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Abstract

Rapid prototyping, a processing technique that produces parts quickly, has proven -

to be valuable in product development The umque method of building a ) three-

d1mens1onal part by layers from bottom to top is advantageous since it is done directly
from a computer-aided drawing. Although there are a variety of rapid prototyping

processes bemg used in 1ndustry, unprovements in each process are st111 necessary

- These improvements are driven by the need to further reduce product cycle time, Awhether

rapid prototyping is used for design feasihility or manufacturing reasons. The aim of this

paper is to study each of the developed rapid prototyping processes and to formulate

-

- mathematical equations that predict prototype build time and prototype cycle time. The
- total cycle time includes any pre- and post- processing times and the total build time
focuses only on the layer-by-layer building portion of the process. A study is presented

for one rapld prototypmg technique, laminated object manufacturing, comparing the”

automated and manual assembly tlmes assoclated with burldmg a prototype, and
identifying the most 1mportant factors affecting these times. A practlcal application of
the mathematical model created for this process is also presented, as well as existing -

problems and research issues associated with it.
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Chapter 1: Introductlon

Smce 1988 rapld prototypmg (RP) has become an unportant part of product

| ., | -‘deyelopment. The RP process involves rapidly building a.phys1ca1 model of a part, layer

by layer, based on a 3-D CAD drawing. Although there are various RP systems,

includingistereolithography, selective»laser sintering, and ﬁlsedtdepositionvmodeling, the

basic rapid prototyping process remains the same. Thin cross-sectional slices are

generated by computer software ona 3-D drawmg, and thm layers of matenal are created

from these slices. The object is built by layerlng the shces from bottom to top The

starting materials used for rapld prototyping can be solid, liquid, or powder dependmg on .

the speclﬁc process

The purpose of RP technology is to produce physical models quickly. Thls allows
designers to not only communicate their ideas to others with the use of an actual object,
but also to run functionalityl tests. In the end, final products can be brought to market
faster'and with better quahty | |

Rapid prototyping serves a variety of applications. . Companies in the automobile,
aerospace, and consumer products industries, have uSed RP technologies to build rnodels.
Even those companies that do not have }heir own RP equipment ccn send designs over
the Internet and receive a model ina couple of days. Some of the more complex

developments include using RP processes to create physiological models of human

. bones. Using data from cornputedtomography (CD imageé and magnetic resonance

imaging (MRI), an accurate model can be built, which enables surgeons to make pre-
surgical plans and to practice performing the surgery. Another example is NASA’s use
of images taken from the Mars Pathfinder camera after 1t landed. Using the laminated




object manufacturing method, NASA was able to create a 3-D topographical map of the
Pathfinder landsite. This was latér used in planning a safe route for the Mars Sojoﬁmer.
The most recent RP research is directed in a few different areas. Collaborations

of university researchers, equipment manufacturers, and government agencies are

~~ -constantly working on improving rapid-prototyping systems.Some are interested in_

-

~ creating fabrications from new materials (ceramic, composite, or metal feed stocks);

_ others are intérested in making advances in the area of rapid tooling. Researchers are

also continuing to develop agile tooling by using RP proéesse_s to build molds for mass

. production of plastic parts, and improving software and accuracy in current systéms. The

field is growing rapidly and it is very likely that rapid prototyping technology will

continue to have a significant impact on design and manufacturing.

Problem Statement

Given these recent‘developments, it is important fér éngineers to understand ‘and |
‘Become familiar with rapid prototyping concepts and be able to differehtiate between the
many proceSses that exist. Seven rapid prototyping prbcess_es are further discussed in tlﬁs :

paper. They are: stefeolithography,'se_lective laser sintering, fused deposition modeling,

- 3-D printing, solid ground curing, ballistic particle manufacturing, and laminated object

'mahuféctllring.

It is also of intcrest to pfedict “build times” as a function of proce’ss parameters
with the use of mathematicél models. With these predictions, one will not only be able to
estirhate how lpng it will t‘ake to create a specific prototype, but will also be able to

determine how much the prototype build cycle time differs ﬁbm the previous method of

- machiriing. This is important for design for manufacturing and design for asserribly

3



applications. Also from these mathematical equations, the level of impact that each

 parameter has on the totél build cycle time can be determined, and can lead to further

research on making improvements to those parameters.

\ .

Hypotheses

Lo N
~~ Theresearch hypothesesfor this-study-are-that (1), prototype “build times” for

various RP processes can be estimated Withthg: use of mathematical models, and that (2),

laminated object manufacturing is an economical and time-saving rapid prototyping

process that is useful for educational purposes and for constructing small prototypes or

squarts of larger protdtypes. ‘




Chapter 2: Li’tératﬁre Research

: Exténsive research iﬂ the field of fépid pr'ototyping has beeﬁ'.cbndl‘lcted over the
pasf ten years. The existing rapid prototyping (RP) literature generr;llly coveré the
following technologies: stereolithography, selective laser sintering, fused deposition

o 'modeling;lamiﬁatedobjectfmanufactlhiﬁg;—solid—ground—vcuﬁng,f ballistic particle

manufacturing, and three dimensional printing. Advantages and disadvantages of these

technologies, limitations encountered with each teéhnology, practical applications, and

poésible areas of future research are pommqnly presented injoﬁrnal articles an?i boéks.

Most resources agree that rapid prototyping minimizes ;[he time to rﬂmket and
improves product quality. Researchers from Daimler-Benz say this is due to the abilify to
make design changes early and find the oﬁtimum solution as Well as fixing errors early
during the-product development stage. However; RP is appliéd to product developmenf 1n
. areas other ‘thvan design ehgineering, such as mamifacturing énd marketing. Itisalso part

of the process planning issue. Multiple facfors must be considered in the planning and

selecting the best choice, such as cost, cycle time, physical performance, and gegxgeuic
accuraéy,

It is appropriate at this time to briefly describe the main RP procésses. More
‘speciﬁg details and pictures of each process will be preséntc;,d in a later chapter.
Stereoiithography (SL) |

This process, like most'othe’r RP processes, builds the part from bottom up. A vat
~of liquid rg:sin is spread above an elevator table. A laser beam moves in an x-y direction

above the liquid, tracing over the cross section forming a solid layer. The elevator table

then drops a specified distance and the next layer is built. The process continues until the

B




part is complete. Parts made by stereolithography often need predesigned supports to .
- hold overhanging regions or tall and thin shapes. Post-curing'is thus needed to_further
solidify the prototype.

The materials generally used in this process are liquid resins (epoxy,

_photopolymers) The apphcatlons most common for this process are models for
A conceptuahzatron, prototypes for des1gn and funct10nal testmg, masters for prototype

toolmg, patterns for investment castmg, sand castm\g\,and moldlng, and toolmg for ﬁxture

and toolmg design. Some of the main dlsadvantages of stereohthography are that parts ,

-wmade by this process possess less favorable mechamcal and thermal characteristics and

age rapidly, and the associated costs per part are significantly higher. Some of the
advantages are that it is generally faster and more accurate than otller RP processes.
Selective Laser Sintering (SLS)

This process is very similar to the SL process; except that the Work_ing material is
powder. /; laser b‘earn_traces the cross;section on the powder surface, solidifying it.
Another layer. of unsintered powder is layered on top and the laser traces another cross
section. This process,is repeated until the prototype is completed. o

The materials used nvith SLS are nylon, composite or fine nylon, metal powders, -
or polycarbonate. Some of its applications include concept models, functional |

~mo‘dels./working prototypes, wax casting patterns, and metal tools. A conceptual model :
6fa hedge t:rimmer manufactured by Little Wonder, using an SLS system developed by

the DTM Corporation, is shown below in figure 1.. It was built using selective laser

sintering and was used to check design features. Some of the advantages of the selective

laser sintering process are that materials are cheaper than SL resins and are nontoxic, it

o .' 6



uses a low powered laser, produces high throughput, needs no support, requires little
post-processing; and no post—bﬁring. Its main disadvantage is that it has a long cooling

cycle.

