEA-250, SLA-500) based on the stereolitho-
graphy process and is the commercial market leader in the
AF industry. Over 250 machines have been sold around the
world. The numbers of the 8L As describe the size of the
vats in X-y direction. The S1.A-250 described ahove is the
most widely sold AF in the world. Recently, an inter-
changeable vat was integrated. The SLA-500 offers @
greater capacity. Furthermore, the scan rates are higher than
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those of the SLA-250, because of the use of a more power-
ful Ar’ laser. The building velocity is high but a water
cooling system is necessary. The SLA-190 is the cheapest
AF of 3D Systems. The light source is again an HeCd
laser. but with less output power. It is smaller and slower
than the SLA-250. The defocusing etfect of all machines is
reduced by using a long distance between mirror and resin
surface in relation to the edge length of the vat. Most of
the following systems are very similar in operation to the
3D Systems equipment.

Electro Optical Systems (EOS) GmbH (Planegg.
Germany) product line comprises four systems based on
selective hardening of photosensitive material using a laser.
The use of interchangeable resin vats allows for changes
between materials with different properties. Al the resin
wetted parts. e.g. celevator and levelling system. are
<hanged with the vat. making it a relatively quick and
straightforward operation. An Ar’ lacer is also used by the
systeriv’'s STEREOS 600. 400 and 300 and the size of the
vat is given by the number in mm. Also, a solid state laser
is tested, which has benefits in lifetime, electrical energy
and cooling, and therefore in costs. The desktop mackine
of EOS GmbH uses an HeCd laser and is comparatively
small. In comparison to other systems the laser beam of the
STEREOS systems is refocused on the surface by a flat
field lens, with subsequent benetits in spot size. Another
feature is a special recoating system. where resin is pumped
over the hardened surface.

The ~Solid Object UV laser plotter (SOUP)” lire of
CMET. Inc. (Tokyo. Japan) offers systems in three sizes.
The SOUP 600 and 850 use no rotating mirrors. The laser
beam is controlled and guided by using glass fibre and an
x-y plotier mechanism. The beam is therefore always per-
pendicular to the surface of the resin and always focused.
The benefits of circular and focused beam geornetry at any
location of the surface are connected to disadvantages in
speed. because of moyvements of mechanical units. SQUP
400 and 600 can be bought either with an HeCd laser or
with an Ar™ laser.

The Laser Modelling System of Fockele & Schwarze
(Paderbomn. Germany) is oftered in different sizes up to
500 mm in one direction according to the requirements of
the customer. Current systems use an Ar™ laser. but newer
models will be delivered with a solid state laser. Distinctive
features are a fast recoating syvstem based on electrostatic
cftects and a new precise levelling detector. The slicing is
done using CAD data, which avoids inaccuracy based on
STL-liles with poor resolution. The apparatus is assembled
in a lab-design (figure 2.3) that enables the user to
integrate their own hardware and software developments,
A redesign of the housing according to industrial require-
ments is in process.

The Solid Creation System offered by a subsidiary of
Sony  Corp. named Design-Model Engineering Center
(Tokyo, Japan) is available in three sizes. The smalle< one
with 240 mm vat size uses an HeCd laser. the others an
Ar’ daser. The whole process is very similar to the SLAs.
Some special teatures are an on-line regulation of the laser
heam diameter and a4 vanable focal length mechanism
which allows the scanning of some areas in detail [Koc93].

I'he Soliform System was developed by DuPont, one
ol the man resin vendors in rapid prototy ping, and sold by
Feijin Seiki ¢ Tokyvo. Japan). In contrast to other systems,
the slicing s done during the process. based on the CAD
file. Oltered are two sizes. the Soliform 300 and the
Soltforny S04, both using an Ar” laser.

Mitsui Engineering (Japan) offers its Computer Laser
Active Modelling Machine (COLAMM) with a size of
300 mm. The laser beam of an HeCd laser exposes the
resin from the boitom through a glass window. During the
process the platform is raised layerwise from the bottom.
Therefore, less support structure is necessary in comparison
to other systems.

The system of Quadrax (Rhode Island, USA) is similar
to 3D Systems. but uses a more powerful, visible light
laser. variable beam diameter at the resin surface, and a
different recoating process. The sale of the system ceased
in 1992 because of legal problems.

2.2.2 Simultaneous layer curing
Two commercial systems do not use lasers to expose

the resin. A strong UV lamp or a liquid crystal display
(LCD) is used to produce the necessary light. Figure 2.4
describes the process of Cubital Lid. (Raanana. Israel)
Solid Ground Curing.

A thin layer of liquid is spread (a), and exposed 10 a
UV light source through a mask (b). Each layer is thus
fully cured at the intended locations by one flash. Excess
liquid, which is not polymerized. is removed (c) by vacuum
suction, and replaced by wax (d) to support the model
during construction. Following this the layer is milled
smoothiy to the controlled z value. This process cycle is
repeated until the parts are finished.

The masks are produced ionographically, similar to
laser printers. The negative image of a slice is toned with
fine black powder on a glass plate. The toner absorbs the
UV light during the exposure and is removed afterwards.

Cubital offers two machines based on this principle.
The SOLIDER 5600 and the SOLIDER 4600. The larger
one involves a building casing of 500x500x350 mm and the
smailer one, of 350 mm in each direction. A mercury lamp
is used as the light source. The machine is over 4 m long
and requires a more factory-like environment than the other
systems. Because of the milling process the height of the
z-value can be controlled accurately and very thin layers
are possible. The build-time is only dependen: on the
height of the parts. but not on the dimensions of the parts
in the x-y direction. Therefore, the economics of the
process increases with the volume of the parts in compari-
son to their height. Cubital uses a special data front end to
fill the process chamber to the maximum density. Because
there is no necessity for support construction, very complex
geometries with integrated moving parts are possible. A
new materia! which is much less brittle than their original
polymer was recent.y offered.

At the end of the process, the parts are in a block of
wax, which has to be removed. An automatic dewaxing
machine is offered. The wax can be remnved by hot air.
water or with chemicals, but it is known to be time-
consuming. A disadvantage is that a lot of waste (removed
resin and wax) is created duving the process, although
recycling is possible to a2 cenain degree.

Light Sculpting (Milwaukee, Wisconsin, USA) has
developed a further system (1.SJ) to cure one layer of
photosensitive resin at a time. ‘ihe design is in principle the
samc as in stereolithography. The resin is irradiated by a
lamp through a liquid crystal display mask. which is in
contact with the resin. In general, high-resolution parts ace
possible because of the close distance and the high accurate
mask. Problems caused by shiclding air from the surface of
the resin (air prevents polymerization at the surface of the
resin and therefore causes a very thin uncured sublayer,
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which is useful for good adhesion te the next layer) are
mentioned as solved by coating the underside of the mask
with halogenatedcompounds. This material causesthe same
effects as air. The system is offered in three sizes from
152 x 152 x 228 mm to 305 mm in each direction and
559 x 359 x 610 mm.

2.2.3 Photosensitive materials

Photosensitive resin in rapid prototyping can be
divided into acrylic, epoxy and vinylether resins. The
critical exposure of acrylics is commonly lower compared
to the others. This enables higher scan rates or lower laser
power. The shrinkage of epuxy and vinylether is low.
Shrinkage causes such build-defects as curl and warpage.
Therefore acrylic materials have disadvantages. when
highly accurate parts are necessary.

Measurements done in a European project showed that
the heat deflection temperature (iSO 75) of acrylic resins
is about 40° C and of epoxy materials about 75° C [Lue94].
Acrylic resins absorb less water, with 2 maximum of about
3 per cent, than epoxy and vinylether. If too much water is
absorbed, the viscosity may increase. the curing speed may
decrease significantly, and the final parts can develop a
sticky surface. It is therefore important to keep a low room
moisture level, if epoxies or vinylethers arc used.

The choice of photosensitive materials suitable for AFs
is rapidly expanding. There are materials available which
are tough, stable and accurate. Others are more flexible and
smooth and some are very brittle. The physical properties
of the materials are constantly being improved.
Nevertheless, the prototypes are only suitable for limited
functional tests. In applications the parts very often serve
as master pattems to produce manifolds. Typical tensile
strengths range between 50 and 70 MPa. The elastic
modules reach from 1,000 MPa up to 2,500 MPa. The
elongations are about 6 to 20 per cent at yield, with the
exception of SOMOS 2100 with 46 per cent at yield. The
impact strength is mostly about 15-30 J/m. Glass trensition
temperatures are between 43° C and 150° C. The physical
properties of many of the materials have been published
[RPR1094]. Figures 2.6a-c give an overview of the
properties of photosensitive resins which have been
measured and summed up by IkP, Stuttgart, Germany.

2.2.4 Developments
The Olympus Optical Company, Lid. and the

University of Tokyo. Japan, have developed a machine,
where a mixture of photosensitive resin and ceramic or
mctal powders is hardened by a laser. Subsequently, the
part is heated in ora.r to burn off the photosensitive resin
before it is sintered to its final density.

Developments to build very small machines to
manufacture micro parts with high accuracy is onc task.
Furthermors, there are a lot of activities to develo; new
build styles, new materials and improved details (scanners,
recoating, etc.) of the machines.

2.3 Selective fusing or sintering powder by a
laser beam )
The process of the following systems resembles

stereolithography. although the main differcnces are that
the material is not a fluid photopolymer but a thermoplastic
powder, and it is the laser heat. not the light, that causes
the hardening. Therefore high-power infrarcd lasers are
used. The parts are produced by selective melting or sinter-
ing of powder caused by a liser beam controlled by CAD
data. Although the process is termed as sclective laser

sintering. material is actuaily melted together. Sintering is
a process where material is fused together below its
melting point. Materials with large surfaces in close contact
tend to reduce the surface tension by exchanging atoms by
several transport mechanisms. The reaction velocity
increases ‘ith the temperature up to the melting point. The
exact physical principle is not that important for the
understanding of the AI'. but it should be realized that the
behaviour of meetas and ceramics is different to plastics.
Thermoplastics heve Bitateral electron bonding and exist in
long chains. Diftusion processes which support the sinter-
ing pravess in metals and ceramics are not so important in
thermo; astics. The sintering process is therefore slower
than i metals or cerumics and the thermoplastics are
almos* melted by the hez..

2.3.1 Selective laser sintering
As the selective laser sintering process begins, a very

thin layer of heat-fusible powder is deposited onto the
part-building cylinder within the process chamber. A laser
is then used to sinter only the powder that is inside a
cross-section of the part. The interaction of the laser beam
with the powder elevates the temperature to the point of
melting. fusing the powder particles and forming a solid
mass. The intensity of the laser beam is modulated to melt
the powder only in areas defined by the object’s design
geometry. Once the laser has scanned the entire cross-
section, another layer of powder is laid on top and the
whole process is repeated. The part is removed from the
build chamber and the loose powder falls away. SLS parts
may then require some post-processing. such as sanding,
depending upon the application. Compared to other
processes, however, this post-processing is minimal.

DTM Corporation (Austin. USA) brought the first
commercial system onto the market. The Sinterstation 2000
uses a CO, laser as heat source. The process chamber is
heated to just below the melting point of the mater:al used.
The intensity of the laser is modulated during the scanning
to define the areas of sintering. The unsintered material
supports the following layers. The process continues in a
nitrogen atmosphere controlled by an atmospheric control
mechanism. A gas source requirement is therefore neces-
sary. The build cliamber is cylindricai with a diameter of
about 3830 mm and a height of about 305 mm. Contrary to
figure 2.7, the powder feeding mechanism uses two
cartridges, flanking the part-build cylinder. This allows a
bi-dircctional recoating via a roller mechanism.

A great advantage over stereolithography is that
theoretically every thermoplastic material could be used.
But in application, the process is developed and stable only
for a limited number of materials. One reason is the high
sinter and melting temperatures of a lot of materials, e.g.
metals and ceramics. This causes extreme requirements for
the special components of the system. Furthermore. it is
difficult to find the right parameters to controi the process.
Neverthelcss., it is possible to sinter several materials up to
over 90 per cent density.

The materials used in the selective laser sintering offer
numerous advantages over photosensitive resins. For
cxample, thermoplastics provide cnough strength  for
limited functional testing. They are machinable, and can be
used as masters for low-temperature tooling. Also, most
materials arc extremely stable after processing and are
environmentally non-hazardous and non-toxic.

Because the unmelted material serves as support, parts
with very complex geometry, including internal cavitics
and integrated moving parts (figure 2.8). arc possiblc.
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To date. DTM offers scveral matenals for use with the
Sinterstation 2000, including polycarbonate. nyton, nylon
composite and investment casting wax. New developments
use metal powders coated with a polymer. Indirect sintering
enables the production of metallic parts. Here. metallic
powders are coated with a polymer which is melted by the
laser beam. The polymer acts as binder. During a
subsequent debinding and sintering process. the part is
compressed to its final density of up to 99 per cent. The
shrinkage has to be taken into account in building the part.
Instead of subsequent sintering. infiltration is also possibie.
The debinded porous part is immersed in metal with a
lower meking point ard infiltrated by capillary effects.

EOS GmbH (Planegg. Germany) offers ditferent
laser-sinter modelling systems. They use a rectangularbuild
room which is 340 mm wide and 390 mm or 590 mm
deep. The light source is tikewise a CQO, laser. The main
difterence to the Sinterstation 2000 is that the process
chamber is not heated, which offers benefits in manufac-
turing time. Furthermore, another recoating system is used.
Materials used are polystyrene and polvamide. Recently, a
machine for direct sintering of metal (EOSINT-M) was
introdviced to the market. EOS uses a patented alloy, which
requires no binder material or pre-heating and exhibits
almost no shrinkage during the process. It is also possible
to infiltrate the porous parts.

2.3.2 Materials in selective laser sinterin
In general it is possible to process every thermoplastic

material. For applications the choice of material is limited
by several effects. If the melting temperature of the
selected material is high (over 1.000° C for most metals),
the processing requires a high kinetic energy. This energy
has to be brought into the material. The laser power
necessary for the sinter process increases with the
temperature difference of the material in the process
chamber and its melting point. If the chamber is heated.
there is less laser power necessary. But the heating of the
process chamber causes more technical requirements of the
equipment and therefore increases the costs. Furthermore
the heating process and the cooling after the mannfacturing
process needs time. If the total energy is given by the laser,
there is a high local temperature gradient. Here, heat
dissipation is a great problem and therefore controlling the
process is difficult.

Currently, industrially used materials are polyamide,
polycarbonate, polystyrene, wax. glass-filled polyamideand
a metallic alloy. The wax was mostly used to manufacture
master patterns for investment casting. In application, it is
being replaced more and more by polycarbonate and poly-
stytene, because of the higher accuracy of these parts. The
investment casting process of these materials is used even
more in foundries. Figure 2.9 gives an overview of the
propertics of the different inaterials.

Direct sintering of metals with room temperature is
currently only possible for one metallic alloy. 1tis foreseen
that it will he difficult to expand this process to other
metals. with the exception of some special alloys in the
near future, The indirect sintering of metals and ceramics
by use of coatings offers a lot of materials, but the total
process 1s more complex. Debinding and tinal sintering
processes and parameters have to be developed tor every
material system.

2.3.3 Developments A o
In ditterent laboratories the scelective laser sintering
process s moditicd overawide ranae The following infor-

mation will only give an impression of some ongoing acti-
vities.

Whereas selective laser sintering uses a powder bed,
the powder could also be brought into the laser beam by a
downstream technique. The pulverulent material is injected
into a laser beam via a nozzle. Because the powder is in
the laser beam for a long time it is melted to a higher
degree than in selective laser sintering. But the complexity
of the geometry and the accuracy is more limited. Develop-
ments are going on at several research facilities, e.g. the
University of Stuttgart (IKP), Germany, the Fraunhofer
Institut IPT and ILT in Aachen, Germany. and at the Los
Alamos National Labceratory in New Mexico, USA.

Sclective Laser Reaction Sintering {SLRS) was
developed at the University of Texas in Austin (USA) and
combines SLS with a simultaneous powder-gas-reaction.
Important parts of the apparatus are:

I. A laser with modulated intensity;

2. A system to distribute powder;

3. A system to mix different gases.

The powder distribution is similar to SLS. The whole
process chamber is assembled on an x-y controlled desk.
The laser beam is brought into the chamber through a ZnSe
window. N,, H., NH;, Ar’, O,, CH, and C,H, have been
tested (figure 2.10).

2.4 Selective freeform deposition of material
The main principle of the following technologies is the

selective trapping of material. It should be considered that
this is one of the main principles of how things originate
in nature and technique. It could be realized by many
physical and chemical effects. Rapid prototyping realizes
the selective freeform extrusion of material. It is a principle
used in an increasing number of AF systems with a lot of
techniczl variants. All of the following technologics use a
moving nozzle or jet, through which material is extruded.
The developments began with fused deposition modeling,
3-D-printing and ballistic particle manufacturing.

2.4.1 Fused deposition modeling

Fused deposition modeling (FDM) was invented by
Scott Crump in 1988 and is sold by Stratasys Inc., Eden
Prairie, USA. The parts are built layer by layer. Liquid
thermoplastic material is extruded and then deposited into
thin layers. The main feature of the system is an x-y
controlled heated head. The material is supplied in the form
of a wire with a diameter of 1.25 mm on a spool. At the
head. the wire is heated and maintained just above (1° C)
the solidification point. The liquid material solidifies very
quickly after it is ejected from the nozzle. By moving the
head controlled in the x-y plane one layer is deposited. The
diffusion breadth is between0.22 mm and 2.5 mm, depend-
ing on the nozzle used. material feed and velacity of the
head. After this, the platform is lowered one width layer
and the deposition continues. The width layer ranges
between 0.03 mm and 0.7 mm. It is possible to ciean the
nozzle automatically during the process. In brief. the
process could be termed as ar inverse NC milling process
(figure 2.11).

Stratasys’ first machine was the 31) Modeler. The size
of the process chamber is 240x350x300 mm. Nowadays., it
has been replaced by three machines, the FDM 1000, FDM
1500 and FDM 1600, The process chamber is reduced to
250 mm in cach direction, the dimension of the total
machine is very small and the term “desktop apparatus™ is
indeed correct. The process room of the FDM 1000 is not
heated. Only the polyamide P01 is machinable with this
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system. The FDM 1500 integrates an engine room heating
and a replaceable FDM hzad. Theretore all offered
materials could be machined. The FDM 1600 incorporates
a dua!-material delivery system. The second nozzle is used
to create parts of the support structure with a special wax
wherever a support comes into contact with the part. There-
fore. it is easy to eliminate the support structure. which is
of considerable advantage when compared to other
machines.

