
S.oM.co-oo-c j .oc . oo-J-o .0-0^
0-%

V-*-

/‘í‘i

de Engenharia Mecânica
T*‘TBr?cTa'«7'e«'[ f fí g II* e e fm g.o I* g r e »3 9

22-25 4* Nwfífflbfí <14^1999/«ov^ímíer 22-2S, íf^i4güa# d* Lmà^is. Sso Pauic,

RAPID PROTOTYPING - CONCEPTS, TECHNIQUES , APPLICATIONS AND

FUTURE TFENDS
H 3^^ ^

Alexandre Z. Hubinger
Universidade de São Paulo, Escola de Engenharia de São Carlos

DepartanKnto de Engenharia Mecânica
Çx, P. 359 - J 3560-970 - São Carlos, SP, Bmil
Jonas de Carvalho

João Liraní

Universidade de São Paulo, Escola de Engenharia de São Carlos

Departamento de Engenharia Mecânica
Cx. P. 359 - 13560-970 - São Carlos, SP, Brasil.

Abstrací. Duríng last years a new family of machines highly innovative have enabled, with
technologies and different materiais, to produce a prototype of a model in an accurate and
fast way starting from the solid model generated in the CAD system. Such machines, known

as Rapid Prototyping machines, allow to obtain finished parts with complexity and details
that would be difficult by conventional machining process or would require complex

operations in numerically controlled machines. Also, in some cases these techniques allow to
obtain a tooling that can be directly used in the production process. This technology allows

the companies to develop new products faster (smaller time-to-market) and with lower costs,

and mainly, with an increment in the quality by means of a better evaluation of the project. It
also decreases the uncertainties and irsks.

This Work presents a literature review of the main aspects of the Rapid Prototyping

technology such as concepts, techniques available, applications worldwide and in Brazil, as

well as future trends. The main objective is to make the mechanical designers aware of the
technology and ofits potential to reduce costs and time-to-market.

Keywords: Rapid prototyping, Product development, CAD applications.

I. INTRODUCTION

In a conventional way, most companies spend years designing, prototyping, testing and
tooling for a product that may have a life of only a couple of years. The development of Rapid
Prototyping ( RP) technology since the 1980s has en^led in a fast way the fabrication of a

prototype firom the CAD solid model. This technology can produce prototypes or models that
are extremely complex in structure and it is impacting the way products. are designed and

manufactured. Some authors even claim that Rapid prototyping is the most important

inventions since CAD solid modeli^. The two technologies are complimentary, and when
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they are put together, a strong competitive edge can be achieved. The link between the CAD

model and the RP machine is the STL fde. An STL file is nothing more than a list of x, y and

z coordinate triplets that describe a connected set of triangular facets. Also, it includes the
direction of the normal vector for each triangle, which should point outward. CAD systems

with an STL translator perform a surface tessellation and then output the facet Information to
either a binary or ASCII STL fde. Binary STL files are much smaller and usually preferred,

but ASCII STL fdes permits to view the contents of the file and even edit it if necessary.

RP machine sales and Services began to expand significantly in 1994 and continues to

grow. There are several reasons for that. First and perhaps the most important, it is the fact
that the companies are becomingaware of the potential of the technology. Second, it is the
fact that RP nowadays is more widely applicable allowing for the production of parts in
materiais as epoxy resins, ABS plastic, and glass-fdled nylon. The list of possibilities
continues to grow. Third, companies are finding that they can justify the cost of RP on the
basis of improving the quality of a design early in the design cycle. This allows to make
improvements in the design when changes are inexpensive, before production tooling. The

correction of possible errors in the production tooling can avoid delay in the introduction of

the product in the market, what is unacceptable nowadays, especially with products that have
a life of one or two years.

This Work presents a literature review of the main aspects of the Rapid Prototyping
technology such as concepts, techniques available, appücations worldwide and in Brazil, as
well as future trends. The main objective is to make the mechanical designers aware of the

technology and of its potential to reduce costs and time to market.

2. REASONS TO USE RAPID PROTOTYPING

Nowadays the high competition between manufacturers has created the need to reduce

product development time and consequently a demand for fast approaches to prototyping.
This, coupled with the growth of computers in designs offices, has motivated inventors to

create new ways of producing physical objects from Computer model data. From this scenario
it was originated the Rapid Prototyping techniques, which will be described later. The fact is

that, at this moment, such techniques has helped many manufácturing companies to shorten
product development time, discover design flaws and improve product quality. It is rather

difficult to calculate the total economic impact from RP, but some believe it is already in the
billions of doUars.

