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Rapid Manufacturing and Rapid
Tooling of Polymer Miniaturized Parts
Using Stereolithography

Currently, miniaturization is a major trend in timeanufacturing and commercialization of
new industrial products. When small-sized objedtewud be manufactured with
dimensions of only a few millimeters or less, mdifficulties can appear using traditional
processes. An alternative to study these new remants is through the use of rapid
prototyping technologies. Stereolithography (SL$ katablished itself as one of the most
popular and reliable process allowing the rapid méacturing of complex parts. This
paper investigates the SL process, which directlgdpces small parts by rapid
manufacturing, and also indirectly by rapid toolinthe processability of small parts was
investigated using two different shapes. The POM ABS materials were used in the
indirect manufacturing. The dimensional accuraaggsion and tolerance of micro parts
were evaluated using metrological techniques. RessHowed accuracy and precision
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Introduction

In recent years the market for miniaturization lexpanded,
and many industries have produced parts with mamd small
dimensions. This is due to the switch to moduleswinich the
functions of several parts or subsystems are nudlbd by a single
complex unit (Bertsch et al, 2000). This new geti@naof products
has been characterized by the development of nemufiaeturing
techniques, which generally possess different m®anditions.
When compared with traditional products, the engliaption has
shown similar requirements such as: mechanical gtigs,
performance, and esthetic aspect. However, thel qyaals have
their own specific requirements such as dimensitalatance limits
when compared with the traditional products class.

Regarding the high level of competition
globalization, a short lead-time for prototypes gmwbducts has
become a very important factor. Rapid manufactunigys an
important role in industrial development specifigathrough the
techniques of stereolithography (SL) (Cavalheirbreks, Salmoria,
2006).

The SL process allows parts to be rapidly manufactulayer-
by layer, using the laser cure of a photosensitegn. The main
applications of the SL process are the rapid pridoic of
prototypes, models and molds for the automobilegctdt,
biomedical and aerospace areas. The thermal ancamieel
properties are of great importance for rapid taplirspecially
molds for the injection molding process, since ¢hdsols are
subjected to working conditions, in which temperatuand
mechanical requirements vary through the time. Timjection
molding conditions and the part's shape can infbeethe thermo-
mechanical and dimensional
(Cavalheiro, Ahrens, Salmoria, 2006; Segal, Caniph2001;
Ahrens, Beal, Ribeiro, 2003; Ribeiro, Hopkinson;éis, 2004).

Therefore, current market demands and a new gévreraf
products leads this work towards the strategic uatan of the
capacity of SL process to manufacture small paitecdy and

required by

performance of the SLldmo

greater than 97% when small-parts are manufactutiedctly by Stereolithography
Keywords: stereolithography, miniaturized parts, rapid tog

as well as dimensional tolerance in accordance tvaghnternational
standard organization ISO 286-2 (1988).

Material and M ethods

The small parts evaluated were produced directhap{®
Manufacturing) and indirectly (Rapid Tooling). Theirect
fabrication was conduced in a stereolithography imec SL-
250/30A from 3D Systemand the indirect fabricatigth an Arburg
320S 500/150 injection-molding machine.

The dimensional analysis was based upon statigiltiation, in
which the average represented the accuracy, pracisas taken
from the standard deviation and the tolerance wasdifference
between the maximum and minimum measurements.

Selection of Shapes and Dimensions

The shapes and dimensions in the direct manufactusiere
qualitatively defined on plates with square, ciecudnd star shapes.
The dimensions varied from 5mm to 1mm with hole&ptth and
pin’'s heights of 3mm. Figure 1 shows the SL platweth their
respective shapes.

Figure 1. Shape and size test.

To ease the injection process the star shape vehalged
against the selection of the square and circulapet The
dimensions selected were 1.0 mm for direct anch#Ofor indirect

indirectly, analyzing the accuracy and precisiorthese processes manufacturing.

Paper accepted October 2007. Technical Editor:Anselmo E. Diniz

J. of the Braz. Soc. of Mech. Sci. & Eng.

Copyright O 2008 by ABCM

Direct Manufacturing

January-March 2008, Vol. XXX, No. 1/7



Gean Vitor Salmoria et al

To evaluate accuracy and precision in the direatufacturing  Resylts and discussion
process plates with shapes and dimensions (deifinedction 2.1)
were used (Fig. 2). The epoxy resin Vantico SL52860plied by

Huntsman was used as manufacturing material. Withayeer Direct Manufacturing

thickness of 0.15 mm, the SL process was completedthe small ) ) o

parts were post cured by exposure to high intensitylight for 30 A total of eight plates for direct fabrication pess were
minutes. manufactured, four plates with holes and four withs. Figure 4

shows pins after its segmentation and the whol pigh holes.