The system requires no exhaust hood or special facili-
ties and can be used in a normal ottice. Offered materials
are investment casting wax, machinable wax, polyvolefine
and polyamide. The material properties can be seen in
figure 2.12.

2.4.2 ModelMaker

Sanders Prototype. Inc. (Wilton. USA) offers a simiar
system called ModelMaker. The MM-6B plotting syvstem is
a very small system of under 600 mm in each directiii.
The desktop machine is a liquid-to-solid inkjet plotter with
a separate z-axis input. It uses a dual ink-jet printing
system which rides on an x-y drive carriage and deposits
both thermopiastic and wax materials onto the build
substrate under program control. The parts are built on a
platform which lowers itself by one layver width after each
laver is deposited.

The build and support materials are digitally deposited
onto the build substrate as a series of uniformly spaced
“micro-droplets”. The wax is laid down to provide a fat
surface and serves as support material. The x-y drive
carriage also energizesa flatbed milling subsystem to main-
tain precise z-axis dimensioning of the model by milling
of¥ the excess vertical height of the current build layer. The
ModelMaker also has the ability to provide different speci-
fied cellular fill pattemns. such as solid fiil or honeycomb
fill within the wall structures. After about 12 hours’ opera-
tion the material has to be replenished by the operator.

The build material used is a thermoplastic material. It
is said that it has good hurmn-out characteristics in invest-
ment casting. The support material has another colour and
can be removed with a solvent. The matenial has a glass
transition temperature of 85° C [RPR109S].

2.4.3 Ballistic particle manufacturin?

Perception Systems, Inc. (Easley, SC. USA) was
formed in 1988 to develop an AF system based on the
patent granted to William E. Masters. The system, called
ballistic particle manufacturing. deposits material in an
organized patterr to build a part. The material delivery
system s attached to a robotic system. The company
become BPM Technology (Greenville. SC. USA) and has
introuuced the Personal Modeies this year based on ballistic
particle manutacturing. The syst-m uses a drop-on-demand
piezoclectric jetting system to shioot nicroscopic particles
of molten thermoplastics that solidify when hitting the pan
surface being built. The ejector has five-axis motion 1o
control the droplet stream. Because of this multi-axis
construction, complex geometries can be built. Further-
more, it 1S necessary to shoot rectangular to the surtace
because of the high velocity (2.540 mm s) of the droplets.
A second head follows the ¢jector to ensure a4 smooth
surface. As in most AFs the part is built on a platform
which is lowered after cach layer. The plastic used was
developed for this process and has a melting point of about
105-1107 C. The final part can be sanded and drilled if
necessary. Furthermore, the matenial is suitable  for

investment casting processes. The build room of the
machine is 254x203x152 mm (figure 13).

2.4.4 3-D printing

3-D printing is a process developed at the
Massachusetts Institute of Technology (MIT) in Boston.
USA. Whereas most AF first focused on plastic parts,
3-D printing is a process developed to directly produce
metallic and ceramic parts. Simifar to selective laser
sintering of coated powder, first a green part of a
powder-binder mixture is built during the process.
Figure 2.14 shows the basic steps of the principle. A roller
system distributes powder spread over the surface of a bed
of loose powder and the already buili part. The powder is
selectively joined together by deposition ot a liquid binder
using a process similar to ink-je. printing. After lowering
the platform the process cycle is repeated until the part is
complete. The unbound powder serves as support structure.
After heat treatment. the unbound powder is removed. To
produce ceramic parts the powder bed consists of ceramics.
such as alumina or zircon. An inorganic binder (generally
silica) is used as binder. Firing of the dried shell fuses the
silica to form a glass bond. Metallic powder can also be
glued together by deposition of a suitable binder. Then the
green part has to be debinded and sintered or infiltrated.

A licence to commercialize the process for metal
casting was granted to Soligen (Northridge. CA. USA).
They call the process direct shell production casting
(DSPC). The process is optimized to build ceramic
investment casting shells for molten metals (e.g. A356
aluminium). The system focuses more on rapid tooling than
on producing prototypes. Software is used to generate
geometry data of a thin-walled investment casting shell and
to build an STL file. The AF then builds the ceramic pant
as described for 3-D printing. but a multi-jet array is used.
This creates advantages in speed. The following firing
process lasts approximately 5 to 10 hours, depending on the
wal! thickness ard size. The build volume of the machine
is 200x300x200 mm. The DSPC parts are somewhat less
accurate than those produced by stereolithography. The
surface finish of the cast parts is comparable 1o sand-
casting and the staircase effect is mentioned as being
negligible in applications. Casting in aluminium, stainless
steel. cobalt chromium. zinc and tin is possible.

2.4.5 Multiphase jet solidification
The Fraunhofer Institut fiir Produktionstechnik und

Automatisierung (IPA) in Stuttgart and the Fraunhofer
Institut fiir  Angewandte Materialforschung (IFAM) in
Bremen, Germany, together developed a process called
Multiphase Jet Solidification. In contrast to 3- printing,
the total mixture (powder-binder-mixture) is deposited by
a controlled jet.

The mixture is heated in a material chamber to a
temperature within a range of 70 to 100" C, dependent on
the materials used. Materials similar to powder injection
moulding are used. At the temperature mentioned the
mixtures have a suitable viscosity for extrusion through a
jet. Because of its low wurface tension the material can be
deposited precisely and without contraction. Green parts are
built similar to that of tused deposition modelling.
Subsequently, the green parts are processed like a metal
injection moulded (MIM) part by debinding and sintering
to final density. The microstructure of the prototypes is
comparable to an MIM part. Shrinkage has to be taken into
account. Parts have been produced in stainless steel (3161),
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titanium, alumina and stlicon carbide. The process aims to
directly produce metallic parts and ceramic tools. Trials to
deposit metals with low melting points trom a liquid phase
have also been carried out. Recently. the first apparatus was
ordered (figure 2.13).

2.5. Contour cutting and adhering of sheets
Glueing tlat picces together to create 3-D models is a

method long used in ant, architecture and other applications.
The computer-aided automation of this process started in
the early 1990s. The basic principle of such machines
wvolves two main steps. One is to glue planar slices
together. The second is to cut the shapes out of a planar
picce. The most commorly used process is laminaied object
manutacturing.

2.5.1 Lamir.ated object manufacturing
Helisys Inc. (Torrance. CA. USA), which was formerly

Hydronetics, developed and commercialized the laminated
object manufacturing process. The parent material is
polyethylene-coated paper. which is available on a paper
drum. The parts are. as usual. built on a lowering platform.
New paper is pulled over the plattorm. A heated roller
moves over the surface of the paper. Hereby, the
polyethylene tuses and the paper is pressed and glued on
the built block of paper. An x-y-controlled optic head
focuses the laser beam of a CO. laser on the surface. The
borders of the slice are cut exactly only on the top layer.
After each layer, the exact z-value of the surface of the
new laver is measured and tne platform is lowered. After-
wards. the 3-D geometry file is sliced on the next layer and
the information is downloaded to control the faser beam for
the next layer. This on-line slicing process is necessary to
ensure accurate building because of a variation in the layer
thickness of the paper. To support the removal of the
excess material once the parts have been built, the exterior
of the slice is hatched. At the end the parts are included in
a rectangular block. The surrounding material is cut into
cubes (by the exterior hatches) and can be easily removed.
But in the case of hollow details. the part has to be cut into
several pieces to ensure the removal of the surrounding
material and then has to be glued together afterwards
(figure 2.16).

The machine is available in two sizes. The LOM-1015
has a working area of 250 x 370 x 360 mm and the larger
one (1.LOM-2030) a working arca of 560 x 810 x 510 mm.
The prototypes have an uncanny resemblanceto wood. One
disadvantage is the tendency o absorb moisture. A new
plastic material for the [LOM process is expected at the
beginning of 1996. The new matenial is predicted to be
stronger than the current paper material, will absorb less
moisture and will sweil less. Technical values of the
current material are KPR 1094]:

Elastic moduies (ASTM D638): 392 N‘'mm’
Braking clongation (ASTM D638): 8%

Tensile strength (ASTM D638): 34 Nmm*
Melting termperature of the poly-
cthylene: 98" C

2.5.2 Rapid prototyping system
A system very similar to LOM was presented by

Kinerpy Pre. Lid. (Singapore). The system is available in
W o $izes (4003008350 mm and 12005900700 mm). The
culting tool s again a CO, laser with & Cartesian robot to
rmove the Laser beam. The material is slightly harder than
that of the Helysis system (figure 2.17).

2.5.3 Selective adhesive and hot press pro-

cess

Kira Corporation Ltd. (Tomivoshi Shinden, Japan) has
also commercialized a process with the main steps being
the cutting and glueing of paper. In contrast to LOM. the
paper is not coated pricr to the process. Resin powder, i.e.
toner, is selectively printed on a piece of paper by a
Xerography printer. Then the sheet is aligned on a press
table. The toner faces Jownwards to the press table. The
already built block (target block) is moved with the printed
sheet to a hot plate located above them with high pressure.
The toner is melted by the heat and the sheet is glued to
the block. In this way. only the desired areas adhere to the
block. After this, the borders of the areas are mechanically
cut around. This process cycle is repeated until the object
is finished. Because the paper is only selectively glued
together. the surrounding material consists of locse pieces
of paper. which are easier to remove than total blocks. A
problem could be the control of sharp borders and having
a good adhesion. The buiid room of the machine is 400 x
280 x 300 mm and the objects closely resemble wooden
parts. The tensile strength of the composite materiai is
claimed to be 6.5 kgf/mm- and the bending strength in a
range from 4 to 5.5 kef/ma’. The material is similar to
wood and can casily be polished by sandpaper.

2.5.4 LaserCAMM
A semi-autsmated process is LaserCAMM of Scale

Models Unlimited (Menlo Park, CA, USA). The system
was originally designed for architecture. Two-dimensional
patterns aie cut from a sheet by a high-power laser. The
sheet material may be paper, wood, plastic, rubber, compo-
sites, etc. The 2-D patterns are manually assembled (glued
together). It is possible to align the layers by using
indexing pins and registration holes. The LaserCAMM
system uses a CO, laser and the material thickness ranges
from 0.03 mm to 25 mm.

2.5.5 Sparx AB
A further semi-automated process is Sparx AB,

developed by a company with the same name from
Gothenburg in Sweden. As an altemative to the above-
mentioned processes, precoated (with wax paper) poly-
styrene films are first cut and then glued together. The
borders are cut by a heating electrode instead of a laser.
The cut parts are assembled and glued together by the
operator and the surrounding polystyrene of the defined
areas is removed manually. The rest is used to build the
part by placing and assembling it in the object builder. The
layers are fixed by use of preprocessed assembling holes
and pressed with a hot plate. Then the wax coating is also
removed and the next cycle can begin. The system is very
cheap but needs a lot of manual work. Production of the
system has ceased.

2.5.6 High-pressure water jet cutting
Similar to LaserC AMM, a high-pressure water jet can

also be used to cut planar slices. In coatrast to a laser. the
water jet is more suitable for cutting stone, glass or other
matcrials. Figure 2.18 shows parts cut by a five-axis high-
pressure water jet cutting machine. All systems mentioned
use one slice to create one layer, which causes the staircase
effect. Some experiments at the Fraunhofer Institut flir
Produktionstechnik und Automatisierung were carried out
to control the water jet by use of the cross-section of the
top surface and the hottom surface of every slice. In this
way. the top surface of a slice has the same contour as the

-
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bottom surface of the tollowing slice. This avoids the
staircase effect. To control the jet, it is necessary to have
a parametric description of the contours. An automated
slice algorithm for this purpose is not yet d veloped and
requires a lot of research.

3. Data processing for additive fabricatoss
A rough description of data preparation for AFs was

given in section 2.1. In detail. the process is more complex
and influences the final quality of the parts. Beginning with
the designed object «n a special C/.D system or des'2n
system. an unambiguous 3-D geometry descriptionis neces-
sary for the slicing process. Therefore. the resu.t of the
design process must be a solid model or a closed surface
de-cription. Using a surface description, the designer has to
be more careful to trim the faces. Badly trimmed or
missing faces will cause errors in manufacturing. As usual,
the objecu is not directly sliced in the CAD system. Often
data exchange to a service bureau is necessary, where the
geometry is sliced and the data are prepared for the specifi-
AF. The different file formats used in rapid prototyping
can be divided into three categories.

1. Neutral exchange format for CAD:

2. Faceted formats for rapid prototyping;

3. Slice formats.

There are different possibilities in RP to excharge and
convert data from the part designed in a CAD system, to
the NC code for the manufacturing machine. All com-
mercial RP systems build parts layer by layer. Therefore,
all known miachines use information about slices (2-D) of
the part to generate NC code. The different ways of
exchange and conversion are shown in figure 3.1. It has to
be considered that often a support construction must be
created, which is not shown in the figure.

3.1 Neutral exchange fc rmats
Usually, the exchange of geometry data is done via

neutral data models. The problems of information loss with
this fcrmat are well known in CAD. Therefore, only the
most commonly used models are listed, with some informa-
tion about their content. It shouid be mentioned that  he
developmeri.sto STEP aim at a world-wide standard model
for the exchange and storage of product relevant data.
There are many activities conceming the use of STEP in
RP, which are not mentioned in this article.

IGES: (Initial Graphics Exchange Specification),
USA, ANSI Y 14.26 M:
2-D/3-D line, surface and solid models
(CSG), finite element methods, schemata,
technical draftings

VDA-IS (Verband der Automobilindustrie —IGES
Subset), Germany, subset of IGES 3.6:
Draftings, freeform surfaces

SET: (Standard d'Echange ¢t de Transfer). rrance,
AFNOR-Proposal 7.68-300:
2-D/3-D line. surface and solid models.
process data. technical draftings

VDA-FS:  (Verband der Automobilindusiric  Flichen-
schnittstelle). Germany, DIN V 66301
Frecform curves and surfaces. and topology

DXF: {Data eXx.hang: Forraat), format developed

for AutoCAID: Draftings

STEP (Standard for the Exchange of Product Model
Data), International. ISO/TC 184/SC4/WGH:
2-D/3-D geometry models. process and manufac-

turing information, etc.

In rapid prototyping the above formats are mostly used
anly for the exchange of the geometry data between CAD
systems. The faceted format is mostly computed in a CAD
system, although there are software tools available to
convert the above formats to STL. Even STEP to STL
converters are offersd. In the past, only some companies
were able to develop slice tools, because the syntax of the
special slice format was available only for some selected
partners. Therefore, direct slice interfaces were only
available between some selected CAD systems and spzcial
AFs. Because some important AF vendors published the
definition and descriptior: of their slice formats. direct slice
interfaces of CAD systems became even more important.
Benefits will be explained Izier. Slicing ef neutral formats
is sometimes also carried out.

3.2 Faceted formats for rapid prototyping
The STL became a de facto standard for 3-D geometry

data in rapid prototyping. It is a very simple format, but
has greatly simplified developments in rapid prototyping
The STL file allows the representation of triangies and
their normals. The triangles must represent a closed surface
(solid) of the object. The normals mast aim at the exterior
side. There is a binary and an ASCII version of the format.
A similar format was developed by Cubital Lt<. and named
Cubital Facet List (CFL). It has some benefits concemning
storage and syntax. but is not widely used. Most 3-D CAD
systems offer STL interfaces. But no interface always
produces correct STL files, although the quality is
increasing. Software tools to verify and prepare STL files
are on the market. Errors like wrong nommals or small
holes can be corrected automatically. If there are missing
facets, an interactive process with the designer is necessary.
To produce STL files, two parameters can be selected
which influence the resolution of the triangulation process.
The higher the resolution, the more triangles are produced
and more storage place is necessary. The quantity and
speed of processed data in the computer industry has
increased greatly. so it is possible to work with much more
information at the same time than some years ago. There-
fore the highest possible resolution is often selected.
Nevertheless, the accuracy of the AF part can be limited by
this triangulation process in applications.

3.3 Slicing and slice formats
In contrast to the 3-D representation. no common

standard slice format exists. Nearly every vendor uses their
own slice format, e.g. SLI, SL.C, CLI, HPGL.. The content
of these different slice formats varies from pure geometric
information to machine-specificdata. One benefit of HPGL.
data is that more geometry primitives. such as circles and
arcs, are defined and most CAD systems include HPGL.
interfaces for drafting of cross-sections. The other formats
are better fitted to the requirements of 1' @ actual AFs.
Additional to HPGL., a common format for plotters.
vendors of Al's started to publish their slice formats.
3D Systems published the SLC format, and the CLI format
was developed in a European project and also published.
Without going into the details of these formats, they were
first developed to contain  information necessary in
stereolithography and selective laser sintering, although
they are said to fit ‘o other processes.
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Slices are the lowest common denominator among RP
systems. For several reasons the users’ requests for a
neutral slice format is increasing. The choice between
different RP systems in product development enlarges.
Users want to apply the same software for different RP
systems as they prefer direct slice. Some benefits of a de
facto slice format are:

- Software developers have free access to the syntax.
The tree access simplifies the development of soft-
ware tools to improve data handling. For users, the
choice between the different software tor's would
increase;

- CAD vendors are more willing to develop a slice
interface if there is one common format;

- In medical applications the output of tomographs is
slice information. A common direct link to nearly
all RP systems would be available:

- Corrections of errors in the geometry description are
casier to make in some cases;

- In developing new RP systems, there is no need to
develop an individual slicer.

Admittedly, there are a lot of applications where the
use of slice information has disadvantages. It is impractical
to exchange geometric information for LOM, because the
slice thickness varies on-line during the process. Further-
more, there are disadvantages in manipulating the part, e.g.
rotating of sliced pans. But once again, it should not
replace a facet format, but supplement it. The decision of
which one to use for different applications is the task of the
users.

A further important task in data processing is the
slicing method itself. In general, direct slicing of CAD data
and slicing of facet formats are the alternatives. The
opinions on direct slicing and on slicing of facets break up
in a wide range, dependent on experience, habits and
strategic aims. From a mathematical point of view, there is
no difference. Accuracy depends on the quality of the
software and not on the choice. The mathematical expen-
diture to compute a facet format and slice it afterwards
is in general equal to direct slicing. Practically, there are
a lot of differences in quality, ergonomics, time and costs
dependent on the available software and on the special
application. The users should be able to decide themselves.
In fact, the users mostly do not have the choice, because
there is a lack of a de facto slice standard and consequently
a lack of software tcols to support direct slicing.