Figure 1 - Little Wonder hedge trimmer (DTM Corporatlon)
Fused Deposntlon Modelmg (FDM)

In this process, wax or plast1c is heated and melted in a dlspenser whlch then
deposns the wax or plastlc at the desired posmon The deposﬂ:ed wax/plastic sohdlﬁes to
form a hardened layer. Thermal heating causes each layer to be bonded to the previous
layer. This procéss is repeated ﬁntil the prototype is formed.‘

The materials used in FDM are investment casting wax and ABS. Its practical
" applications include models for cbnceptualization and presentation, prototyi)es for design,
énalysis, and ﬁmétioﬁal teSting, and patterns and masters for tooling (e.g., molding,
investmeﬁt casting, and sand casfing). Figures 2 and 3 show parts that were built with
fused deposition modeliﬁg, a system manufactured by Stratasys, Inc. Figure 2 showsa .

medical device that was built for design review and then used for casting. Figure 3

! Chua Chee Kai and Leong Kah Fai, Raptd Prototyping, Principles and Appltcattons in
Manufacturmg (CD-ROM (Singapore: J ohn Wlley & Sons 1997)




IINTENTIONAL SECOND EXPOSURE

uses a low powered laser. produces high throughput. needs no support, requires little
post-processing. and no post-curing. Its main disadvantage is that it has a long cooling

cvele.

N T NN O

Figure 1 - Little Wonder hedge trimmer (DTM Corporation) '

Fused Deposition Modeling (FDM)

In this process. wax or plastic is heated and melted in a dispenser. which then
depbsits the wax or plastic at the desired position. The deposited wax/plastic solidifies to
form a hardened layer. Thermal heating causes each layer to be bonded to the previous
laver. This process is repeated until the prototype is fofmed.

' The materials used in FDM are investment casting wax and ABS. Its practical
applications‘ include models for conceptualization and presentation, prototypes for design,
analysis. and functional testing, and patterns and masters for tooling (e.g., molding,
investment casting, and sand casting). Figures 2 and 3 show parts that were built with

fused deposition modeling, a system manufactured by Stratasys, Inc. Figure 2 showsa

medical device that was built for design review and then used for casting. Figure 3

' Chua Chee Kai and Leong Kah Fai, Rapid Pr(')totyping, Principles and Applications in
Manufacturing (CD-ROM) (Singapore: John Wiley & Sons, 1997) ’
-7



shows parts that were built to test functio_na_lity between them. The advar;tages of FDM

areAthaLit-,isféasyAtoAuse,_thereAare;_,ayariety,,oiche,ap_materials available;ithﬂ%::

safety benefits, there’s no waste associated, and no postcuring is required. The main

disadvantage is that surface finish is inferior to parts made with SL, ' , ‘

Patterns for Casting

Figure 2 - Wright Medical (Strataéys, Inc)* Figuré 3- Danek Group, Inc (Stratasys; Inc) 3
Three-dimensional Printing (3-D Printing)

This process is very similar to the selectlve laser sintering process. Powder is
léyered but an mk-Jet pnnter head traces and ejects binder on the areas that arerto. be -
solid. The loose powder acts as support for the part. A platform is lowered to complete

B ’;he next layer. This process continues until the part is formed. The ﬁrotétypemust then
Be_: heat-treated. - . , ’
The materials used in this p:océss are aluminum oxide and alumina-silica ceranlic

_powders. Some of its applications are in building functional parts and tooling for

2 Chua Chee Kai and Leong Kah Fai, Rapid Prototyping, Principles and Appltcatmns in
Manufacturing (CD-ROM) (Singapore: John Wiley & Sons, 1997)
3Kai and Fai, CD-ROM




INTENTIONAL SECOND EAFrOY A=

shows parts that were built to test functionality between them. The advantages of FDM
are that it is easy to use. there are a variety of cheap materials available. it has multiple

safety benetits. there’s no waste associated. and no postcuring is required. The main

Patterns for Casting

Figure 2 - Wright Medical (Stratasys. Inc)’ Figure 3 - Danek Group. Inc (Stratasys. Inc) 3
w
Three-dimensional Printing (3-D Printing)

This process is very similar to the selective laser sintering process. Powder is
lavered. but an ink-jet printer head traces and ejects binder on the areas that are to be
solid. The loose powder’acts as support for the part. A platform is lowered to complete
the next laver. This process continues until the part is formed. The prototype must then
be heat-treated. -

The materials used in this process are aluminum oxide and alumina-silica ceramic

powders. Some of its applications are in building functional parts and tooling for

> Chua Chee Kai and Leong Kah Fai. Rapid Prototyping, Principles and App[ications in

Manufacturing (CD-ROM) (Singapore: John Wiley & Sons, 1997)
3 Kai and Fai. CD-ROM i
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" prototypes. An advantage for this process is that it needs no support structure, but a

-~ disadvantage is that it requires heat treatment. -

Ballistic Particle Manufacturing (BPM)

" During this process tiny droplets of material are dropped from an ejector head to

- the position where they are needed. ‘When these droplets land-on the previous layer, the

~ material of the previous layer is soﬁeﬁed. Both layers bind together as they are

- U G VU

solidified. A base plate then lowers for the next layer. The process continues until the

- prototype is finished.

Tts main application is in creating concept models for visualization. Advantages of this

process are its low cost in comparison to other RP technologies and its ease of use. The

=

disadvantage is that it needé é_suppdrt structure
Solid Ground Curing (SGC) |
In this proceSs masked illﬁminatibn is used .to create each layer image. A liquid
_photopolyrﬁer fesin’, that solidiﬁesi when exposed to a UV light, is _spread over the masked
image. This is repeated for every\i layer. In most cases, liquid wax is aﬁplicd after the
unused liquid is cleared away to fill up any gaps created by the liquid resin. Each layér is
. then milled ddwn fo its correct thickness.
Thc_a materials generally used for this process include liquid and cured resins. Its
~ applications include tooling and casting, mold and too}ing, medical imaging, and
cohcebtual applicétions. Some of the advantages of this type of system are that no post-

curing and no support structure are necessary, it has a high-speed throughput, and it

produces accurate parts.




Laminated Object Manufacturmg (LOM)

In this process a laser bearn cuts the proﬁle of the 2D shape generated by the

CAD slice files on the sheet material. After each sheet is cut, it is glued or - welded

‘togethet to the preceding sheets, until the prototype is:<complete. Excess materlal is then

~Its applications include industrial equipment for aerospace, automotive, consumer

removed. 'NO"Support or post-curing‘is*needed_ e

The possrble materials for LOM include paper plastlc or compos1te sheet stock

products, medical devices, visualization, test for form, fit, & function. Figure 4 shows

match plates that were created usrng Helisys, Inc.’s LOM system, and sand cast to‘;-“

- produce prototype metal projectiles. LOM's advantages mclude low matenal and

investment costs compared to-SL and SLS, it allows for subsequent processing (milling,

sanding, drilling), it is faster, and little internal stress or undesired deformation exists in

- completed prototypes. Its disadvantages are that surface finish is ques_tjl_onable? hollow

parts are difficult to make, large amounts of scrap are involved, and manning is required.