Figure 2. a) Plate shows shapes with holes b) Plate shows shapes with
pins.

The measurement of the plates with holes wereethout using

an optical microscope Leica DMLM by projecting tsamtted light, @) (b)
and also an ESSS Imago 2.2 software, with a rasalof 1,639um. Figure 4. Segmented pins and plate with holes direct manufactured.
The shapes were measured using the following proeed
* Square shape — measurements were carried outizohtad, The measurements of holes dimensions are show@dhle 1.
vertical and diagonals directions. The overall accuracy (Eq.(1)) of the square holesuation was
+ Circular shape — measurements were carried outgt10f  97.33% for the edges and 98.60% for the diagoiRegarding the
0° and 90°. individual evaluation of each plate, the edges’uaacy (Eq.(2))

The plates with pins were measured using a micremetranged from 96.70% to 97.90% with a precision (&)).fange from
Digimatic Micrometer model MDC-25PJ from Mitutoyayith a  97.53 to 98.84%, while the diagonals’ accuracy eanfjom 98.23%
resolution of 1 um. Both sides of the square shages measured. to 99.65% with a precision range from 97.84% to0%%. The

overall accuracy for holes with circular shapes ®8s15%. The

Indirect Manufacturing individual evaluation showed an accuracy range fi@ml0% to

99.90% with a precision range from 97.55% to 98.20%
The SL mold used to manufacture the small partsrapid

tooling was made by the “shell technique”. The s&fvetreatment Overall accuracy =

applied in the plates was used in the mold as wékrwards it was [1- (| nominal value — mean valllu):/nominal value]* 100 (1)
back-filled with the epoxy resin (Huntsman RenGagt 436). The

SL mold shows 8 cavities in total: 4 in square @néh circular Accuracy =

shapes. To help on the small parts ejection anrtirsystem was [1 — (| nominal value — averagé/nominal value] * 100 1)
coupled in the mold, as shown in Fig. 3. FiguresBaws the mold

together with the insert, while in Fig. 3b, thedrtsis being ejected. Precision = [(average — standard deviation)/avgtage (1)

A total of three insert systems were produced.
Table 1. Holes measurement data.

Circular

Square holes holes

Edges  Diagonals Diameter

Average [mm] 1.030 1.389 1.021

Plate 1
Standard Deviation 0.025 0.030 0.025
Average [mm] 1.023 1.390 1.029

Plate2
Standard Deviation 0.015 0.028 0.022
Average [mm] 1.033 1.409 1.023

Figure 3. a) Mold and insert b) ejection of the insert cavity. Plate 3 -

Standard Deviation 0.012 0.014 0.020
The Acrylonitrile Butadiene Styrene (ABS) M301ASpglied blate 4 | Verage (mml 1ozt 1.389 1.001
by Lustran and Polyoxymethylene (POM) M90 suppligdCelcon Standard Deviation 0.017 0.019 0.018

were the thermoplastics molded. The “short shohowt (Barry, et
al, 1995) was applied to obtain the injection mpatameters. The  The measurements done in pin plates are shownke 2a The
parts produced were evaluated by the same evafuatiterion overall accuracy of the square evaluation was 98.88 the edges.
adopted to measure the parts produced by the Slegso The individual measurements for the edges accuracged from
97.10% to 99.40% with a precision range from 97.28%98.11%.
The overall accuracy for the circular shapes wa9®. The
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individual evaluation showed an accuracy range fi@B40% to
98.50% with a precision range from 97.77% to 98.97%

Table 2. Pins measurement data.

Edges of squar  Diameter of
pins circular pins
Average [mm] 1.029 0.985
Plate 1
Standard Deviatior 0.028 0.022
Average [mm] 1.007 0.954
Plate2
Standard Deviatior 0.024 0.011
Average [mm] 1.006 0.967
Plate 3
Standard Deviatior 0.019 0.012
Average [mm] 1.025 0.973
Plate 4
Standard Deviatior 0.020 0.010

The measurements show positive and negative teredenihe
accuracy reached a significant level with a dimenai deviation
lower than 0.033mm for the square shapes and 0.946m the
circular ones. The process also demonstratedragggision level,
with 68% of the measurements values showing acgussove
96%. Otherwise, the dimensional tolerance measurdéunble plates
were 0.1mm for edges and 0.19mm for diagonals ima and
0.17mm for circular shapes. In the pin plates thvesee 0.1mm for
the squares and 0.14mm for circular shapes. Acegridi ISO 286 -
2 (1988), these dimensional tolerances are cladsifetween IT 11
and IT 13 for fabricated dimensions. Knowing th#te final
tolerance of the small parts should generally havelassification
within the range of IT 5to IT 11, and ideally aledT 8.