It is a very scldom mentioned fact that simgle slicing
routines involve failures which directly cause inaccurate
parts. The reason is shown in figure 3.2. Subject (a) illus-
trates a detail of a part. During the slice process, paralle!
cross-sections are computed. The intersections of these
paralle! planes with the surface of the object result in the
borders of the slices. Parts are commonly built v using the
cross-section as information for the top surface of one
layer. Theretore. the slice process begins once layer thick-
ness higher than the bottom of the object. In first approxi-
mation, the object is built as shown in subject (b). It should
be recognized that the object is bui with oversize and
undersize dependent on Jayer thickness and the surface
orientation. Usually AF objects are surface-finished to
reduce the staircase effect after fabrication Regarding sub-
ject (b). there are regions built with undersize. Surface
treatment of these regions will cause more inaccuracy. For
some processes like stercolithography and SLS one has to
consider the overcure (subject (b)) and the energy beam
profile.

New slicing tools are on the market which enable the
correction of the contours dependent on application and
surface treatment of the object. The magnitude and direc-
tion of the deviation can be controlled by several para-
meters. Three standard corrections are shown in figure 3.2
Subject (d) demonstrates a correction so that the object is
built so there is no oversize at any location. The parameters
should be selected to produce as shown in (e), if it is
planned to smooth the surface. Subject (f) shows a correc-
tion in order to produce with highest accuracy.

Tigure 3.3 shows a software tool developed at IPA
offering these possibilities. A chessman (rook or castle),
including a second (pawn), is presented as an STL file with
low resolution. The grey regions in the slice window show
one slice without correction. The presented cross-section is
computed a iittle under the top of the front door of the
rook. The black lines represent the corrected borders. The
correction parameters have been selected in order to
produce with a high accuracy (subject (e)). Therefore
borders at the door arch have been corrected to the interior
side and the border of the pawn to the exterior side.

Since correction is only possible directly after the
slicing process, it canaot be done after storing the slice
information in a commonly used slice format. The
necessary information would be lost. Dr. André Dolenc of
the University of Helsinki, Finland, initiated action to
include the necessary information in exchange formats for
this purpose. A slice format is used, which was pre-
developed in a European project and published with the
term Layer Exchange ASCil Format (LEAF). The format
was enlarged and defined to fit almost all AFs and include
these correction possibilities. It is not planned to share
LEAF as standard. Rather, it should be considered as a
(easy to change) leaming 2id to gain experience on how a
slice format should look.

3.4 $u€oon eneration o
Most AFs need support structures. One | sssibility is to

design the support structure in the CAD system. However,
this process is time-consuming and a lot of practical
experience is necessary. A better alternative would be soft-
ware tools to automatically create the supports. Tools are
available in different qualities and contents. Both support
generation based on STL files and on slice files is possible.
Vendors of excellent slice software are, for example, Solid
Concepts, Inc., CA, USA, and Materialize NV, Heverlee,
Belgium.

4. Comparison of additive fabricators

4.1 System assessment )
Studies on accuracy. system costs, maintenance costs,

training duration, capacity and time were undertaken by
large companies or in national and intemational projects.
Many of the results of these studies have been published.
Important benchmarks are:

I. Eastman Kodak Benchmark Study [Put92}.

2. CARP Benchmark, University of Leeds [Chi94];

3. Benchmarkingof RP Systems, Clemson Umiversity
{Jay94};

4. Chrysler benchmark comparison [SLD94];

S. Iotelligent Manufacturing Systems (IMS)--A

World-wide Assessment of rapid prototyping
Technologies [RPRN994].

It is not intended to list the results here. Some studies

have been compared and examined [1.a4i95] and some com-

Page 9




Advances in Materials Technology Alonitor, Vol 2, No. I (1995)

ments should be given. The different studies are based on
different assumptions, part geometries, measurement proce-
dures and some terms are interpreted difterently. Mostly.
only linear dimensions were measured. Form tolerances.
c.g. flatness, circularity. parallelism, were seldom taken
into account. However, the layer based building principle
of AF affects more form errors (geometric tolerances) than
conventional machined or terned parts. In addition to
accuracy, repeatability is an important issue and should be
treated separately. This is not always done. Systematical
errors, which can be corrected by soft- and hardware_ have
to be separated from statistical errors as well. Furthermore,
one should consider that the knowledge of the opcrator and
the condition of the actual machines reflect the quality of
the parts 1t is usual to adjust a machine if an important
benchmark is planned. The results are for that reason not
necessarily typical for machines running the entire day at
service bureaux.

Some build defects are characteristic for AFs. These
defects are termed by curl and warpage. Unforiunately.
there is only a common knowledge oi the defects, but no
clear definition for those terms. which could be a base for
comparable measurements.

Mere critical are comparisons of maintenance costs.
training duration and time. A lot of comparisons have been
done using only one or two parts. To assess the results, one
has to look critically at the actual prevailing conditions of
the tests. This will explain comparisons of manufacturing
time. First, it should be guaranteed that all parts have been
built with the same layer thickness. The manufacturing of
the support structure for special parts and AFs needs nearly
as much time as the part utself. Some AFs do not need
support structure at all. The time for exposing one layer is
with LOM a function of the border length, with SLA and
SLS a function of the area of a slice. and with SGC inde-
pendent of the slice. Regarding this. the actual geometry
influences to a large extent the result of the comparisons.
Without insinuating a purpose, it is casy to shift the result
to desired direction with some understanding of the dif-
ferent processes.

Nevertheless. the benchmarks are very helpful. if
investments in systems are planned. But most users do not
instal their own machines, they get their parts from service
bureaux. For these, only time. cost. quality and the proper-
ties of the prototypes are important.

4.2 System selection
More uscful than discussions on which system is the

best are methods on how to find the most suitable process
for the actual prototype required in the actual phase of
product development in an industrial application. Mcthods
and tools to help the staff in the product development
department to sclect the processes will come on the market
soon. The basis of these methods is to find a relationship
between the processes and propertics of the prototypes.

A modified version of the “House of Quality” is one
method to select prototype manufacturing processes on the
basis of product features. These are comrelated with
Jifferent technologics and the most suitable technology
technologies for the specific problem to be selected. The
basic steps in this procedure are:

I, First of all the relevant product features are
recorded. The preferred direction of measurable
features is entered as a ssmbol. Limit values for
measurable features are also entered

184

The importance of the feature in the prototype

required at the current stage of development

is defined and entered in the form of a weight-
ing.

The possible prototype manufactuering processes

are selected. Then the evaluation matrnix is filled

in. In the earlier stages. the values are based on
low experience. Results with subsequent usc of the
prototypes for decision-making must be integrated
in the evaluation matrix. With this quality control
loop a dynamic reference matrix adapted to the
company is created with values which can be
entered directly in the appropriate RP Process

Selection House. It is impertant to consider limit

requirements (KO criterion).

4. The evaluations in the matrix are multiplied by the
feature-weighting and the individual values for
each process are added.

5. As a further refinement the limiting conditions
are entered. These include anticipated costs and
time until the prototype is available. By marking
the processes to which the user would give
priority on the basis of his experience, empirical
knowledge can also be incorporated into the
evaluation.

6. In the roof of the house the product features are
examined in pairs to determine their influence on
each other (negative, neutral, positive). In this way
it is possible to identify where small modifications
in the process selectionmight have a major impact
on the prototype quality (figure 4.1).

7. Once the house has been filled, the optimum

solution can be sought. However. the possibility of

combining prototypes made in different ways to
achieve the same quality features should also be
considered.

(¥

Like the “House of Quality™ extra rooms can be added to
this house as well. One example is casting processes to
improve the prototyp2 quality. Through adaptation of the
house to the specific products in a company and its usc for
product planning. the optimum technologies for manufac-
turing of prototypes and the most suitable suppliers can be
chosen. By avoiding the manufacturing of expensive proto-
types, which provide little information. costs can be
reduced and the product development time can be
shortened.

5. Using rapid prototyping for manifolds

As mentioned. the choice of marerials applicable by
AF is limited. Although new and better materials arc under
development. there is a great need for materials similar or
equal to those used in mass-production of the actual pro-
duct. To achieve these aims, AF parts are used as master
patterns for pouring techniques. Dependent on the material,
geometry, required quality and number of manifolds,
several pouring techniques. c.g. vacuum casting, sand
casting, centritugal casting. metal spraying process, plaster
moulding and investment casting are used. The general
principles of these techniques are well known. For most
processes iU is insignificant whether the master pattern was
hutlt with an AF technology or not. To give an impression,
figure 5.1 shows a generai process cycle of manual vacoum
casting. First, the AF master pattern is fixed in a box. Then
the box is half filled with plasticine. After the plasticine is
solidified the rest of the box is filled from the top with
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silicon (b). By tuming the box. removing the plasticine and
a further casting of silicon. a mculd surrounds the AF part.
After that. the silicon has to be cut in two or more pieces.
Runner and riser outgate are drilled and the mould is
tinished. A silicon mould can be used for casting in a wide
range of difterent piastics up to 30-40 manifolds depending
on the geometny of the pattem. To avoid air bubbles, the
process is Jone under vacuum. Cast resins are available as
one 6r more component svstems in all coleurs and a wide
range of physical properties. The notations of the materials
are given by the vendors and are mostly meaningless.
Product overviews with physical properties, e.g. colour pot
life. hardness. etc.. are published by most vendors. Service
bureaux generally specialize in a number of matenals. Due
to the materials’ properties. the use of manifolds for func-
tional testing is less limited than with AF parts. Further-
more. there is often a need for more than one prototype.
Moulds produced by metal spraying allow the casting
of up to 1,000 manifolds. The patterns are first metallic
coated by use of a metal spraving pistol and then back-
filled. After removing the pattern a mould with a metallic
coating exists. The process is expensive and more limited
in geometry than vacuum casting. The elasticity of the
vacuum casting moulds enables the handiing of undercuts.
Other casting technologies are often used for metallic
manifolds. With the exception ot investment casting, the
technical process need not be changed for rapid proto-
typing. More woik has been. and still has to be done to fit
the course of the casting process into the requirements of
rapid prototyping. Organization and lcgistic optimizations
were necessary to satisty the request for fast prototypes.
For investment casting. both AF vendors and ioundries
had to change or improve their processes. Traditionally.,
wax patterns made by injection moulding are used for
investment casting. As some AFs are able to produce wax
parts. thev can be used directly for investment casting.
Unfortunately. wax is difticult to process with AF and the
accuracy is not as good as that of other materials. There-
fore, conventional investment casting must be modified to
suit AF patterns. The effort of this modification depends on
the thennal propeities of the materials. Thermoplastics can
be melted out of the ceramic shells by heating. Different
waxes. polycarbonates and polyolefine AF parts have been
used successfully. Foundries have leamed to handle these
materials. Other materials are not well suited for invest-
ment casting. Photosensitive resins. used in stercolitho-
graphy. have to be bumed out ¢t the sheli by high furnace
temperatures. Further problems are a high ash content and
the possibility that the parts crack the shell, caused by the
positive expansion cocfticient. New building styles for
stereolithography have been developed to solve these prob-
lems. The process is controlled in such = way that the pro-
totypes are mostly hollow. The internal structure is made
up by a lattice construction to ensure a stable part. Never-
theless, this construction allows the part to collapse into
itsc!¥ rather than expand outward and crack the casting
shell. One problem is to drain all the uncured material out
of the part after removing the vat part. Undrained material
may damage the mvestment casting shell. The constructions
of the mtentor lattice are even more optimized. The experi-
ence of foundries in burning out this material is incrzasing.
I'he disadvantage of this technique is the necessity for
a prototype tor cach manifold. The build-time and costs of
the Al parts are almost linear to the number of prototypes,
Direct pattern creation is certainly the tastest and cheapest
way (o create a sagle investment paitern

Investment casting using traditional wax paiterns vields
successful parts for only about &5 per cent of the time. The
success rate using AF pattemns is lower. The number of
foundries with experience in AF patterns is still low and
only a few have experience with patterns of al
technologies. Since most foundries are specialized in
casting only certain metals. it is difficult to find one for the
right combination of material and AF technology. A good
alternative is the use of AF prototypes to produce dies for
the manufacture of conventional wax patterns. It has been
found that this process with one further step is cheaper and
faster if more than three to five patterns are necessary
{Mul93]. Materials used for the dies are silicon rubber.
epoxy or spray metal. depending cn quality. time and
costs.

When using AF parts as a master for casting processes,
shrinkage has to be taken into account. The AF master
patterns have to be scaled. It is important that shrinkage is
not homogeneous. Therefore, different areas of the parts
require different scaling. Software tools to compute and
simulate shrinkage are on market. In application, the
special knowledge of foundries on materials behaviour is
often the key to achieving good manifolds.

6. Rapid product development
The integration of AFs and casting technologies in

industrial production processes plays a dominant role in the
success of thece techniques. Consideration must be given to
the system costs, speed. materials available and accuracy.
The success and acceptance of rapid prototyping systems
depends mainly on an optimized integration of AF systems
into existing production processes. Because of the limited
possibilities of actual AF parts and manifolds. these
technologies can only be one—although important—part,
among conventional techniques in a process cycle for the
rapid development of products. Figure 6.1 gives an
overview of the steps used in rapid product development.
These illustrated technologies and techniques are part of
fast loops. where product specification and modification.
prototyping and evaluation have to be organized in fast
iterations. a simultancous and successive sequence of
processes with optimized logistic.

In this process cycle an automatic data exchange
between different systems (e.g. design system. computer
tomography, CAD/CAM) is important. In particular, the
application of methods for quality assurance is of great
significance. In industry a large number of different
systems are installed with varying degrees of automation
depending on size. assortment of products and organiza-
tion. Therefore an information network with less redun-
dant data between the different systems should be imple-
mented.

In addition to these technologies, new methods of
organization. cooperation and teamwork are being tested in
industry and developed at rescarch institutes. However, the
use of innovative technologies certainly does not guarantee
the rapid development of innovative products. The decisive
factor is the flexible use of a wide variety of technologies
adapted to the current situation in product development. In
the following, some technologics and techniques with
increasing significance for product development are listed
and commented on. in order to amplify previous informa-
tion. It should be considered that CAD, design systems and
virtual reality are tools for product specification a. well as
ools 1o generate virtual prototypes for presentation,
advertising and simulation,
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Computer Aided Design (CAD)

The number and quality of tools included in CAD is
steadily increasing. Small and medium-sized companies
are using mcre 3-D CAD systems. Although the
possibilities of representing 3-D geometries increase,
the bulk of the efforts are to improve presenta-
tion techniques. such as rendering and animation and
the integration of tools for manufacturing or simula-
tron.

Design systems
The design of CAD systems is geared to the notations
and methods of engineers, although the methods of
industrial engineers often differ. Design systems have
therefore been developed to offer computer tocels suited
to industrial designers. They offer more freedom for
creativity and are commonly based on sketches. The
design systems on the market offer improved
possibilities to visualize transparency, reflections,
shadows and textures. Tools included for animation are
used even more for advertising in early phases of

product development.

Virtual reality
With increasing performance of computers. virtual
reality can be used more and more to represent pro-
ducts and shazpes. It enables realistic representation and
the handling of large, complex products. Leading insti-
tutes and service bureaux offer realistic simulations of
products based on 3-D CAD data.

Computer tomograchy
Computer tcmography is a widespread tool in
medicine. In rapid prototyping it is used more and
more to determine anatomy and generate 3-D models
of bone structures.

Reverse engineering
Tactile or optical 3-D digitizing is a tool to obtain
geometric data of the surface of an object. More or
less automated software is on the market to compute
CAD data from the measured points.

7. Business situation

The primary aim of introducing rapid prototyping
technologies is to improve product development. invest-
ments are made when new technologies offer possibilities
to reduce the lead-time to market, to improve quality and
save money. One problem of AFs is their high level of
innovation. If a new milling comes onto the market which
is twice as fast as the one used before, it is easy to
compute amortization time. The decision for investment
can be done on an exact calculation. The risk and respon-
sibility of the decision maker is comparatively low. The
risk in taking a decision to invest in innovative technolo-
gies is higher when less experience with comparable
technologies exists. At the beginning of rapid protetyping
a lot of arguments for these techniques were published
which seemed logical and promising. Nevertheless, invest-
ment was only seldom done, because no experience and
calculation of amortization was available. In the meantime,
some companies(mostly automotive)published information
about estimations of time-saving and costs with rapid
prototyping. The often-heard question "Are there real
benefits in using rapid prototyping?” changed to questions
such as:

- Is rapid prototyping suitable for our products?

- What AF and casting technologies fit inte our

product line and our product development?

- Is it better to invest into own machines or should |

use service bureaux?

- What should be considered if we want to use rapid

prototyping?

- What is the fastest way to produce prototypes with

similar properties to the final product?
What is the fastest way to produce tools?

As mentioned at the begirning of this article. rapid
prototyping changed in just a few years from first labora-
tory systems to widely used technologies. Nevertheless. the
use is no guarantee for 2 successful product developmer.t.
The situation is well described with the followin,, formula:

Rapid prototyping can deliver tremendous benefits
for a lot of products, but only if the overall
busimess plan is good.

More and more companies understand the benefits and
limits of rapid prototyping. The number of service burcaux
is rapidly increasing and existing service burcaux have
expanded their operations. Figure 7.1 gives an overview of
the sales of machines. Wohlers [Woh95] estimates that the
revenue from product sales and services grew by about
100 per cent in 1994, making rapid prototyping an esti-
mated $198 million industry.

About 80 per cent of the sales have been made by
USA system manufacturers. Japan follows (about 13 per
cent) and then Europe. Most system developments are done
in the USA. The vendors first satisfy the market in their
own country before expanding to other countries. Because
of this situation, most new systems and improvements are
on the market in the USA first. Applications in rapid
prototyping came to Europe with a delay of six months to
a year. Benefits in product development through early
access to new technologies are enonmous and it would be
daring to estimate how a time lead in rapid prototyping
applications influences intemational competition. But
looking at the present global markets, and the associated
competition, one should not ignore this effect. In product
development especially, a technology lead can decide who
is able to offer new, high-quality products first on the
market, and who will have the highest share of the profit.

This contention is supported by the fact that a lot of
Europzan companies obtain their prototypes from service
bureaux in the US. Furthermore, the patent situation is of
interest because it can be considered as an indicator for
devclopment activities. The patent law and the period of
timc until a patent application is published is different in
different countries. Nevertheless, a comparison betweenthe
number of published patent applications and machines sold
by some sterzolithography vendors (figure 7.2) is of
interest.