Figure 4 - Lufkin R&D Testing of New Projectile (Helisys, Inc) 4

~ “Kai and Fai, CD-ROM

Uty
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INTENTIONAL SECOND EXPOSURE

Laminated Object Manufacturing (LOM)
In this process. a laser beam cuts the profile of the 2D shape generated by the

CAD slice files on the sheet material. After cach sheet is cut. it is glued or welded

together to the preceding sheets. until the prototype is complete. Excess material is then

removed. No support or post-curing is needed.

The possible materials for LOM include paper. plastic. or composite sheet stock.

Its applications include industrial equipment for acrospace. automotive. consumer

products. medical devices. visualization. test for form. fit. & function. Figure 4 shows
match plates that were created usiné Helisys. Inc.”s LOM system. and sand cast to
produce prototype metal projectiles. LOM's advantages include low material and
tnvestment costs compared to SL and SLS. it allows for subsequent processing (milling.
sanding. drilling). it is faster. and little internal stress or undesired deformation exists in
completed prototypes. Its disadvantages are that surface finish is questionable. hollow

parts are difficult to make. large amounts of scrap are involved. and manning is required.

*Kai and Far. CD-ROM
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Another type of laminated object manufacturing has been named LOM3. The

knife is used to cut the vpfoﬁle's. Thlisprocess also requires more manual assembly, but it

is less expensive.

Problem Areas o

Zue Yan and P. Gu cite specific problem areas in rapid prototyping to be part

accuracy, limited material variety, and mechanical performance [13]. Other key issues

that need to be addressed: making CAD systems more user-friendly, increasing

" information processing speeds, improving the consistency of good surface finish,

increasing cutting speeds, and limiting the necessity of supports during the build process.

There are various research papers that address some of these problems, many

_ from the Rapid Prototyping Journal; ‘which is published in multiple volumes annually. |

Charity Lynn-Charney and David W. Rosen, from the Georgia Institute of ‘Technology,

_co-wrote a paper addressing accuracy problems in sfereol_ithography [9]. When parts are

designed, there are associated tblerances.’ placed on them. It is difficult to predict whether

or not these tolerances can be accomplished with a rapid prototyping system. Charity and

Rosen propose an empirical modé_l for stereolithography accuracy that can be used in

process planning and evaluating the trade-offs associated with acéuracy, surface finish,
and build time. Their research indicated four variables as having Signiﬁcant effect on
part accuracy with stereolithography: z-wait, hatch overcure, fill overcure, and sweep

period, all defined in the paper.' Once-these variables' responses for common geometric

~ tolerances were determined by graphical means, an accuracy model was built. From this v

madel, process variable values were selected to achieve a specified accuracy, based on

L
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prototype specifications. Their paper ptesents an example demonstrating this as well asa

___ method to mcormr‘atgprocess planmng usmg the accuracy models

Another major - advance in the Mereohthography is th‘development of

"small spot” and micro stereohthography by the Sw155 Federal Instltute of Technology .

“(EPFL)in" Lausanne, Sw1tzer1and. -This processrls,evolvlng,because,of,an mcr,eas,mg

__demand for products w1th small volume and 1ntncate detalls and the need to 1mprove the

B resolutlon of the stereohthography process The mlcro stereohthography machme isin its

- ¢ Armnaud Bertsch, Paul Bernhard, Christian Vogt, and Phillippe Renaud "Rapid

advanced stages at the Instltute Some of its potentlal applications are in the manufacture

7 of small mechanical components, the manufacture of parts with smooth surfaces, and

molding of small objects [2]. This RP system addresses the issue of size and eurface\ T
ﬁnishv limitations with current rapid prototyping technologies:- |

The micro stereolithography apparatus deVelQped at EPFL uses an inteéral
process, in which each layer is cured over its entire surface in one step, as opposed to a. |
vecter-by-vector process, in which each layer is eured over specific points on a surface. |
A schematic diagram of ban integral micro stereolithography apparatus can be seen in

Figure 5.
S " Dynamic:
Ughtsourca . Shutter puttom genorat-

: :Cumpvlm .

Figure 5 - Micro stereohthography apparatus developed at EPFL °

N Charity Lynn-Charney and David W. Rosen, "Usage of accuracy models in.

stereolithography process planning" Rapid Prototyping Journal 6 (2000): 77,86.

prototypmg of small 51ze obJects" Rapid Prototyping Journal 6 (2000): 260.

T —12—-% N T




One example of qpror‘;o’typg made by this type of sjrstem is the scale model of a

caf (ﬁgure 6). The car is made up of 673 layers that are each Sum thick. Details such as

“the side view mierfs, windows, and the wheels can be seen in this model. Any other

. rapid prototyping method would not be able to provide such detail.

‘Figure 6 - Scale model of aismall car
Some future applicétions fkorv Which EPFL thinks the micro stereolithography

process will be ﬁseﬁﬁ include small méchanical componenté, parts with smooth surféces;

and the molding of small objects. An example is the cap of a heéting aid, shown m figure

7.

Figure 7 - Part of a hearing aid °

There are still limitations with the micro stereolithdgrap_hy apparatus that must be

worked out. The amount of materials available for use is Vefy limited, there is difficulty

in removing the supports needed in building these microscopic objects, and the build

speed and times are slower and longer than in conventional sterelithography. This is Why

? Bertsch, Bernhard, Vogt, Renaud, 262.
® Bertsch, Bernhard, Vogt, Renaud, 263.

)
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One example of a prototype made by this type of system is the scale model of a

car (figure 6). The car is made uf) of 673 layers that are each Sum thick. Details such as
, _ .

R S

the side view mirrors, windows, and the wheels can be seen in this model. Any other

rapid prototyping inet_hod would not be able to provide such detail.

. Figure 6 - Scale model of a small car
... Mgure 5 - seale model ol a small ¢

Some future applications for which EPFL tMnks the micro stereolithography

procéss wilI be useful include small rhechanical cqmponents, parts with smooth surfaces,
and the molding of small objects. An example is the cap ofa hearing aid, shown in figure

7.

Figure 7 - Part of a hearing aid °

" worked out. The amount of materials available for use is very limited, there is difficulty
in removing the supports needed in building these microscopic objects, and the build

speed and times are slower and longer than in conventional sterelithography. This is why

" Bertsch, Bernhard, Vogt; Renaud, 262. = -
¥ Bertsch, Bernhard; Vogt, Renaud, 263.




INTENTIONAL SECOND EXPOSURE

One example of a prototype-made by this type of system is the scale model of a

car (figure 6). The car is made up o 673 layers that are cach Sum thick. Details such as

rapid prototyping method would not be able to provide such detail.

Figure 6 - Scale model of a small car
Some future applications for which EPFL thinks the micro stereolithography
process will be usefutinclude small mechanical components. parts with smooth surfaces.

and the molding of small objects. ' An example is the cap of a hearing aid. shown in figure
L B -

7.