Some organizations are trying RP for the first time. Others are buying their third, fourth,
even tenth systems. Indeed RP processes are changing the way manufacturing companies
around the world design, model, prototype and tool for new products. One of the main reasons
for that is tl.e possibility to make changes to improve the quaüty of a design early in the
design cycle. Revision cycles occur whenever there is a need to modify a design. The cost of

an engineering change increases by roughly an order of magnitude as the design progresses
from one significant development phase to the next, as shown in Table 1.

Another aspect is that people responsible for materiais, tooling, assembly, and painting
can use the physical models to consider how easy or difficult it will be to move the product

through their respective processes. Early involvement from these groups enhances

communication and shortens the time it takes to manufacture products.
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Tabie 1- Qianging costs along the design cycle

Increase em costPhase

xlOCoDceptual Design

E)^afl Design xlOO

X 1,000PrototypCinrest

Tooling
Production

X 10,000

X 100,000

X 1,000,000Field Service

3. DEVELOPMENT OF RP TECHNOLOGY

Rapid Prototyping systems for mechanical parts design emerged in 1987 with

StereoLithography (SL) from 3D Systems in the USA. After, Japan commercialized their
versions

Ultraviolet Plotter (SOUP) and in 1989 Sony/D-MEC with the product Soüd Creation System
(SCS). Then, in 1990, Electro Optical Systems (EOS) of Germany sold its first Stereos

stereoüthography system.
Next came Fused Deposition Modeling (FDM) from Stratasys, Solid Ground Curing

(SGC) from Chibital, and Laminated Object Manufacturing (LOM) from Helisys, all in 1991.

Selective Laser Sintering (SLS) from DTMA and the Sohform stereoüthography system from

Teijin Seki became available in 1992.
In 1993, Soügen commercialized Direct Shell Production Casting (DSPC), and Denken

introduced a soüd-state stereoüthography system that would fit on a bench top. The process

that Soügen uses, was invented and patented for the Massachusetts Institute of Technology.

In the year of 1994, many new RP systems were introduced. ModelMaker from Sanders

Prototype etcame available, as did two new systems from Japan and two from Europe.
One of the new systems from Japan, another stereoüthography system, was from Meiko.

Meanwhile, Japan’s Kira Corp. commercialized the first non-stereoüthography system caUed
Soüd Center.

Also in 1994, Fockele & Schwarze of Germany introduced a stereoüthography machine,
but on a ümited basis. German company EOS commercialized a machine caUed EOSINT

based on laser sintering technology in the same year. Japan’s Ushio sold its first UniRapid
stereoüthography machine in 1995.

Personal Modeler 2100 from BPM Technology was sold commercially in 1996 (BPM
stands for Balüstic Particle Manufacturing). The same year, Aaroflex commercialized
DuPont’s SOMOS stereoüthography technology for sale in the USA.

Also in 1996, Stratasys introduced its Genisys product, an extrusion process similar to

FDM, but based on an RP system development at IBM‘'s Watson Research Center. After eight

years of selüng stereoüthography products, 3D Systems sold its first Actua 2100 system in

1996, a technology based on ink-jet printing. In the same year, Z Corp. launched its Z402 3D
printer for concept modeling.

Other technologies and companies have appeared and disappeared over the years.

Quadrax introduced its Mark 1000 stereoüthography system in 1990. Legal confücts led to
the absorption of the technology by 3D System in 1992. Companies such as Light Sculpting
(US), Sparx AB (Sweden), and Laser 3D (France) have developed and introduced versions of
RP, but they have not had a commercial impact on the RP industry. Except for Cubital’s

Soüder System, none of the machines from Europe or Asia are available for sale in the US at

the present time.

of stereoütography, 1988, NTT Data/CEMET with the system caUed Soüd Object



4. PROCESSES DESCRIPTION

FoUowing, a more detailed description is given on the most used RP techniques.

Stereolühography (SLA)

This is the leading technology, with over 500 SLA machines installed worldwide,

developed by 3-D Systems Inc, USA. Stereolithography creates 3-D models out of acrylate

photopolymer or epoxy resin, by tracing a low-powered ultraviolet laser across a vat filled

with resin. The material is cured by the laser to create a solid thin slice. The solid layer is then

lowered just below the surface and the next süce formed on top of it, until the object is
completed.

A recent development by Zeneca is a translucent resin which changes to red when acted

upon by a higher laser energy. This can be used to display local regions of interest.
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Figure 1 - The sthereolithography process

Selective Laser Sintering (SLS)

This technology was commercialized by DTM Corp., USA. SLS creates 3-D models out

of a heat-fusible powder, such as polycarbonate or glass-filled composite nylon, by tracing a
modulated laser beam across a bin covered with the powder. Heating the particles causes therr
to fuse or sinter together to create a soüd thin slice. The soüd layer is the covered by more

powder and the next slice formed on top of it, until the object is completed.
The same process can be performed with a combination of low-carbon Steel and

thermoplastic binder powder, resulting in a ‘green State’ part. The binder is then bumed off in
a fumace and the Steel particles are allowed to sinter together. The resulting Steel skeleton is
subsequently infiltrated with copper, resulting in a metal-composite part. A similar
technology is also used by EOS GmbH, of Germany, which can fabricate metal parts out of
bronze alloy powder that can be sintered into a solid mass.