Over 80 per cent of the patents are US patents. To
assess this data it should be considered that the average
time between patent application and patent specification is
2.5 years in the USA and 4.5 years in Germany, and often
longer in the rest of Europe. Some US patents are in the
assessment phase in Europe. In a patent rescarch at IPA
{GGal9d], 329 patent applications were found. Of these. 146
applications came from the USA, 97 from Japan, 67 from
the EC and 19 from Isracl.

8. Sources for further information
Useful tools for obtaining further information arc

books, the World Wide Web and intemational events on
rapid prototyping. Proccedings of the following events arc
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good. but time-consuming. sources. They give an excellent
overview on activities going on in research institutes and in
industnn. A very fast and cheap way is the use of the
Intemet. In addition. there are some books listed below
which give a good overview on rapid prototyvping and ofter
served as a source for this article.

International events

Iniemational Conference on Rapid Prototyping
Contact: Theresa Bohlander. Program Administrator.
Management Deveiopment Center. University of
Dayton. 20 Anderson Hall. 300 College Park. Dayton.
Ohin 45469, USA

AsiaPacific Conference on Rapid Product Develop-
ment

Contact: Maria Richmond. Coaference Officer.
Queensland Manufacturing [nstitute. P.O. Box 4012,
Eight Mile Plains, Queensland. 4113 Australia

Rapid Prototyping in Medicine and Computer Assisted
Surgery

Contact: Prof. Willi Kalendar. University of
Erlangen-Nimberg. Institute for Medical Physics.
Krankenhausstrasse 12, D-91954 Erlangen. Germany

Solid Freeform Fabrication (SFF) Symposium
Contact: Harris L. Marcus. Mechanical Engineening
Department. University of Texas at Austin. Austin,
Texas 87712-1065. USA

European Conference on Rapid Prototyping and Manu-
fagiuring
Contact: Donna Borrill. Department of Manufacturing
Enginecring and Operations Management. University
of Nottingham. University Park. Nottingham NG7
2RD. UK

international Conference on Rapid Product Develop-
ment

Contact: Dr. Wilhelm Stey.:. Fraunhofer Institut fir
Produktionstechnik  und  Automatisierung  (I1PA),
Nobelstrasse 12, 70569 Stuttzart. Germany

Fundamentals of Rapid Prototyping and Applications
in Manufacturing, and

SME Rapid Prototyping and Manufacturing

Contact: Lone Hastie. Society of Manufacturing
Engineers, One SME Drive, P.CC. Box 930, Dearborn,
Michigan 48121-0930. 1!SA

Rapid Prototyping in Mcdicine

Contact:  Roger Hirons, Center for  Continuing
Education. College of Engineering and  Applied
Science. University of Wisconsin, 929 North Sixth
Street, Milwaukee, Wisconsin §3205, 1/SA

PATT-TECH

Contact: DANSE( International, Inc.. Fukide Building.
Number 2, 4-1-21 Toranomon. Minato-ku, Tokyo 105,
Japan

Scandinavian Rapid Prototyping Conference
Contact: Erika Jablanovec IVE. Argongatan 30, S-431
53 Molndal. Sweden

World Wide Web
The World Wide Web (W W W) is an international net-
work of computers based on the Intemet. In the past the
Internet was mainly usd by scientists, but recently more
and more companies have access to WWW. A great
number of universities are connected by this network. It
contains an increasing number of documents on rapid
prototyping. The different documents are often linked by
hypertext. This allows one to find documents easily without
knowing the exact address of the host. It is only necessary
to know a few hosts and an endless researcn can be started
by only clicking on highlighted words or phrases. The
system links itself to the special host address. where the
linked document is stored. It is only necessary to wait some
minutes if the linked host is on the other side of the world.
If there is no direct access to WWW. different companies
offer services. however not free of charge. Some important
addresses at universities are:
http:'www _eng.clemson._edu/dmg/iderp/iderp1.html
—Clemson University Product Realization Laboratory
Fttp:/'www._crantield.ac.uk’aero/-apid'rapid_prot.html
—Cranfield University
http: ‘'www_sffoffice. me.utexas edu—University  of
Texas at Austin
http:'web.mit.edu/afs athena org/t/tdp/www/home ht
ml—Massachusetts Institute of Technology
http: ‘www _udri_udayton.edu—University of Dayton
htip: “‘atlas_edrc.cmu_edu:9999/acorn/acorn_proto-
typing html—Camegie Mcllon University
http: “www.arc.ab.ca—Alberta Research Council
http:/www.cs.hut.fi'--ado /rp/rp.html —Helsinki
University of Technology
hitp::‘www.cadcam_kth._se/public/compvter: fff/
RP.html—Swedish Institute of Production Engineering
Researck

Books
Automated Fabrication-—Improving Productivity in
Manufacturing. Marshall Bums, Ennex Fabrication
Technologies, PTR Rentice Hall. Englewood Cliffs.
New Jersey 07632. 1993, ISBN 0-13-119462-3

Rapid Prototyping and Manufacturing-- Fundamentals
of Stercolithography. Paul Jacobs, Society of
Manufacturing Engincers, Dearbom, Michigan, 1992

L.ayer Manufacturing— -A Challenge of the Future, The
final report from the NOR-SLA project, 1992,
Trondheim. Norway. ISBN 82-519-1125-7

Software Tools for Rapid Prototyping Technelogics in
Manufacturing, André Dolenc, Acta Polvtechnica
Scandiravica, Mathematics and Computer Science
Series No. 62, Helsinki, 1993, ISBN 951-666-393-1

Solid Frecfonn Manufacturing, Kochan, D., Elsevier
Science Publisher e.V., 1993 ISBN 0 444 89652 X

Rapid Prototyping Systems: Fast Track to Product
Realization, Customer Scrvice Department, Society of
Manufacturing Engineers, One SME Drive, P.O. Box
6028, Dearbomn, Michigan 48121

Principles of Computer Automated Fabrication. Jerome
[.. Johnson, Palatino Press, Inc. 1994, ISBN
0-9618005-3-4
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Rapid prototyping magazines

Rapid Prototypiag Report. CAD CAM Publishing. Inc.
1010 Turquoise Street. Suite 320. San Dicgo.
California. 92109-1159, USA

Rapid Prototyping Joumal. MCB University Press
Limited. 6062 Toller Lane. Bradford. West Yorkshire.
England BD8 9BY

EARP-Newsletter. European Action on Rapid Pro-
totvping. Bent Mieritz. Danish Technological Insti-
tate, Teknologiparken. 83000 Aarhus €. Aarhus.
Denmark

Rapid News. ¢ o EPC. 46 Watergate Street. < ~ter.
CHI 2LA. United Kingdom
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Figure 2.1

Common procedure in using AFs

3D-CAD model

L

Additive Fabrication

Figure 2.2

Basic principle of the stereolithography process of 3D Systems Inc.
layer sinking

system

" platform
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Figure 2.3
Parts made by stercolitheography
tSource: Alhed Signai)
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Figure 2.6b

Properties of photopolymers

Properties of materials used in AF

Vendor Ciba-Geigy
Notation SL S081-1 | SL 5131 | SL 5149 | SL 5154 | SL 5177 | SL. 5170 Si 5180
Material Anlic Acnylic Acnlic Acnylic Acnyix Epoxy Epoxy
Laser HeCd Ar’ HeCd Ar” HeCd HeCd Ar
A. Mechanical properties Test
Elastic modutes (N‘mm°)) ISO R527 | 3000500 |3000:500{ 1100 1100 1105£35 | 2450+50 ¢ 2500100
Braking clongation (*o)| ISO RS27 | 25205 102 1544 12.5+2.5¢ 13+6 101
Tensile strength (N/mm)| 1SO RS27 | 62211 7010 35 35 30 60 605
Notched-bar impact strength ({zod)  (kI/m); ISO 180 31 3 225825 1 225425 28+1 285415 37:10
Hardness Shore D 87-91 3791 78 78 78 85 84
B. Thermal properties
Gilass transition temperature 0 150 130 ~83 ~83 72 65-90 60-85
Thermal stability Q) 42 49 42
Cocflicient of thermal cxpansion (17C) .1 had 52/172%*
C. Prucess propertics
Viscosity (mPas)| 30°C 24001800 2000+400 | 2000+400 | 20002400 | 180x15 187
3 C 1150200 | 12802200
Penctration depth (mm) 0.19 018 0.15 013 027 0.12 013
Critical exposure (m)/cm’) 66 30 6.1 42 112 135 162
Dangerous materials NVP NVP / | / / /

The values are partly given by the vendors and partly measured at the Institut fiir Kunststoffpriifung und
Kunststoffkunde (IKP) of the University of Stuttgart, Germany.

Source: IKP.

* ASTM D638.
** 40°C-100° C.

*** -100°C - 50" C/50° C -200" C
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Figure 2 6¢

Pruperties of photopoiymers

Properties of inaterials used in AF

Vendor Du Pont Allied Signal
S2100/ $3100/ N S$5100/
Notation (S >SOMOSE s Exactomer) 2110 3110 5o S6100 2201 F2202 SF E5201
mod.
Material Acnvlic Acnlic Acrylic Epoxy | Vinylether | Vinylether | Vinylether
Laser Ar/HeCd | Ar/HeCd | Ar'/HeCd Ar HeCd HeCd Ar’
A. Mechanical properties Test
Elastic modules (N'mm°)] ASTM D638 37 810 875 2690 1455+276 | 17501250 1380
Braking clongation (%s)] ASTM D638 46 92 10 71-114 8+2 71 65405
Tensike strength (N/mm°){ ASTM D638 7 21 22 34 55¢7 68+7 48
Notched-bar impact strength (1zod) (kJ/m°){  ISO 180 150 15 i4 34 215403 3243 3043
Hardness Shore D 41 80 97 845 80 80 84

B. Thermal properties

Glass transition temperature Q) ~43 ~43 ~60 ~53 65 ~75 8416
Thermal stability ( O)] ASTM D648 49 46.5:09 | 46.5+09 48
Coetlicient of thermal expansion  (17°C) 150-180 | 150-200 49/174°°°147.5243%% | 47.5243°% | S2/175%**

C. Process properties

30°C 3805285 | 985tl5 600y 265 205 230 240 (32°C)
Viscasity {mPas)
35°C
0.120.17%
Penctration depth (mm) 0.22/0.12 | 0.19/0.13 | 0.22/0.12 0.15* 0.18 0.4+ 0.18
12.225.9/
Critical exposure (mi/icm’) 29735 4024 9928 26.8° 2745 85:1.7 15.2
Dangerous materials / ! / / / / /

The values are partly given by the vendors and partly measured at the Institut fir Kunststoffpriifung und
Kunststoffkunde (IKP) of the University of Stuttgart, Germany.

Source: IKP.
* 351 nm/351+364 nm/333+351+364 nm

*™ 0°C-60"C/60° C - 155" C.
*** .100° C - 50° C/50° C - 200" C
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Figure 2.7

Principle of selectve laser sinterimg
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Figure 2.9

Properties of sinter materials

Properties of materials used in AF

Veador B. F. Goodrich EOS GmbH
Notation LP(‘-JOOOOI LN-4010 | LNF-5000 | LNC-7009{ LWX-2010} PS 1500 | PA 1500
Material Polycarb. | Polyamide | Polyamide | Composite Wax Polystyrene | Polyamide
Laser €O, Co, Co. Co, CO. Co, o,
A. Mechanical properties Test
Elastic modules (N/mm°)} ASTM D638 1220 1400 1400 1070
Braking elongation (%) ASTM D638 b 23 24 5 NS
Tensile strength (Nimm°)] ASTM D638 23 36 36 42 35-40
Notched-bar impact strength (Izod) (kJ/m’)} 150 *80 53 70 70 68
Hardness Shore D
B. Thermal properties
Glass transition temperature {0) 150 63 110 35
Melting point (O 186 186
Heat resistance O 163 163 188
C. Process properties
Grain particle size (ptn) 120 50 59735 80
/ / ‘ / / / / ]

Dangerous materials

The values are partly given by the vendors and partly measyred at the Instiut fis  Kunsistorfprifung und

Kunststoffkunde (IKP) of the University of Stustgart, Germany.

Source: IKP.
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Figure 2.10

Selective laser reaction sintering
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Figure 2.11

Working principle of fused deposition modeling

platform

process chamber
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Figure 2.12

Properties of muaterials for fused deposition modeling

Vendor Stratasys
Notation Plastic 200 Plastic 301
Material Polyolefine Polyamide
A. Mechanical properties Test
Flastic modules (N'mm?°) ASTM 638 630 560
Braking elongation (%) ASTM D638 4.7 3.5
Tensile strength (N/mm°) ASTM D638 10 12
Notched-bar impact strength (I1zod) (kJ/m?) I1SO 180 9 13
Hardness Shore D 58 70
B. Thermal properties
Melting temperature ) 72-108 100-110
Notation ABS Ps00 Casting wax
Material ABS Wax
A. Mechanical properties Test
Elastic modules (N/mm°) ASTM D638 2600 281
Braking elongation (%) ASTM D638 50 35
Tensile strength (N/mm?) ASTM D638 34 3.6
Notched-bar impact strength (I1zod) (kJ/m°) ISO 180 106 13
Hardness Shore D 105 (Rockweil) 33
Source: IKP.
Figure 2.13

Warking principle of ballistic particle manufacturing
five—axis robot

part

platform

process chamber
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Figure 2.14

The direct shell production . wung process cvele
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Figure 2.15
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Figure 2.16

Work principle of laminated object manufacturing
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Figure 3.1

Data conversien und exchange in rapid protonyping

RP 3D interface CAD layer
layer

RP process
layer

Control of AF
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Figure 4.1
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Figure 5.1
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Figure ~.1
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B. NEW PROCESSES AND TRENDS
IN DEVELOPMENT

Noncontact digitizing—a new wave in prototyping

Manufacturers can shorten product development by
digitizing with optical image sensors so as to reproduce
complex free-torm surfaces with a high degree of accuracy.
Pace Optica! Test & Measurement, Phoenix. USA. has an
optical sensor which combines Moir¢ techmiques with
trianguiation methods to record up te 300,000 point co-
ordinates from one viewing angle. These triangulation
calculations surpass previous limitations of this technique
by measuring complicated object attributes such as stepped
features. Applications for optical digitizing range from
copv-milling parts from models. surface reconstruction and
quality control and assurance.

When two light-project grids. or gratings. intersect in
space they create 2 Moiré fringe pattern of light and dark
planes. As they intersect an object. these planes appear on
the object’s surface as contour lines which follow the
topography of the object’s surface. The reference grating.
which is etched onto the lens of a chip camera within a
recording video camera, creates the second grating. The
video camerarecords the interference between the projected
grating and the grating within the lens, with the resulting
contour lines being recorded on video tape.

The limitations of this standard Moiré technique when
used to caiculate 3-D coordinates are that the distances to
the generated planes are not constant. so that the distance
or coordinates of at least one point must be determined
using some other measuring technique. In addition. the
contour lines may not be unique to a single feature, repre-
senting stepped features. different obizcts or complex
surfaces, thus leading 10 a misinterpretation of the sub-
sequent Moiré pattern.

Pace Technologies. Germany. have developed a system
using a modified Moiré technique. called "Comet™. It
performs geometric analysis of the Moiré intformation
by mathematically trizngulating each pixel in the optical
image into 3-D coordinates. The parameters that determine
triangulation calculations include a basis line and two
angles. The optical set-up of the sensor determines the
basis line as being the distance between the centre of the
projecting lens and the centre of the camera lens. The solid
angle is the reference angle of each object point from the
basis line and is defined by the pixel coordinates and the
centre of the camera lens. A further angle defines the light-
sectioning Moiré plane for cach object point and is
generated by a project rotating-line grating which modifies
the light iniensity at the object point. The video camcra
then records this modulation of brightness and is used to
identify each Moir¢ sectioning plane. The values of the
three vombined provide a triangle for the system’s
computer to calculate the 3-I) coordinates of a point.

One single view can measurc the 3-1) coordinates of up
to 300.000 points on a fined-coordinate system. Linear
magnification or reduction adap's the field of view to the
size of the abject, or adjusts digitizing accuracy. Several
scans arc possible for large objects by altering the posi-
tion of the sensor. Through partially overlapping scans,
the system computer gencrates a point cloud of the entire
object. The computer is dJesigned not to accept points
outside the focus range or any pixels that yicld invalid
data.

The accuracy of the sensor is high. due to the small
triangulation angle which minimizes problems with
shadowed regions of steeply angled features on the object.
While being simiiar to other optical digitizers using an
electronically switchable grating. this system with its
rotating grating can dcliver greater accuracy. The switch-
able LCD grating acquires image data faster. but the accu-
racy of this grating is 10 times lower due to the higher line
density and precision possible with the fixed gratings of the
Comet system. An LLCD grating svstem works well in a
mobile. flexible set ap where low accuracy is acceptable.

As the system sensor acquires 3-D coordinates in a
fixed sensor coordinate system. the computer can connect
different views of one single large object to describe the
entire surface. If a particular milling machine controls the
position of the sensor. coordinates for measuring can
translate into a single coordinate system. Thus. the size of
the objects digitized is only Iimited by the available
computer memory and capabilities of the CAD system.
Normally. an entire surface requires 10 to 100 different
partially overlapping views to completely digitize. The
resulting point cloud. which contains 3 to 30 million
points. needs 15 minutes to 2 hours to collect.

At present. there are three applications which could
:ake advantage of optical digitizing:

Copy milling. This is an important application for
modem tool- or mould-making facilities, it calculates
machine-tool numerical control (NC) programming from
the generated point cloud. Due to the shoit time needed to
digitize an entire part, machining data is available quickly.
This data typically machines a copy with a mean deviation
of less than 0.02 mm from the original model. The digi-
tizing system calculates the NC program in a background
mode, allowing the milling machine and digitizing sensor
to perform other jobs during data calculations.

Quality control and assurance. Due to the high data-
acquisition rate and accuracy. optical digitizing can
compare production parts or moulds to specifications. This
application may require that the surface points be aligned
to the design data by using best-fit approximations. Once
the part is properly aligned. the computer-managed milling
can calculate deviations between the part and the part-data
file and then determine the acceptahility of the manu-
factured part. Deviations would result in modifications to
the original NC program. which would then machine a
more accurate mould or product.