Fure 7-Partofa hérmg aid

There are still limitations with the micro stereolithography apparatus that must be
worked out. The amount of materials available for use is very limited. there is difficulty
in removing the supports needed in building these microscopic .objects. and the build

speed and times are slower and longer than in.conventional sterelithography. This is why

" Bertsch. Bernhard. Vogt. Renaud, 2
¥ Bertsch. Bernhard. Vogt. Renaud. 2




this technique would only be used in producing high-resolution, small, and complex

shaped parts. Although micro‘ stereolithography is not yet commercially available, it is

hkely that it wﬂl be soon.

' New Developments

Therlayering techniques used in rapid prototyping have. carried over to the

fabncatlon of toolmg, called rap1d toohng Most rapld toohng research has been done for

JE R T N — _— —_ A

blankmg d1es and d1es used in powder metallurgy New research is being conducted by

, the University of Warwick's manufacturing group in the area.of metallaminating, which ‘
is sirnilar to u_sing’the LOM technology. Some of 'the results that the study, called the
Lastform programme, was seeking were reduced tooling costs and kreduced tooling lead

- times. A numher of universities and industrial partners combined to do research ona

~ process that would make tooling for various processes, hased on joining laminated steel

, sections by cutting each section, applying adhesive or braze, stacking the section, and
curing.v The researchers were able to rule out ‘particular ,materials and joining methods
due to the nature of the intended process each tool was heing made for, as well as the
conditions for the tool (tool life, toolvoperating conditions). The‘program-has developed

joining techniques for producing tooling and the universities involved delivered the» |

- i tooling to thelrindustrlal partners. In some ¢ cases, these tools are bemg used to

manufacture parts. The program has also demonstrated cost and lead-time savings, which

- would be especially advantageous in the aerospace industry. ?

*B.G. Bryden,, D.L Wimpenny and LR. Pashby, "Manufacturing production tooling
using metal laminations" Rapid Prototyping Journal 7 (2000): 52,53,59.
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N One last research area getting attention is a relatively new technology called

stereolithographic (SL) f)iomodelling. This iechnology takes three-dimensional

- I??lig?i of human anatomy. Internal features can’t be reproduced if the traditional

computed tomography (CT) to create biomodels, plastic models of biological structures.
P.S. D’Urso, R.G. Thompson, and W.J. Earwaker recently did a study on whether SLcan

fealistically be used'ih‘the field of palebntology [5].' Typically it is very difficult to make

“method of casting is used. Because human specimens are fragile, physical contactisa

major risk.factor, which is why biomodelling_Would be a good altemative; D’Urso,

Thompson, and Eafwaker generated seven'3"-D"models of rare fo'ssils from the C’f data
usihg their ANATOMCS BIOBUILD system. A typical Stereolithography process Was
used to make the complete solid biomodels and they concluded that the 'replic_ate's'wére

representative of the actual fossils and that there is definite potential to further use

stereolithograpi): in palé&ii;;)iogy and similar.ﬁelds. 10 ; A

| Since rapid pr_ototyping 1s a ;fe}ﬁtively new field, there are many aspects that are
still in question. hldivid;al isystefns- can dWays be faéter, more accurate, and produce
higher qﬁality parts. Still, there are other manufaCtll/rfaE looking to develop rapid
prototyping Systems‘ similar to those?hat currently exist. Researchers and rapid
brot;)typing eqﬁipment manufécturers work together to find ways to improve prototyping

build time and reduce the cost of the equipment. These are the current trends and issues

that the following pages are built upon.

©P.S. D’Urso, R.G. Thompson and \AR Earwakér “Stereolithographic biomodelling in
paleontology: a technical note” Rapid Prototyping Journal 6 (2000): 212-215




Chapter 3: Rapid Prototyping Cycle Times-

The approach for this section is to examine each rapid prototyping process, to

>

creaté a mathematical model for prototype "build time", and to study, in closer detail, one
of these processes.

Rationale

‘The rationale for this study s based on the fact that there exists multiple RP

procééses, each developed by many combanies'into different systems. Since each system

has its own array of process parameters and ranges of values, mathemﬁtical models that

estimate the time required. to-build a prototype must be done individually, rather than -

creating one single model that can be applied to every R'P,_'process. The creation of these

mathemaﬁcal equations should accomplish these goals: First, they shbuld state the

important parameters involved in the process, and give a general idea of what the process

“entails. Secondly, these equations should be fairly accurate so that comparisons with

otﬁef manufacturing processes can l_)(; _madg bgs_gd ‘Qn_pr‘(_)totype' cycle and build times.
Once these equations are const_rﬁcted, one of them will be used for experimentation.

| The general procedure for formulating each build time model was followed for
each of the followirig processes: selective laser sintering, fused deposition modelmé, 3-D
printing, ballistic particle manufacturing, solid ground curing, and two forms of |
laminated object manufacturing. The\steps are as fbllows:

1) Identify every variable
2) Identify the steps in the proéess

3) For each step, determine the time required

~4) Add the step times for 1 Iayer

5) Formulate the mathematical model for total build time _




Selective Laser Sintering (SLS)
- The variables in the process are: the x-y speed of the laser, Viser; diameter of the
o . *v“*' : '”*"7"* “ ' T
. laser beam, D; cross sectional area of layer, A; and powder spreading time, Tp,.

Process Steps . . ,' '

1. Powder is spread by a roller or some other means across the top of the platform.

2. Allaser traces the shape of each cross section, fusing thepowder. — o

Unsintered powder acts s a support for the-part:

3. Another layer of powder is spread across the top of the previous layer and the
laser traces the next cross section.

4. Process continues until the prototype is finished. -

Figure 8 — Selective laser sintering (DTM Corporation) !
Step Times

- Forstep 1, 1=T, B

i

Forstep 2, t =
P : D

laser

“ ! Chua Chee Kai and Leong Kah Fai, Rapid Prototyping, Principles and Applicationsin_-_~—_ "~
Manufacturing (CD-ROM) (Singapore: John Wiley & Sons, 1997)
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Selective Laser Sintering (SLS)

The variables in the process are: the)x-y speed of the laser, Viaser; diameter of the

laser beam. D: cross sectional area of layer. A: and powder spreading time, Tp,.
Process Steps
1. Powder is spread by a roilér or some other means across the top of the platform.

2. A laser traces the shape of each cross section, fusing the powder.

~ Unsintered powder acts as a support for thepartr——— — ————

3. Another laver of powder is spread. across the top of the previous layer and the _
laser traces the next cross section.

4. Process continues until the prototype is finished. J

protobype

Figure 8 — Selective laser sintering (DTM Corporation) H
~ Step Times

For step 1. =T,

N

Forstep 2.1 =

’
V laser

H Chua Chee Ka1 and Leong Kah FarRapld Prototypmg, Prmc:ples and Appltcatmnswpf —




T T,= T, +

. The time to build one layer is then:

4

'vlaser

And the time to build the entire prototype is:

T, = Z T, where i is the layer number (Eq.3-2)

i=l

. :"'The'téﬁl"cyéléiiméistliéfréfore’eqliél to: S T

. T - (g3 —

— Tc= Toanalprep = T+ Tpos

whefe Tmanuaiprep is the manual preparétion time of setting the syStem up (importing the

- CAD drawing, preparing the slice files, and sending the path data to the mechanical

system), and Tpost is the time-associated with removing the excess powder to reveal the

final prototype.

Fused Deposition Modeling (FDM)
_ The variables in the process are: the x-y speed of the dispenser, \}dispenser; diameter
of the spot size of the wax dispenser, D; and cross sectional area of a layer, A.

