
CHAPTER 18 
RAPID PROTOTYPING



A three-dimensional (3-D) model makes it a lot easier to visual-
ize the size and shape of a prospective new product than any two-
dimensional (2-D) rendering or image. In the past, designers and
engineers who wanted a 3-D model of a planned product to hold,
hand around, and evaluate, had to order one custom-made from
wood or metal; skilled model makers took a long time to build
them, and they were expensive. If, as a result of evaluation,
design changes were recommended, more time and money had to
be spent in either correcting the model or ordering a new one.
Fortunately, with the introduction of computer-aided rapid proto-
typing some 20 years ago, model or prototype-making was accel-
erated, and the cost of each model was drastically reduced. Since
that time the technology has evolved: older processes have been
improved and new ones have been introduced. Prototypes can
now be made full size or scaled down from a variety of materials
in a wide range of colors, and the technology has achieved global
status.

Rapid prototyping (RP) is a class of computer-aided tech-
nologies for building 3-D prototypes from a range of materials
based on data obtained from computer-aided design (CAD)
drawings. The dimensional data in digital form taken from CAD
drawings is converted into build directions for the 3-D model on
various RP machines or systems. Typically these call for the con-
struction of the model one layer at a time. The objective of all RP
systems is the fabrication of prototypes, molds, and even func-
tional parts or tools faster and more economically than they could
be made by skilled persons using hand tools or conventional
machine tools. 

A 3-D prototype gives engineers, designers, and others con-
cerned with the design and manufacture of a product a more con-
venient way to evaluate a proposed design and elicit comments
on it. Persons participating in the evaluation process typically
include manufacturing, marketing, and sales managers, suppliers,
dealers, and even prospective customers. The model or models can

be passed around a conference table for a hands-on inspection
and review, providing an opportunity for all present to detect
flaws, omissions, or objectionable features that could create man-
ufacturing problems and lead to its failure in the marketplace. It
is important that these problems be discovered early on in the
design phase, before tooling is ordered. Early identification of
design problems saves time and can eliminate the higher cost of
making design corrections during the production phase. Any cor-
rections that are identified can be made to the CAD drawings so
they are reflected in a revised prototype. All RP prototypes can
be helpful in reducing the time-to-market of the product, espe-
cially important for highly competitive consumer goods.

In addition to model making, some RP technologies have
been adapted for the short-run manufacture of functional parts or
tools. These RP processes are classified under the general head-
ing of rapid manufacturing (RM), solid free-form fabrication,
computer-automated manufacturing, and layered manufacturing.
The same or comparable materials—plastic, metal, or ceramic—
that would be used to mass-produce a product can be used for
these short runs. Some RP technologies are now being used to
manufacture replacement or spare parts for maintaining or
repairing older existing or obsolete machines. These RP tech-
nologies eliminate the high cost and delay incurred in reproduc-
ing the original production tooling. Yet another offshoot of RP,
rapid tooling (RT), focuses on the economical design and fabri-
cation of certain specialized functional tools which can also be
made from the same or equivalent materials as the mass-produced
tools.

The term “rapid” as it applies to RP technologies is, of course,
relative; even the fastest RP fabrication process takes from 3 to
72 hours, depending on the size and complexity of the prototype.
Nevertheless, all of these methods are faster than the weeks or
even months required to fashion a prototype by traditional hand-
crafted methods. 
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RAPID PROTOTYPING FOCUSES ON BUILDING 
FUNCTIONAL PARTS

RAPID PROTOTYPE PROCESSES

Most commercial RP technologies are layered or additive pro-
cesses and many call for post-process hand or machine finish-
ing to obtain the desired finish or dimensional precision.
Layers of plastic, paper, wax, and powdered metal or ceramic
are combined to create solid or hollow 3-D objects. Some spe-
cialized RP processes focus on economical and rapid prepara-
tion of sand or wax molds for traditional metal casting.
Magnesium, aluminum, iron, and steel parts have been cast

from these molds. Other RP processes are subtractive mean-
ing that the prototype or functional object is machined from
solid blocks of material under computer control. The materi-
als might be plastic resin or easily machined metals such as
aluminum, magnesium, or their alloys. This machining is typi-
cally done automatically by computer numerically controlled
(CNC) milling machines directed by software derived from
CAD data. 



There are five steps in the production of a rapid prototype: 

1. Prepare a CAD Drawing of the Prototype: It is necessary to
produce a 3-D drawing file with the necessary dimensional data
to prepare the software that will direct the RP build process. 

2. Convert the CAD Data to STL Format: After the solid model
is drawn, its dimensional data must be converted by special-
ized software to files that can be used by the RP equipment.
Of the available software to do this, the STL format is con-
sidered the industry standard. It provides an approximation
of the surface and solid characteristics of the model as a net-
work of triangles called facets. The STL file contains only
approximate information about the shape of the object
because curved surfaces cannot be represented precisely by
triangles. While increasing the number of facets improves
the accuracy of the representation, it involves an accuracy-
speed trade-off. The larger the file, the more time it will take
to convert the file to build instructions; this means that it will
take more time for the RP equipment to build the prototype.

3. Convert the STL File into Cross-Sectional Layers: In the
third step, preprocessing software converts the STL file into
software that will actually direct the RP system how to build
the model in layers. Typically this software permits the size,
location, and orientation of the model to be selected. The X,
Y, Z coordinates of an RP build envelope are illustrated in
Fig. 1. The size of this envelope for most RP processes is
typically less than 1 ft3. The shortest dimension is usually
oriented along the Z direction because this direction directly
relates to build time. The preprocessing software “slices” the
STL model into many layers; the thickness of these layers
depends on the RP process selected and the accuracy require-
ments. Many RP systems offer a range of “slice” thickness
that can vary from 0.0025 to 0.5 in. (0.06 to 13 mm). The
software can also generate the temporary structures needed
to support the model while it is being built. Features such as
overhangs, internal cavities, and thin-walled sections require
support; many RP system manufacturers include their own
proprietary preprocessing software which includes provi-
sions for building these supports. 

4. Construct the Prototype in Layers: The fourth step is the
actual construction of the model. Using techniques described
later, the RP system builds the prototype one layer at a time
from materials that are principally polymers, paper, powdered
metal, or powdered ceramic. Most RP systems are essentially
autonomous, so they need very little human intervention.

5. Clean and Finish the Model: The fifth and final step is post-
processing. This typically calls for removing the prototype 

from the system, removing any temporary structural supports
and, in some cases, recycling excess materials. Prototypes made
from photosensitive plastic resins usually must undergo a final
ultraviolet (UV) curing step to complete the hardening of the pro-
totype. Other finishing steps might include cleaning and sanding,
sealing, painting, or polishing the prototype to improve its
appearance and durability; however it might also need additional
machining to improve its dimensional accuracy.