Fused Deposition Modelling (FDM)

This technology was developed by Stratasys Inc, USA. FDM creates 3-D models out of

heated thermoplastic material, extruded through a nozzle positioned over a Computer-



controlled x-y table. The table is moved to accept the material until a single thin slice is
formed. The next slice is built on top of it until the object is completed. FDM utilizes a variety
of build materiais, such as polycarbonate, polypropylene and various polyesters which are
more robust than the SLA models. A similar approach is used by Sanders Prototype Inc, of
Wilton, NH, to produce 3-D models by extruding thermoplastic material through ink-jet
printer nozzles. FDM models can also be made in wax.
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Figure 3 - The FDM process

This mêlhod wàs dêvêlòped by Hèlisys Inc, USA. LOM crèàlês 3-D módêls by
lamihatihg adhesive-còated shèets of papér; the adliesive is heat-activated by a focüsed laser
beam, which cuts arõund the edges of each layer on an x-y table. Further sheets àre bondèd on
tóp until the mòdèl is built. Althoügh these models are robust, it is difficült tò rèmovè

unwanted ergiòhs òf pàpêi fròm àrêas òf complèx geomètry.
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Figure 4 - The LOM process

5. ADVANTAGES AND LIMITATIONS

Thè còmpãfàlivè qüàlilàlivè àdvahlàgès ffõm Ihè mòst üsèd syslèms are summarizèd ih
Table II.

Táble n - Advantages àíid litnitatíõns õf the ínòst used systeiíis

System LinntatíonsAdvairtages

Well proveo systCTi

Best surface of currenüy availaUe
tedmiques

Most parts can now be “right first tinK”

^pensive arw matmals.
Ejqjoisíve annnal mainteoance diarges

Suppwt strucoires needed but these are
automatically siiH>lied from puipose wríttea
software

Steretriitliognii^
(SLA)

Care needed with environmentally bazankns
strfvents nsed to clean np modcls

Sdectíve

Sintoing (SLS)
Wide range of model materiais

Polycarbímate modcls after surface

treating with wax can be used as

sacrifidal pattems
Ijower cost of raw materiais than

stereolithograiíty ot solider systems

Wax models need 12 hour codftig cyde on the
machine

Laso-

Wax models very fiagile

Recycled unsintered powders need careftil
sieving to be re-used
Suppon smictures can be necessary, espedally
fw complex, overhanging features of wax
models

Leaming curve necessary with most new parts
Expensive maintenance charges

PoOT surfece finish but can be improved by hand

WOTking

Support Systems necessary fra- complex
overhanging features

Fased Depositíwi
ModelingCFDM)

Lower initíai cost of system
Low cost matmals

Can be c^rated in office envirMiment

Highly reliable machines
Short build time fw thin waU parts

Relatively lower eajntal cost system
Low cost of raw materiais

Finished models resemble wood - ptçailar
with model makers

Laminated Object
Manufactare

(LOM)

Inherent fire irsk

Most models require subsequent hand wOTking
to improve surface finish
Inho-eni difficulties with unda-euts and re-

entrant features

Waste matmal can be difficult to remove

A quantitative compaiusòh of the systènis iu térms õf accuracy, surface fmish, build rate,
capacity and cosls is givèn bellow:



Sleí^Ulhography:
Suppiier:
Inítial cost:

Máiüténánce (còst per yèár): Higfi, áppoxlmátély 15% óf prk^

3-D Systems (USA)
$250,000 to $450,0(K)

Materials: Acrylate and èpoxy plíõtoisensitivé íèsins
Raw material costs: High cõst tõ fill Vàt. Mõdel cõsts low

Layer thíckness (pm); 62.5 to 250 (typical 125)

Accüracy (pm): ± 1(X) typical witfi épòxy, ±150 typical with acrylate, ± 50 (best)

Seleclive Laser Sinlêring:
Suppüèr: DTM (USA), EOS (Gé)
Initial cost: $300,000

Maínlenánce (còsl per yèar): HigR, ãppfõximàlèly 20% òf püfcMsè pficè
Materials: Powdèrèd wax, iiylòn pólycàr^nalè, mèlàls
Raw material costs: Relatively high

Layer ttiickness (pm): 125

Accufacy (pm): ± 125 to ±250

Fu^ Depositidn Mòdeling
Suppiier: Stratasys Inc. (USA)
Initial cost: $78,000 to $400,000