Process Steps

- 1. Wax/plastic filament is melted in the dispenser.

2. biépéhéer extrudes a thin layer of wax/plastic at the desired position. ~

-

3. Deposited waX/pléstic solidifies and the di§pehser moves upward for the next layer. -

4. Process is repeated until the part is formed.

5. Support is removed to reveal the final prototype.

oo




olidiﬁed way

Flgure 9 —Fused deposmon modelmg (Stratasys Inc)

Step Tlmes

A

F orms‘tep 2, t= .
, D

dispenser
The time to build one layer is then:

A. ’
I =—rt 3-4
" | a3

vdispenser

And the time to build the entire prototype is:

T, = ZT where i is the layer number = (Eq3-5)

i=1
The total cycle time is therefore, equalto: ~~  ~

A Tc = Tmanualprep + T+ qust , S . o (Eq3-6)

where Tmanualprep i ﬂ}lc_. pmpuél preparation time f setting the system up and Tpost is the

" time asociated with removing the built-in support to reveal the final prototype.

3D Printing ’
- The variables in the process are: the x-y speed of the ink-jét printei‘,.vp;

. ’ . T : .
diameter of the printer head (assume circular), D; cross sectional area of layer, A; powder

B

2 Chua Chee Kai and Leong Kah Fai, Rapid Prototyping, Prmc:ples and Appltcatwns in

Manufacturmg (CD-ROM) (Smgapore' John Wlley & Sons 1997) -
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Figure 9 — Fused deposition modeling, (Stratasys, Inc) "2

Step Times

]

Forstep 2, 1 =

v:ll.\'punwr

D
The. time to build one layer is then:

T: i

i

v:l/xpun.\'ur

~~

And the time to build the entire prototype is:

T, = Z T, where i is the layer number

=l

The total cycle time is therefore, equal to:

T.= Tmanualprep + Ty + Tposl

(Eq.3-4)

(Eq.3-5)

(Eq.3-6)

where Tranualprep 1S the manual preparation time of setting the system up and Tpost is the

time associated with removing the built-in support to reveal the final prototype.

3D Printing

The variables in the process are: the x-y speed of the ink-jet printer, vp;

diameter of the printer head (assume circular), D; cross sectional area of layer, A; powder

 Chua Chee Kai and Leong Kah Fai, Rapid Prototyping, Principles and Applications in

Manufacturing (CD-ROM) (Singapore: John Wiley & Sons, 1997)
- v . 19 '




" spreading time, T; and delay time for platform to move, Tg.

Process Steps
1. Powder is layered..
2. The ink-jet printer head traces and ejects binder on the areas that are to be solid. Loose

S L poWdenacts,,as‘ a support,

_3.‘P1atform is lowered to complete the next layer.
4. Process continues until the part is formed.
- 5. Part is heat-treated, and loose powders are removed to reveal the prototype.
—» e |
L AR —» loose u ——— printes
' k \ POWde' _ finished I{ayer
Nl rff}? & Tk 2] : Jas
T B g’%} mun® 251 N I <
CPES Y ) [y ¥ 2O e\ I
| ’ platform Ul
Figure 10 ~ 3D Printing (steps 1,2, and 3)
| Step Times
~ Forstep 1, t=T,, o | e e
. A o
For step 2, f=—-
v,D
For step 3, t=Td
The time t'o‘build one layer is then:
o ‘* B Zue Yan and P.Gu “A review ofrapxd prototypmg technologles and systems" S P
. ComputerAtded Destgn 28 (1996) 312 T _ e e _
T _ — - j20 T -




A : ' '
T =T +——+T 3-7
ity D R , (Eq -,)

" And the time to build the entire prototype is:

‘Tb‘ = ZT,. where i is the layer number : (Eq.3-8)

i=1

The total cycle time is thereforg, equal to:

L Tamae T T
where Tmangaip,ep is thé manual prc;parati'on -time of setting the system up and Tﬁo;t is the
time associated with heatitreating the prototypg. | |
Ballistic Particle Manufacturing (BPM)

The variables in the ﬁrocess are: the x-y speed of the droplet nozzle, v,;ome; -
diameter of the droplet size of the nozzle, D; cross secﬁonal aréa;, A;and delay’ time for
‘base plate to move, Tg. |
, Procgs's Steps |
| 1. A nozzle deposits droplets on the argaé that are to be solid-and binds with the ptevious
layer. | |
2. Platform is lowered to complete the next layer. |

3. Process continues until the part is formed.

Ry :

|

|

I
N
Laand




Figuré 11 — Ballistic particle mahufaéturing 14

" Step Times

Forstep 1, t =————
TSR LITL D

nozzle

For step 2, =14

The time to build one layer is then:

Vot D

nozzle

And the time to build the entire prototype is:

T z T," where iisthe layer number

=1 .
The tot_al cycle time is therefore, equal to:

I.= Tmanualprep +Tp+ Tpost

(Eq.3-10)

(Eg31D)

(Eq.3-12)

where Tmanualp;cp is the manual preparation time of setting the system up and Tpost is the

time associated with removing the support to reveal the final prototype.

Y

4 Chua Chee Kal and Leong Kah Fai, Rapid Prototypmg, Prmc:ples and Appltc?lttons in

ngufacturmg (Smgapore John Wiley & Sons, 1997) 142.
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Solid Ground Curing (SGC)

The variables in the process are: mask pteparation time, Tpask; time to spread
N

tlme to apply wax, Tyax; and mlllmg time, Tmill. '

Process Steps

1LA charged image is developed electrostatlcally on a mask plate

2. Photopolymer 11quld resin is apphed to the layer.

3. UV light passes through the mask, fully curmg all exposed areas.

4. All residual unsohdlﬁed resin is w1ped off, whﬂe the next mask is bemg created.
5. Wax is applied to fill in all voids leﬁ wh11e removmg the photopolymer

6. Layer is s milled to correct thickness.

7 Process continues with the next lajrer until the part is formed.

Figure 12, 13 — Solid ground curing, steps 3 and 4 (Cubital, Ltd)

¥ Chua Chee Kai and Leong Kah Fal, Raptd Prototypmg, Prmczples and Appltcatlons in

Manufacturing (CD- ROM) (Smgapore John Wiley & Sons, 1997) ,
23 : , 7 Q :




LINTENTIONAL SECOND EXPOSURE

Solid Ground Curing (SGC) o

The variables in the process are: mask preparation time. Ty, time to spread

resin on work surface. T, solidification by UV light, T,: time for vacuum suction, T

VSs

time to apply wax. Ty, and milling time, T

Process Steps

1. A charged image is developed electrostatically on a mask plate.

[Re]

. Pholopolymef]iquid resin is applied to the layer.

UV light passes thrdugh the mask. fully curing all exposed areas.

(V8]

4. All residual unsolidified resin is wiped off, while the next mask is being created.

wh

- Wax is applied to fill in all voids left while removing the photopolymer.
6. Layer is milled to correct thickness.

7.Process continues with the next layer until the part is formed.

Figure 12, 13 —Solid ground curing, steps 3 and 4 (Cubital, Ltd)

"* Chua Chee Kai and Leong Kah Fai, Raptd Prototyping, Prmczples andTphcatlons in
Manufacturing (CD-ROM) (Smgapore John Wlley & Sons 1997)

—_— o L .
A S T e




" For step 4, 1= Ty

Figure 14 — Solid ground curing, step 6 (Cubital, Ltd) 16

Step Times | - i
For stép L= Task

For step 2, t= Ty

e FQr step 3, 1= Ty

For stép' 5,t= Tyax

For step 6, t= T .