Each of the RP processes is focused on a specific market seg-
ment, taking into account its requirements for model size, dura-
bility, fabrication method, process speed, and prototype finish.
Some RP processes are not suitable for building large models,
and each process yields a model with a different finish. The
choice of the most appropriate RP method for any given applica-
tion depends on the urgency of the project and the cost and time
saving of building an RP prototype versus producing the proto-
type by conventional model-making procedures. 
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RAPID PROTOTYPING STEPS

COMMERCIAL RAPID PROTOTYPING CHOICES 
In 2006 there were eight recognized additive RP systems and at
least one subtractive RP system available commercially and
supported by their manufacturers; each has its own unique
strengths and drawbacks. A commercial system is one that is
sold as a complete turnkey package that is either off-the-shelf
or built to custom order using standardized components.
Typical customers are industries or laboratories that require

enough prototypes to justify purchasing the systems. For those
organizations that need only a few per year, there are third-
party contract service providers who will produce them in their
own facilities. Some RP system manufacturers offer these ser-
vices in their own shops using their own equipment. Of the
many commercially available systems, six have become the
most popular worldwide.

Fig. 1 Build Envelope: The rapid prototyping indus-
try’s term for the maximum size of any object or
model that can be built with one of the RP technolo-
gies. It is given as length X, width Y, and height Z
dimensions in inches or millimeters. The size of the
object that can be built depends on the materials
used in the process or the capacity of the RP equip-
ment or system. A short Z dimension minimizes the
layers required.



Most RP systems were developed in the United States, but
some have been developed in Germany, the Netherlands, Japan,
and Israel. RP systems have been sold around the world. In addi-
tion to direct sales by the RP system original equipment manu-
facturers (OEMs), there are at least 15 resellers of RP equipment;
11 of these are in the United States and the others are in Europe
and Australia. In addition, there are contractors willing to provide
various RP services in most industrialized countries.

In instances in which contracts are let to third-party service
providers, the customer usually provides the requisite CAD data
to the service provider. While organizations typically buy RP
systems if internal demand for prototypes is sufficient to justify
the cost of purchasing a system and training operators, some buy
the equipment mainly because they want all information about their
prototype designs to be kept confidential. 

A measure of the popularity or acceptance of specific commer-
cial RP technologies can be gained from the advertising of con-
tract service providers. Allowing for the possibility of new entries
into the ranks as well as dropouts, more than 200 service providers
were in business in 2006. Of the 219 organizations that advertise
the technologies they offered in 2005, 131 or 60% offered
Stereolithography (SL), 45 or 20% offered Fused Deposition
Modeling (FDM), 42 or 19% offered Selective Laser Sintering
(SLS), and 27 or 12% offered Laminated Object Manufacturing
(LOM).

Many service providers offer two or more of these technolo-
gies, while a smaller number offered technologies other than the
four mentioned. These numbers include OEMs who offer RP ser-
vices using their own proprietary systems. The fact that 47 or
more than 20% of the service providers are located outside of the
United States, predominately in Europe, Canada, Central and
South America, and Asia, attests to the global acceptance of RP. 

Some RP systems called 3-D office printers are self-contained
autonomous manufacturing units housed in small desktop cabi-
nets suitable for operation within an office environment. They
include provisions for either containing or venting any smoke or
fumes resulting from their processes. Although model size and
choice of materials are limited, these small systems are relatively
inexpensive compared with those capable of producing larger
prototypes.

All commercial RP methods depend on computers, but four of
them require lasers either to cut or fuse each lamination or provide
sufficient heat to sinter or melt metal powders or plastic resins.
The four processes that depend on lasers are Stereolithography
(SL), Selective Laser Sintering (SLS), Laminated Object
Manufacturing (LOM), and Directed Light Fabrication (DLF).
The four processes that do not require lasers are Fused Deposition
Modeling (FDM), Three Dimensional Printing (3DP), Direct
Shell Production Casting (DSPC), and Solid Ground Curing
(SGC).

All of the RP system OEMs mentioned in this chapter were
included because of the availability of technical information
about their systems; however, this chapter is not intended as a
comprehensive overview of all RP systems that exist. Each sys-
tem mentioned has been identified by the OEM’s proprietary
name, but their proprietary registered and trademarked names for
their computer software, materials, and processes have not been
included.

Stereolithography (SL)

Stereolithography (SL), also known as 3-D layering or 3-D print-
ing, is a process that translates CAD design into solid objects using
a combination of laser, photochemistry, and software technology.
The digital data from a computer CAD drawing is first processed
by software which slices the vertical dimensions of the product
design into very thin cross sections. The basic build process is
illustrated schematically in Fig. 2. The system is located in a sealed
chamber to prevent the escape of fumes during the SL process.

A platform capable of vertical movement is positioned in a vat
filled with 5 to 10 gallons of a clear liquid photopolymers such
as urethane acrylate resins. The platform is first moved down
below the table surface under computer control to a depth equal
to the specified thickness of a prototype “slice” or layer; this per-
mits the platform to be covered with a layer of liquid resin to that
depth. A low-power UV laser beam, focused on the X-Y mirror of
the beam-shaping and scanning system, traces the outline of the
lowest cross-section slice of the prototype to be built. The laser
is then directed to scan the area of resin traced to cure or harden
it, forming the first layer. The UV radiation links the molecules
of liquid polymer in chain-like formations. The layer can be
hardened to a depth of 0.0025 to 0.0300 in. (0.06 to 0.8 mm).

The platform containing the first layer is then lowered into the
resin vat to the same depth as the thickness of the first layer, and
it is recoated with liquid photopolymer. The UV laser then
repeats its previous steps of tracing the outline of the next layer
and curing its traced area on top of the first layer. This SL pro-
cess is repeated layer by layer until the build is complete. A typ-
ical SL prototype can be built within a few hours because the
laser beam scans at speeds of up to 350 in./s (890 cm/s). The pho-
topolymer that has not been scanned by the laser remains a liq-
uid. The thinner the resin film (slice thickness), the higher the
resolution; this means that the prototype will have a refined fin-
ish that requires little or no sanding or polishing. When the pro-
totype surface finish is important, layer thicknesses are set for
0.0050 in. (0.13 mm) or less.

The photopolymer used in the SL process tends to curl or sag
as it cures, so prototypes with overhangs or unsupported hori-
zontal sections must be reinforced with supporting structures
which can be walls, gussets, or columns. Without support, parts
of the model would sag until they could break off before the
polymer is fully cured. Instructions for forming these supports
are included in the digitized fabrication data entered into the RP
system. Each scan of the laser forms support layers where they
are necessary while simultaneously forming the layers of the
prototype. 