Maiiiténance (cost per year): Lów, aroiind 5% õf pürcMsè pfice
Materials: ABS, Wax, polyòlefms and põlyamides
Raw material costs: Low

Layer thickiiess (pm): 125

Accüracy (pm): ± 200

Lãmínalèd Objèct Mãnüfacriifê

Suppiier: Hèlysis (USA)
Initial cost: $95,000 to $180,000

Mainieiiahce (còsl per year): Rêlalivèly Mgh, àppfõximalêly 10% õf püfcMsé pficè
Materials: Krafl papèr
Raw material costs: Low

Layer thickness (pm): 140

Accüracy (phi): ± 250

6. APPLICATIONS

In the eaily days õf RP, the autõmõtivè and aéfõSpaCe industries dõrninàtèd the RP

mafket, accounting for aboüt half of the total markêt. This is nõ lõngér the case as RP has

spfèad Into othef iiidustiies. The following chaft ( Figüfe 5) shõws the industfy sectoi-s that
are now üsing RP technology in USA. From Ihè chaft, it is clear lhat consümèr pfõducts has
fífmly established itself as the number One markét fõf RP systèms. The õther categõfy
includes industries suCh as professional spõfting goods, nõn-cõasüinef and nõn-military
mai^e pfõducts, and other industries that dõ not fit into the named catègõfies.



Medicai
Academic

ínstitutionE

7%

Consumer

Products

27%

Govemmeni/

military

5%

Other i

5%
I

Business

'-machines

16%

Motor vehicles

18%

Aerospace

13% I

Figure 5 - Applications of RP in different areas (USA)
(Wohlers Associates, 1997)

The following pie chart, Figure 6, shows how customers are using RP models in USA.
About 28% of all RP models are being used for fit and fiinction applications, while nearly

36% serve as visual aids for engineering, tooling, requesting quotes, and presenting proposals.
Meanwhile, about 25% are being used as pattems for prototype tooling and metal casting.
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Figure 6 - Use of RP models in USA
(Wohlers Associates. 1997)

There is little information about the use of RP in Brazil. One of the few data abput that is

given by Sisgraph - SP, which commercializes and sell Services in FDM technology
(Figure 7).
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Figure 7 - Applications of RP in different areas in Brazil

The following chait. Figure 8, show the systems installed in countries around the world

from RP’s inceptions through 1997. The Information represents 3,016 of the 3,289 systems
that have been sold and installed worldwide. It is noted that Brazil does not even appear on
thechart.

Figure 8 - System sold and installed worldwide
(Wohlers Associates, 1997)

7. FUTURE TRENDS

RP is being taken up by an ever-widening range of industries. The .automotive and

aerospace sectors used to account for about half of installations butThe consumer products
sector has now overtaken the automotive as the leading sector, with 23 per cent of all
installations.

Looking to the future, low cost RP processes will accelerate the growth of the RP^narioet



in the next few years. Traditionally, RP machines have sold for at least $100,000, if not

$200,000 or even $300,000. In the year of 1997 were introduced machines costing as little as

$35,000-65,000. They do not replace the more expensive machines because the nwdels they

build are not very refined, thou^ perfectly satisfactory for the visual verification of a design.

Often referred to as 3D printers or concept modelers, these low-cost RP machines are as safe

and easy to use as any ofFice photocopier or printer. They are likely to be widely installed in
engineering ofFices, and when the price drops below $20,000, this 3 D printers certainly will

be installed in every design office.

The concept of 3D printers will enable the designers to quickly produce physical models,
early and often, when engineering changes are least expensive. This approach to modeling
minimizes the need for high-priced prototypes and reduces costly mistakes at the tooling
phase of product development

8. CONCLUSION

The possibility to obtain finished p^s with complexity and details in an accurate and fast

way starting from the solid model generated in the CAD system, makes the Rapid Prototyping
techniques one of most powerful tool for the product development cycle.The use of such

techniques staited to expand significantly in 1994 and continues to grow. Some reasons for
that is the wide range of materiais available today, the quahty improvement of the design, and
also the fact that most companies are becoming aware of the potential of the technology. Also
the correction of possible errors in the production tooling can avoid delay in the introduction
of the product in the market.

This review intended to show to mechanical designers the high potential of such
techniques to reduce costs and time-to-market. The most used techniques were described, as
weU as some characteristics of each system, which could be used as a first reference guide to
choose the most adequate for a specific application. The applications of such systems
worldwide were also presented, and unfortunately it is clear that Brazil is still starting to use
it. Making the designers aware of the advantages these techniques can offer is probably the
first step to use them, and it is certainly the most important contribution of this review.

For the future, it is expected that low cost RP processes will accelerate the growth of the

Rapid Prototyping market. The concept of 3D printers wiU enable the designers, in an office
environment, to produce physical models when engineering changes are least expensive.
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