The time-to build the first layer is:

' T]=. Trnask + Tmat+Tm"+ T+ Twax'l'TmiII

- Since the mask preparation is done concurrently with steps 4-6, the time to build the

second through final layers is:

Ti = Tmat + Tuv + Tvs + Tyax + TmiII ‘ (Eq3'13)

16 Chua-CheeKai and Leong Kah Fai, Rapid Prototyping, Principles and Applications in

Manufacturing (CD-ROM) (Singapore: John Wiley & Sons, 1997)
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INTENTIONAL SECOND EXPOSURE

Figure 14 — Solid ground curing, step 6 (Cubital, Ltd) e

Step Times
For step 1. 1= Tyhusk
For step 2. 1= T
For step 3. 1= Thn
Forstep 4. 1= T
7 Forstep 3. 1= Tyax
For step 6. 1= T
The time to build the first layer is: '

7= Tmask + .Tmal + Tuv + T+ Tu'ax + Tonitt

Since the mask preparation is done concurrently with steps 4-6, the time to build the

second through final layers is:

T = Tonar = Tt Tt Yju'a_\' + Tt (Eq3—13)

19 Chua Chee Kai and Leong Kah Fai, Rap1d£mto1;qzmg,£rmczples and Apphcatwns in_
Blanufacturmg (CD-ROM) (Singapore: John Wlley & Sons, 1997)
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And the time to build the entire prototype is:

T, =T, + YT wheréiis thelayernumber = (Bq3-14)
i=2 .
The total cycle time is therefore, equal to:

Tc = T;nahqal;;rep + Tb + Tpps_? . — : (Eq3'15)
where Trmanuaiprep iS the manual preparation time of setting the system up and Tpos is the

time associated with melting away the support wax to reveal the final prototype.

Laminated Object Mah‘ufactvurin.gv(LOM)
; Thc variables in this process are: the X-y spegd of the lasér, Viaser; the perixﬁeter of
the 2-D shape and the ‘enclosing boundary, P;; énd delay time for platform to move, Tq.
* Process Steps e |
1. Laser cuts 2-D profile on a shc;,et of matefial, which‘ is bonded to the previous.layer
2. The plaffonn lowerrs,‘ a neW sheet is added, and the process repeats until the entire pért |
is built. |

(S

3. Excess blocks of material are removed fo reveal desired pam

 Figure 15, 16 - Laminated object manufacturing, steps 1 and 2 (Helisys, Inc) 17

Lo

17 Chua Chee Kai and Leong Kah Fai, Rapid Prototyping, Principles and Applications in
Manufacturing (CD-ROM) (Singapore: John Wiley & Sons, 1997)
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}\NTENT!ON‘AL SECOND EXPOSURE

And the time to build the entire prototype is:

==

Ih=T1T,+ ZY{ where 7 is the layer number ' (Eq.3-14)

1=2

The total cvcle time is therefore. equal to:
T{ = Tnmnm)/p/'c/) + Th i T/msl . (Eq3'15)
where Tanuaiprep 1 the manual preparation time of ‘setting the system up and Tpoy 1S the

time associated with melting away the support wax to reveal the final prototype.
L '

Laminated Object Manufacturing (LOM)

The variables in this process are: the x-y speed of the laser. Viaser: the perimeter of
the 2-D shape and the enclosing boundary. P;: and delay time for platform to move. Tq.
Process Steps
1. Laser cuts 2-D proﬁle‘ on a sheet of material. which is bonded to the previous layer
2. The platform lowers. a new sheet is added, and the process repeats until the entire part

. N

is built.

3. Excess blocks of material are removed to reveal desired part.

protihe

Figure 15. 16 - Laminated object manufacturing, steps 1 and 2 (Helisys, Inc) t

"7 Chua Chee Kal and Leong Kah Fai. Rapid Prototyping, Principles and Applzcatmns in
Manufacturing (CD-ROM) (Smgapore John Wiley & Sons. 1997)
25




Step times

_ P o |
Forstepl, f=—— g o : oA

laser
For step 2,t=Ty
Step 3-is not included at this point since it happens after all layers are’completed

The time te build one layer is then:

T,=T,+ A (Eq.3-16)
laser ‘ :
And the ﬁme to bluild the entire prototype is:
T, ZT where i is-the layernumber | - (Be31D
_The total cycle time is therefore equal to: d
T. = Tnamaprep + T + Ty o U @31

- whiere Tanualprep is the manual preparation time of setting the system up and Tpost is the

* time associated with removing the excess material to reveal the final prototype.

" Loms
(For a part with uniform cross-sectional area)

This vereion of the LOM kprazess uses a cutter instead of a laser to cut slice .
' proﬁleeane ’surrounding*enclosures on edhesive paper. The slices are then mam;ally
stacked to form the prototype. The variables in this process are: the. x-y speed of the
cutter, Veuter; the perimeter of the 2-D shape and enclosure if necessary, P;; number of
" cuts, ¢; and number of slices on sheet 7, n; (separator cuts and reglstratlon hole cut time

are assumed t‘e_ee negligible).

N
=N




Process Steps

1, Sheet loaded

. 2. Cutter cuts all profile slices, separator cuts on one sheet
3. Sheet is removed and step 1 repeated

* 4. Manual assembly on registration board

Step times

For step 1, t = Toneer

P
For step.2, t =cn, :

cutter
For step 4, t = Tranual -

- The time to complete one sheet is then:

. P
Ti=T,,, +cn,— : - (Eq.3-19)

cutter
For x number sheets with identical mﬁnber of slices, -
T=x*T; |
And the time to- build the entire prototype is:
Ty = x*T; + Tonanial : . (Eq.3-20)
The total cycle tir'ne is thérefbre’, equalto: . . ‘
T. = Tnanaiprep + T + Tpnal o - (Eq3-21)
where T,,{anua]p;el; is the manual preparation time of setting the system up and Tfa is the
time associated with Iﬁutting a ﬁnishing coat on the ﬁnal prototYpe.

Procedures

The last rapid prototyping process menﬁoned was used in &berimeﬁfation. The-

ﬂ
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first obviecti\‘\/e_'of the experimentation was to look at the build times.of prototypes'being

. cQﬂstructédvWith.theALOM3_pr0cess,anthowcqmparelthe,autoniatve,dﬁ;andjmaniial sections

of the build time. This information will further be ﬁsed in desigiﬁng a laborato‘ry

experience for college students. The second objective is to observe the éffgx:tjon”bjlild' -

time of varying process parameters. ,
The equipment used for experimentation is the Rapid Prototyping Jp .S'ys;tem 5 -
dcgglppedfby»the~-Schréff Develbpmehthrporation'. .vThis.larrlinét'ed object |

——

manufacturing process uses a cutter to cut paper sheets and requires,maﬁual assembly. A

. registration boarc\l, pins, and adhesives are aVailablg to aid in the manual'assembly

portion. Prototypes were built on the equipment described above and times associated

~ with the initial preparation of the system, the automated portidn of the bu11d time, and the

—— e e

manual portion of the build time were rgcordcd. All of the system parameters, including
cutﬁng .spe_ed, cutting depth, and.pressure were set at the optimal values. Actual
prototype build’time.s weré rechded by the use of a watch. These build times were then
used to deteme what would be a good prototype to construct during a3 hoqf_lab B
period. | | |

The second part of experimentation was to observe the effect on build time of

-varying the cutting speed or the cutting pressure and to investigate the system’s -

limitations, as well as its unique attributes.