When the build process is complete, the SL prototype is raised
from the polymer vat, and the uncured or liquid resin is allowed
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Fig. 2 Stereolithography (SL): A platform is immersed in
a vat of liquid photopolymer to a depth equal to the thick-
ness of the first layer of the 3-D prototype. A computer-
controlled solid-state ultraviolet (UV)-energy-emitting laser
outlines the first layer or “slice” of the model in the film of
UV-curable photopolymer. The laser scans the outlined area
to cure or solidify the first layer. The platform is then lowered
into vat to a depth equal to the thickness of the first layer,
and the outlining and surface curing process are repeated
until the model is completed. The model is then removed
from the vat of liquid polymer not exposed to UV radiation,
cleaned, and finished by further UV curing to complete the
hardening process.



to drain off; any excess can be removed manually from the pro-
totype’s surfaces. Postcuring is required because the process
leaves the prototype only partially polymerized with about half
of its fully cured strength. This is done by exposing the whole
prototype to intense UV radiation in the enclosed chamber of the
postcuring apparatus (PCA).

Finally, all supports are removed, and the model can be
milled, drilled, bored, or tapped before being sanded or polished
as needed to accept paint or sprayed-on metal. The liquid pho-
topolymers used in SL are similar to the photosensitive UV-curable
polymers used to form the photoresist masks on semiconductor
wafers for the later wet or dry chemical etching and plating of
circuit features. Resins can be formulated to solidify under either
UV radiation or visible light. 

The SL process was the first RP technology to gain commer-
cial acceptance, and it still accounts for the largest base of installed
RP systems. 3D Systems, Inc. of Valencia, California, manufac-
tures stereolithographic equipment for its proprietary SLA stere-
olithography process. According to the company, SLA systems
are installed at some of the largest manufacturing organizations
in the world, and they are used in prototyping for a range of prod-
ucts from automobile parts to consumer appliances.

3D Systems is offering its new Viper si2 SLA system which
it says is its first solid imaging system to combine standard and
high-resolution prototype building in the same system. It uses a
solid-state laser and an elevator with 0.0001 in. (0.0025 mm)
vertical resolution and position repeatability of 0.0003 in. (0.0076
mm). The system can lift a weight of 20 lb (9.1 kg). In its stan-
dard build mode, the prototype can have a build volume of
10 cu in. (250 cu mm), and in its high-resolution build mode the
prototype can have a build volume of 5 × 5 × 10 in. (125 × 125 ×
250 mm).

The Viper HA SLA system has the same solid-state laser and
elevator specifications as the Viper si2 SLA system, but in a single-
vat configuration it has a standard mode build envelope of 10 ×
10 × 2 in. (250 × 250 × 50.8 mm) and a high-resolution mode
build envelope of 5 × 5 × 2 in. (125 × 125 × 50.8 mm). 3D
Systems also offers the higher definition SLA 7000 and SLA 5000
systems which can form objects with a build volume of 20 × 20 ×
23.6 in. (508 × 508 × 584 mm). The company says this is the
largest build envelope of any SL system. The SLA 7000 system
has a minimum build layer thickness of 0.001 in. (0.025 mm), but
it more typically forms layers that are 0.004 in. (0.10 mm) thick.
This compares with the SLA 5000 system’s layer thickness of
0.002 in. (0.05 mm). Both systems cure photopolymers with
solid-state lasers: 800 mW for the SLA 7000 and 216 mW for the
SLA 5000.

3D Systems also offers the InVision 3-D and the ThermoJet
solid-object printers. The ThermoJet printer can build models,
patterns for investment casting, and molds for other casting
applications. Both of these systems can build wax models suit-
able for conference room design demonstrations or for a manu-
facturer who wants to call attention to certain critical surface
details. The InVision 3-D was developed by Solidvision Ltd. of
Israel.

Selective Laser Sintering (SLS)

Selective Laser Sintering (SLS), developed at the University of
Texas at Austin, is an RP process similar to SL stereolithography.
It creates 3-D models from plastic, metal, or ceramic powders
with heat generated by a carbon dioxide (CO2) infrared (IR)-
emitting laser, as shown schematically in Fig. 3. The prototype is
fabricated in a build cylinder with a piston which acts as an ele-
vator. This cylinder is positioned next to a powder-delivery cylin-
der filled with preheated powder. A piston within the delivery
system rises to eject powder which is spread by a roller over the
top of the build cylinder. Just before it is applied, the powder is
heated further until its temperature is just below its melting point.

When the laser beam scans the thin layer of powder under the
control of the computerized optical scanner system, it raises the
temperature of the powder even further until it melts or sinters
and flows together; it then forms a solid layer in a pattern derived
from the STL-formatted CAD data. As in other RP processes, the
piston or supporting platform is lowered to the depth of each
slice or layer thickness after each layer is completed. The roller
then spreads the next layer of powder over the previous layer.
This procedure is repeated with each layer fused to the underly-
ing layer until the 3-D prototype is completed.

The unsintered powder is brushed away and the part is
removed. No final curing is required in the SLS process, but
because the prototypes are sintered they are porous. A wax coat-
ing, for example, can be applied to the inner and outer porous
surfaces, and they can be smoothed by manual or machine sand-
ing or melting processes. No supports are required in SLS
because overhangs and undercuts are supported by the com-
pressed unsintered powder within the build cylinder. 

Many different powdered materials have been used in the SLS
process: these include polyamide, glass-filled polyamide, and
aluminum-filled polyamide; polymer-coated metal powder is an
alternative. One advantage of SLS is that the materials used in
forming the prototypes are strong and stable enough to permit the
prototype to be used in low-stress functional and environmental
testing. The prototypes can also serve as molds or patterns for
casting parts.

An SLS system can have as many as five major components:
(1) the sinter station, (2) a build module on wheels for transferring
the prototype between stations, (3) a thermal station for preheat-
ing the powder delivery station and build cylinder, (4) a breakout
station for removing the prototype from the build module, and (5)
a recycling station for mixing recycled and new powder. The sys-
tems also include a nitrogen generator and a new powder storage
tank. Customer-installed piping transports new and recycled
powder between stations. The SLS sinter station is enclosed in a
nitrogen-filled chamber that is sealed and maintained at a temper-
ature just below the melting point of the powder. The nitrogen
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Fig. 3 Selective Laser Sintering (SLS): Plastic powder
from a delivery system is spread by roller over a build piston
positioned below the table at a depth equal to the thickness
of a single layer of the 3-D model. The powder is then
scanned by a computer-controlled carbon dioxide infrared
(IR) laser that defines the first layer or “slice” and melts the
powder so that it flows and hardens. The piston is then low-
ered to a depth equal to the first layer thickness, more pow-
der is added, and the steps are repeated so that the second
layer bonds to the first layer. This process is repeated until
the model is completed. The model is then removed and fin-
ished. All unbonded plastic powder is recovered and mixed
with new powder for use in the next process.



prevents an explosion that could be caused by the rapid oxidation
of the build powder.