Surfuce reconstruction. A number of CAD/CAM soft-
ware systems apply a varicty of strategies to reconstruct
surfaces from point daia. At present it is possible to
automatically generate surfaces with relatively low quality.
Where the surface must have a high quality. such as car
bodies or houschold appliances, computer operators
normally have to make several modifications to reconstruct
the surface, which requires 200 megabytes of memory. or
greater, and built-in visnalization tools in the CAD
package. (Source: American Muchinist. May 1995)

Laser metal deposition process

1.os Alamos National Laboratory. USA. is developing
an automated onc-step mcethod tor fabricating complex
metal parts by fusing metal powders in the focal zonc of a
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high-znergy laser beam. This dircct metal deposition
process is called “Directed Light Fabeication™ (DLF). It
does not use a mould. pattern or forming die and produces
a tully dense metal part which is shaped to within a few
thousandths of a centimetre of firal tolerance. This DLF
processcombines computer-aideddesign and manufacturing
technology . and laser ciadding technology as well as rapid
prototyping technology to directly deposit metal to torm a
near-net-shape component trom a digitally designed solid
model. The straight surtacesand high-dimensional accuracy
of the parts thus produced compare tavourably with the
metal build-ups made since the 1930s using oxvacetylene,
tungsten or metal inert gas. plasma or laser welding
processes.

The main components of the DLF process are the Nd-
YAG laser. a metal-powder delivery svstem and a
computer-controlicd laser beam positioner. The fabrication
of a metal part starts with a 3-D solid mode! computer
design from which a positioning code. including laser
control and other system commands. is developed and sent
to the DLF positioning system during fabrication. The
positicning svstem. which is programmed for multi-axis
control by the computer code. moves the focused laser spot
along the contours of the part as metal powder is fed into
the beam spot and fused. One planar laver is formed at a
time on a supporting base plate which is removed after
completion. Unused powder which falls outside the laser
beam is recovered for reuse. The next generation DLF will
automatically recvcle the unused powder to the pow der
hopper so that no waste is generated. As partially fused
powder particles stick to the sides of the molten part of the
deposit. the surface can be rough. Further development to
control the process variables is expected to result in a
smoother as-deposited surface. It is anticipated that
additional finishing operations may be required to polish
the surface and thus achieve close geometric tolerances.

Parts which have so far been made using the DLF
process include tubes. channels, hollow I-beams. plates.
cones attached to tubes and rods. Each part was made
without requiring a part-specific tool for each shape. For
example. a separate extrusion die is normally required to
extrude many shapes: for the DLF process. only the
computer model is modified to change the output shape.

With turther development of this technology, there is
no limit. in principle. to the geometry of the parts that can
be fabricated. Hollow cavities, curved contouss on the
inside or outside of a part. integral flanges, tubes and
cylindrical projections will be formable without welding.
The dimensional tolerances of the part are determined by
the size of the laser focal spot. the size of the pool of
molten metal and the processing parameters, whereas the
process economics are determined by the powder feed
rates, the speed and the laser energy.

tise of this rapid prototyping process will mean that n
will be possible. within a few hours. to have a part in-hand.
that would normally bave required weeks or months to
make using conventional methods. A designer will be able
o test i service a specitic part design which has been
tabricated using the DEEF process. as st will have full
structura! properties. it can then be iterated by changing the
solid model of the part on the computer. Conventional
methods would require butlding a pattern, a mould or a
tornmuny die prior to making the new part

There are other advantages to the DEEF process. Laser-
processed powders will not hive the problems ol macro-
chenmeal seeregation which s found i conventional
castne and thus wall not require homogemzation and griin

refinement via heat treatment. forging or extrusion of a
casting. This obviously represents a large economic
advantage in the capital equipment costs required. The
precise build-up of laser-fused powders potentially offers
new methods of fabricating parts with tailored properties.
Strength. ductility and density gradients can be created by
applying ditferentmetatlurgically compatible atloy powders
on difterent areas of the part to accommodate high-stress
concentrations. density variations. etc. Perhaps most
importantly. the DLF process is non-contaminating because
only the laser beam contacts the powder and processing can
occur in highly controlled atmospheres.

Developmentis continuing at Los Alamos to extend the
application of DLF to a wider range of materials. Industry
participation in collaborative research and development is
being sought.

Further information can be obtained from: Gary Lewis.
Group MST-6. Mail Stop G770. Los Alamos National
Laboratory. Los Alamos, New Mexico 87545, USA.
(Source: Mat Tech. 1995 10:43-58)

Advantages/disadvantages of RP versus CNC

Rapid prototyvping techniques have collectively come to
be called additive rapid prototyping (ARP) because all
techniques build up models from numerous thin layers of
materials. ARP brings huge benefits. For some kinds of
parts, prototyping has been sped up as the process is fast
and gives designers physical models which reveal form and
fit errors quickly. In addition, those parts for which ARP
is best suited represent a substantial volume of new
products. However, even with the euphoria aboui ARP, one
must not forget that computer numerical control (CNC) has
been capable of rapidly making prototypes for almost
20 years. Some engineers feel that ARP has not always
kept its promise as ARP cannot always match the accuracy
available with CNC. A study is under preparation to
compare real ARP results against the established accuracy
of CNC machining. It is hoped that th: outcome will show
some real measure of relative accuracy.

At present there are five main kinds of ARP systems in
production: stereolithography (SLA), solid ground curing
(SGC). selective laser sintering (SL.S). laminated object
manufacturing (LOM) and fused deposition modelling
(FDM). SLA was the first system and was originally fore-
scen as a way in which to obtain quick 3-D parts directly
from solids CAD data. Accuracy. strength and surface
finish were not of the highest priority. These initial 3-D
parts were designed primarily to be models that a designer
could hold and feel to see it CAD geometry would tum out
as intended. Pressure was exerted on the manufacturers of
the first machines to improve some parts and as a result,
systems have improved. Materials used today are stronger,
resist building distortion better and give faster build times.
In addition. computers have become more powerful, allow-
ing better slice-and-huild programs that have reduced
shrink, warp, sag and curl. Some systems can now produce
faster. better parts for sccondary casting procedures.
Developments exist so that rapid manufacturing can be
done using these systems: however., reality may be rather
different, for many physicai and chemical reasons.

ARP has anumber of other limitations. Engineers using
ARP have a finite number of materials from which to
choose. [tis also best suited for small models 80 per cent
of all ARP machines have 10x10x10 inch tanks. Other
machines can manage maodels up to 30820x30 inches. The
surface tinish may require a signiticant amount of hand
sanding should  the model need a high-gloss finish.
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However. ARP can produce complicated parts that CNA
<annot. for example. a prototype of an auto exhaust mani-
foid with accurate inside and outside surfaces. The strength
of ARP is probably in medium-sized plastic parts and wax
patterns for various secondary casting methods. Other than
these, product designers must rely on a combination of the
old and the new. which is now being called fast prototvp-
ing. This method combines traditional fabrication with
complicated insert sections handled either with ARP or
CNC-machined parts. The combination of the two tech-
niques is a way around some of the drawbacks of the SLA
method. ARP is not adept at taithtullv reproducing large
flat areas.

Capabilitics of prototype systems

Traditional Additive RP
model’proto- system or
type ONC servicve
Application shop bureau
Soft pentotyping
Visual images on solids CAD Some Some
Hard prototyping
To bold and tecl Yes Yes
Plastic prototypes
Miniature Yes Limited
Mcdium Yes Yes
lLarge Yes No
Cleat/tinted Yes No
Flexible Yes No
Metal prototypes
Machined Yes No
Castings Patterns Patterns
Sheet mctal Yes No
Ceramic prototypes Patterns Patterns
Wood prototypes Yes No
Working prototypes Yes No
Field test protatypes Yes No
Focus grovp prototypes Yes No

At the same time there have been major advances in
computer-driven machine tools, which can be seen as a
spin-off of the development of ARP. CNC has now
matured to 2 point where it can serve as a viable alternative
to ARP. Traditional model and prototype shops today will
have powerful CAD/CAM software on large computers
with 16 megabytes of memory and more than 500 mega-
bytes of hard disk. Very often they may be able to put a
tool path to a clicnt’s data file in a few hours. CNT can
then create three, four, or five-axis, mathematically based
surface contouring. The machine will produce a .ight,
precise, sturdy part in ABS, polycarbonate, composite,
aluminium or other materials. As compared to ARP, such
parts are not fragile and need no support to fight sag, warp
or curling. Another advantage of CNC is that, depending
on the size of the parts, it may be possible to CNC a dozen
copies in design material faster than building and finishing
a similar number with ARP.

Each technique has its strengths and weaknesses
designers should be aware of the limitations of cach before
a decision is made. Many prototyping scrvice bureaux are
adding CNC machines to their ARP machines as they are

beginning to sce the benetits of combining the two
methods. (Source: Machine Design. 7 November 1993)

2-D Rapid Prototyping

There are times when using stercolithography. or a
similar means of producing compiicated 3-D shapes is too
advanced. such as when wanting to produce circuit boards
and sheet metal. which only require a 2-D shape. It is now
becoming practical to prototype these components using a
low-power laser. A laser can cut a full-sized prototype of
a circuit board from a 0.062 inch thick card stock. The
prototype produced will have all the necessary holes,
notches. break-away tabs and routered shapes of the
finished board. In addition. the prototypc can be engraved
with the silkscreened component designation pattern of the
finished product. In this way. engineers can evaluate most
of the mechanical aspects of the printed circuit board
(PCB) by inspecting the 2-D prototype. The same technique
can be used to generate inexpensive mock-ups of sheet
metal components. For example. enclosure designs con-
sisting of two sides. top. bottom and back can be cut from
card stock or plastic. complete with holes. vent hole
pattems and cutouts. By putting the pieces together. a
prototype enclosure is formed. Engineers can thus coafirm
that the mechanical components fit within the enclosure
and that all mounting holes are properly located. By adding
fans to the prototypes. air flow can be checked if required.

Two-dimensional prototyping typically starts with the
database from a CAD package frem which the user will
generate an x-y plot of the component to be prototyped.
The plot can be in any compatible graphic representation.
This plot is then forwarded to a service bureau which will
produce the prototype, if not done in-house. In some coun-
tries, plot data can also be phoned in via modem and the
turnaround can often be ovemight. There are basically two
sources of data for 2-D prototypes. One consists of the
arcs, lines and circles that are to be cut to form the
component. The other is data that is to appear on the
component (such as part numbers). but which is n¢* cut
through. DifTerent colours can distinguish the two different
types of data. Altemnatively. cut and engraving data can
reside in different plot files. Typical 2-D prototyping
materials include paper, card stock, plastics and wood with
amaximum thickness of around 6 mm. Accuracy is usually
0.002 inches. In the absence of special compensation, hole
sizes are approximately 0.007 inches larger than plotted due
to the size of the laser beam. The price of the prototyped
component is sct by material costs and laser cutting time.
Often, customers are allowed to provide their own
materials, thus lowering the costs. Some service burcaux
are limited in the sizes of components they can offer duc
to the machinery available

Two-dimensional prototyping has some advantages for
3-D components. For instance, an angle bracket can be cut
in a flat form from plastic which can then be heated and
bent into its final configuration. This technique can also aid
the evaluation of stampings without the cost of mak g
them in metal.

The refatively low cost of 2-1) prototyping can cnable
cngineers 1o evaluate numerous design  options.  For
example, in the design of an instrument front panel, {ive
different arrangements for the controls with knobs, switches
and displays installed can be prototyped. Such tull-size
mock-ups can be used as inexpensive . des aids and help
meet trade show display deadlines. (Source: AMuchie
Design, 9 March 1995)
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RP using stratified object manufacturing (SOM)

Since 1986 when the first rapid prototyping systems
were introduced. the demand for prototy pes that can with-
stand mechanical and thermal stress has been growing.
Direct manutacture of metal prototypes has not been pos-
sible in most methods used in industry despite the high
imestment and handling expense. Until now. accuracies
achievable depended greatly on the method. the component
geometry and the experience of the user. Stratitied object
manutacturing (SOM) is a possible new manufacturing stra-
tegy tor the direct production of functional prototypes.
which is based on existing computer-aided techniques and
makes particular use of the potennial of high speed cutting
(HSC).

MEC GmbH. Germany, has developed this new rapid
prototsping method with the esseatial difterence to known
generative rapid prototy ping methods being that existing
3-D) CAD data are not prepared for 2- cutting of thin
lasers, but rather for a 3-D cutting using CNC manufac-
tuning methods. This procedure has been called stratified
object manutacturing (SOM) because of the new procedure.
with two sided 3-D CNC machining of plates having dif-
terent thicknesses. Conventional 3-axis or S-axis milling is
primarily used as the machining method.

Conventional rapid prototyvping methods require the
tollowing steps to produce a functional prototype: data
preparation, improvement in the surface quality and slice
process. construction process. manual finishing of the
maodel. subsequent casting process and *inish machining.
The steps of the SOM method are hmited to data prepara-
tion. for instance division of the CAD geometry into plates
followed by surface division in accordance with mitling
criteria. and CNC machining ot the finished part, including
performance of the required joimning operation. Complete
machining in one company provides a greater flexibility
and reduces interfacing problems.

The nucieus of the SOM method is the division of 3-1D
CAD data into partial geometries referred to as plates. An
additional surtace preparation makes two-sided convea-
tional CNC machining possible in various work fixtures.
Fhe matenal used s usaally unmachined and 15 available
in rolled or cast qualits. The mitial thicl.ness is greater than
the actual plate thickness because of the required bracing
function in the tirst machining operation and for the neces-
sary machming aliowance in the second machining opera-
tion. The construction process is differentiated between
three steps which depend upon the complexity of the com-
ponent and the required profile available. and the number
of plates resulting from this and which must be pertformed
a number of times. These steps are: (1) initial machining
operation  after tace milling of the joint surface and the
attachmient of refereiice elements, the actual machining of
the component surtaces tahes plice: (2) joining  and
bracing  adjacent plates are connected to one another aiter
machining  Local bracing material is inserted in the thin
webs o in geometry islands that occur between the indivi-
dual work steps: () secend machining operation thecom-
ponent surtaces are machined after face milling to the

desired thickness,
I he man teatures of the SOM method are a diviston ot

the component geometry into two-sided machining ol plates
swithout undereut, g that the generative and abrading
manutactunng methods are combimed. and it s a method
thiat using convennonal 3-D ONC manutiac L ing compo-
nents can solve the problems mvolved with bracing and
chucking tnital machining operation of o plate with

machining allowance. second machining operation when
jorned. posstbly with bracing material).

Based on these features. the following advantages resuit
tor prototyping manufacturing: (a) accuracy and surface
quality can be achieved which comrespond to CNC quality
and are independent to a large degree trom the size of the
component: (b) a tlexible combination of manefacturing
methods and difterent materials is possible: (¢) various
methods for surface machining and changing the material
charactenistics can be used in arcas not otherwise acces-
sible: (d) the method ailows the manutacture of instruction
models that can be disassembled: ‘e) the eavironmental
impact is slight due to the direct manufacture of a finished
part: and (f) besides the primary direct CNC manufaciare
of prototypes. which can be subject to stress. even invest-
ment patterns for subsequent casting processes with local
machining allowances can be produced for target materials
that are difticult or impossible to machine.

Prototype manufacturing using the SOM method seems
10 open new application arcas when used in conjunction
with high-speed mitling. The advantages. besides the
reduced machining times. are the achievable improved
surtaces and the machining of thin-walled workpieces with
good dissipation of the machining heat. (Source: 1'D/-Z.
Duesseldorf. March/April 1695)

Faster rapid protciyping

3D Systems. Valencia. CA. USA, has introduced its
Stereolithography Arparatus Series 500 and 30H which
increase part-building speed by incorporating a high-power
laser. whilst continuing to produce high accuracy levels
needed for complex geometry. Based on part geometr,, the
SL.AS00-30H increases part thoughput by up to 36 per cent
over the previous series making it suitable for building
modeis. prototypes or patterns with epoxy resirs. (Source:
Machine Design, 15 June 19935)

Rapid prototyping bureau

The Automotive Design Centre, which is based at
Queen’s University, Belfast, Northem Ireland, aims to
provide CAD. CAL and rapid prototyping services to en-
gineering companies working in all sectors. In addition, the
Centre offers CAD services ranging from simply transfer-
ring existing paper-based drawings into 3-D CAD, through
to design for production trom the initial concepi stage. The
Centre collaborates with other groups at Queen s University
working on internal combustion e¢ngines, microelectronics
and polymers. (Source: Engimecering. October 1994)

Computer Aided Rapid Prototyping project (CARP)
results

An example of the work produced by the Computer
Aided Rapid Prototyping project was recently exhibited. Tt
was a protoiype close-coupled V6 automotive catalyst unit,
comprising a cam and manifold, which was cast in stainless
steel without the need for any tooling.

The starting point for the work was the initiai speci-
fication tor the internal shape and layout of the unit. which
wias supplied in the form of a CAD model. From this inter-
nal lavout it was decided that the finished unit should be
assembled in two parts  the catalyst can, into which the
catalyst brick would be assembled and an integral unit
forming the catalyst end cap and exhaust manitold. Com-
plete designs were developed by Webster Mouldings (UK).
uvng Deleam’s DUCT CAD CAM software, by super-
imposing a standard metal wall thickness onto the internal
geometry and then adding flange and joint detasis Data tor
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the RP process was generated tfrom Duct. Models were then
produced using the Helvsis laminated object manutacturing
systera and the DTM selective layer sintering system at
Leeds University (UK). Runners and risers made from wax
wers added to the prototypes. The complete assemblies
were moulded using the investment casting process
followed by a controlled burnout process which ensured
complete removal of the pattern whilst maintaining the
integrity of the mould structure. Casting and mould break-
out were carried out i the same way as for traditional
investment casting. (Source: Engineering. October 1994)

Prototyping machine building with ink-jet metheds
E®M Technology I.c.. Greenville. SC. USA. has
introduced its Personal Modeler which uses a drop-on-
demand piezoelectric jetting system to shoot or jet
microscopic particles of a molten thermoplastic. The
material freezes when it hits the object under construction,
and models are built layer by layer. as with most other
rapid prototyping methods. it us~< a single S-axis robotic
nozzle and can produce thin. hollow-shell models of any
geometry, including those with horizontal surfaces.

This process has several advantages over other rapid
prototyping methods. for instance. the unit constructs a
horizontal surface or skin by automa.ically building support
structures when needed. The non-ioxic thermoplastic needs
no special handling or ventilation: by operating at the
55 dBA sound level. the machine is suited for office
environments.