3
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- Chapter 4: Discussion

JP System 5

- The JP Systém -5 system developed by the Schroff Development Corporation is a
laminated object manufaculring'system. The difference between this particular system
and most bfhef LOM systems is that it is 1ess expensive because it does not use a laser for
cutting. Instead it uses a knife’ device to cut the slices. Generally, it prdducey'

. | signiﬁcéﬁtljz éﬁiaﬂér pfototypes and does not have the same acéﬁfacy as the more
| expensive systems. 'Howevér, itisa g}ooAd inexpensive introduction to rapid prototyping
and is suitablé for studeﬁts as well as for industry purpbses.

1

The system is made up of the following‘ components, 3-D modeling software, JP

_— -

'7"7’%S§§téﬁi"5 'software, a printer for cutting, and a fegistration board used for manual — —-—— ——
| | assemblf of the protofype. The' 3-D modeling software is used to create a CAD drawing
| of the paﬁ to be built, which is imported as an STL file into the JP Systc;in 5 spftware.
The &aMng is -theh sliced into cross-sectional layers and these 1ay¢rs are arranged .on
sheet lasrouts to prepare for cutting. After all of the system parameters are set, tile slice
information is sent to the printer, which cuts the paper or plastic sheets. The slices are
then assembled manually oﬁ the registration board to bﬁild the prototype. A finish
coating is necessary at the end. '

The system must be configured in order for this process to work properly. The JP

. System 5 cenfigure-tab-allows-for-this-to-happen—Under-this-command,the-type-of.

material and material size, as well as the configuration of the registration board, can be

18 AnerwL.;Andcrs_Qn,ﬁl{apLd Prototyping: Using the JP System 5 Schroff
Development Corporation; Kansas 1999, 1-1:
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set. This includes the distance between major registration pins, which are critical in

‘ perforfning the manual operation, as well as the spacing between the minor registration

 correctly, the sheets will not fit onto the registration board and the slices will not line up

- The two parameters that are most important are the cutter pressure and the cutter velocity.

pins, which are also critical during manual assembly. If these numbers are not set

correctly. The prototype would be difficult to assemble and would most likely be

inaccurate.

‘Once the system software is configured, the printer settings should be checked.

Typically, the cutter pressure ranges from 15-17 psi, and the velocity is abOut 30. 1
P.'rototype.Exam‘ple |
The following ie an example of a protetype bu11t rby the JP System 5 rapid |
prototyping system, ‘a-nd the steps taken to build it. 2
1. A model is drawn with a CAD program, which is shown in Figure 15.
The CAD software provided with the JP System 5 is Silverscreen Modeler.

2. This model is then ifnported into the JP System 5 and-properly oriented. The

- flattest portion of the model should lay flat against the x and z axes, as shown in Figure

16.

- 3. The software slices the model.. A picture of the model with slices can be
seen in Figure 17.

4 The layout of the cross-sectional layers is examined and changed if necessary:

20 Andrew L Andereen Rapzd Prototypmg Usmg the JP Sj::éie_ﬁ 5, Schroff

' Andrew L. Anderson, Rapid Prototyping: Using the JP System 5, Schroff
Development Corporatlon Kansas 1999, Appendix C- 6.

Development Corporatlon Kansas 1999, 2-1.
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 Pictures of the sheet layouts are shown in Figures 18 through 20

5. The sheets are cut, and arggc@gmaggql_@@ly;




" Picturcs of the shieet Tayouts are showrrim Figures 18-through20-
5. The sheets are cut. and are ready for manual assembly.
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Figure 15 - Silverscreen Modeler 3-D CAD drawing
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 INTENTIONAL SECOND EXPOSURE

" JP System 5 [smallcd]- VIEW MODEL AEIER
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' ' Figu:e, 20 — Sheet layout #3.
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6. The first sheet is placed on the registration board and pins, fovllowe'd by the mask, -

- —— -n orderftofapply;adhes"iveeto-tlleﬁrstssheetissliqes_._

- Figaro 21 Registration board with major registration pins *

| ‘7.'“ Thesecond sheet is then placed o_il"e_f the first shieet, and the support backing is -

- removed.

Flgure 22 Applymg pressure to top sheet %gamst bottom sheet w1th apphcatlon
“board 2

Ve 8. Fach section is labeled and separated as shown in figure 23. Starting with
~ the first section, (A), each is layered one on top of the previous over the minor

registration pins, removing the supporf back 'wher‘l necessary.

2! Andrew L. Anderson, Rapid Prototyping: Using the JP System 3, Schroff
- Development Corporation, Kansas 1999, 2-5.
- Andrew L. Anderson, Rapid Prototypmg Usmg the JP System 5, Schroff -
- Bevelopment Corporation, Kansas 1999,.6-6.. : S




NTENTIONAL SECOND EXPOSURE

6. . The ﬁrst.shee{ is placed on the régis-tration board ;ind pins, followed by the mask.

Figure 21— Registration board with major registration pins 2

7. The second sheet is then blaced over the first sheet, and the support backing is

removed.-

Figure 22 - Applymg pressure to top sheet agamst bottom sheet with apphcatlon
- board **

8. Each section is labeled and separated as shown in figure 23. Starting with

the first section, (A). each is layered one on top of the previous over the minor

registration pins, removing the support back whennecessary.

e

2! Andrew L. Anderson Rapid P}otoofping Using the JP System 5, Schroff
Development Corporation, Kansas 1999; 2-5.

2 Andrew L: Anderson; Rapid-Prototyping: Using the JP System 5, Schroff -, '
Bev n]r\v\mnnt Cnmr\r ation-Kansas IQQQ 6-6. - .
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Figure 24 — Registration board with major and minorkregistkrati_o‘n pins -

9. The finished prototype is then coated with glue. -

. LoM3 Build and Cycle TiI.ne

' The LOM3 equation that was developed in Chapter 3 consisted of two parts, the -
T aﬁtomatedvbujldﬂ time and the manual»build,,time.,wThve.manual build time makes uf) a . v L
| ‘ ‘s‘i‘gniﬁcant’portiqn'of the total-build time. ﬁere are some compariéons of the aﬁtor_natgd

and manual times recorded froxﬁ building a‘ prototype of a compact disk (CD). .