3D Systems Corporation offers two SLS systems: the
Sinterstation Pro 140 and Pro 230. Both systems include 70-W
CO2 UV lasers, and both can deposit layers in thicknesses from
0.004 in. (0.1 mm) to 0.006 in. (0.15 mm). The company also
offers the HiQ and HiQ+ Hs systems. Both have maximum build
envelopes of 14 × 12 × 17 in. (381 × 330 × 432 mm) with a lim-
ited build height if some accepted materials are used. The HiQ
system includes a 30-W CO2 laser with a maximum scan speed
of 5 m/s, and the HiQ+ HS system has a 100-W CO2 laser with a
maximum scan speed of 10 m/s.

EOS GmbH recently introduced the EOSINT P 380i plastic
laser-sintering system capable of 13.5 × 13.5 × 26.5 in. (340 ×
340 × 600 mm) build envelopes. It has also upgraded its EOSINT
P 700 system to have a build volume of 9400 cu in. and it has
twin 50-W CO2 lasers. The company also offers the EOSINT M
270 for Direct Metal Laser Sintering (DMSL). Its EOSINT S 750
with dual 100-W CO2 lasers sinters foundry sand for making
cores and molds for casting metals: these include magnesium,
aluminum, steel, and iron.

Laminated Object Manufacturing (LOM)

The Laminated Object Manufacturing (LOM) process, shown
schematically in Fig. 4, forms 3-D models by cutting, stacking,
and bonding successive layers or laminations of paper coated
with heat-activated adhesive. The CO2 laser beam, directed by an
optical system under STL-formatted CAD data control, cuts
cross-sectional outlines of each layer of the prototype in the
paper. The paper layers are successively bonded to previous lay-
ers to form a stack that is the prototype.

The paper that forms the bottom layer is unwound from a sup-
ply roll and pulled across the movable platform. The laser beam
cuts the outline of each layer and crosshatches the waste material
within and around the layer for easy removal after the prototype
is completed. The outer waste paper, left over after the first layer
has been cut and detached, is removed by a take-up roll. A new

layer of paper that will be used to form the second layer is then
pulled from a roll and positioned over the first layer; the laser
cutting, cross-hatching, and web removal steps are repeated, and
a heated roller applies pressure to bond the adhesive coating on
the second layer to the first layer. This procedure is repeated until
the final layer completes the prototype. The excess cross-hatched
material, now in the form of stacked segments, is removed,
revealing the finished 3-D model. The LOM process yields mod-
els that have wood-like finishes which can be sanded or polished
before being sealed and painted.

According to the developers of the LOM process, the use of
inexpensive thick sheets of paper glued together to form mono-
lithic blocks produces models that are more resistant to deformity
and cost less to make than those formed by other RP processes.
These models can be used directly as patterns for investment and
sand casting or as forms for making silicone molds. LOM mod-
els can be larger than those made by most other RP processes—
up to 30 × 20 × 20 in. (75 × 50 × 50 cm).

However, the LOM process has three controversial character-
istics, any one of which could negate its merits and cancel a
prospective purchase decision: the limitation on the laser’s ability
to cut through the thicker paper that would permit certain models
to be made with thicker layers, resulting in faster building at
lower cost; the requirement for sealing the edges of the layers
against moisture penetration; and the requirement that the pro-
cess be enclosed with continuous ventilation to dissipate smoke
caused by the laser burning through the paper layers.

Kira America Corp., Frankville, Wisconsin, offers three LOM
systems that perform what it calls Paper Lamination Technology
(PLT): Katana, PLT-A3, and PLT-A4. 

• The Katana, the smallest system, uses STL-formatted CAM
data to produce models measuring 11.0 × 7.1 × 5.9 in. (280 ×
180 × 150 mm) with paper thickness of 0.004 in. (0.10 mm)
or 0.006 in. (0.15 mm). 

• The PLT-A3 system can use CAD data formatted as STL,
RPF, RPS, or JAMA-IGES to build with build volumes of up
to 15.7 × 11.0 × 11.8 in. (400 × 280 × 300 mm) from paper
thickness of 0.003 in. ( 0.08 mm) or 0.006 in. (0.15 mm).

• The PLT-A4, a smaller version of the PLT-A3 system, can
build from the same formatted data with the same paper
thicknesses but with build volumes of only 11.0 × 7.4 × 7.8 in.
(280 × 190 × 200 mm).

CAM-LEM, Inc., Cleveland, Ohio, offers the CL-100 system
that can perform LOM processing by laminating as many as five
different materials: these include paper, “green” ceramic tape,
and strips of metal. Layer thickness can range from 30 to 1300 µm
(0.001 to 0.050 in.), although the most common materials used
in the process have thickness between only 150 and 600 µm
(0.006 to 0.024 in.). Layers of differing thickness or composi-
tion can be mixed in a single automated build cycle. The com-
pany adds that the CL-100 system fabricates full-strength
ceramic or metal parts with internal hollow cavities and chan-
nels, and that “fugitive” materials can be interleaved to support
voids or overhangs, as required. The CL-100 can build proto-
types or sets of prototypes within its 6 × 6 × 6 in. (150 × 150 ×
150 mm) build envelope.

CAM-LEM’s process starts with CAD data converted into an
outline on thin layers or slices. Individual layers of sheet materi-
al such as “green” ceramic tape are laser-cut to the specified con-
tours. The resulting contoured layers are removed from the sheet
stock and stacked to assemble a 3-D prototype conforming to the
original CAD description. The assembly operation includes a
tacking operation to fix the position of each layer with the correct
orientation set by the CAD model.

After assembly, the layers undergo a furnace sintering step to
bond the prototype layers into a monolithic structure. CAM-LEM
reports that during this step, the boundaries between layers are
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Fig. 4 Laminated Object Manufacturing (LOM): Adhesive-backed
paper is fed across an elevator platform and a computer-controlled
carbon dioxide infrared (CO2-IR) laser cuts the outline of the first layer
of the 3-D model and crosshatches the unused paper. The platform is
then lowered and more paper is fed across the first layer. The laser
cuts the next outline and a heated roller bonds the adhesive coating
between layers. This process continues until all of the layers have
been cut and bonded, and the crosshatched paper is removed,
exposing the finished model which is then sealed and painted.



erased so that the 3-D part appears the same as those produced
by conventional ceramic manufacturing methods; the final proto-
type is said to have the correct geometric form as well as func-
tional structure.