The proiotyper imports the widely used STL file.
automatically corrects file irregularities and creates the
necessary breakaway supports, and builds the moel free-
standing and unattended within hours. No postcuring or
solvents ~re required and the models are compatible with
investment casting. In addition, the machine builds models
in either a gefauit hollow-shell mode or in the stronger
internally cross-hatched form. (Source: Machine Design,
11 May 1995)

Experimental fabrication of castings using RP

The Akita Prefectural Industrial Technology Center has
applied stereolithography to prototype master castings for
the first time. This process enables them to build
complicated parts which cannot be produced rapidly by
conventional machining techniques. and is presemly used
as a tool for producing prototype evaluation models. The
next-generazion version of this rapid prototyping process
was applied to the master models for producing precision
castings. Research has developed investment casting tech-
nology using the rapid prototyping parts to replace the con-
ventional wax model. and to pump var.es with 3-D curved
surfaces, which were cast successfully and were previously
difficult to produce by existing manufacturing processes.

The new casting method comprises the following
processes: (1) designing the cvbical shipes of castings by
3-D CAD: (2) slicing the design models into cross-sections
from 0.1 mm in thickness by slice computer: (3) solidifying
the photo-curable resin with a laser beam into a cross-
sectional shape, and bwiiding the parts sequentially by rapid
prototyping machine (SLLA 250, 3D Systems Inc.. USA):
(4*  ating the mode! with a ceramic slurry as in the lost
wax process and producing the shell model: (5) sintering
the shell model and combusting the parts to obtain the
casting moutd. and (6) pouring .nolten metal into the
mould to ohtain the finished casting.

This necw method requires no wax model or woud
mould for green sand as with the conventional casting

method and enables castings of complicated shapes to be
cast rapidly and at a lower cost.

The Center plans to incorporate this rapid prototyping
process and CAD'CAM/CAE into an integrated network
system with the aim of developing an advanced process for
manufacturing moulds of high added values within a short
time.

Further information can be obtained from: The Akita
Prefectural Industrial Technology Center. Machine &
Chemistry Div., 4-11. Sanuki. Aza. Shinya-cho. Akita City.
Akita Pref. 010-16. Japan. (Source: JETR(), March 1995)

RP to he.p detect stress on jet engine blades

One of the more novel applications for rapid
prototyping technology is to design rotor blades for jet
engines. The French aircraft engine manufacturer Snecma
{Société Nationale d’Etude et Construction de Moteurs
d’Aviation) uses optical stress analysis on engine blades
and disks in conjunction with stereolithographic models.

The key to the technique is the fact that the epoxy
resins from which the stereolithographic models are made
have optically active properties. Snecma plans to make an
SL. model of a rotor blade, then stress it under centrifugal
or external loadings such as torsion. tension. or pressure.
Loading should take place in an oven heated to around
100" C. which is warm enough to put the epoxy into its
glass transition phase. changing from an elastic to a rubber-
like state.

When covled. the stress patterns on the part freeze.
Srecma can then slice the model apart at each critical stress
zone and examine the cross-sectior uirder pelarized white
light. When viewed through an analyser, iridescent colour
fringes. which indicate stress levels, become apparent.

Snecmais still running preliminary tests on the method.
The next step will be to eliminate the mould step, making
stress tests on the epoxy part directly. (Source: Machine
Design, 10 October 1994)

Rapid prototyping as a model in lead time savings

The Helisys iaminated object manufacturing (L.LOM)
rapid prototyping service, which is offered by Umak (UK),
has significantly reduced lead times for the electric motor
manufacturer, Brook Crompton (UK). The technique also
minimized th- risk element into developing a new range of
high-efficicncy eleciric motors. The project team used
L.OM to produce highly accurate laminated paper models
of the motor frame an . end covers. The models were then
used as sacrificial patterns for the alr nin.um casting of the
prototypes. Once produced, it was possible for the company
to embark on a scries of prototype development trials prior
to finalizing the frame production tooling. The Helisys
LOM system uses a single laser to cut thin paper-type
materials in sheet form to create solid objects of virtually
any shapc and complexity. (Source: AMauchinery and
Production Engincering, 17 February 1995)

Computervision RP interface

Computervision has announced its RP interface which
functions integrally with its CADDS 5 design and manu-
facturing system. This new interface allows mode! geo-
metry, which is created within the package. to be dircctly
outputted to a variety of RP systems. This program allows
designers to create and edit complex surfaces with the use
of a mixture of solid modelling and NURBS-based surface
design. Access is through an zasy-to-use menu system: the
interface praduces files in STI.. a standard format for RP.
The user is able to define the orientation of the files, whilst
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the output can be displayed as shaded images. (Source:
Automotive Engincer, October November 1992)

New LOM materials from Helisys Inc.

Helisys Inc. (Torrance. CA, USA). has introduced a
new High Performance LOMPaper (LPH). The company
claims that it offers LOM users significantly reduced build
times and improved part accuracy and flatness. Helisys has
also developed a new proprietary adhesive which they say
offers LOM users faster bonding speeds. reduced internal
stress, and improved Z-dimensional strength. Helisys also
now otfers a user guide including reliable parameters and
procedures for all cwrently available LOMaterial products
marketed and sold by the company. It also includes opti-
mization and advanced techniques to help users get the
most out of their machines. (Source: Rupid News. Vol. 3.
No. 2. 1995)

Composite material for Rapid Prototyping

DTM Gmbh (Hilden, Germany) has introduced the first
composite material for use in rapid prototyping. Laserite
L NC-7000 (Nylon Composite) is a glass-filled nylon that,
according to the manufacturer, exhibits the highest
properties of stiffness and heat resistance of any material
used in rapid prototyping. The company also say that the
nature of the material is such that it can produce parts with
very fine features which are strong enough to withstand
functional testing requirements. (Sour~e: Rupid News.
Vol. 3. No. 2, 1995)

Rapid Prototyping with no intermediate interface

F&S Stereolithographietechnik GmbH (Borchen-Alfen,
Germany) has announced the availability of a stereo-
lithography system that, according to the company, creates
unfaceted three dimensional objects with no necessity for
an intermediate interface such as an STL file. The system
directly slices the CAD model. meaning that the cross-
sections are therefore generated directly from the mathe-
matically precise CAD model. The company chosc the
Hewlett Packard Graphics Language (HPGL ) format as the
cutput format for the cross sectional data, as it is used as
a standard for plotters and printers and is support by ail
CAD systems.

The company have also developed a stereolithography
machine called the L.MS (Laser Manufacturing System)
which runs using the direct slicing methodology. The com-
pany claim that by using a patented recoating mechanism
and a special exposure style, the building times on the
[.MS can be shortenec when compared with other process-
ing times. (Source: Rapid News, Vol. 3, No. 2, 1995)

Vacuum casting resin developments

MCP Equipment {Stone, UK) manufactures a range of
polyurethane and cpoxy resins for vacuum casting in a
varicty of colours, hardnesses, strengths, densities, and
temperature resistances. Recent additions have included the
MCP 8090, which it is claimed. is one of the highcst
temperature-rated vacuum casting resins available. With a
cured tempe ature resistance of 1007 C, the company
expectsthat the resin will bring more temperature-sensitive
components within the scope of vacuum casting. The
material is milky-white in colour, largely translucent and a
two-stage polyurcthane resin - with the two constituents
mixed in a 1.5 ratio before bemng cast into a silicone-
rubber mould under vacuum. (Source: Rapid News, Vol 3,
No. 2. 1995)

Personal modelling office machine

BPM Technology, Inc. (Greenville, SC. USA) has
introduced the Personal Modeler computer peripheral office
machine which operates at the “push of a button™ and
produces relatively economical real physical models which
can be produced from any available solid modelling CAD
pregram.

The company has developed and patented a modelling
technique called the Ballistic Particle Manufacturing, which
uses a drop-on-demand piezoelectricjetting system to shoot
microscopic particles of environmentally safe molten
thermoplastic that freeze when they hit the object being
built. The process has been cclled “CDigital Micro-
synthesis™. This process is relatively clean and quiet as well
as being economical as it uses the exact amount of material
required to build a finished model without any waste. In
addition. during the model construction period. there is no
necessity for operator attention, thus reducing overhead
costs associated with its use. (Source: Rapid News, Vol. 3,
No. 2. 1995)

Direct Shell Production Casting (DSPC)

Direct Shell Production Casting (DSPC) is a process
involving manufacturing ceramic moulds, resembling those
used for investment casting, directly from CAD files. The
advantages of castings, combined *ith computer techno-
logy, yield complex designs tc uear-net shapes with little
waste. The process is flevivle, easily incorporating design
changes, eliminating the need to maintain pattems or dies,
and removes tooling and set-up times for machining
moulds. It can integrate cores, allowing the moulding of
hollow parts.

This new technology, brought to the market by Soligen
Inc. (Northridge, CA. USA), was derived from a process
known as three dimensional printing which was developed
at the Massachusetts Institute of Technology. At present it
designs mould production equipment capable of manufac-
turing short-run production metal parts and prototype
moulds and dies for die casting and injection moulding. It
is not intended for mass producing investment castings as
conventional casting methods may outperform DSPC in
certain cases by producing parts more quickly and econo-
mically. In addition, the ncw process lets investment casters
combine integral cores and eliminate assembly, resulting in
weight savings without a loss of strength by providing
structural integrity. Material options can expand because
any castable alloy can be used. including ones that were
impossible to forge, or too difficult to machine. There is
less sensitivity to alloy cost since integral designs often
requir. less material.

Part-design research is continuing using knowledge and
expericnce gained to produce intricate aluminium dic casts
whilst at the same time improving accuracy and durability.
(Source: Machine Design, 10 August 1995)

First commercial solid-state laser

£OS  Gmbll (Munich, Germany) has  recently
announced the availability of its STEREOS MA X 600, the
fir t commercial laser-stereolithography system with a
solig ~tate laser. The company say that the laser uses
approximately two per cent of the clectrical energy com-
pared to a gas laser of the same output power and does not
require any water cooling. The lifetime is reported to be
around 10,000 hours, and as well as being economical to
run, is able to achieve high building speeds. (Source: Rupid
News, Vol 3. No. 2, 1995)
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Metal prototypes in two weeks

Schneider Prototyping GmbH (Bad Kreuznach,
Germany) says that through the use of the Cubital-based
SoliCast process. designers can see their CAD files turned
inexpensively into metal prototypes in two weeks. Using
Solicast, moulds are investment-castaround Cubitat models
in-house. The company says that its proprietary methods
completely consume the polymer resins that make up the
models. leaving a void that can serve as a castir.2 tool. The
disposable prototypes are generated using a Cubital Solider
5600 machine and it is claimed thar metal prototypes can
be produced in half the usual time. at halt the usua! cost.
(Source: Rapid News, Vol. 3. No. 2. 1995)

Pattern-making experience with rapid prototyping

It is not only large companies that have to take the first
step in making use of new technologies. The traditional
pattern- and mould-making company Hermann Bubeck KG
(Germany) has been innovative in this field. Until the
1970s the company was exclusively concerned with the
manufacture of foundry pattems. A decisive step was taken
with the purchase of the first measuring machine which
enabled the company to expand its services. Since 1986 the
structure of the company has been adjusted to include
CAD - CAMiechnologies.Normal working procedurestoday
include digital acquisition and computerized preparation of
patterns using measuring machines and planar feedback.
Instead of sending drawings they use teleprocessing via
ISDN. In 1994 the company was one of the first pattern-
making enterprises to commission the German EOQSINT
600 laser-sinter-plant. Only one week was required for
installation and training on the use of the system. Patterns
are mainly produced in polystyrene, which is stitable for
investment casting as it fits with the normal coating and the
melting-out process well. Once checked. the polystyrene
parts are dipped in wax to achicve a good surface. where-
after they are delivered to the investment casting foundry
which adds wax ingates. glued to a cluster and entered into
the coating process. The company discovered that for
vacuum casting processes it was particularly successful
when the patterns were dipped in cpoxy resin enabling a
good machining of the surface and thus the production of
good silicon moulds. (Source: Giesserei 82 (1995), No. 15,
p. 539)

New dimensions for solid modelling

With solid modelling. a design can come to life within
minutes with a 3-D clarity that is difficult, or even
impossible, to achieve with drawing technology. As a
company builds on its modelling experience. other advan-
tages will appear, such as the easy reuse of existing models
in new designs, change orders take place more quickly and
manutacturers benefit becausethey can more easily develop
accurate jigs and fixtures before they reach the shop floor.
As with any transition. becoming productive using solid
modelling involves effectively managing change. A good
guide * manage this could be a well-supported training
focused on anticipated tasks, retaining investments in 2-1)
data. and bringing users to greater levels of responsibility.
-ven though the company masy possess the hardware, the
staft need to be trivned to 1se it properly.

The most etfective traming could start with a select
group of people in a pilot programme where the software
is learned with specific emphasis on features that the ner
will be most frequently confronted with This trainimg
could be rudimentary or more involved. dependmyg on the
level of skills of the statt to be trioned Statt have to learn

that practically every process associated with 2-D design
will civange in the 3-D solids world. In 2-D. the drawing is
the master: with solids, the geometric model is the master
and the drawings are part of the documentation.

As with any new system. support is essential. This can
take the form of providing ready answers for problems that
appear. thus preventing frustration among new users.
Management attitude may also need change. to become
more open to change and new ideas. The pilot pregramme
should be used to produce a specific design for something
that the company will produce. and not last for longer than
six months. The experience gained can then be transferred
to other departments within the company. gradualiy enabl-
ing the new teams to gain from the experience of the pilot
programme. to gradually combine 2-D techniques with
solid modeling.

The use of solid models allows design engineers to
optimize qualities such as weight by iterating designs
through finite-element studies. Eventually design engineers
can use solid models on which to generate numericaily
controlled data for certain parts. Further, the engineer will
manage tasks previously handled by additional staff. such
as paper prints and documentation. through product-
management systems. Access to a complete geometric defi-
nition of a part through solid modelling can reduce the
boundaries between functional responsibilities within
organizations. (Source: Machine Design, August 1995)

General round-up

The shape of the rapid prototyping industry is changing
constantiy as the number of users grows and the demand
for faster. accurate and more reliable machines and
materials increases. The rapid prototyping industry has
undergone many interesting developments such as:
(a) Popularization: rapid prototyping is beginning to cnter
the "mainstream™. In some companies it is an integral part
of their business; other companies still have to try it out
while other may not have heard of it at all. Compared to
CNC installations, most rapid nrototyping units operate in
service centres in both small and large companics. with the
way in which the work is carried out being different to
CNC; (b) Consolidation: At present the world-wide market
is not large enough to support the present number of
system manufacturers (16). Companies may merge, change
ownership. or even disappear. A case in point is the recent
acquisition by Stratasys (Minncapolis. MN, USA). of
IBM’s technology to heat and cxtrude thermoplastic
materials to form models and prototype parts; (c) Publicly-
owned corporations: in 1994, Stratasys offered its shares on
the NASDAQ stock market (1JSA). Two other manufac-
turers in the USA are also publicly owned corporations (312
Systems and Soligen): (d) Castmetal parts: Projects involv-
ing cast metal are becoming more and more sophisticated.
3D Systems (Valencia, CA, USA) produced a 4-cylinder
engine block casting, complete with cast-in water jackets
and cored passageways for Mercedes-Benz (Stuttgan,
Germany) in only  five weeks, using their QuickCast
process. Soligen’s Parts Now unit (Northridge, CA. USA)
produced a tunctional metal prototype of a complex engine
component for Caterpillar in one week by using the
company s proprictars Direct Shell Production Casting
(DSPCY casng o alummum, heat treating it and
defnvenne the part for anaallation. (Source: Rapad
Protonpmg State of the Indeny . 199395 Worldwide
Progress Report. Waoblers Aswociates, Ouirdpe Business
Park. 1811 River Oak Drive FortCollinsg. Coloralo 80825,
VSAL Apnf 1995)
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C. RAPID PROTOTYPING AND CAD/CAM

Round-up of new developments

Makers of rapid prototyping equipnient have recently
displayed their equipment. which is more sophisticated,
having new materials. making smoother. tougher parts at a
lower cost. Several manufacturers are developing their first
ceramic models which are aimed at making tools directly
by methods such as inkjet printing. photocuring and sheet
lamination. In CAD CAM software. the latest updates are
also more flexible and less expensive with several advances
in mould-filling analysis.

Sanders Prototype Inc.. Wilton. NH. USA, has pro-
duced an unusual new desk-top prototyvper and plans to
introduce a larger prototyvper that prints ceramics. If
successful. this would be the first to make highly accurate
ceramic models of 0.003-inch layers. Cubital Ltd.. Israel.
is also developing a ceramic modetl for low-production
tools. [ts technology builds prototypes by spreading a layer
of photosensitive polymer. curing it with UV light through
a computer-generated mask. vacuuming off uncured resin
and filling in the spaces with water-soluble wax.

Helisys Inc.. Torrance. Calitomia, was recently
awarded a USS$ 3.5 million US Federal Advanced Research
Projects Agency grant. with the University of Dayton
Research Institute, to develop ceramic composite materials
for its lamination technique using a carben dioxide laser to
cut sheets of plastic-coated butcher’s paper and bond them
into light. solid prototypes. However. paper blocks de-
laminate with moisture. The ceramic composite lamination
will make more moisture-resistant patterns and low-
production moulds.

Stratasys Inc.. Eden Prairie, Minnesota, has introduced
its first dual-material. rapid prototyping system. in which
a new ABS filament makes the model and supports, and a
second. low-temperature blue wax makes a thin release
layer between the model and support, allowing the supports
to break off cleanly. This technique melts and laminates a
thermoplastic filament. making an outline pass with fila-
ment to obtain a smooth outer surface. It then builds layers
back and forth with the filament.

Developments are still continuing in metal modelling
where dimensional problems exist. DTM Corp.. Austin,
Texas, USA, <nters prototypes using laser light and is
planning to hi.c three trial sites in use soon so as to
improve accuracy. They have added a new “fine nylon™
material. S0-micron powder instcad of 100 micron. which
sinfers into a smoother prototype. They plan to introduce
two new thermoplastic modelling materials soon with
hopefully even better finishes than fine nylon, at lower
temperateres.