~

w
oo
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- Build Number Automated .  Manual Time ‘Total Build - ‘Percentage

Time.(T) (Tmanuar) Time (Ty) (Trmanua/ Th)
1 ~2 min - 29 min 31 min 93.5%
2 ~2 min : 25min 27 min 92.6%
3 ~2min -  22min ‘ 24 min 91.7%
4 ~2min 0 0 26min 7 28min 7 92.9%

“holes or other features that need to be removed prior to assembly

Table 1 - combaris‘on of automated and manual tfmes m buildi_ng a prototy_pe ofaCD
Since these build times were significantly under three hours, it was. decided thata

CD prototype would be an appropnate object to have students bu11d during a lab penod
Manual assembly accounts for the hlghest proportlon of the total cycle time of a

prototype built with the laminated object manufacturing process_. A lot of factors come

_ into play and can potentially a affect this manual assembly t1me

The configuration of slices is one of these factors. If more sheets are used and

less rows/columns of slices on each sheet are used, the assembly time will more than

likely be much faster. "This is because when multiple sheets are stacked, each section

ends up with more sliced layers. Theduser ends up stacking fewer sections and ﬁnishing .
the build quicker.
.Another consideration is whether or not enclovsernents are used. One has the

\

optron of placmg rectangular enclosements around the slicés. ThlS has botha pos1t1ve

and negative mﬂuence on the! manual assembly t1me On one hand placing enclosements

t

{
around the slices can sometimes make the assembly easier with less hassle and, therefore,;

faster. This is especially the case if there are a lot of rows/columns of slices and multiple

* sheets or if the object is somewhat small However, the enclosed areas must be removed

before assemblmg the sheets together whrch takes time. Thls is also the case 1f there are :
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Size of the model obvlously has a significant effect on manual assembly. The

bigger the model, the longer it’s going to take to assemble. Also,‘th'e more complex a
" model is, the longer it will take to assemble. This is due to the fact that there are more

) layers to stack, and that complex sections need more: careful attention. - —-—- -ﬁ R

The efficiency of the operator is probably the most 1mportant factor affectmg

manual assembly time. Familiarity with how the system works is key The -syst‘em is

greatly subject to human error. If "proper techmque is not followed and careful attentron

not taken, itis qu1te possrble to have to start from scratch and re cut the sheets. Among

--the- many potentral mistakes are loadmg the paper wrong, gettmg somethmg stuck on the

: strcky part of the paper, cut out holes gettmg stuck on the cutter so it doesn t cut properly, .

and not ahgmng the paper correctly while loadmg the prlnter Expenence wrll reduce the

frequency of these mistakes.

Effects of Process Parameters -

| Cutter yelocity does not have much effect on build time since the automated time

is very short compared to the'manual time.' Also the range of speed recommended for s

- the system is not very wide. The speed remains constant.

Cutter pressure essentially affects the depthof cut of the cutter. The deeper the
cut; the fewer number of cuts needed. -If the depth of cut is too deep, then one cut may-
end up bein'g too much for things such as the slice cuts, which cannot go through the

support part of the paper. If the depth of cut is not deep enough, then one cut may not be

- enough to sufficiently cut the slices so that they easily peel off. A good balance is

' y 4 -‘o . 0 . ‘ N
necessary so as to not require too many cuts, which will cause the cutter to wear

excessively and/or damage the cutting surface.




Limitations of the System o | e T
One ofﬂmm/ﬁﬁﬁt/afions with this system,is in the types of objects that can be

—built with it. ‘Models that have small cross-sections, or any one small dimension (length, -

' width, height), are very difﬁcult to manually assemble. Th1s is ~_‘b_ecause,.it is difficult to:
get ﬂ;a cut sliceé off the‘ supportB;sé thﬁout da;rlaging t_im‘se sliééé, and sbrﬁetimgs the
sli;:es' may be subject to curling. Coniblex parts; ’Aespeciavlly those with intricate details,
cannot IVbe built with this type of system. The size of the prototype is restricted by the
height of the registration pqs;[s. Anything tallér than the height,kof t’he"se posts. must be

| split intb subparté and assembled iﬁdependehtiy, géfore cdnstructing the entire prototype.

One other limitation is that assembly is difficult for parts that have m%jor unSu_pported |

~ sections. The cutter is capablé of cutting any cross sectional profile; the trouble comes— - -

with the manual asséiﬁﬁl&?fﬁﬁibtype. The accuracy_ of the final prototype is also |
questionaBle since it is put togethér by hand which will always lead to some sort of error '

—

while coﬁstructing.

Unique Attributes of the s§st¢m
Althdugh there are drawbacks to the JP System 5, there are some interesting '
things that it can do. Once thé'CAD drawing is loaded into the system, there is an.'qption
 to convert the object to a'niold. The user can define the dirnénsion_s of the rﬁdid and the
éystefn a’utoma,tica}ly generates the 3-D mold drawing. This can be sliced and the mold
cém be buiit. |

~ Ltis possible to use the “partial slice” option, which allows the user to select, say,

“only half of the object for slicing. There are three reasons for selecting this dption. First, -



models of a blgger size may be too large for the system’s capablhtles Ifthere is an error’
" made in cutting the model and/or building the model, a second portion of the model can
be rebuilt. The final reason would be tosaye;cuttmg‘matenalsandless( wearonthe
‘ cutter.
One last convement optron is that it is poss1b1e to bu11d more than one prototype
ofa model at a time. The system will arrange the sheet layouts to accommodate for the

speciﬁed number of prototypes requested to be built at the same time.




Conclusion ~
Raprd prototype.'hulld time can be predicted with the use of rnathematical models.

The models are very snmlar aniong the process'es presented in this paper since each
process follows the same bas1c rap1d prototypmg prmcrples The nature of raprd
prototyping technology allows for the constructron of the equations to be srmple These |
equatrons are useful for planmng purposes and future research. It gives researchers the
ability to plnpomt areas that require further research, especmlly those that affect |

, prototype cycle time. The predrcted build times that come from the presented

: mathematical models are helpful when there .aretime constraints placed on the building

-of the prototype asin the case of planmng a three hour lab for'college students The:

LOM technology’ has proven to be a good econormcal introduction to rapid prototyping,

'- especially for students' ]

“The equatrons formulated reflect the current RP processes in use as of the time of
thrs paper. They may be subject to change 1f add1t10nal steps are. mcorporated if some
steps are eliminated, or if in the future some of the steps are completed srmultaneously
Snmlar mathematrcal models can be formulated for other rapid prototypmg processes not
covered here or for those processes that-are in the d’evelopment stages. Although not

3» - exact the models will approxrmate prototype bulld fime very closely

Although much work has been done to 1mprove each of the already developed

‘-processes future research is drrected in the followmg areas. Some of the maJor issuesin -

stereohthography and many of the other RP processes include makmg overall process

nnprovements and developing new apphcatrons, espec1ally raprd toolmg 3D Systems




A

the premier manufacturer of the ”stereolithography apparatus, is especially interested in’

the ability to use'new materials that possess better mechanical properties, and are faster

andreasier;to,p'rocess.sAThe-fused_,dep.,os,ition,mgdqung system iS,,°W¢Qt1Y,§;°1§, by

i

Stratasys, Inc., a company that is also interested in new modeling materials, as well as

improving the software and processing times so that the system is more user friendly.
BPM Technology, Inc. was formed in 1992 to market their ballistic particle
manufacturing system.. The company is currently 'Work'irfg’ 'on'a simpler designand -

expenmentmg w1th avast array of nozzles. The Massachusetts Institute of Technology,

, ,,developers of 3D Pnntmg, is lookmg to increase bu11dmg speed with multrple adjacent

jets and to improve surface ﬁmsh

Outs1de of the rap1d prototypmg manufacturers other research should be

conducted in areas such as the development of new raprd pretotypmg systems, as with the

micro stereolithography system mentioned earlier, as well as expanding the number of

applications that each rapid p_rototyping process can be used in. The goal v_vith all of the - -

RP research is to make rapld prototypmg processes faster, easrer and more accurate for

srmulatmg an actual model The models made cannot yet be used as workmg parts

although itis optumstrc to thmk in the future they w111 be. Itis expected that many

: changes and developments in rap1d prototypmg will surface in the coming years and the ,

| ‘goal will ultrmately be ach1eved




D

' Manufacturmg, John-Wiley-& Sons, Singapore 1997
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