Fused Deposition Modeling (FDM)

The Fused Deposition Modeling (FDM) process, shown in Fig. 5,
builds prototypes from melted thermoplastic filament. The
monofilament, with a diameter of 0.070 in. (1.78 mm), is fed into
a temperature-controlled FDM extrusion head where it is heated
to a semiliquid state. It is then extruded and deposited in ultra-
thin, precise layers on a fixtureless platform under X-Y computer
control. Successive laminations ranging in thickness from 0.002
to 0.030 in. (0.05 to 0.76 mm) with wall thickness of 0.010 to
0.125 in. (0.25 to 3.2 mm) adhere to each other by thermal fusion
to form the 3-D model. 

Structures needed to support overhanging or fragile structures
in FDM modeling must be designed into the STL-formatted
CAD data file and fabricated as part of the model. These supports
can easily be removed in a later secondary operation. All func-
tional components of an FDM system are contained within a
temperature-controlled enclosure. Among the different kinds of
inert, nontoxic filament materials being used in FDM are acry-
lonitrile butadiene styrene (ABS) polymer, high-impact strength
ABS (ABSi), UV-curing plastics, and polyphenylsulfone. These
materials all melt at temperatures between 180 and 220°F (82 to
104°C).

Stratasys, Inc. Eden Prairie, Minnesota, developed and patented
FDM. The company’s RPS build system can build accurate, com-
plex models from materials such as ABS, polycarbonate, and
polyphenylsulfone. Stratasys’ proprietary software accepts STL-
formatted CAD files for a selected prototype and automatically

“slices” the 3-D model and orients the layers to fit within the
build size limits of any of its RPS systems. The software
also generates precise extrusion paths for building the models
simultaneously with the commands needed to form any support
structures.

Stratasys’ Prodigy Plus system can be used in an environ-
mentally controlled office environment because it does not need
special ventilation or use any toxic solvents. It builds models
from ABS plastic resin with water-soluble support structures; this
eliminates manual or solvent support removal. Models as large as
8 × 8 × 12 in. (200 × 200 × 300 mm) can be built with the system. 

The company’s compact, portable Eden260 can operate in any
air-conditioned room and, like other Stratasys FDM machines, it
requires no special venting. The Eden260 can build larger mod-
els than the Prodigy Plus. Prototypes are built from proprietary
UV-curing plastic resins and any needed support structures are
formed from a gel-like photopolymer plastic.

Stratasys’ Eden333 can also build larger models than its
Prodigy Plus. It uses Stratasys’ proprietary technology to form
layers as thin as 16 µm (0.0006 in.). The software selects the ori-
entation of the model to be built based on its size or required
build speed; it then automatically processes the STL file which
determines the necessary support structures in real time. The
software then creates a precise path for the eight jet heads which
simultaneously deposit the proprietary UV-curing plastic resin
for model building. Additional instructions are provided for a
separate extrusion head that deposits the gel-like photopolymer
for any needed support structures.

Stratasys also offers five other FDM systems: the Vantage i, S,
and SE, the Titan, and Maxum.

• The Vantage systems build models from ABS and polycar-
bonate with either water-soluble or breakaway support struc-
tures; sizes range from 14 × 10 × 10 in. (350 × 250 × 250 mm)
to 16 × 14 × 16 in. (400 × 350 × 400 mm).

• The Titan system builds models from polyphenylsulfone,
ABS, and polycarbonate resins. As in other systems support
structures can either be water-soluble or breakaway. 

• The Maxum system can build its largest models to sizes up
to 24 × 20 × 24.6 in. (600 × 500 × 600 mm). They can be
made from ABS or ABSi, all with water-soluble supports. 

Three Dimensional Printing (3DP)

The Three Dimensional Printing (3DP) or the ink-jet printing pro-
cess, shown in Fig. 6, is similar to SLS except that a multichannel
ink-jet head and liquid adhesive supply replace the laser. The
powder supply cylinder is filled with starch and cellulose powder
which is delivered to the work platform by elevating a piston. A
roller then distributes a single layer of powder from the powder
supply cylinder to the upper surface of a piston within the build
cylinder. Finally, a multichannel ink-jet head sprays a water-based
liquid adhesive onto the surface of the powder, bonding it in the
shape of a horizontal layer or lamination of the model.

In successive steps, the build piston is lowered a distance
equal to the thickness of each layer while the powder delivery
piston pushes up fresh powder which the roller spreads over the
previous layer on the build piston. This process is repeated until
the 3-D model is complete. Any loose excess powder is brushed
away, and wax is coated on the inner and outer surfaces of the
model to improve its strength. The 3DP process was developed at
the Three Dimensional Printing Laboratory at the MIT; it has
subsequently been licensed to several companies.

Z Corporation, Somerville, Massachusetts, is one of the firms
using the original MIT process to form 3-D models. It offers
three 3-D printers: Zprinter 310 for affordable printing; Z810
System for large format printing; and Spectrum Z510 for high-
definition color 3-D printing. 
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Fig. 5 Fused Deposition Modeling (FDM): A monofila-
ment of a thermoplastic resin is unwound from a spool and
passed through a heated extrusion nozzle mounted on a
computer-controlled X-Y table free to move over a fixture-
less platform. The 3-D model is formed as the nozzle
extrudes hot filament in a pattern as it moves over the plat-
form. The hot plastic filament binds to the layer below it and
hardens to form a finished model. The process continues
until the model is complete. This laserless process can form
thin-walled, contoured concept models or molds for invest-
ment casting. The completed object is removed and sanded
to improve its finish.



The Z Cast Direct Metal Casting process produces cast-metal
parts from STL-formatted CAD file data. The process is said to
be significantly faster and less expensive than other prototype
casting methods. It prints molds and cores on a 3-D printer
directly from digital data, eliminating the need for a pattern and
core box production step, as in traditional sand casting. Metal is
then poured into the 3-D printed molds. 

Solidscape Inc., (formerly Sanders Prototype Inc.), Merrimack,
New Hampshire, also supports 3DP. Solidscape offers two of
these systems: R612 and T66. Both permit the direct casting
of patterns made from materials with negligible coefficients of
thermal expansion, a requirement for the prevention of rup-
tures in casting shells. Both systems can build patterns from sil-
icone, RTV, epoxy, and other elastomeric materials, which are
nonhazardous.