Imageware, Ann Arbor, Michigan, has developed a
“Surfacer” reverse engineering program which accepts scan
data representing complex 3-D dimensional objects. such as
the human face. Tt absorbs the data, which may contain
millions of measurement points, processes the data cloud
into a meanmgtul CAD model and creates the CAD surface
directly from the data cloud. according to the company.
Apparently, the “interrogation tools™ can be used to
validate that a complex surfiace such as an air foil was built
as designed.

Alias Research Ine., Toronto, Canada, has introduced
enhancements to its software and reduced prices. it
StudiolPaint Version 2.0 software can now run on the

lowest entry-level Silicon Graphics workstations. Indy and
Indigo 2. for reasonable prices. Cray Research Inc.. Eagan.
Minnesota. launched a new low-priced J90 series of super-
computers starting with the J916 which 1s a simulation
server for small to medium-sized companies. The
company’s new CMLl.ogic Version 2.0 analysis software.
with new design-of-experiments and moulding simulation
capabilities. runs exclusively on Cray’s supercomputers.
Exa Corp.. Cambridge. Mass., USA. introduced its first
beta software called "ExzResolute™, a program for fluid
flow analysis. claimed to be more accurate and faster than
standard programs. The new software is based on different
mathematics than conventional analysis. It takes a model
that assumes a rectilinear grid filled with macro molecular
particles which move and collide, giving a more accurate
flow simulation than before. At present it is being tested
for automotive air flow analysis, but can be used for
applications such as injection mould filling. fuel injection
and water cooling. Moldflow Pty. Ltd.. Australia, has been
camying out research on a new flow analysis packing for
coinjection moulding using a grant from the Australian
govemment. Testing is expected in approximately two
years.

AC Technology North America. Louisville. Kentucky.
has introduced a new version of its C-MOLD analysis soft-
ware for injection, gas-assist. coinjection, RIM. blow-
moulding and thermoforming. It includes a new module
entitled ~Rapid Designer™ with data on numerous resins.
injection moulding machines, coolants and mould bases.
AC Technology say it can be used to predict part cost, fill
time. clamp force. injection pressure, cycle time and
coolant requirements. The version for blow moulders also
includes new animation so that engineers can simulate the
parison inflating or being pre-blown and then blown. The
image can then be manipulated by splitting the mould
halves and angling the view to check a pinchoff. (Source:
Plustics World, February 1995)

Speedier tools

Following recent software trends, design, analysis and
manufacturing software now goes far beyond quickly
making 2-D drawings. The more sharply focused software
packages can tackle tougher technical problems. Manufac-
turing engineers can locate inlets, runners and insulation for
greater productivity, especially when casting parts from
unfamiliar alloys using casting analysis software. It may
take a couple of days to set up and run the model, but
dozens of various casting conditions can be examined in
several days. Another trend is that developers are writing
software that more casily swaps data with other packages.
For insiance, one software developer has integrated mecha-
nical motion with stress analysis and optimization. opera-
tions that car together provide a potent engineering
package and eliminate the time and potential errors of data
exchange.

The most significant developments in these fields
should be examined more closely. Solid models are quickly
gaining acceptance as perhaps the best way in which te
hegin a design, cven those which are predominantly 2-I
such as sheet metal patterns Analysis often starts with a
solic model taken from an assembly of parts that was
examined  for interference. Several companies  have
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developed packages that have pioneered modeiling systems
a’owing the users to change models by typing in new
dimensions or allowing several dimensions to be a function
of a user-supplied value and updating these dimensions
when that value changes. Such features are now almost
commonplace. Developers are now looking for ways in
which to quickly make model changes. An important
development has been the emergence of capable entry-level
packages. Many engineers only require the ability to step
up to solid modelling from 2-D drawings but want to avoid
the limitatiens of wire frame or surface only packages.

Mechanism analysis. or motion simulation software.
is receiving a great deal of attention from developers and
users. One developer reports that work has been carried out
closely with several automotive companies which would
allow automotive makerr to assemble software components
and dynamically model proposed vehicles. This meinod
shows the way in which companies may have built proto-
types using existing components, such as engines or trans-
missions, test it in an existing car and report on the
findings. Today s scenario would be that an engineer could
work from a menu of software modules representing exist-
ing components ranging from engines. suspensions. or new
ratios in an existing transmission. The engineer cculd then
pull software models for e2ch component into a master
menu and within a few hours “test drive” the “software
car” and reveal any handicaps. After the necessary modi-
fications, the R&D team would have a better idea of which
existing components match the product specification. If no
existing component matches the «, cifications. these are
available for the company to approach supplicrs with.

Software has also been made easier for the user.
Some companies now offer 2-D analysis packages with a
sophistication that was previously only avzilable with
expensive software set ups. It is now possible to have an
on-screen control panel which lets users operate mecha-
nisms. Graphs can be made automatically during operation
and help analyse the reach of a unit and how much load it
might safely pick up. One particular package includes fric-
tion and intermittent contact. phenomena which are fre-
quently present in mechanisms but difficult to account for.

Optimizers --tools that find the best size. shape and
thickness for a design’s dimensions- —have also progressed.
An approach from one company can find the bes: location
for support members after given constraints, loading and an
allowable volume. Engineers might rot necessarily pick the
best spot. or may include redundant members when decid-
ing where to locate the supports. Once the location and the
type of beams are selected. a more traditional type of
optimizer can select the most $avourable dimension for the
item such as material thickness or channel depth.

Design for manufacturing and assembly software can
computerize time-cutting  processes  previously  largely
ignored. The software can allow the enginecr to estimate
part counts and costs in a given design. When using the
software for the first time, users establish a benchmark by
describing how parts in a product go together: the software
gives the assembly time and cost, based on prevailing
labour costs. One theory states that shortening assembly
times and improved product reliability can come from
reducing the number of parts. This is achieved by com-
bining part functions, for instance, climinating nuts and
boltw in favour of snap fits. As the number of pans
decreases, the complexity of those remaining can increase
This design can help the user to determine how best to
manutacture the remaining parts

Knowledge bases can store a wide range of informa-
tion. such as rules. guidelines. tables and equations
normally used to design products. The software can consult
the rules and guidelines in far less time than a human
would need when designing the part. This has largely been
ignored in the part due to the time involved, cost and
manpower to start with. However. once installed. consider-
able saviag-. both in time and money can be achieved.

Rapid prototyping has caught on because the models
produced can give designers an instant insight into their
creations. When handling such a model. designers can
instantly knew what needs to be changed—an on-screen
mcdel cannot provide such feedback. Emphasis has been
placed on low-cost modellers and new methods for building
investment casting patterns.

Manutacturing and processes are also experiencing
more intense analysis scrutiny. It is known that complex
geometry and the molten material make some moulds diffi-
cult to fill without generating scrap. Dimensional toler-
ances, shrinkage and hardness are a few more problems
which casting shops face. Software can show how molten
metal will flow into a die. how it will solidify and then
look for problems such as a cold shot that freezes prema-
turely.

Other trends aimed at cutting production schedules
include milling with multi-axis machines rather than three-
axis mills. For example. an engine block can be fixtured
several times on a three-axis mill; a five-axis machine can
have rotary axes and a tilting head, allowing it to do more
work with one tool and without repositioning the block.

In addition. one of the better applications of virtual-
reality software checks toolpaths for accuracy. In a simu-
lated removal process. users see the final pant take shape.
even seeing the fine scallops that a tool leaves.

Rapid manufacturing. possibly the next step after
virtual reality and rapid prototyping. is beginning to take
shape. Direct shell process casting is a recent process that
jets an adhesive binding agent onto layers of casting
ceramic, producing complex moulds and eventually finished
parts in relatively short periods.

However, none of the above can be achieved without
the proper equipment and training of the staff to operate it.
Items such as a properly sized monitor, third-panty software
and up-to-date training all improve the design department’s
efficiency. (Source: CAD CAM Plunning 1995)

Partnership in virtual prototyping development

Five of the world’s leading automobile manufacturers
have joined forces with the world’s leading mechanical-
simulation software developer. Mechanical Dynamics Inc.
(MDI). Ann Arbor, Michigan, USA. to gain strategic
advantages from virtual prototyping, a way of using soft-
ware to test-drive products via the computer. Strategic
benefits will accrue for both partners: for the supplier as
they confront new criteria for manufacturing success and
for the software supplicr as it creates customer value by
working closer with key users. One of the goals is to
amplify the strategic value of the software through the
development of a version that can be casily customized to
meet the individual requirements of cach company. MDI s,
in cffect, integrating its customers into its R&D process so
as to develop products of the greatest utility. It can also be
seen as an example of a software company using the con-
cept of mass production and conceptually moditying it to
i ake it possible to give cach customer a product with
customized content.
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A further goal is the aim to make the mechanical-
simulation tool widely available throughout the five
organizations as an enterprise-wide solution and not
keeping it in the engineering departments. The companies
can make its mechanical-simulationtools something which
various departments might use. including such tunctions as
testing. design. development. research and management.

The software has revolutionized the design process for
many firms in a wide range of industries. Telescoping the
tme factor is the big advantage of virtual prototyping.
because the mechanical product and its subsysiems can be
built significantly faster on a computer—and it can
certainly be tested faster. Consiter how much time could
be saved by letting the computer analyvse how different
transmissions affect vehicle behaviour as opposed to
removing and installing different variations in an actual
physical prototvpe. In addition. tests run on the computer
are repeatable. and automobiles are not the only application
for virtual prototyping. They are merely representative of
the complex systems problems of many products.

When viewed as a whole. the new value set will go
far bevond the usual benefits of this type of software—
shorter product-development cycles, reduction in hardware
prototypes. together with a greater ability to consider
design altematives. Both partners will gain a unique added
value from this process. The automobile companies ensure
the best possible solution of common prototyping problems.
whilst the special efforts of the software provider tend to
prevent competitors from making inroads.

It is envisaged that the software which will be
developed will allow engineers to create computer modeis
of vehicles with accurate representations of assemblies
such as suspension. power-trains. cngines and steering
mechanisms. as well as traction, anti-lock braking and other
control systems. The engincers will then be able to exercise
the computer model under various road conditions to
accurately predict handling characteristics. ride quality,
vehicle safety and performance parameters in the early
design stages. Custom interfaces will allow engineers and
designers to create and exercise models with minimal
training. (Source: ndustry: Week, May 1995)

Progress made in rapid prototyping

Rapid Prototyping enables the fast transiation of CAD
designs into cast metal prototypes. Progress in computer
technelogies has also resulted in speeds developments in
this field. 3D Systems’ QuickCast 1.1 version offers new
possibilities in rapid prototyping processes. When used in
investment casting the stereolithography process used can
shorten the time from design to finished casting dramati-
cally as it is no longer necessary to produce intermediate
tools for wax pattemns. In addition, the new version enables
the production of patterns that are not solid but have an
internal open honevcomb structure. These internal cavities
enable the direct use of stercolithography pans as
combustible patterns. Previously the usual solid SLLA pants
were only partially suitable for such applications as
pressure increased during the combustion of the pattern
possibly resulting in cracksin the ceramic mould shell. The
honeycomb structure now achievable provides for the rapid
and complete discharge of the residual liquid from the
cavities. The remaining open cavity structure ensures the
tapid discharge of the bases torming during combustion
The new software version also provides for a better surface

quality through the option calied “Thickskins™ where three
closing layers are automatically produced for the areas of
the ccmponent facing upwards and downwards respectively.

The company says that this software was used to
develop 2 complete aluminium engine block at Mercedes-
Benz AG. the first time that an entire engine block was
investment cast. Reportedly the process took five weeks,
compared to 4C-50 weeks which is typical for conventional
methods. The method has also been successfully used by a
medical products company which specializesin the produc-
tion of orthopaedic components for rebuilding joints. The
company. Johnson & Johnson Medical Products (Raynham,
Mass., USA) was the first company to use the stereolitho-
graphy process for product development in the medical sec-
tor. The process enables them to handle an order. perhaps
requiring the production of a number of special components
for knee implants, in the shortest possible time. Prior to
this it was only possible to implement this with the assis-
tance of a good toolmaker who would have had to indivi-
dually modify standard series patterns by hand to suit the
relevant special items. (Source: Giesserei 82 (1995),
No. 17. p. 626)

The competitive edge through rapid prototyping

Rapid prototvping has the potential for significantly
increasing the competitiveness of a marufacturing
company. It is claimed that this technolegy can facilitate
substantial reductions in product development times and
improved product quality. There are two perceived and
distinct roles for rapid prototyping: (1) as a three-
dimensional plot of CAD data to prove the design intent
and the quality of the information prior to using the data
for manufacture: (2) as a means to create rapid master
patterns for use in so-called soft tooling (rapid tooling)
applications for niche market production.

When considering the time and cost implications, the
first rcle is straightforward and well exploited in manu-
facturing sectors. There are well defined commercial
reasons to prove data prior to committing to expensive and
time-consuming tooling. The secondrole is less understood
and contains significantly more variables. It is clear that
manufacturing industry will not benefit from these tech-
niques if it perceives rapid prototyping as a “high-tech”
model-making system and its apnlications as a cheap short-
cut.

The major benefit of rapid prototyping can be seen as
time-saving. Any of the systems available will save a
significant amount of time when integrated into the
development cycle. However. how many businesses can
quantily time as an overall cost and prefer to utilize tried
and tested longer routes which have hidden overheads or
perceived lower step incremental costs? Ultimately a
50-70 per cent time-saving should equate to eaming
revenue sooncr, establishing a ieading position in a market
before the competition and improving the overall quality of
the product for less cost.

It is important to consider rapid prototyping as a
contribuiory factor in shortening the complete development
process through to production. The greatest commercial
advantage is only obtained when an organization is able to
implement strategically the whole of the rapid prototyping
and tooling process. This would entail a cultural change,
firm commitment and drive from top-level management in
any company. (Source: Engincering, November 1994)
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D. RAPID PROTOTYPING AND STANDARDS

Changing manufacturing and its standards

It is said that rapid prototyping will do for
manufacturing what the copy machine did for the office—
revolutionize it. As a method for fabricating physical
parts directly from computer aided design data, rapid
prototyping has received the strongest support from the
automotive industry, the medical device industry and the
casting industry. However. the technology stretches far
beyond these industries. and there is probably no industry
that cannot benefit from it.

Being less expensive and faster than traditional
mould-making methods. rapid processing processes employ
a computer to design a part and then control a laser,
extruder or other device to actually form the smaller
shapes that comprise the whole part. Experience has showr
that the technology has enormous advantages when making
extremely complex parts.

Ever with the euphoria around the rapid growth
of the technology. industry has recognized the need
for consensus standards which relate directly to rapid

prototyping. It is planned to have a method of testing that
aliows a benchmark to be drawn against which the process
and materials can be used. To this effect. an initial dratt of
a test method for tensile testing of rapid prototvping has
recently been circulated to the members ot the Sub-
committee E28.16 on Rapid Prototyping ot the American
Society for Testing and Materials (ASTM). This test
method covers the determination of the tensile properties of
computer-directed. layer-by-layer-produced components
when tested under defined conditions of pre-treatment.
temperature humidity, support removaland testingmachine
speed. Although materials testing is the main thrust of the
subcommittee, there s also .n amount of computer tech-
noiogy that needs to be addressed as well. Tae Sub-
committee will focus its efforts on the development of
standard test methods for determining the characteristicsof
parts fabricated using rapid prototyping techniques. The
three main areas of concentration are: (1) mechanical pro-
perties: (2) morphological properties; and (3) materials pro-
perties. (Source: ASTM Standardization News. April 1995)
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E. INTERNATIONAL/NATIONAL PROGRAMMES
AND PROJECTS

Australia’s experience—Queensland response

Due to its geographic situation Australia is insular at
times. in that it can experience a lack of awareness of time-
to-market pressures, minimal export awareness and a lack
of in-house professional design and engineering capa-
bilities. The Queensland Manufacturing Institute (QMI) was
established in 1993 to meet the needs of small and
medium-sized manufacturers. The conceptbehind the estab-
lishment of QM! was to complement planning aspects with
practical. applied access to advanced design. development
and manufacturing technologies. The focus of QM is on
rapid product development and advanced manufacturing
technologies suitable for local manufacturers involving
operation within a technology continuum ranging from
emerging to mature technologies.

Research and development activity at QMI involves
focal. national and i~*emational partners. Its key innovation
capabilities relate to accelerated product development for
small and medium manufacturers: rapid development of
short-run tooling related to plastic injection moulding,
squeeze casting. die casting. and investment casting tech-
niques; and medical applications of rapid prototyping tech-
niques. including the manufacture of tailor-made prosthetic
devices.

Experience at QM has shown that the use of a simple
methodology and a “toolbox™ can facilitate a closer
working relationship across the supply network, and ulti-
mately facilitate better and more profitable products
brought to the market in a speedier fashion. This toolbox
addresses organizational issues, design and management
techniques. and appropriate technologies that can be used
by companies undentaking accelerated product develop-
ment programmes. The approach of QMI and its clients
combines the most appropriate subset of the toolbox to
vicld a pilot project tor an improved product development
process optimized for the needs of the smaller organization.
OMI consultants found that technology in particular had an
important role to play in breaking down barriers between
departments and organizations i a country as large as
Australia.

Fhe structure of the manufacturing industry in
Australia  and a history of reliance on protection and
primary industrs  mandatesgovernmentintervention. QM|
provides a new model tor practical government assistance
with advanced manufacturing technology and process
improvement for small and medium manufacturers

For  more information  contact:  lan  Haynes,
Quecnsiand Manutacturing Institute, PO Box 4012, Eaght
Mile Plains. Brisbane 4113, Queensland. Australia. (Source:
Rupid News. Vol 3. No 2, 1995)

Japan — hardware costs drop

The Japanese Ministry of International Trade and
Industey (METH has recently begun a tour-year USS 810
milbion project 1o support the development of a rapid
prototy ping sy stem that small and medium-sized firms can
afford. As rapid prototyping sy stems in Japan arc extremely
expensive, costis a major issue there. Another problem that
Japanese rapid prototype makers face is that they must
umport key components, including lasers ad galvanometer

mirrors. The Mi T project may well address these areas as
well.