The explanation for these errors relay on the faat the SL
process integrates many manufacturing processeSAESCAM,
control of laser devices, materials, manufactugpagameter setup,
and post-processing. Each of these individual meeEe can
introduce errors that reduce RP product accurabypZHerscovici,
Chen, 2000). However, the process setup was abpeotuce the
designed shapes with small parts dimensions.

Indirect Manufacturing

During the fabrication phase nine injection cyclegre
conducted for each insert using POM and ABS madserigihe
production in the inserts was alternated. The tigacparameters
used are shown in Table 3. These were calibrateshglthe first
shots looking for the maximum quality of the snytts.

Table 3. Process parameters used during injection molding.
Parameters POM ABS
Nozzle Temperature [°C] 195 240
Injection Speed [mm/s] 90 110
Injection Pressure [Bar] 200 300
Cooling Time Before
Ejection [s] 20 25

Table 4 shows the evaluation results of the pairtsedsions
manufactured in the SL inserts. The POM materialxshan overall
accuracy of 99.90%, while an accuracy of 96.10%tlfier circular
shapes resulted. The ABS material shows an ovecailiracy of
99.92% for square shape while an accuracy of 95.83%the
circular shapes resulted.
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Table 4. Injection mold measurement data.

POM ABS
Inserts Square Circular part Square  Circular
art Edge Diameter part part
p Edge Diameter
Average [mm] 2.030 1.902 2.012 1.899
Insert 1
Standard 0.025 0.053 0.025  0.037
Deviation
Average [mm] 2.005 1.933 2.004 1.929
Insert 2 Standard
e 0.042 0.047 0.031 0.033
Deviation
Average [mm] 1.971 1.931 1.989 1.922
Insert ¢ Standard
Deviati 0.031 0.038 0.024 0.04
eviation

Individual evaluation in the small parts manufaetuwith POM
showed an accuracy range from 98.50% to 99.75% avjihecision
range from 97.91% to 98.77% for square shapes. rAcguanged
from 95.10% to 96.65% with a precision ranging fréh21% to
98.036% for circular shapes. For the small partsufactured with
ABS accuracy ranged from 99.40% to 99.80% with isien
ranging from 98.45% to 98.79% for square shapesusscy ranged
from 94.95% to 96.45% with precision ranging from.®2% to
98.29% for circular shapes. The square shapestedsin greater
accuracy and precision than circular shapes, wératbe related to
the SL manufacturing limitations to produce the dndhsert
cavities.

The accuracy measured during the indirect proceapid
tooling) also showed positive and negative tendemnchowever,
with a lower precision resulted when compared wtie direct
fabrication process (rapid manufacturing). Previowsearches
(Segal; Campbell, 2001; Ahrens, Beal, Ribeiro, 208%eiro,
Hopkinson; Ahrens, 2004; Zhou, Herscovici, Chenp@0have
indicated that mold temperature, injection presshioéding pressure
and shrinkage are direct influence factors.

Figure 5 shows the dimensions of the small parfsiastion of
the injection cycles. The dimensions of the smaitpmanufactured
with POM were not affected by the injection cycl&n the other
hand, the dimensions for the ABS small parts reswtre affected
by the injection cycles, as the overall accuraayekesed.

The dimensional tolerance measured for POM parts wa
0.227mm for square shapes and 0.240mm for cir@liapes. For
ABS parts, these values were 0.151mm for square&idimm for
circulars ones. According to ISO 286-2 (1988), thage of the
dimensional tolerances is classified between I'BAGIT 14.

Conclusions

The accuracy and precision in the direct processqnted
values greater than 97%. However, for the appboatiore-shaft,
important adjustments must be carried out to imeréelerance
limits. The indirect process of fabrication alscowied reasonable
values in the aspects analyzed. The differencedmstthe processes
accuracy can be credited to the propagated ermrdifficulty to
maintain stable the injection molding process wis&nmolds are
used. This is because the material temperatured teohperature,
number of cycles and mechanical integrity of the 8lold
influences the process.

Because the direct fabrication presented higheuracg and
precision than the indirect fabrication, the fiose is more adequate
for small parts manufacturing.

The Stereolithography technique seams to be a faitévol for
miniaturization manufacture of shapes and dimerssiie the ones
used in this work.
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Figure 5. Dimensions of edges (b and d) and radius (a and c) for square
and circular parts as function of injection molding cycles.
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