• The R612 benchtop model-making system uses a proprietary
hot thermoplastic ink-jet spray that emits 0.003-in. diameter
microdroplets. The CAD file data input can be formatted
STL or SLC, and proprietary front-end software permits vari-
ations in layer thickness within a single-build structure. The
maximum size of the models it can produce is 12 × 6 × 6 in.
(30 × 15 × 15 cm), X, Y, and Z dimensions, respectively. It
can form layers as thin as 0.0005 in. (0.013 mm) or as thick
as 0.003 in. (0.08 mm). Achievable accuracy is said to be
�0.001 in. (0.025 mm) per inch in X, Y, and Z dimensions.
Surface finish can range from 32 to 63 µin. (RMS), and min-
imum feature size is 0.010 in. (0.25 mm).

• The T66 benchtop model-making system has specifications
similar to the R612, but the maximum size is 6 × 6 × 6 in.
(15 × 15 × 15 cm); layer thickness can be from 0.0005 in.
(0.13 mm) to 0.003 in. (0.08 mm). Accuracy, surface 
finish, and minimum feature size are said to equal those 
of the R612. 

Directed Light Fabrication (DLF)

The Directed Light Fabrication (DLF) process, diagrammed in
Fig. 7, uses a neodymium YAG (Nd: YAG) laser to fuse powdered
metals to build 3-D models; they are more durable than models
made from paper or plastics. The metal powders can be finely
milled 300 and 400 series stainless steel, tungsten, nickel alu-
minides, molybdenum disilicide, copper, or aluminum. The tech-
nique is also called Direct Metal Fusing, Laser Sintering, or
Laser-Engineered Net Shaping (LENS).
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Fig. 6 Three Dimensional Printing (3DP): Plastic powder from a
reservoir is spread across a platform by a roller onto an elevator
piston set below the table surface at a depth equal to the thickness
of one layer. Liquid adhesive is then sprayed on the powder to form
the first layer of a 3-D model. The piston is lowered again to a
depth equal to the thickness of a layer, and another layer of powder
is applied to the piston. More adhesive is sprayed on to bond the
second layer to the first layer. This procedure is repeated until the
3-D model is completed. As the final step, the model is removed
and finished.

Fig. 7 Directed Light Fabrication (DLF): Fine metal pow-
der is distributed on an X-Y work platform that is rotated
under computer control beneath the beam of a neodymium
YAG laser. The heat from the laser beam sinters the metal
powder to form a thin layer of a 3-D object. The process is
repeated until enough layers are built up and bonded to com-
plete the object. More durable objects can be made from
metal than plastic or paper. The sintered metal object is then
heat-treated to increase its bond strength. Powdered alu-
minum, copper, stainless steel, tantalum, and other metals
have been sintered to form functional tools or working parts.

The laser beam, under X-Y computer control, fuses the metal
powder fed from a nozzle to form dense 3-D objects whose
dimensions are said to be within a few thousandths of an inch of
design tolerance. DLF is an outgrowth of nuclear weapons
research done at the Los Alamos National Laboratory (LANL),
Los Alamos, New Mexico. The laboratory has also been experi-
menting with the laser fusing of ceramic powders to fabricate
ceramic parts as an alternative to metal parts. 

Optomec Design Company, Albuquerque, New Mexico,
offers its LENS process based on DLF technology. The work is
performed by a turnkey manufacturing unit that includes soft-
ware, a high-power laser, motion control, and other components.
The LENS process builds metal parts directly from CAD designs
by injecting metal powder into the focus spot of the laser beam;
it then “prints” layers of metal to fabricate a part from the bottom
up. Optomec reports that the LENS process can be used to make
short production runs of new metal products or fabricate replace-
ment parts for repairing older machines or equipment.

AeroMet Corporation, Eden Prairie, Minnesota, offers a pro-
prietary process similar to DLF that it calls Laser Additive
Manufacturing (LAM). The process concentrates on building
titanium alloy parts for the aircraft industry. As in other additive
RP processes, 3-D CAD renderings are converted to STL software
from which application-specific instructions are derived. Titanium
alloy powder is deposited on a target plate, and a high-power



18-kW CO2 laser sinters the deposited titanium powder in stages
until a nearly complete part is formed; no expensive molds or
dies are used. The sintered part is then heat-treated before mate-
rial from 0.020 to 0.050 in. (0.5 to 1.3 mm) thick is machined
away to achieve the final dimensions.

Direct Shell Production Casting (DSPC)

The Direct Shell Production Casting (DSPC) process, based on
technology developed at MIT and diagrammed in Fig. 8, is sim-
ilar to the 3DP process. Primarily intended for forming molds or
shells rather than 3-D models, DSPC also begins with a CAD file
of the desired shell. Although DSPC is considered to be an RP
technology, all 3-D models or prototypes must be produced by
later casting processes. 

Two specialized kinds of equipment are used in DSPC: a ded-
icated computer called a Shell-Design Unit (SDU) and a shell-
processing unit (SPU). The CAD file is loaded into the SDU to
generate the data needed to define the mold or shell; the resulting
SDU software also modifies the original shell dimensions in the

CAD file to compensate for ceramic shrinkage. This software can
also direct the formation of filets and delete certain features in the
shell such as holes or keyways which must be machined in the
prototype after it is cast.

The movable platform in DSPC is the piston within the build
cylinder. As in other RP technologies, it is lowered to a depth
below the rim of the build cylinder equal to the thickness of each
layer. Then, a thin layer of fine aluminum oxide (alumina) pow-
der is spread by roller over the platform. Next, a fine jet of col-
loidal silica is sprayed onto the powder to bond it in the shape of
a single mold or shell layer. The piston is then lowered for the
next layer, and the process is repeated until all layers have been
formed, completing the entire 3-D shell. The excess powder is
removed and the object is furnace fired, converting the bonded
powder to monolithic ceramic. After the shell has cooled, it is
strong enough to withstand molten metal, and can function like a
conventional investment casting mold. After the molten metal has
cooled, the ceramic shell and any cores or gating are broken
away from the prototype. It can then be finished by any of the
methods normally used on metal castings. 

Soligen Technologies, Northridge, California, offers its pro-
prietary DSPC system for generating ceramic casting molds for
metal parts and tools faster than conventional methods. Soligen
Technologies Parts Now Division provides metal-castings ser-
vices using its DSPC technology.

Solid Ground Curing (SGC)

Solid Ground Curing (SGC) (or the “solider process”) is the mul-
tistep in-line process, as diagrammed in Fig. 9. It begins when a
photomask for the first layer of the 3-D model is generated by the
equipment shown at the far left of the figure. An electron gun
writes a charge pattern of the photomask on a clear glass plate
and opaque toner is transferred electrostatically to the plate,
forming a photolithographic mask by a xerographic process. The
photomask is then moved to the exposure station where it is
aligned over a work platform and under a collimated UV lamp.
The SGC process calls for the work platform to be moved
sequentially right and left to complete the process. 