Rapid prototyping syvstems available in Japan are
similar to those in the USA. The lezuing Japanese vendor
is Computer Modeling and Engineering Technology Inc.
(CMET) which was established as a joint venture by
Mitsubishi Corp.. NTT Data Communication Systems and
Asahi Denka Kogyo. The technique emploved by CMET is
simtlar to that of 3D Systems Inc.. Valencia. California,
whereby a laser is used to cure photosensitive polvmer in
the required shape. The technique is called “SOUP” (solid
object ultraviolet laser plotter) and originates from research
at the Nagoya Municipal Industrial Research Institute. The
company is currently working on improvements in several
areas. Epoxy-based resins are a popular means of getting
more accurate models and to reduce shrinkage and distor-
tion. The latest CMET applicatortakes less than 30 seconds
to traverse its build plane. The company foresees that more
than 1.000 stereolithography systems will be instalied in
Japan by the year 2000. It plans to focus its efforts on the
Asian region, having already exported 300 systems to
various countries in this area. The company feels that
Europe is too remote for marketing purposes and that it is
locked out of the USA. both by the lead held by 3D
Systems, and by the uncertainty over licensing and patents.
The company cannot be sure of all the details of patents
held by 31 Systems, because the USA patent system does
not have disclosure. The outcome of the Japan-USA Frame-
work Tatks Agreement. under which the USA should intro-
duce disclosure in exchange for a Japanese commitment to
hasten patent processing is uncertain---it may or may not
make the 3D Systems patent portfolio transparent enough
for CMET 1o assess whether the USA is free of legal land
mines. CMET holds around 50 patents in Japan, and
several in the USA, 3D Systems has roughly the same
number of peripheral patents in Japan and world-wide.
CMET will consider exporting to the USA when these
patent procedures are resolved.

Another company. Sony Corp., has models which
reguire post-curing. This company believes that its system
has advartages over the SOUP system. For example, the
entire res n tank can rise to bring the liquid closer to the
laser ligh: source. hoosting accuracy. with the laser spot
size being adjustable as well. The latest machine from Sony
can also adjust to different parameters for cach laver thus
helping prevert shrinkage and distortion: an applicator has
been angled to counteract distortion caused by surface
fension.

The third-largest supplier of rapid prototyping
machines, Teijin Sciki. uses stereolithography machines
using urethane acrylate photopolymers and can handle a
maodel envelope of S00 mn, on a side. These machines are
mainly used in the electronics and automotive industries.

Matsushita Electric Industrial Co. is one of the biggest
users of rapid prototyping in Japan. It has two SOUP
systems in the dic and mould department at its
Manufacturing Systems Engincering Center in Osaka. They
plan to acquire more machines when the budget allows it
Rapid prototy ping 1s mairly used here in developing fans
the annual production is 22 million in 200 varieties, The

Page 43




Advances in Materials Technology Monitor. Vol 2. No. [ (1995)

technique provides considerable savings for them. as the
typical prototype test cycle for a fan must be repeated
10 or 20 times. Matsushita say that rapid prototyping has
cut design development from four weeks to ten days and
cut the cost by more than half. The company also gives
rapid prototyping the credit for cutting the time needed to
get the product on the market. (Source: Machine Design.
November 1994)

Lcng-term approach to RP in Japan

Organizations in Japan are channelling talent 2nd
research funds into the development and application of
rapid prototyping technologies. Japan has. in particular,
taken a long-term approach to understanding market needs
and requirements while refining stereolithography.

Even though there is a choice of I4 different rapid
prototyping systems available in Japan, less than 120
systems are in operation in the country. The limited use of
CAD solid modelling has been a limiting factor in the low
volume of sales; however, solid modelling is beginning to
take off in Japan. This will play a critical role in the
growth of rapid prototyping in the country, as a digital
model is needed before a rapid prototyped part can be
produced. If 2 CAD model has to be produced for the pur-
pose of rapid prototyping. the result can be that rapid
prototyping is too costly.

Compaznies in Japan are developing and refining rapid
prototyping technologies quickly. Much of what is available
meets, or even exceeds. the capabilities of American or
European technologies. Many companies are. at present,
concentrating on enhancing the capabilities of their
technologies, with particular emphasis on accuracy. They
see a need to refine their processcs over time. working
closely with their customers to define market needs and
requirements. (Source: Rapid Prototyping: State of the
Industry, 1994-95 Worldwide Progress Report, Wohlers
Associates, OakRidge Business Park, 1511 River Oak
Drive, Fort Collins, Colorado 80525. USA)

The European experience in rapid prototyping

Even though rapid prototyping was pioneered in the
USA. European countries are catching on fast to this
technology. Over the past couple of years several German
applied research centres and a number of companies have
been collaborating to develop this technology. As a result,
some of the most advanced work is now appearing in
Germany.

The most popular form of rapid prototyping in
Germany is ster~olithography, which builds models by
repeatedly applying, and then curing with a laser, thin
layers of photoreactive polymer. One of the leading
research institutes, the Fraunhofer Institute in Aachen, is
researching on improving dimensional tolerances in large
modeis. The Frauhhofer Institute is also focusing on so-
called fused-deposition modcelling, using polymer and wax
to form layers of a 3-D model. Schneider Prototyping
GmbH in Bad Kreuznach say they are able to produce
modecls up to 100 mm long with a 0.001 mm tolerance.
Service bureaux are appearing rapidly all over the country.
A growing number of European companies are beginning
to ficld their own versions of rapid prototy ping technolosy.
For instance Electro Optical Systems Gmbll, Mumil,,
ofters two versions of a faser-based stercolithography
system. Sparax AB. Sweden, is marketing a system which
constructs modcels by bonding sheets of polystyrene.
Laser D3 in Nancy. France, has developed a high-speed
laser-hased stereolithography.

In manufacturing industry. perhaps the most notable
users of rapid prototyping are found in the automotive
industry with the Rover Group. UK. being the largest,
closely followed by BMW in Germany. BMW AG used
rapid prototyping to reduce its product design cycle for a
particular car component from 12 to three weeks. However.
engineers had to invest more time in generating high-
quality data for the prototype model by ensuring thai their
CAD descriptions contained no voids or undefined surfaces,
otherwise the software used would become confused and
genznate faulty data requiring manual corrections. (Source:
Machine Design. October 1994)

gK Rapid Prototyping and Manufacturing Associa-
on

This is a newly established non-profit association
dedicated to assisting manufacturing companies, research
and technology organizations in the UK in making
advances in rapid prototyping. In particular the association
aims at: (a) providing a forum for the exchange of
experience-based information on accuracy, surface finish
and operating costs of each technique in rapid prototyping;
(b) fostering the formation of consortia of non-competing
companies to develop techniques; and (c) making available
information from overseas centres of excellence on best
practice. (Source: Machinery and Production Engineering,
2 June 1995)

The International Rapid Prototyping Association
(IRPA), UK

The Rapid Prototyping and Tooling Club (RP&T),
which was managed by the Warwick Manufacturing Group.
Coventry, UK. and now in its third vear of existence,
is transforming itself into the International Rapid
Prototyping Association (IRPA). Membership of the ciub
has grown beyond expectation in terms of level of interest
and diversification of membership, numbering aimost
12,000 world-wide. Through its concentration on techno-
logy transfer, the Club established a reputation and level of
service to industry that was hard to beat.

The Zecision to transform the Club into the IRPA was
taken as the point had been reached where it was con-
sidered appropriate to have an industry-led organization to
continue and develop the leve! of support expected from
the members. A committec has been established to manage
the Club during the transition period. The initial work of
this committee has been to establish the direction of the
IRPA, aconstitution and suitable efectoral and management
procedures. The formal transtormation took place in june
1995. All commitments of the original RP&T Club will be
honoured by the IRPA and they fook to expand the activi-
ties to reflect the professionalism and drive of the IRPA.

People interested in joining the IRPA should contact:
Tim Plunkett, Chairman, IRPA. c/o Formation Enginecring
ServicesLtd., Unit A3, Spinnaker House, Hempstead Lane.
Gloucester G1.2 6YA, UK. (Source: Rapid News, Vol. 3,
No. 2, 1995)

Round-up of European research programmes
Most European programmes concentrate on the
application of existing technologics and on educational
nceds and opportunities as opposed to developing new
system  technologies. This does not mean  that no
developments of neve systems take place in burope (of
which Germany teads in developing systems), rescarchin
Europe generally takes place through combined consortia
activitics, due largely to the tunding available from ihe
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European Union. The following European programmes are
of particular interest:

CARP: The Computer Aided Rapid Protot»ping
(CARP) is a three-vear consortium supported by Europe’s
EUREKA programme. It focuses on integrating elements of
CAD. CAE. RP. intertaces. working practices and model
development.

EARP: The European Action on Rapid Prototyping
(EARP) is a three-year project formed to serve as a central
forum for intormation exchange and cooperation and to
establish new R&D areas in Europe. At the beginning of
1995, the consortium comprised 35 active partners from
universities, research centres and private industry working
on 17 programmes. These included the orgzanization ot con-
ferences and exhibitions focusing on advances in medical
modelling using rapid prototyping.

INSTANTCAM: This project was to improve and
increase the use of rapid pre otyping technology through a
partnership of 11 organizations from five countries.

NOR-SL..: This was a Nordic industrial research
project entitled Machining Data for Production of Stereoli-
thography Models. Its basic objectives were to perform
research to determine how SLA models could be produced
with the best possible dimensional accuracy and surface
finish at the lowest possible cost. This project has spurred
a further, larger project within the Nordic region on Layer
Manufacturing. involving 40 companies and institutes.

Fraunhofer Socicty: Some impressive work is being
carried out at the various Fraunhofer Institutes in Germany.
The centre-point of their work on rapid prototyping is the
WISA project which aims to: (1) develop 3-D digitizing
technologies for reverse engineering: (2) address software
and data transfer issues using STEP: and (3) develop rapid
prototyping technologies for the production of metallic pro-
totype parts and tools. (Source: Rapid Prototyping: State of
the Industry, 1994-95 Worldwide Progress Report, Wohlers
Associates, OakRidge Business Park, 1511 River Oak
Drive, Fort Collins. Colorado 80525. USA, April 1995)
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F. MARKETING

IBM to enter the rapid prototyping market?

IBM may soon enter the rapid prototyping market
with technology developed at its T. J. Watson Research
Laboratory. It recently showed an engineering model of an
apparatus that builds up prototypes from thin layers of
extruded thermoplastic material. The company says it is
presently evaluating different options for commercializing
its rapid prototyping technology. either through partnership
with another company. or bringing its machines onto the
market alone. The machines are apparently small enough
to fit on a desktop and have a reasonably low price label.

The 1BM technology employs an innovative pump-
and-nozzle assembly to extrude the plastic material and can
handle matenials of widely varving viscosities allowing the
machine to build models using a variety of thermoplastic
raw materials. This assembly allows fast changeovers
between modelling materials. though switching by purging
the pump and adjusting the nozzle and takes approximately
five minutes, according to IBM. The materials used consist
of three types: one that is adequate to mould material for
investment casts. another more flexible elastomeranalogous
to synthetic rubber. and a third that is rigid enough to be
machined. They plan to employ the same technology to
accommodate adaitional materials such as ceramics. The
machine has even been used to produce proiotypes from
chocolate!

IBM has also written software that automatically plans
supporting structures for prototypes under construction.
Special supports are needed when models contain
overhanging features; without these, the overhangs would
sag while the modelling material hardened. IBM say that
the software can recognize and compensate for problems
commonly found in stereolithography format files. such as
holes in defined surfaces and similar geometric anomalies.
(Source: Machine Design, April 1994)

Rapid progress in rapid prototyping

Rapid prototyping technology has now evolved
bevond producing models to assist in the visualization of
the “touchy-feely” parts. Techniques have progressed so
rapidly that master patterns for castings and metal moulds
are now being made in days rather than months as with
conventional prototyping. Initial capital costs for rapid
prototyping are still relatively high; even those prices are
dropping slowly. it is not always necessary to make a large

investment immediately. Success can be gained when
traditional tool- and pattern-makers become computer
literate and operate the new systems. It is amicipated that.
in the future. desktop systems the size of a laser printer
will be available. (Source: Engineering. February 1994)

The state of the RP industry—progress report

1994 was a pivotal year for the rapid prototyping
industry. It was a most progressive year with more systems
being sold in 1994 than in 1992 and 1993 combined. Many
user companies purchased second and third systems with
tens of thousands of rapid prototyping jobs being
processed. Service providers experienceda productive vear,
afier-market products and services began to appear.
However. some manufacturers still offer their systems at
prices that many CAD'CAM users find hard to accept. Not-
withstanding this fact, rapid prototyping is becoming a
critical part of everyday business in many companies,
particularly in the USA.

It is estimated that revenue from sales and services
grew by 99.7 per cent in 1994 with unit sales growing by
84 per cent; the milestone of 1.000 installed units was also
surpassed in 1994.

The world leader continues to be 3D Systems Inc..
Valencia, California, with an estimated share of 50 per cent
of all systems installed world-wide. Japanese companies lag
behind with an estimated 14 per cent share ot the world-
wide base of installations. European countries are rapidly
developing systems which are becoming widely accepted.

The number of service bureaux has grown to 155,
according to CAD/CAM Publishing Inc. (San Diego.
California). This 1s an increase of 47.6 per cent. These
bureaux have expanded their operations by adding more
machines and people as demand for their services increase.

Wohlers Associates (USA) expect rapid prototyping
to improve and become more cost effective over the next
decade. similar to the cvolution of personal computers.
They say that rapid prototyping is a technology which is
changing the way products are brought to market, which
does not necessarily mean that it is easy (o integrate and
justify. With adequate research, planning and cooperation,
any company can be among the number of success stories
in this fast-paced industry. (Source: Rupid Protoryping:
State of the Industry. 1994-1995 Worldwide Progress
Report, Terry Wohiers/Wohlers Associates, April 1995)
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System

Advantages

Limitations

Ster colithography

Quickcast™ system psrmits successtul and economic
sacrificial patterns.

Quickcast™ system gives higher accuracy and better
structural integrity of models.

Very wide range of application experience—excellent
user groups.

Best surtace finish of currently available techniques.
Most parts can now be “right first time™.

Expensive raw materials initially. but model
malerial costs comparable to other svstems.
Expensive anrual maintenance charges.
Limited range of materials (photesensitive resins)
Support structures needed but these are
automatically supplied from purpose-writien
software.

Care needed with environmentaily hazardous
solvents used to clean up.

Seiective lasersintering

Range of model materials.

Wax models can be invested directly.
Polycarbonate models after surface treating with wax
can be used as sacri-ficial patterns.

Loower cost of raw materials than stereolithography or
solider systems.

Wax models need 12-hour cooling cycle on the
machine.

Wax models very fragile.

Recycled unsintered powders need careful sieving
to avoid “ball-ups™ and “furrowing™ when new
layer of powder is laid down.

Support structures can be necessary. especially
for complex, overhanging features of wax
modelis.

Learning curve necessary with most new parts.

L.aminated object
manufacture (LOM)

Relatively lower capital cost system.

Low cost of raw materials.

Finished models resemble wood—popular with
traditional model makers.

Inherent fire risk.

Most models require subsequent hand working to
improve surface finish.

Inherent difficulties withundercuts and re-entrant
features.

Waste material can be difficult to remove.

Fused deposition
modelling

Lower ini*ial cost of system.

Low cost of materials.

Can be operated in office environment.
Highly reliable machines.

Short build time for thin-wall parts.

Poor surface finish but can be improved by hand
working.

Support  systems nece.sary for complex
overhanging features.

Solid ground curing
(solider)

High capacity of model building chamber.

When chamber is used to full capacity. can be most
cconomic rapid prototyping technique.

Complex models possible. including ready assembled
multi-component products.

Large. heavy, noisy. expensive system.

Prone to breakdowns.

Requires constant manning.

High consumption of cxpensive raw materials.
Models cannot be used as sacrificial patterns for
conventional investment casting.

3-D> printing systems

Direct route to ceramic shell production for
investment casting.

Wide range of matcrials possible soon (in principle.
any material available in powder form).

Polential for low-cost machinery and low-cost model
matcrials.

Potential for purposc-designed computer-controlled
microstructure.

Commercial machines not yet available.

Shells very fragile. especially in thin scctions.
Removal of powder from narrow cavities can be
difficult.

Ceramic powder necds to be stabilized with mist
of water droplets.
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G. RECENT EVENTS

CONFERENCES AND EXHIBITIONS

Rapid Prototyping and Manufacturing Conference

and Exposition
This was held from 2 to 4 May 1995 at the Hyatt

Regency in Dearborn, Michigan. USA. The theme was
*1995 is the Year of Rapid Tooling™. More than 40 new
conference presentations focused on the latest trends in
prototyping applications. There were over 85 exhibitors
presenting 2 wide array of equipment, technology and
information. Conference sessions included the following
themes:

- How can users integrate rapid prototyping appli-
cations into existing CAD/CAM programmes?

- How are companies translating CAD data?

- What are the advantages of u ing a table-top
milling machine to rapidly prototype a part?

- What are the benefits of reverse engineering to
rapid prototyping?

Conference participants had the opportunity to tour
one of six manufacturing plants, where they saw rapid
prototyping machines in action and how the equipment was
integrated into the design shops. Tutorials were held which
covered the fundamentals of rapid prototyping, rapid tool-
ing from rapid prototyping, an introduction to Standards
for the Exchange of Product Data and concurrent engineer-
ing.

The Conference was sponsored by the Society of
Manufacturing Engineers and the Rapid Prototyping Asso-
ciation (USA). amongst others. Further information can
be obtained from: Society of Manufacturing Engineers,

Box 930, Dearborn, MI 48121, USA. (Source: Aachine
Design, April 1995)

Manufacturing Week '95—UK

This exhibition was heid from 10 to i2 October 1995
at the National Exhibition Centre, Birmingham, UK., and is
the UK’s largest engineering show. Over 550 companies
exhibited at the show, representing 15 areas of technology.
including: advanced manufacturing, control and systems
engineering, drives, motors and controls, fastening and
joining, instrumentations, matenals, pneumatics and
hydraulics, rapid prototyping and sensors and systems.
Within the umbrella of this show, smaller exhibitions were
held including a robot village, and Plant 95, which was a
dedicated event for plant and factory engineers. Inspex 95
is the UK’s leading metrology and inspection event and
Weldex was for cutting and welding.

The Rapid Prototyping Exhibition was held at which
the Warwick Manufacturing Group, Coventry, UK, hosted
an information centre where visitors could obtain free
advice on the benefits and implications of rapid proto-
typing.

Seminars were held focusing on how to achieve
manufacturing excellence through the successful imple-
mentation of best practices and leading-edge technology.
Plenary sessions were interspersed with workshops offering
more detailed information.

For more information contact: Manufacturing
Week '95. P.O. Box 18. Barking, Essex, IGI1 0SA, UK.
(Source: Engineering, October 1995, and Rapid News.
Vol. 3. No. 2, 1995)
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