Model building begins when the work platform is moved right
to the resin application station; in that position a thin layer of
photopolymer resin is applied to the top surface of the work plat-
form and wiped to the desired thickness. The platform is then
moved back to the left to the exposure station again; the UV lamp
is turned on, and a shutter is opened for a few seconds to expose
the resin layer to the mask pattern. Because the UV light is so
intense, the layer is fully cured and no secondary curing is needed.

Following the curing step, the platform is moved again to the
right to the wiper station where all of the unexposed resin is
removed and discarded. The platform is moved right again to the
wax application station where melted wax is applied and spread
into the cavities left by the removal of the uncured resin. The
platform continues its moves to the right to a station where the
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Fig. 9 Solid Ground Curing (SGC): First, a photomask is
generated on a glass plate by a xerographic process. Liquid
photopolymer is applied to the work platform to form the first
layer of a 3-D model. The platform is moved under the pho-
tomask and a UV energy source defines and cures the layer.
The platform then moves to a station and hot wax is applied
over the layer to fill in margins and spaces. After the wax has
hardened, excess polymer and wax is milled off to complete
the first “slice.” The first photomask is erased and replaced by
a second mask on the same glass plate. The entire process
is repeated as the platform moves back and forth under the
work stations until the model is complete. Finally, the wax is
removed by heating or hot water immersion to release the
model.

Fig. 8 Direct Shell Production Casting (DSPC): Ceramic pow-
der is spread by roller over the surface of an elevator build piston
that is recessed to the depth of a single 3-D mold layer. A binder is
then sprayed on the powder under computer control, and the plat-
form and first layer are lowered to the depth of the second layer.
More power is spread over the build piston and more binder is
sprayed on to bond the second layer to the first layer. This process
is continued until the mold is completed. The bonded “green”
ceramic shell is removed and furnace fired to make a durable func-
tional mold. This is an RP process because it makes molds faster
and cheaper than by conventional methods, thus permitting metal
castings to be made more rapidly.



wax is hardened by pressing it against a wax cooling plate. The
platform continues to be moved to the right to the milling station
where both the resin and wax layers are milled to a precise thick-
ness. Then the platform is moved left to the resin application sta-
tion where it is lowered to a depth equal to the thickness of the
next layer and more resin is applied to continue the process. 

Meanwhile, the opaque toner has been removed from the
glass mask, and a new mask for the next layer is generated on the
same plate. The complete platform movement cycle is repeated,
and it will continue until the 3-D model encased in the wax
matrix is completed. This wax matrix supports any overhangs or
undercuts so extra support structures are not needed. Finally, the
prototype is removed from the process equipment and the wax is
either melted away or dissolved in washing chamber similar to a
dishwasher. The surface of the 3-D model is then sanded or pol-
ished as necessary by hand or machine methods. 

The SGC process is similar to drop on demand ink-jet plotting:
This method depends on a dual ink-jet subsystem that travels on
a precision X-Y drive carriage and deposits both thermoplastic and
wax materials onto the build platform under CAD program con-
trol. The drive carriage also energizes a flatbed milling subsystem
for obtaining the precise vertical height of each layer and the over-
all height of the object by milling off the excess material. 

Cubital America Inc., Dearborn, Michigan, a subsidiary of
Cubital Ltd. of Raanana, Israel, offers the Solider 4600/5600
equipment for building prototypes with the SGC process.

Desktop Prototyping 

Desktop prototyping is a commercial subtractive method that is
an alternative to the more common additive RP technologies. It
begins with the preparation of a 3-D CAD drawing which is
translated into applications-specific computer software. The soft-
ware directs the operation of a small computer numerically con-
trolled (CNC) milling machine within an enclosed cabinet. This
machine is capable of carving or milling relatively small models
or prototypes from solid blocks of plastic, wax, or soft metal. 

Delft Spline Systems of Utrecht, the Netherlands, offers a
self-contained CNC milling machine within a cabinet for desktop
prototyping within an office environment. Proprietary Delft Spline
Systems software converts CAD data into instructions for the
machine that mills prototypes from blocks of wax, plastic, or soft
metals. The company reports that this system is useful for mak-
ing presentation and concept models, wax models for jewelry
production, molds for tools, and products for both dental and
orthopedic applications. 

Research and Development in Rapid Prototyping

Many RP technologies are still experimental and have not yet
achieved commercial status. Information about this research has
been announced to the public by the laboratories performing
direct manufacturing of prototypes or products from metal or
ceramics, and some of the research is described in patents. Two
of these experimental technologies are described here: Shape
Deposition Manufacturing (SDM), Mold Shape Deposition
Manufacturing (MSDM), and Robocasting.

While showing some commercial promise, these systems
have not been organized by commercial OEMs as have the RP
technologies described earlier. Nevertheless, where the resources
and space are available, the equipment can be purchased and the
facilities to perform these processes can be established. However,
because of equipment cost, they are more likely to be performed
in industrial, academic, and government laboratories.

Shape Deposition Manufacturing (SDM)

The Shape Deposition Manufacturing (SDM) process was devel-
oped at the SDM Laboratory of Carnegie Mellon University’s

Robotics Institute in Pittsburgh, Pennsylvania. The process, as
shown in Fig. 10, is a variation of Solid Free-Form (SFF) fabri-
cation. It can produce functional metal prototypes directly from
CAD data. Successive layers of hard metal are deposited on a
platform without masking for the direct manufacture of rugged
functional parts; it is an alternative to conventional manufactur-
ing without the added cost of specialized tooling needed for full-
scale production. 
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Fig. 10 Shape Deposition Manufacturing (SDM): Droplets of hot metal
are sprayed on to form both the prototype and sacrificial support layers of
the nearly complete structure shown at deposition station (a). After the
first prototype layer is deposited, the work is then moved to shaping sta-
tion (b) where the edges of that layer are machined, under computer con-
trol, to a precise shape and dimensions. The work is next moved to stress
relief station (c) where the metal layer is shot-peened to relieve stress.
Then the work is moved back to deposition station (a) where the first sup-
port layer and the next prototype layer are deposited. The sprayed metal
droplets retain their heat long enough to remelt the previous layers on
impact to form a metal bond with them. This three-step process continues
until the prototype is complete. Finally, the sacrificial layers, which support
all undercut features, are removed by acid etch to release the prototype.

The nearly complete structure of primary and sacrificial layers
is shown at the deposition station (a). Software derived from
CAD drawings of the prototype determines the number and
thickness of layers and how they are to be deposited. The first
primary metal layer is sprayed as hot metal droplets by an addi-
tive process called microcasting at the deposition station. This
first layer and all of those that follow are deposited slightly over-
size so that the outer edges of each layer can be machined to the
specified shape and dimensions. After each layer is deposited it
is moved to shaping station (b) where a computer controlled
milling machine or grinder removes excess metal. Next, the work
is moved to a stress-relief station (c) where it is shot-peened to
relieve stresses that have built up in the layer. The work is then
transferred back to deposition station (a) for the deposition of the
next layer of primary metal and the sacrificial metal that will sup-
port and protect any overhanging layers. This three-step SDM
build cycle is repeated until the prototype is complete.

The metal droplets that form each layer retain their heat long
enough to remelt the previous layer on impact and form a strong
metal bond with it between them; shot peening prevents warping.
When the build process is complete, the sacrificial metal is etched
away with acid, and any final grinding and polishing is performed.
A successful combination of metals in SDM has been stainless
steel for the prototype and copper for the sacrificial support layers.

The SDM Laboratory at CMU has investigated many techniques
including thermal spraying and plasma or laser welding for
depositing high-quality metals before it decided on microcasting.



It is a compromise between those two techniques that provides
better results than either of the other techniques. It was found that
the larger diameter metal droplets (1 to 3 mm) formed by micro-
casting retain their heat longer than the 50 µm droplets of con-
ventional thermal spraying. SDM can form complex shaped parts
rapidly while also permitting both the fabrication of multimaterial
structures and the embedding of prefabricated components with-
in the parts as they are shaped. 

The CMU SDM laboratory has produced custom-made func-
tional mechanical parts, and it has embedded prefabricated
mechanical parts, electronic components, electronic circuits, and
sensors in the metal layers during the SDM process. It has also
made custom tools such as injection molds with internal cooling
pipes and metal heat sinks with embedded copper pipes for heat
redistribution. 

Mold Shape Deposition Manufacturing (MSDM)

Both the Rapid Prototyping Laboratory at Stanford University,
Palo Alto, California and the Robotics Institute at CMU have
SDM laboratories, but the Stanford Laboratory developed its
own version of SDM, called Mold SDM; it is also intended for
building layered molds for casting ceramics and polymers. 

The Mold SDM (MSDM) process, diagrammed in Fig. 11,
uses wax to form the molds. The wax has the same function in
MSDM as the sacrificial support metal in SDM; it occupies and
supports the mold cavity as it is formed. Water-soluble pho-
topolymer sacrificial support material in MSDM corresponds to
the primary metal in SDM deposited to form the finished proto-
type. It is worth noting that no machining is performed in the
mold SDM process. 

polymer are deposited in the same layer. The polymer is then cured
by UV radiation. The built-up structure is then moved to a station
(b) where the sacrificial photopolymer is removed by dissolving it
in water, leaving the wax mold cavity empty. The gelcasting ceramic
slurry is then poured into the wax mold at station (c) to form the
ceramic part. The slurry is allowed to cure into a “green” semirigid,
clay-like state. Next, the wax mold is melted away, releasing the
“green” ceramic part, as shown in step (d), for furnace firing. After
firing, the last step is the removal of the vents and sprues, as shown
at (e). The kinds of materials used in MSDM have been expanded
by making parts from a variety of polymer materials, and it has also
been used to make preassembled mechanisms from both polymer
and ceramic materials.

Robocasting

A rapid prototyping method called robocasting permits the fabri-
cation of ceramic parts under computer control without molds or
machining. Developed at Sandia National Laboratories in
Albuquerque, New Mexico, the process can also mix metal with
the ceramic slurry to form graded hybrid parts that resist crack-
ing due to different rates of thermal expansion. Joe Cesarano, the
Sandia engineer who developed the process, reports that robocast
ceramics are denser than ceramic parts made by other RP pro-
cesses. He added that the ability to make reliable metal-ceramic
parts able to withstand very high temperatures is particularly use-
ful in the manufacture of engine components.

A dense ceramic part can be free-formed by robocasting,
dried, and baked in less than 24 hours. As in other types of RP,
the designer can correct mistakes or improve on the part design
and quickly verify the improvement. Cesarano said that tradi-
tional ceramic fabrication processes can take weeks to go from a
design stage to completion. If a complicated ceramic part is to be
made by the standard dry pressing method, the ceramic powder
must first be compacted into a solid form or billet, and then the
billet must be sculpted into its final shape by costly machining.
Intricate ceramic parts can also be made by other techniques: These
include slipcasting, gelcasting, and injection molding, but they
require the design and manufacture of molds prior to fabrication.

Although still in the laboratory development stage, robocast-
ing holds promise for producing ceramic parts in high quantities.
Cesarano acknowledges that the success of robocasting depends
on the development of ceramic slurries that actually contain more
solid than liquid but are, nevertheless, able to flow. The ceramic
slurry is dispensed by a computer-controlled syringe that remains
in a fixed position while the platform on which slurry is deposited
moves. The slurry must dry rapidly into a semisolid state so that
the next layer can be accepted. The high solid content and the tai-
lored properties of the slurry minimize shrinkage and permit a
layer to dry within 10 to 15 seconds of being deposited. 

After the part is formed by layering and completely dried, it is
sintered to bond the particles by firing at temperatures typically from
1000 to 1700°C for about 2 hours. Where a design requirement
calls for ceramics and metal combined in the same device, joining
them together can be difficult because their differences in rates of
thermal expansion can cause cracking at the material’s interface.
Robocasting makes it possible to shift gradually from one material
to another, thus spreading the stress evenly; this will yield a more
stable joint. Robocasting also allows the discrete placement of cer-
tain materials between the layers that will evaporate or burn away
during the sintering process; this permits the formation of functional
internal structures such as cooling channels within the part. 

Resource

The following Web site provided information about the topics
featured in this article:

The Rapid Prototyping Home Page 
www.cc.utah.edu/~asn8200/rapid.html
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Fig. 11 Mold Shape Deposition Manufacturing (MSDM): Wax for a
casting mold and water-soluble photopolymer to support the mold cavity
are deposited under computer control in successive layers to build the
structure shown at station (a). UV radiation cures each successive poly-
mer layer at the station. After the mold structure is complete, the polymer
support material is washed from the wax mold cavity at station (b) leaving
it empty. Gelcasting ceramic slurry is then poured in the wax cavity at sta-
tion (c) to form a “green” ceramic prototype. The wax mold is then melted
away, releasing the “green” prototype at (d). Finally, furnace firing hardens
the ceramic part, and its vents and sprues are removed at station (e).

As in other RP technologies, the MSDM process starts with the
conversion of data derived from a CAD drawing of the mold into
software that determines both the optimum number of layers of wax
and sacrificial support material and how they are to be deposited.
Layer thickness depends on the complexity and contours of the
mold to be built. Figure 11(a) shows the complete structure of mold
wax and sacrificial photopolymer layers needed to form the mold.
The structure is built one layer at a time under computer control. With
the exception of the first layer of wax, both mold wax and support
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